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Editorial on the Research Topic
Epigenetic and Transcriptional Dysregulations in Cancer and Therapeutic Opportunities

Aberrations in epigenetic regulation at various levels, including DNA methylation, chromatin architecture, and regulatory RNAs, are often associated with, and significantly contribute in most carcinogenesis (Jones and Baylin, 2007; Baylin and Jones, 2016). Transcriptional dysregulation is another hallmark of nearly all kinds of cancers (Hanahan, 2022). Gene transcription is a complex process and highly regulated at various stages as well as at the post-transcriptional level (Corbett, 2018; Roeder, 2019). Epigenetic and transcriptional events often influence each other, e.g., DNA methylation and histone modifications regulate gene transcription, and transcriptional processes can modify chromatin architectures (Bonasio et al., 2010; Gibney and Nolan, 2010). Increasing numbers of evidence suggest epigenetic and transcriptional dysregulations play vital roles in carcinogenesis, including metastasis, aggressiveness, and recurrence of malignancies (Bradner et al., 2017; Hanahan, 2022). An in-depth understanding of both epigenetic and transcriptional processes and alterations in their regulations are needed to better understand tumor pathobiology and to improve clinical management (Figure 1). Epigenetic and transcriptional dysregulations also confer therapeutic vulnerabilities and remarkably, offer novel biomarkers and therapeutic targets (Gonda and Ramsay, 2015; Cheng et al., 2019; Lu et al., 2020; Vervoort et al., 2021).
[image: Figure 1]FIGURE 1 | Alteration of epigenetic and transcriptional processes often contribute in carcinogenic events. These alterations can also serve as novel therapeutic targets and biomarkers (created with BioRender.com).
Genome-wide transcriptional control is often dysregulated in cancer. In this research topic, Parrello et al. discussed the possibility of targeting factors that control global transcriptional regulation. Li et al. discussed the dual roles of CBX7, a component of polycomb repressive complex, in cancer where it can either help in cancer progression by downregulating tumor suppressor genes or help cancer suppression by modulating cell cycle related proteins. CBX7 interacts with various regulatory RNAs, including micro RNAs, long non-coding RNAs, circular RNAs. Regulatory RNAs play a significant role in carcinogenesis, including chemo-resistance (Lan et al., Gareev et al., and Zhang et al.). Sun et al. showed that plasma-derived exosomal micro RNA, miR-2276-5p in glioma patients could serve as a potential diagnostic and prognostic marker. Transcriptomics based gene signatures are emerging as promising biomarkers in cancer (Jin et al. and Fang et al.).
Epigenetic landscape is altered in cancer cells that results in transcriptional dysregulation. Various dietary components have ability to modulate epigenetic aberration (Fatima et al. and Raina et al.). Abbas et al. reported that maternal diet rich in omega-3 fatty acid can reprogram epigenetic and transcriptomic landscapes in F1 generation mice and provide resistance to breast cancer development. Pu et al. reported that methylation profiles of zinc finger genes, specially ESR1 and ZNF132, could be potential biomarkers for the early diagnosis of colorectal cancer patients carrying KRAS mutations. Another study by Gua et al. showed that APOA1 gene is downregulated by DNA methylation in hepatocellular carcinoma that could be a potential biomarker to predict survival. Role of NTPCR in epithelial ovarian cancer (Shang et al.) and FGFR1–GLI1 axis as a potential therapeutic target in breast cancer (Riaz et al.) were also reported.
Gazova et al. used CRISPR-Cas9 to generate homozygous inactivating mutation in USP16 gene using leukemia cell line and studied how these cells adapt to the extreme selection pressure through compensatory pathways. Authors also cautioned targeting USP16 in leukemia as cancer could develop resistant to USP16 inhibitors. A timely review by Amir et al. discussed the usefulness of combination therapy of tyrosine kinase inhibitors with epigenetic drugs in chronic myeloid leukemia. Leszczynska et al. reviewed the emerging therapeutic approaches against pediatric high-grade gliomas, particularly those having mutations in genes coding for histone 3 variants that result in substitution of lysine at 27 to methionine.
In conclusion, epigenetic aberration and transcriptional homeostasis disruptions are associated with cancer. In-depth understanding of these processes and their interdependencies is needed to better understand carcinogenesis and to develop novel and effective therapeutic approaches.
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USP16 is a histone deubiquitinase which facilitates G2/M transition during the cell cycle, regulates DNA damage repair and contributes to inducible gene expression. We mutated the USP16 gene in a high differentiation clone of the acute monocytic leukemia cell line THP-1 using the CRISPR-Cas9 system and generated four homozygous knockout clones. All were able to proliferate and to differentiate in response to phorbol ester (PMA) treatment. One line was highly proliferative prior to PMA treatment and shut down proliferation upon differentiation, like wild type. Three clones showed sustained expression of the progenitor cell marker MYB, indicating that differentiation had not completely blocked proliferation in these clones. Network analysis of transcriptomic differences among wild type, heterozygotes and homozygotes showed clusters of genes that were up- or down-regulated after differentiation in all cell lines. Prior to PMA treatment, the homozygous clones had lower levels than wild type of genes relating to metabolism and mitochondria, including SRPRB, encoding an interaction partner of USP16. There was also apparent loss of interferon signaling. In contrast, a number of genes were up-regulated in the homozygous cells compared to wild type at baseline, including other deubiquitinases (USP12, BAP1, and MYSM1). However, three homozygotes failed to fully induce USP3 during differentiation. Other network clusters showed effects prior to or after differentiation in the homozygous clones. Thus the removal of USP16 affected the transcriptome of the cells, although all these lines were able to survive, which suggests that the functions attributed to USP16 may be redundant. Our analysis indicates that the leukemic line can adapt to the extreme selection pressure applied by the loss of USP16, and the harsh conditions of the gene editing and selection protocol, through different compensatory pathways. Similar selection pressures occur during the evolution of a cancer in vivo, and our results can be seen as a case study in leukemic cell adaptation. USP16 has been considered a target for cancer chemotherapy, but our results suggest that treatment would select for escape mutants that are resistant to USP16 inhibitors.

Keywords: histone deubiquitinases, epigenetic modifications, THP-1 cell line, genome editing, macrophage, monocyte, USP16 gene


INTRODUCTION

The development of a tumorigenic lineage from healthy cells is usually associated with a wide range of genetic changes, including point mutations, small and large deletions and insertions (indels) and chromosomal rearrangements (Vogelstein et al., 2013). A high level of genomic instability in cancer cells allows for novel forms of effector molecules to be produced, but also imposes a genetic load of potentially detrimental mutations. Cancer lineages are heterogeneous with many diverse sublineages arising over time (Heppner, 1984; Vogelstein et al., 2013), and these are subjected to intensive selection pressure as the tumor evolves (Fortunato et al., 2017).

One form of modification in cancer lines is alteration in the epigenetic status of the cells. Addition or removal of repressive marks on histone molecules is a major mechanism for altering gene expression, and a number of genes encoding enzymes associated with histone modifications have been identified as tumor suppressors, for example, the histone deubiquitinase BAP1 (Abdel-Rahman et al., 2011) and the histone demethylase KDM6A (Ler et al., 2017). Ubiquitination of the lysine at position 119 in histone 2A (H2AK119) blocks transcription by preventing RNA polymerase from traveling along the DNA template (Lanzuolo and Orlando, 2012). During transcriptional activation, H2A deubiquitinases remove ubiquitin from H2AK119 (Abdel-Wahab et al., 2012). A small number of these enzymes have been identified, among as many as 100 deubiquitinases in the human genome (Komander et al., 2009; Belle and Nijnik, 2014). These are six ubiquitin specific proteases (USPs; USP3, USP12, USP16, USP21, USP22, and USP46), one ubiquitin C-terminal hydrolase (BAP1) and one Zn2+ metalloprotease (MYSM1) (Chen et al., 2015). The present study focused on the role of the histone deubiquitinase USP16.

USP16 (originally named UBP-M; Cai et al., 1999) is an 823 amino acid protein containing two domains; a zinc finger, ubiquitin-binding type domain (ZnF UBP domain; also called BUZ domain), which is also found in histone deacetylase 6 (HDAC6); and a catalytic site in the C19 family cysteine peptidase domain (Figure 1A). The ZnF UBP domain contains three zinc-binding sites consisting of 12 residues (Pai et al., 2007), which facilitate protein-protein and DNA-protein interactions, and the cysteine peptidase domain acts as a ubiquitin carboxyl-terminal hydrolase (Rawlings and Barrett, 1994). The protein was initially localized in cytoplasm (Cai et al., 1999). Subsequently it was found that USP16 functions as a homotetramer and is actively exported from the nucleus during interphase (Xu et al., 2013). At the onset of mitosis USP16 is phosphorylated at serine 552, by cyclin dependent kinase 1 (CDK1) (Xu et al., 2013) and localizes to the nucleus, where it is required for G2/M progression. The function of USP16 in mitosis is to deubiquitinate and therefore activate polo like kinase 1 (PLK1), which is needed for proper chromosome alignment, without which cell cycle progression is blocked at G2 (Joo et al., 2007).


[image: image]

FIGURE 1. Sanger sequencing of exon 4 of USP16 clones. (A) Structure of the human USP16 gene and protein. Blue – ZnF UBP domain; yellow – ubiquitin specific protease (USP) domains; red bars – cysteine (left) and histidine (right) boxes of the C19 family peptidase domain. Asparagine at position 200 and cysteine at position 205 are key residues of the cysteine box; histidine at position 758 and aspartate at position 798 are key residues of the histidine box. The peptidase unit extends from residue 141 to the C terminus at residue 823. The USP domains are members of the C19 family of cysteine peptidases. Drawn from data in Jones et al. (2013), Rawlings and Barrett (2013) and the MEROPS database at https://www.ebi.ac.uk/merops/index.shtml (Rawlings et al., 2018). (B) Sequence of USP16 in edited clones. Upper panel shows the wild type, middle panel shows a heterozygote and lower panel shows a homozygous edited clone. The site of the insertion is indicated by the arrow and the amino acid codons of the wild type allele are shown above the sequence traces. All three founder heterozygous clones had the same insertion of adenine (A; green trace) in one allele. The four homozygous USP16–/– clones had the same insertion of one additional adenine, on both alleles. The nucleotide sequence before and after the insert was identical to wild type. (C) Translation of edited USP16 in homozygous clones by the ExPaSy tool (single letter code). Insertion of the single nucleotide causes a frame shift, which introduces multiple stop codons in the translated sequence. The insert is present in the middle of the zinc finger domain, in codon 91 for the amino acid alanine (pictured here framed by yellow box). Ten codons later, translation would be terminated by an in frame stop codon. Met indicates potential start codons (amino acid methionine), and highlighted sequences show open reading frames. The first gray sequence up to the yellow box is the correct amino acid sequence.


USP16 can also act as a regulator of DNA damage repair. DNA double strand break damage induces H2A ubiquitination at the site of damage. The levels of USP16 mRNA increase directly after DNA damage. After the break is repaired, the ubiquitin is removed by USP16 with the help of HERC2 (HECT and RLD domain containing E3 ubiquitin protein ligase 2) (Zhang et al., 2014). Over-expression of USP16 resulted in decreased ubiquitination of H2A immediately after the damage, while down-regulation resulted in increased and prolonged ubiquitination and failure to resolve the break (Zhang et al., 2014). The net result of either change was to reduce the cell’s ability to repair DNA damage, either because the initial ubiquitination of H2A at the site of the break was suppressed (over-expression of USP16) or because the ubiquitin could not then be removed after the repair (down-regulation) (Zhang et al., 2014). There are examples where USP16 was down-regulated or mutated in leukemias and other human cancers, such as lung adenocarcinoma and hepatocellular carcinoma, which might contribute to the inability of cancer cells to resolve the DNA repair process (Fernandez et al., 2004; Gelsi-Boyer et al., 2008; Qian et al., 2016), but these are rare and the gene is ubiquitously expressed (data from FANTOM5 project1) and only rarely mutated (data from The Cancer Genome Atlas2).

USP16 may also contribute to inducible gene expression. USP16 was shown to be bound to promoter regions of various genes on all chromosomes of embryonic stem cells (ESC), and this was correlated with low H2A ubiquitination levels and high gene expression (Yang et al., 2014). USP16 was also identified to bind to active genes and promoters and take part in a shift of mouse B-cells from quiescent to active state (Frangini et al., 2013). In addition, USP16 regulates developmental Hox genes in Xenopus laevis (Joo et al., 2007).

Homozygous knockout of the Usp16 gene (Usp16–/–) in mouse is embryonically lethal. Defects in development were found as early as 7.5 days after conception (E7.5) (Yang et al., 2014). USP16 catalytic function was required for ESC differentiation, but not ESC viability (Yang et al., 2014). Knock down of USP16 in human HeLa cells caused slow cell growth rates, as there was a sharp decrease in cells in phase G2/M of the cell cycle (Joo et al., 2007). There was also a decrease in HOX gene expression. In Usp16 conditional bone marrow knockout mice, the hematopoietic stem cells were reduced in maturity and lineage commitment and there were fewer mature cells in peripheral blood (Gu et al., 2016).

USP16 is located on human chromosome 21, which is trisomic in Down syndrome (Adorno et al., 2013). In mice triplication of Usp16 was associated with accelerated senescence, consistent with the early aging phenomena in patients with Down syndrome (Adorno et al., 2013). Consequences of overexpression of Usp16 in mice included reduction of hematopoietic stem cells and their self-renewal ability, cellular defects owing to increased removal of H2A ubiquitin and decreased proliferation (Adorno et al., 2013). Patients with Down syndrome also have increased incidence of leukemia and decreased rate of solid tumors (Mateos et al., 2015). A human Down syndrome cell line with a triplicated USP16 gene had decreased DNA damage response (Zhang et al., 2014).

These results show that USP16 has three functions: cell cycle progression (Xu et al., 2013), DNA damage repair (Zhang et al., 2014) and gene activation by removal of H2A ubiquitin (Yang et al., 2014). Disruption of each of these activities could contribute to generation and progression of leukemia.

Here we report the creation of a loss of function mutation in the USP16 gene using CRISPR-Cas9 technology in the THP-1 human acute monocytic leukemia (AML) cell line. The THP-1 cell line was isolated in 1980 from a 1-year old boy suffering from AML. The cells resemble human monocytes (Tsuchiya et al., 1980) but can be induced to differentiate into macrophage-like cells by administration of phorbol myristate acetate (PMA) (Tsuchiya et al., 1982). PMA initially inhibits cell growth prior to differentiation, by up-regulation of the cyclin-dependent kinase CDKN1A; this in turn inhibits the activating phosphorylation of CDK2 (Traore et al., 2005). In the parent THP-1 line available from the American Type Culture Collection (ATCC® TIB-202TM), around 50% of cells become adherent in response to PMA, indicating that there is considerable phenotypic heterogeneity (see Supplementary Figure 1 in Suzuki et al., 2009). To enable a detailed study of the transcriptomic response to PMA, the FANTOM consortium isolated a clonal line that was highly responsive to PMA and uniformly differentiated into a macrophage like state (Suzuki et al., 2009; Gazova et al., 2020). The karyotype of the clonal line was established by microarray-based comparative genomic hybridization to be 46XY, with minimal chromosomal aberrations (deletions at 6p, 12p, 17p, and on the X chromosome) (Adati et al., 2009). The THP-1 cells are also predisposed to mutations in tumor suppressor genes (for example TP53 and PTEN) and MLL fusions (Adati et al., 2009).

We report the knockout of USP16 in four homozygous cell lines derived from the high differentiation clone of THP-1. We observed heterogeneity amongst the homozygous knockout lines and examined their transcriptomic profiles to understand whether these cells have evolved mechanisms to compensate for the impact of the USP16 mutation.



MATERIALS AND METHODS


THP-1 Cell Line and Differentiation Assay

THP-1 cells (high differentiation clone 5, from FANTOM4 consortium, passage number 8, provided by Dr. Mark Barnett, The Roslin Institute, United Kingdom) were cultured as described previously (Gazova et al., 2020). The day before the start of the differentiation assay, cells were counted by hemocytometer and between 3 × 106 and 5 × 106 cells were pelleted and resuspended in 10 ml fresh medium. THP-1 cells were then differentiated by adding 30 ng/ml (48.6 nM) phorbol 12-myristate 13-acetate (PMA; P1585, Sigma-Aldrich) in DMSO. The cells were plated on a Sterilin plate (without tissue culture treatment of the plastic), and after 24 h of differentiation, the cells were lifted off by flushing with a blunt-end needle syringe.



CRISPR-Cas9 Editing of USP16 in THP-1 Cells

The CRISPR sequence guide was designed using an online website tool3, and selected based upon base chemistry and possible off-target effects. Information about human USP16 protein and gene structures was taken from the Ensembl database4 (Yates et al., 2016). Information was correct as of January 2021, based on transcript USP16-201 (ENST00000334352.8). The guide was designed to target exon 5 (5′-TGGCGTCAGATAGTGCTTCA-3′, score 79). In silico translation of the altered USP16 DNA exonic sequence into protein was provided by the online ExPaSy tool5. Transcription start site (TSS) information was taken from the FANTOM5 database (Forrest et al., 2014) visualized on the ZENBU hg19 genome viewer6 (Severin et al., 2014). The oligonucleotides were ordered through Sigma-Aldrich (0.025 μmol, DST purification) (Ran et al., 2013).

Annealing and phosphorylation of the CRISPR guides followed the protocol of Andersson-Rolf et al. (2016). The phosphorylated and annealed oligonucleotides were diluted 1:200 and then cloned into a plasmid vector containing the Streptococcus pyogenes Cas9 open reading frame sequence and a GFP reporter gene (pX458 from Addgene, plasmid#48138, kindly provided by Dr. Peter Hohenstein, The Roslin Institute) in one step. Cutting and ligation was done by adding together 100 ng of pX458, 2 μl of the diluted annealed oligonucleotide, 2 μl of 10X T4 ligase buffer with 10mM ATP (NEB, Ipswich, MA, United States), 1 μl of BbsI restriction endonuclease (10 U/μl, NEB), 0.5 μl of ligase from Quick Ligation kit (NEB) made up to 20 μl with water. The mixture was incubated for 6 cycles of 37°C for 5 min and 21°C for 5 min. The plasmid with sgRNA sequence was treated using the Plasmid Safe Exonuclease kit (Epicentre, Madison, WI, United States) which digests any residual linear DNA, following manufacturer’s instructions.

DH5α strain E. coli bacteria were then transformed with the plasmid using a heat shock at 42°C and the bacteria were streaked on an ampicillin plate (100 μg/ml ampicillin in LB (Lysogeny Broth) agar). Two colonies per plate were selected and grown overnight in 5 ml LB with 100 μg/ml ampicillin. To assess the presence of the appropriate insert, plasmid DNA was extracted using the Qiagen MiniPrep kit according to manufacturer’s instructions (Qiagen, Hilden, Germany). The sequence was validated by chain termination sequencing using U6 FWD primer at Edinburgh Genomics (University of Edinburgh, United Kingdom). A large scale preparation of plasmid DNA was then made using the Endo-free Maxi Prep (Qiagen) according to manufacturer’s instructions. It was important to use endotoxin-free (Endo-free) reagents to avoid activating the cells during the transfection step. The sequence of the maxi prep-prepared plasmid was again verified by sequencing at Edinburgh Genomics.



Nucleofection of CRISPR-Cas9 Plasmids Into THP-1 Cells

THP-1 cells were transfected using the 4D Nucleofector kit (Lonza, Cologne, Germany), with a Lonza protocol optimized for THP-1 cells. 1 × 106 THP-1 cells per sample were centrifuged at 400 g for 5 mins, the pellet resuspended in 100 μl of SG 4D Nucleofector solution with added supplement (SG Cell line 4D Nucleofector solution X kit, Lonza). 0.5 μg of DNA per sample of Endotoxin-free plasmid was added. The cell suspension was transferred to the Nucleocuvette vessels and the program FF-100 was executed on the 4D Nucleofector. 500 μl of pre-warmed THP-1 medium was then added and the cell suspension was transfered to a 12-well plate with 1 ml of THP-1 medium already in each well. Next day (∼24 h after nucleofection), the cells were spun down at 400 g for 5 min at room temperature, and the pellet resuspended in 300 μl of 10% fetal bovine serum in PBS and subjected to flow cytometry assisted cell sorting. Single GFP positive cells (which had taken up the plasmid) were sorted into 96-well plates with 200 μl THP-1 media per well, using a BD FACS Aria IIIu (BD Biosciences, San Jose, CA, United States).



Validation of Knockout Cell Lines

The single cell clones were left to grow in 96 well plates until there were enough cells to passage into a bigger vessel (multiple weeks). DNA was prepared from these potential knockout clones using phenol extraction. DNA was resuspended using a suitable volume of TE or water. The targeted region was then amplified by the polymerase chain reaction using High Fidelity Q5 Polymerase (NEB) according to manufacturer’s instructions. The primer sequences were CCTAGCGAGTGCATGGTTTT (USP16 CRISPR site F) and ACCCAAGAGGCAGAGGAACT (USP16 CRISPR site R) and the Tm for both was 65°C (NEB Tm Calculator7). The samples were initially denatured at 98°C for 30 s, then incubated for 35 cycles of 98°C for 10 s, 65°C for 30 s and 72°C for 30 s. The final extension was at 72°C for 2 mins. The PCR product was run on a 1.5% agarose gel (Agarose Ultrapure, Invitrogen, Paisley, United Kingdom) in 1X TAE with 1X of SYBR Safe DNA stain (Invitrogen). 20 μl of the PCR product was purified using Charge Switch PCR clean-up kit (Invitrogen) according to manufacturer’s instructions. For sequencing, 3 μl of water, 2 μl of the purified PCR product and 1 μl of 3.2 μM primer was mixed and sent for chain termination (Sanger) sequencing at Edinburgh Genomics. The results were viewed using FinchTV programme (Geospiza, Perkin Elmer, Waltham, MA, United States) or Chromas8.



Gene Expression Analysis

RNA was extracted from pelleted cells using RNABee (AMS Biosciences, Friendswood, TX, United States) or TRIzol (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturers’ instructions. The RNA samples were then treated with DNase I according to manufacturer’s instructions (Ambion DNase kit AM1906, Thermo Fisher Scientific). The concentration of RNA was measured using a NanoDrop spectrophotometer ND-1000 (Nanodrop Technologies, Wilmington, DE, United States) and quality was assessed using the Agilent RNA ScreenTape System (Agilent Technologies, Santa Clara, CA, United States) according to the manufacturer’s instructions. 500 ng DNase I treated RNA was used to prepare cDNA, together with 2 μl random primers (50 ng/μl, Invitrogen) and 1 μl dNTPs (10 mM, Invitrogen), with water to 13 μl. The RNA with random primers was denatured at 65°C for 5 mins and then cooled at 4°C for at least 1 min. Afterward, 4 μl 5x first strand buffer (Invitrogen), 1 μl 0.1 M DTT (Invitrogen), 1 μl RNAsin Plus (Promega, Madison, WI, United States) and 1 μl Superscript III Reverse Transcriptase (RT; Invitrogen) were added to the mixture. An RT negative control was prepared using RNAse-free water instead of RT. The cDNA synthesis reaction was incubated at 25°C for 5 mins, 50°C for 60 mins, and finally 70°C for 15 mins to stop the reaction. Before quantitative polymerase chain reaction (qPCR), the cDNA was diluted 1:1 with 20 μl water. To establish standard curves, cDNA from THP-1 RNA was diluted three times. The first point of the standard curve was undiluted cDNA (estimated 12.5 ng/μl), then 1:1 (estimated 6.25 ng/μl), then 1:4 (estimated 3.125 ng/μl), and 1:8 (estimated 1.5625 ng/μl). qPCR was used to assess the levels of USP16 expression using manufacturer’s protocols for SYBR Green 1 Master Mix with Light Cycler 480 96-well white plates (Roche, Mannheim, Germany). The settings for all qPCR analyses (both quantification and melting curves for primers) were as follows: pre-incubation was carried out at 95°C for 5 mins (ramp rate 4.40°C/s), then amplification steps were repeated for 45 cycles. Amplification steps were as follows: 95°C for 10 s (ramp rate 4.40°C/s), 60°C for 15 s (ramp rate 2.20°C/s), and 70°C for 30 s (ramp rate 4.40°C/s). Afterward, the melting curve was measured by incubating at 95°C for 5 s (ramp rate 4.40°C/s), 65°C for 1 min (ramp rate 2.20°C/s) and then the temperature was increased to 97°C by 0.11C°/s. At the end, the plate was cooled for 30 s at 40°C. All reverse transcriptase-qPCR analysis was carried out using the Advanced Quantification setting of the Light Cycler 480 Roche software. ΔCt was calculated with previously established values of primer efficiencies from standard curves (calculated using the same software, by using Abs Quant/2nd Derivative Max setting).

Two sets of primers for two different housekeeping genes were used in this study. The first one was for the human beta actin gene (ACTB) (Maess et al., 2010); the second, for GAPDH, was purchased from Qiagen (QuantiTect Primer Assay QT0112646). The USP16 primers were designed to span an intron, to have melting temperature (Tm) of 60°C and to generate a cDNA product of approximately 200 bp, using Primer3 program9. The ideal slope value from standard curves is around −3.345 when the primer efficiency is 2, but values from −3.0 to −3.5 were considered acceptable (Table 1).


TABLE 1. qPCR primers and efficiencies for USP16 expression analysis.
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CAGE (Cap Analysis Gene Expression)

Cap analysis gene expression libraries were made as described previously (Takahashi et al., 2012; Gazova et al., 2020). Libraries were sequenced by Edinburgh Genomics on an Illumina HiSeq 2500 machine in high throughput mode. One library consisting of eight pooled samples was sequenced per lane, with custom sequencing primer and inline barcodes. Quality control, quantification of expression levels and bioinformatic analysis were performed as described (Gazova et al., 2020). The final expression value for each CTSS (CAGE transcription start site) was provided as TPM (tags per million). The normalized data were then formatted into OSCtable10, providing chromosome, start, end and strand coordinates and uploaded into ZENBU11 (Severin et al., 2014). CTSS were clustered in each sample based on their distance apart using distclu option in CAGEr package (Haberle et al., 2015). The settings were as follows, the minimum CTSS TPM value was 1, the distance between CTSS was maximum of 20 bp and singletons (single CTSS not neighboring any other CTSS) were not removed. To compare the clustered CTSS across different samples, the CTSS range values were aggregated, retaining only the CTSS clusters with expression in at least one sample of higher than 5 TPM. The maximum distance between CTSS was kept at 100 bp. These commands created a single matrix file with cluster coordinates (start, end, strand) and normalized TPM values for the aggregated clusters. Normalized and annotated clusters of CTSS were allocated to the nearest downstream gene (Gazova et al., 2020). A matrix of gene annotations and expression values was uploaded into BioLayout software (Freeman et al., 2007; Theocharidis et al., 2009)12. Sample-to-sample correlation (equivalent to principal components analysis) was created by transposing the data in pre-processing and analyzed at a Pearson correlation coefficient (r) threshold of 0.88. Gene network analysis created a graph by visualizing each node as one aggregated cluster of CTSS. A correlation graph was created at r ≥ 0.92 (Supplementary Figure 1) using Fast Multiple Multilevel Method (FMMM) format. The analysis was done by clustering using the Markov Cluster Algorithm (MCL) at inflation values indicated in the Results section. Differential gene expression was analyzed using the edge package for the R statistical environment13. GO enrichment analysis was performed with PANTHER (Protein Analysis Through Evolutionary Relationships, release of July 28, 2020; available through The Gene Ontology Resource14). The background was Homo sapiens, the test used was Fisher’s Exact test and all results were corrected for multiple testing using the Bonferroni method.



Western Blot

For each sample, 2 × 106 cells were resuspended in 50 μl PBS, then 50 μl of 2X Laemmli loading buffer with 50 mM DTT (BioRAD, Hercules, CA, United States, prepared by mixing 950 μl Laemmli loading buffer + 50 μl 1M DTT (NEB) in water) was added and mixed thoroughly. Samples were then incubated at 95°C for 5 mins and stored at −20°C until needed. Samples were loaded on a precast Mini-Protean TGX 4-15% 12-well gel (Bio-Rad Laboratories, Herclues, CA, United States). A molecular weight marker (PageRuler Plus Prestained Protein Ladder, Thermo Fisher Scientific) was loaded in the outer lanes. The running buffer was 25 mM Tris (Thermo Fisher Scientific), 192 mM Glycine (Sigma-Aldrich) and 0.1% w/v SDS (Thermo Fisher Scientific) and the gel was run at 100V for 5 min and then 120V till the end of the gel. The gel was then rinsed in water. The protein was then transferred onto PVDF membrane (Immobilon-P, Sigma-Aldrich, St Louis, MO, United States), using a Bio-Rad transfer apparatus, according to manufacturers’ instructions. The blotting was run at 50 V for 1 h at initial current of 400 mA. The membrane was blocked for 1 h in 5% milk powder (Marvel Dried Milk, Premier Foods Group Ltd., London, United Kingdom) in PBS-T (0.05% Tween in PBS). Primary anti-human antibodies (dilution of 1:1000 for rabbit anti-USP16 (ab121650, Abcam, Cambridge, United Kingdom); and 1:2000 dilution for mouse anti-ß-actin (C4) monoclonal IgG1 (sc-47778, Santa Cruz Biotech, Dallas, TX, United States) were diluted in 5% milk powder in PBS-T and the membrane immersed rotating overnight at room temperature. The next day, the membrane was washed six times for 5 min in PBS-T, and then secondary antibodies were diluted at 1:2000 in 5% milk powder in PBS-T (horse anti-mouse HRP-linked for β-actin and goat anti-rabbit HPR-linked for USP16; both from Cell Signaling Technology, Danvers, MA, United States), and the membrane immersed rotating for 1 h at room temperature. The membrane was again washed six times for 5 min in PBS-T, and then Pierce ECL western blotting substrate (Thermo Fisher Scientific) was applied according to manufacturer’s instructions. The image was developed onto Amersham Hyperfilm (GE Healthcare, Little Chalfont, United Kingdom).



Analysis of Edited Cells

MTT assay was performed to assess metabolic activity and cell proliferation. A 96-well plate was seeded with 2 × 104 THP-1 cells in 100 μl of media per well. After 48 h, 10 μl MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 5 mg/ml, Sigma Aldrich) was added to each well and incubated for 3 h at 37°C in 5% CO2. Then 100 μl solubilization solution (89% (v/v) Isopropanol, 10% (v/v) Triton 100x, 1% (v/v) HCl) was added and left at 37°C 5% CO2 overnight. The following day, substrate conversion was determined via the optical densities which were measured using a plate reader at 570 nm. The phases of the cell cycle were determined using propidium iodide staining, as described previously (Gazova et al., 2020).

A phagocytosis assay was performed by incubating THP-1 macrophages that had been differentiated with PMA for 2 days with Zymosan A particles (Thermo Fisher Scientific, Z2841) coated with fluorescein isothiocyanate (FITC), at a ratio of 100 particles per cell; for 1 h at 37°C. Cells were washed five times with cold PBS and fixed with 4% paraformaldehyde (PFA, WVR, Radnor, PA, United States) for 10 min at room temperature and washed twice with PBS. Images were viewed using a fluorescent microscope (Zeiss Vert.A.1, Carl Zeiss Limited, Cambridge, United Kingdom).



Statistical Analysis

Results are presented as mean ± standard error. Significance of differences was assessed using a two tailed t-test where two groups were compared or a two tailed Z-test where a single sample was compared with the mean of multiple values.



RESULTS


Editing of the USP16 Gene in THP-1 Cells

The guide was designed to make an indel in exon 5 of USP16, creating an out of frame mutation. Exon 5 (the third coding exon) codes for part of the zinc finger domain. Out of two 96 well plates, 15 clones survived the sorting and 3 clones proved to be heterozygous for the same single nucleotide insertion (adenine) into the expected site. The sequence is shown in Figure 1B. No homozygotes were present at the first targeting, so two of the heterozygotes were used for targeting a second time with the same guide. Out of 3 plates for each heterozygous parental cell line, 67 clones survived the sorting. 13 clones (19%) had reverted to the wild type sequence and 4 clones (6%) were homozygous for the same adenine insertion in exon 5 (Figure 1B). The insertion site of the adenine in exon 5 created a frame shift, with an in-frame stop codon ten amino acids downstream. Any resulting peptide would be small and contain only the start of the protein sequence with no functional domains (Figure 1C). One homozygous clone (Hom1) was derived from one heterozygote (HetC) and the other three (Hom2, Hom3, and Hom4) from a second heterozygote. Sequencing of the cDNA derived from the homozygous clones confirmed that the insertion was present in the transcript as well as the gene (not shown).



Impact of USP16 Frame Shift on Gene Expression

Quantitative reverse transcriptase PCR experiments were conducted with the four homozygotes, a parental heterozygote (HetC), a heterozygote from the second targeting (HetdE) and wild type THP-1 cells for 3 sets of primers, each amplifying a different exon along the transcript (Table 1). Consistent with predicted nonsense-mediated decay, the USP16 –/– homozygous clones had decreased level of mRNA compared to wild type THP-1 cells (Figure 2A) for all three sets of primers (p < 10–7 for each set of primers). The USP16 expression levels were also extracted from the transcriptomic data generated by CAGE analysis (see below) and found to be negligible in the homozygous edited clones after differentiation (p = 0.004) (Figure 2B).
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FIGURE 2. USP16 expression in edited clones. (A) Quantitative PCR for three sets of USP16 primers, targeting different exons. RNA was from undifferentiated cells. Blue – wild type; purple – heterozygotes; red – homozygotes. Y-axis shows the Roche ratio normalized by ACTB expression with error rates calculated by Roche LightCycler480 software. Error bars show standard error. Asterisk shows technical failure of qPCR for HetdE. All assays were carried out in duplicate. Homozygotes were significantly different from wild type (all p < 10–7); heterozygotes were not significantly different from wild type. (B) USP16 expression derived from transcriptomic analysis using CAGE. Expression levels are shown for control untreated cells (darker columns) and cells after 24 h of PMA stimulation (lighter columns). Blue – wild type; purple – heterozygotes; values in homozygotes were all 0. Homozygotes were significantly different from wild type (p = 0.03 at 0 h and p = 0.004 at 24 h). Heterozygotes were not significantly different from wild type at either time point. (C) Western blotting for USP16 and actin in extracts of THP-1 clones. Lanes 1, 2, 3, and 4 are USP16 knockout homozygotes; lanes 6 and 7 are USP16 knockout heterozygotes, and lane 8 shows the wild type THP-1 cell line. Molecular weight ladder sizes (kDa) are shown to the right of the image. Actin loading control bands of 42 kDa are indicated. All other bands were detected by anti-USP16 antibody (ab121650). Bands of around 120 kDa (present in heterozygotes and wild type) were not present in the four homozygous USP16 knockout THP-1 clones (arrowhead).


The production of USP16 protein in the edited clones was assessed by western blotting. Previous studies reported an estimated molecular weight for USP16 of 110 - 120 kDa (Joo et al., 2007; Xu et al., 2013), although the antibody manufacturer predicted a band size of 94 kDa. A band of around 120 kDa was present in heterozygotes and wild type but absent in the homozygous clones (Figure 2C). There was no evidence of any bands between 70 and 130 kDa in the homozygotes. This suggests that the homozygous clones were not making full length USP16. Other bands on the gel (Figure 2C) that were not altered in the deleted clones may be from different deubiquitinases, since there is strong homology in the family.



Cellular Impact in USP16 Knockout Cells

The USP16 knockout clones retained active proliferation in the absence of PMA, indicating that USP16 is not absolutely required for mitosis in these leukemic cells. Upon addition of PMA the parent THP-1 USP16+/+ high differentiation clone underwent growth arrest, with down-regulation of cell-cycle associated transcripts and MYB, and up-regulation of macrophage markers (Gazova et al., 2020). The absence of functional USP16 did not alter the ability of the cells to undergo this differentiation process. In control and USP16-deficient cells, addition of PMA generated a confluent layer of adherent macrophage-like cells after 48 h. These cells were able to phagocytose Zymosan A particles and there was no apparent difference between the control and USP-deficient clones (Figure 3A).
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FIGURE 3. Impact of USP16 knockout on cellular functions. (A) Phagocytosis of Zymosan particles by wild type and edited clones. Adherent THP-1 cells differentiated with PMA were incubated with FITC-labeled Zymosan particles for 1 h at 37°C and washed as described in Methods. Images show that the large majority of cells in each culture contained labeled (green) particles. (B) Proliferation of individual THP-1 clones measured using the MTT reduction assay. Cells were plated at 2 × 105/ml and incubated for 48 h, prior to assay of viable cells as described in Methods section. Dark colors show an assay after initial expansion; light colors show a repeat assay of the same clones, after several passages. Y-axis shows the optical density after 48 h. Red – homozygotes; purple – heterozygotes; blue – wild type. HetD was only tested after the initial expansion and HetC was only tested after several passages. (C) Proportion of cells in different stages of the cell cycle in wild type and edited clones. Cell cycle was analyzed by flow cytometry of propidium iodide-stained cells as described in Methods. Results are the average of 3 (HetC) or 4 experiments. Upper panel – before differentiation; lower panel – after 2 days with PMA. Blue – G1 phase; orange – S phase; green – G2 phase. Error bars show standard error.


To analyze the requirement for USP16 in growth regulation of these cells, we first assessed proliferation based upon metabolic activity (MTT reduction). This was assessed on both early and late passage lines to determine whether there was any phenotypic drift. The results differed among USP16–/– homozygotes. The proliferative activity of wild type, heterozygotes and homozygote Hom1 was indistinguishable, as indicated by the level of metabolic activity after 48 h in culture. The remaining homozygotes (Hom2, Hom3, and Hom4, all derived from the same heterozygote) were also actively proliferative albeit with a marginal decrease in MTT reduction compared to WT (Figure 3B).

To assess the impact of USP16 mutation on cell cycle regulation, the various clones were differentiated into macrophages with PMA over the course of 3 days and the proportions of cells in different phases of the cell cycle were assayed each day using propidium iodide staining and flow cytometry. This analysis confirmed that USP16 is not absolutely required for cell cycle progression. Before differentiation, edited and wild type cells were indistinguishable, with 20-30% of cells in S phase (Figure 3C). During differentiation of THP-1 USP16+/+ monocytes to macrophages in response to PMA the proportion of cells in S phase was previously shown to decline as the cells differentiate (Gazova et al., 2020). This response was replicated here in wild type and in USP16 heterozygous and homozygous cells, although the decline in Hom2 was not as marked. The proportion of cells in S phase was reduced to half or less in most lines alongside an increased proportion in G1 phase by Day 2. In Hom2, the proportion of cells in S phase following PMA treatment was maintained around 30% (Figure 3C). As indicated by the error bars in Figure 3C, there was considerable variability between replicates.



Transcriptomic Analysis of Wild Type THP-1 and USP16 Knockout Clones

The phenotypic analysis indicated that the impact of the USP16 insertion is conditional; in one clone (Hom2) there was a reduced impact on proliferation though not on differentiation, whereas Hom1 was not different from its heterozygous parent HetC or the replicates from the original wild type THP-1 clone. To dissect the reasons for this variable impact, RNA from USP16 knockout THP-1 cells was subjected to expression analysis using CAGE before and after 24 h PMA stimulation, and compared with results for wild type using CAGE sequencing results from the 0 and 24 h time points of the previous publication (Gazova et al., 2020). Sample-to-sample analysis (which provides similar information to a principal components analysis) using BioLayout network analysis software showed that prior to PMA treatment, all cells had similar transcriptomic profiles (dark green in Figure 4A). All cell lines showed some change over the first 24 h of differentiation, with the transcriptome of the wild type cells changing most and Hom4 changing least (Figure 4B). One heterozygote (HetC) was similar to wild type and the other (HetdE, a heterozygous clone that had been through two rounds of targeting, from the same parent as Hom2, Hom3, and Hom4) was similar to the homozygotes, which were closest to undifferentiated cells in the network, indicating a reduced response to PMA (Figure 4B).
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FIGURE 4. Sample to sample network graph of edited clones. Circles represent clones and lines between them correlations of at least 0.88. Wild type results are from Gazova et al. (2020). (A) Analysis showing the transition from 0 h (dark green) to 24 h post PMA treatment (light green). (B) The same network as in panel (A), colored to show the effect of genotype on the transition following PMA treatment. Dark colors show cells prior to treatment, light colors show cells 24 h after PMA treatment. Red – homozygotes; purple – heterozygotes; blue – wild type.


The differentiation of THP-1 cells is associated with up-regulation of a number of macrophage-specific genes, including CSF1R, which encodes the receptor for the lineage-specific growth factors CSF1 and IL34 (Hume et al., 2016; Gazova et al., 2020). The three related homozygous knockout lines (Hom2, Hom3, and Hom4) showed no increase of CSF1R mRNA after PMA treatment (p = 0.19; Figure 5A), while their double targeted “sibling” HetdE showed a small (3-fold) increase. In contrast, Hom1 and its parental heterozygote HetC showed approximately 10-fold increase in CSF1R, greater than the 5-fold increase seen in wild type. The progenitor cell marker MYB decreased to about 15% in wild type after PMA treatment. This marker was higher in Hom1 and HetC than in wild type prior to treatment and decreased to less than 15% 1 day after PMA treatment. In the double targeted HetdE, Myb expression prior to PMA treatment was similar to HetC, but only decreased to about 40%. In Hom2, Hom3 and Hom4, MYB expression was lower prior to differentiation and dropped up to 50% after PMA treatment (p = 0.03) indicating that cell proliferation persisted in these clones (Figure 5B).
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FIGURE 5. Expression of signature genes in edited clones. Results are based on expression levels extracted from CAGE data. Wild type samples are from Gazova et al. (2020); results are the mean of 6 (0 time point) and 4 (24 h time point) replicates and standard error is shown by the bars. (A) Expression of CSF1R (total of three promoters), a marker of monocyte to macrophage transition. At 0 h, Hom1 was significantly lower than wild type (p = 0.0006) while at 24 h it was significantly higher (p = 0.01). The mean value for Hom2-4 was slightly higher than wild type at 0 h (p = 0.04) but did not change after PMA stimulation and was then significantly lower than wild type (p = 0.005). (B) Expression of MYB (total of two promoters), a marker of cell proliferation. At 0 h, Hom1 was significantly higher than wild type (p = 0) while at 24 h it was not significantly different (p = 0.15). The mean value for Hom2-4 was slightly higher than wild type at both 0 and 24 h (p = 0.04 in both cases).


To explain the apparent redundancy of USP16 for cell proliferation and differentiation, and inconsistency between the mutant clones, we examined expression of other histone deubiquitinase genes. Because Hom1 was different from the other homozygotes, it was analyzed separately. All homozygotes had higher levels of expression prior to differentiation for USP12, BAP1, and MYSM1 (Figure 6 and Table 2). USP12 and MYSM1 were induced in wild type cells upon PMA treatment, reaching the same level as the homozygotes. BAP1 did not change following PMA treatment and was significantly elevated in Hom1 regardless of time point. Hom1 was also higher than wild type for USP21 both before and after treatment but lower than wild type for USP22 prior to treatment (Figure 6 and Table 2). Expression of USP3 in Hom2, Hom3, and Hom4 was lower than wild type after 24 h of PMA treatment, suggesting that these clones failed to fully induce USP3 during differentiation. There was no effect of the USP16 knockout on USP46, which had relatively low expression in these cells.
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FIGURE 6. Expression of deubiquitinase genes in edited clones. Results are based on expression levels extracted from CAGE data. Wild type samples are from Gazova et al. (2020). Results for wild type are the mean of 6 (0 h time point) and 4 (24 h time point) replicates. Results for Hom2, Hom3, and Hom4 were averaged. Standard error is shown by the bars. Significance of differences between genotypes can be seen in Table 2. (A) Expression of USP3. (B) Expression of USP12. (C) Expression of USP21. (D) Expression of USP22. (E) Expression of USP46. (F) Expression of BAP1. (G) Expression of MYSM1.



TABLE 2. Expression of deubiquitinases in USP16 edited cells.
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Network Analysis of USP16 Edited Clones

The analysis of differentially expressed genes and determination of the phenotypes of the edited clones indicated that there were impacts of the lack of USP16 in both homozygotes and heterozygotes, and that the edited lines had adapted to the knockout in different ways. To dissect the differences further, the CAGE-based transcriptional profiles of the USP16 knockout homozygous, heterozygous and wild type clones were analyzed using BioLayout network analysis software. A gene-to-gene analysis was performed with a relatively stringent Pearson correlation coefficient threshold of 0.92 and MCL clustering with an inflation coefficient of 2.0 (Figure 7A). This included 5640 nodes (representing CTSS, equivalent to gene promoters) making 109,930 edges (correlation of at least 0.92 between nodes). The majority of the nodes (4474 nodes, 105,618 edges) were in two distinct regions, which were associated with high expression either in THP-1 cells prior to treatment with PMA (monocytic cells), or in THP-1 cells after 24 h treatment (macrophage-like cells) (Figure 7A). The remaining nodes were in smaller elements of 2 to 154 nodes. Cluster lists for clusters discussed below are available in Supplementary Figure 2 and show groups of genes whose expression patterns were more similar to each other than to others in the analysis, as identified by the MCL clustering method. The largest cluster was Cluster 1 with 850 nodes (CTSS), which included the main CSF1R promoter and contained genes which were upregulated after differentiation (Figure 7B). Genes in this and other smaller clusters showing high expression 24 h after induction of differentiation tended to be associated with immunity, cell-cell adhesion and migration, neutrophil degranulation and the lysosome (analyzed by PANTHER – see Supplementary Figure 2), although there was a wide variety of GO terms found for these genes. The second most abundant cluster was Cluster 2 with 286 nodes, which contained genes highly expressed in monocytic THP-1 cells prior to differentiation (Figure 7B). A number of smaller clusters also showed this pattern and contained genes associated with cell division, the cell cycle and DNA replication and repair (Giotti et al., 2019). Notably cluster 6 (80 nodes) showed this pattern and contained the majority of the detected histone genes. There was little indication of an effect of absence of functional USP16 on genes in these clusters, showing that homozygous and heterozygous USP16 knockout cells maintain most of the gene expression patterns of monocyte and macrophage-like wild type cells, consistent with the ability to phagocytose and differentiate shown above.
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FIGURE 7. Network analysis of edited cells. (A) Gene-to-gene 2D network graph. Image taken from BioLayout output showing CTSS-CTSS correlations (nodes = CTSS; edges = correlations of ≥0.92 between them). The analysis included all four USP16 knockout lines, HetC and HetdE and wild type samples; raw data for wild type are from (Gazova et al., 2020), 0 h and 24 h time points. Nodes in the same cluster have the same color. (B) Average expression profiles for Clusters 1 and 2, showing up- or down-regulation in response to PMA in all cells. (C) Average expression profiles for Clusters 4 and 11 showing very small effect of PMA in the edited homozygous and heterozygous cells. (D) Average expression profiles for Clusters 10 and 19, showing specific expression in Hom1 and its parent HetC at 0 h (cluster 19) or 24 h post PMA treatment (Cluster 10). (E) Average expression profiles for Clusters 15, 16, and 24 showing expression in some or all wild type samples as well as HetC and Hom1. (F) Average expression profile for Cluster 42, showing high expression only in HetdE, Hom2, Hom3, and Hom4. In panels (B-F), Y-axis shows the average expression of genes in the cluster in TPM. X-axis shows the samples. The bar along the X axis shows the time point, colored as for Figure 5: dark colors 0 h, light colors – 24 h after PMA stimulation; blue – wild type, purple – heterozygotes, red – homozygotes. Samples are in the order wild type (6 samples at 0 h and 4 at 24 h), heterozygotes (HetC, HetdE), homozygotes (Hom1, Hom2, Hom3, and Hom4). Columns have the same color as the clustered nodes in panel (A).


To understand how the edited clones are able to maintain these functions, we looked for clusters where the expression pattern was different from wild type. As we have seen previously for cell lines (Gazova et al., 2020) and inbred animals (Summers et al., 2020), there was considerable variation among replicates, reflected in clusters with idiosyncratic profiles usually dependent on a single sample (shown in Supplementary Table 1). The wild type replicates were all generated from the parent THP-1 clone 5, so these differences may reflect phenotypic drift or phenotypic heterogeneity of the parent clone. The edited samples represent different clonal lines, each of which may have responded to the effect of the knockout differently. In particular, Hom1 and its parental heterozygote HetC showed a different phenotype from the other heterozygote and homozygotes (Figures 3, 5). However, there were several clusters where there was a clear difference between the wild type replicates and the edited clones, enabling some insight into the mechanisms used by the cells to escape the effects of the absence of USP16.

Genes in Cluster 13 (38 nodes), Cluster 31 (15 nodes), Cluster 37 (13 nodes) and Cluster 44 (12 nodes) were high in most wild type replicates prior to PMA stimulation. These genes were low in wild type after 24 h of PMA treatment and low in all heterozygous and homozygous clones at both time points. Because of the small number of genes in the clusters, GO enrichment analysis was performed on the combined list of genes to increase the power. With Bonferroni correction, the only enriched terms were GO Cellular Component (GO CC) terms relating to the mitochondrial matrix. For ontology terms, the Bonferroni adjustment is considered conservative since the terms are not independent (PANTHER documentation15). Therefore we used a reduced stringency (raw P-value < 0.001) to look for possible enrichment. GO Biological Process (GO BP) terms relating to metabolic processes and mitochondrial functions were enriched at this level (Supplementary Table 2). In contrast, genes in Cluster 33 (14 nodes) were low in wild type prior to PMA stimulation and increased in wild type after treatment and were high in all homozygotes and heterozygotes at both time points. This group was too small for meaningful GO enrichment analysis. These clusters indicate genes which may be affected by the absence of USP16, either in the monocyte state or after the cells are triggered to differentiate. Notably, the group which is low in the edited clones contains the SRPRB gene (Cluster 13), which encodes a protein thought to be an interaction partner of USP16 (BioGRID database of protein, genetic and chemical interactions16).

There were several other clusters which contained genes that were differently expressed in wild type and the edited clones. The average expression of genes in Cluster 4 (140 nodes) was up-regulated 8 to 30-fold during differentiation of wild type THP-1 cells (Figure 7C) but only increased up to two-fold in the heterozygous and homozygous knockout clones. These genes are likely dependent on USP16 for expression. This cluster contained known interferon inducible genes, and a promoter for the gene encoding the key transcription factor IRF9. GO annotations for genes within this clusters were enriched for terms involved with interferon signaling and response to virus.

Cluster 11 (44 nodes) contained genes that were increased 6 to 8 fold in wild type 24 h after PMA treatment. These genes were also increased at 24 h in heterozygotes and homozygotes, but only 4- to 5-fold (HetC and Hom1) or 2- to 3-fold (HetdE and Homs 2-4) (Figure 7C). These genes appear to be impacted by the loss of USP16, even in the heterozygotes which had wild type levels of expression of USP16 mRNA (Figure 2). There was no significant GO term enrichment for these genes using the stringent Bonferroni correction. As above, to gain further insight into the impact of USP16 absence, we therefore looked at GO terms using a less stringent uncorrected significance threshold of P < 0.001. At this significance threshold, enriched GO Biological Process (GO BP) terms were related to regulation of immune system processes and membrane transporter activity (Supplementary Table 2).

Cluster 19 (23 nodes) contained genes that were high only in HetC and Hom1 prior to PMA treatment (Figure 7D). Although there were no significant GO terms for this small cluster using the Bonferroni correction, genes included several involved in the cell cycle (BUB1, ESPL1B, and FANCA) (Giotti et al., 2019). This was reflected in the GO BP terms enriched at lower stringency (uncorrected P < 0.001) which included terms relating to chromosome separation (Supplementary Table 2). In all cases of genes with multiple promoters, a minor promoter was found in this cluster, suggesting that one way Hom1 escapes the lack of USP16 and maintains the ability to proliferate (shown by the high level of MYB seen in Figure 5B) is to up-regulate minor promoters of other genes to compensate.

Cluster 10 (52 nodes) was the reciprocal of Cluster 19, where average expression increased around 5-fold in most samples at 24 h, but in HetC and Hom1 these genes were increased 27- and 53-fold respectively (Figure 7D). Most promoters in this cluster were expressed only in these two samples. As for Cluster 19, where genes had more than one promoter in the analysis, promoters in this cluster were almost all minor (usually low expression) promoters, including the third promoter for CSF1R. There was no GO terms enrichment at the stringent Bonferroni corrected significance level, but there was enrichment for genes associated with the PANTHER integrin signaling pathway. To examine the adaptations of HetC and Hom1 we therefore looked at GO terms using an uncorrected significance threshold of P < 0.001, which showed enrichment for GO BP terms related to tumor necrosis factor production, negative regulation of cell death, positive regulation of macrophage proliferation, cytokine production, regulation of histone phosphorylation and morphogenesis (Supplementary Table 2).

Several other clusters contained genes that were up-regulated in at least some wild type samples and in HetC and Hom1 at 24 h. Genes in Cluster 15 (29 nodes) were up-regulated after PMA stimulation in three wild type samples and in Hom1 and HetC (Figure 7E). The cluster included the gene for CSF1, the major effector of macrophage differentiation. Cluster 16 genes were also up-regulated at 24 h in wild type, HetC and Hom1 (Figure 7E). Genes in Cluster24 were increased in two wild type samples at 24 h and to a lesser extent in HetC and Hom1 but not in the other homozygous and heterozygous cells (Figure 7E). GO enrichment analysis of the combined gene list from these clusters included terms related to mesodermal cell differentiation, inflammation and cell motility.

Since their phenotype showed greater difference to wild type, and their differentiation appeared less complete than Hom1 (Figures 3, 5), we also looked for clusters of genes that distinguished Hom2, Hom3 and Hom4 and the double-edited HetdE (from the same parent heterozygote) from wild type and HetC/Hom1. One small cluster (Cluster 42, 12 nodes; Figure 7F) contained genes that were increased in these cells prior to differentiation and slightly increased after 24 h with PMA. At the reduced stringency, enriched GO terms were related to biosynthetic processes and activation of plasma proteins involved in acute inflammation. However the major effects on these cells appeared to be reduction in expression of genes whose levels were maintained in HetC and Hom1.



DISCUSSION

This paper describes the impact of generating a homozygous inactivating mutation of the USP16 gene in a high differentiation clone of the THP-1 acute monocytic leukemia cell line, using the CRISPR-Cas9 genome editing technique. The fact that we generated independent subclonal lines that proliferated in culture and were able to differentiate in response to PMA might imply that the many functions attributed to USP16 described in the introduction are redundant. However, our detailed analysis rather points to the ability of the leukemic line to adapt to the extreme selection pressure applied by the loss of USP16 through different compensatory pathways.

The generation of homozygous USP16 knockout cells required two rounds of CRISPR-Cas9 mutagenesis. There were no homozygotes after the first round. After a second round using heterozygotes from the first round, 4 out of 67 viable clones were homozygous mutants, whereas 13 reverted back to wild type, presumably by homology-directed repair from the wild-type allele. This pattern strongly suggests that the survival and growth of homozygous USP16–/– cells was compromised, consistent with the observation that Usp16 knockout is embryonic lethal in mice (Yang et al., 2014). The THP-1 USP16–/– survivors had likely up-regulated compensatory mechanisms (genetic or epigenetic) to overcome the deficiency. Since the surviving homozygotes had different phenotypes, depending on the heterozygote from which they originated, we conclude that different mechanisms were responsible for the viability of these clones. Aside from the loss of USP16, additional selection pressures derived from the harsh conditions of electroporation, FACS sorting and single cell cloning. For this reason, it is important to use controls that have also been subjected to the same process. We present results from heterozygote cells that had been through the same two rounds of CRISPR-Cas9 treatment. We also assessed doubly targeted cells which had reverted to wild type, for cell cycle characteristics; they showed no difference from the parental wild type cells.

Arguably, selection pressures similar to those of CRISPR-Cas9 treated cultures occur during the evolution of a cancer in vivo (Fortunato et al., 2017). Although our starting population was a clonal line selected for high differentiation potential (Suzuki et al., 2009), THP-1 cells have deficient mutation repair (Bauer et al., 2011) and the original clonal population is likely by now to contain divergent lines characterized by different mutations. The heterozygous mutant lines from the first round may have been derived from cells that had accumulated other mutations or epigenetic modifications that compensated at least in part for the loss of USP16 and allowed the survival of the homozygotes after the second round of selection.

The simple MTT viable cell assay suggested that three of the homozygous mutant clones (Hom2, Hom3, and Hom4) grew marginally more slowly than the parent (Figure 3B) but this was not supported by cell cycle analysis (Figure 3C). There were some differences in down-regulation of MYB and up-regulation of CSF1R between wild type and homozygous clones (Figure 5). However, in overview the loss of USP16 did not prevent THP-1 cells from proliferating or differentiating to become adherent phagocytic macrophages in response to PMA (Figure 3A).

To dissect the transcriptome of THP-1 wild type cells with the USP16 knockout clones we used CAGE, a promoter based approach that provides expression levels by capturing mRNA with the 5′ modified guanine cap (Balwierz et al., 2009; Forrest et al., 2014). The CAGE data (Figure 2B) confirmed reduction of USP16 mRNA in the homozygous knockout clones both before and after PMA treatment, presumably due to nonsense-mediated decay. Combined with the lack of effect of heterozygous mutation on USP16 protein (Figure 2C) the data suggest there is dosage compensation.

The H2AK119 deubiquitinases are collectively involved in cell cycle progression and DNA repair (Atanassov et al., 2011; Chen et al., 2015; Aquila and Atanassov, 2020), and the most obvious potential mechanism to escape the impacts of loss of USP16 would be to up-regulate related deubiquitinases. Other studies have observed interdependence of deubiquitinase mRNA levels. For example, USP12 down-regulation resulted in USP46 up-regulation (Joo et al., 2011). Indeed, mRNA encoding USP12, BAP1 and MYSM1 was increased in all USP16-deficient lines and Hom1 also had increased USP21 mRNA, encoding another H2AK119 deubiquitinase. USP3 and USP22 mRNA showed distinct patterns of down-regulation by PMA in the different homozygous lines. Both over- and under-expression of USP3 have been shown to have effects consistent with tumorigenesis. For example, USP3 promoted proliferation in a number of cancers (Fang et al., 2018; Wu et al., 2019; Das et al., 2020; Li et al., 2020; Liao et al., 2020) while other reports show that depletion of USP3 can increase the incidence of spontaneous tumors (Lancini et al., 2016), promote metastasis (Wang et al., 2017), inhibit leukemia cell differentiation (Chae et al., 2019), and accelerate degradation of TP53 leading to enhanced proliferation and transformation (Fu et al., 2017).

Our transcriptional network analysis of individual clones in the presence and absence of PMA complements our recent high-density time course analysis of the differentiation response in the parent line (Gazova et al., 2020). In effect it is a perturbation analysis in which intrinsic plasticity and genetic-epigenetic instability of THP-1 and clonal heterogeneity, as well as the specific loss of USP16, all contribute to the phenotype. Genes in Clusters 4 and 11 were reduced in all edited cells, both homozygotes and heterozygotes, and were associated with interferon signaling and immune responses. Transfection with plasmid DNA to generate mutations activates the AIM2 inflammasome and cGAS pathways in THP-1 cells (Burckstummer et al., 2009; Paijo et al., 2016) leading to interferon induction and inhibition of proliferation as well as cell death. It is very likely that the generation of mutants selects against interferon responsiveness. Conversely, other clusters of genes were greatly increased in the edited cells, albeit not tightly correlated with USP16 genotype. HetC and Hom1, where the phenotype was closer to wild type, up-regulated the key regulator, MYB (Suzuki et al., 2009) which may overcome a partial block on proliferation caused by the loss of USP16.

Despite the subtle differences in gene expression amongst the clones, irrespective of the loss of USP16 and the apparent loss of interferon signaling, all of the lines were able to undergo macrophage-specific cellular differentiation and some degree of growth inhibition in response to PMA, indicated by the coordinated regulation of transcripts within Clusters 1 and 2 respectively. They each expressed the macrophage-specific transcription factor SPI1 (encoding PU.1) constitutively with a similar signal from the upstream enhancer identified previously (Suzuki et al., 2009; Gazova et al., 2020). The 24 h time point occurs before induction of surface markers such as ITGAM (CD11B) and APOE, but the inducible genes in Cluster 1 include SPP1 (encoding osteopontin) and CSF1R, both of which were highlighted in earlier analyses (Suzuki et al., 2009) as well as genes encoding macrophage surface receptors and lysosomal enzymes. Each clone showed similar massive induction of the key cell cycle inhibitor, CDKN1A (p21WAF) highlighted previously (Gazova et al., 2020) and Cluster 2, down-regulated in all lines, contains numerous S-phase cell cycle-related transcripts including CDK2, E2F1, and PCNA.

A limitation of this study is that it used an immortalized cell line derived from an acute myeloid leukemia 40 years ago. The compensation phenomenon we have described is specific to cells under the intense selection of USP16 deletion. Generation of homozygous knockout clones was a rare event in our study, with strong selection in the second targeting for cells that had reverted to wild type. To better understand the role of USP16 and possible compensatory mechanisms, cells from newly diagnosed tumors could be examined. In particular, changes in expression of the histone deubiquitinases over the evolution of the tumor and during relapses would reveal whether the mechanism proposed here is also found in primary tumors. There are some examples of apparent down-regulation of USP16 in cancer (Fernandez et al., 2004; Gelsi-Boyer et al., 2008; Qian et al., 2016) but USP16 mutation is rare in primary cancers (data from TCGA Project17) which may be consistent with its important role in the cell cycle and DNA repair, and a reason why it has been considered as a cancer drug target. The gene is actually expressed ubiquitously in every tumor cell line (leukemias, sarcomas, adenocarcinomas) and proliferating primary cell population that was analyzed in the large FANTOM5 project (Forrest et al., 2014). A study of those rare cancers which have inactivating USP16 mutations would reveal whether the compensatory mechanisms proposed here are also operating in vivo.

In conclusion, this communication is a case study in leukemic cell adaptation. The original functional analysis of USP16 (Joo et al., 2007) reported a 3-fold slowing of proliferation, M phase arrest and increased basal H2A ubiquitination in HeLa cells with a stable 90% knock down of the USP16 protein. On that basis one might consider USP16 as a target for cancer chemotherapy and indeed that has been proposed (Harrigan et al., 2018). Our study shows clearly that USP16 is potentially redundant and with sufficient selection pressure, leukemic cells would give rise to escape mutants that are resistant to USP16 inhibitors.
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Exosomal miR-2276-5p in Plasma Is a Potential Diagnostic and Prognostic Biomarker in Glioma
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Introduction: Exosomal microRNAs (miRNAs) play an essential role in near and distant intercellular communication and are potential diagnostic and prognostic biomarkers for various cancers. This study focused on evaluation of exosomal miR-2276-5p in plasma as a diagnostic and prognostic biomarker for glioma.

Methods: Plasma exosomes from 124 patients with glioma and 36 non-tumor controls were collected and subjected to quantitative real-time polymerase chain reaction (qRT-PCR) analysis for the exosomal miR-2276-5p expression. Bioinformatic analyses were performed to identify a gene target, and CGGA and TCGA databases were checked for evaluation of prognostic relevance.

Results: The exosomal miR-2276-5p in glioma patients had a significantly decreased expression, compared with non-glioma patients (p < 0.01). Receiver operating characteristics (ROC) curve analyses were observed to regulate the diagnostic sensitivity and specificity of miR-2276-5p in glioma; the area under the curve (AUC) for miR-2276-5p was 0.8107. The lower expression of exosomal miR-2276-5p in patients with glioma correlated with poorer survival rates. RAB13 was identified as the target of miR-2276-5p which was high in glioma patients, especially those with higher tumor grades and correlated with poor survival.

Conclusion: The circulating exosomal miR-2276-5p is significantly reduced in the plasma of glioma patients, and thus, it could be a potential biomarker for patients with glioma for diagnostic and/or prognostic purposes.

Keywords: miRNA-2276-5p, circulating exosomes, glioma, RAB13, prognosis


INTRODUCTION

Glioma is a malignant disease with a high rate of mortality and morbidity. In 2018, there were 296,851 new glioma cases and 241,037 glioma patients’ deaths worldwide (Ferlay et al., 2019). According to the World Health Organization (WHO), glioma is classified as grades I–IV, with glioblastoma (GBM, grade IV) as the most malignant type (Ostrom et al., 2017; Capper et al., 2018). The primary treatment for GBM is surgical resection with radiotherapy and chemotherapy, and the median survival of patients is around 14–17 months (Reifenberger et al., 2017).

Exosomes, the small extracellular vesicles, are prevalent in biological fluids (Yoshimura et al., 2018) and can be invaluable biomarkers in cancer. The data for such role of exosomes in glioma are emerging (Huang et al., 2018). Exosomes contain nucleic acids and proteins, which play an essential role during glioma intercellular communication(s) (Qian et al., 2019). Exosomes’ concentration has been suggested as a biomarker in glioma, and it has been reported that Rabs, located on the specific organelle membranes, regulate each step of membrane transport. There are 60 Rabs or Rab-like proteins in cells (Hutagalung and Novick, 2011) that are all involved in the regulation of membrane transport. Rab proteins are also involved in the process of exosome formation (D’Souza-Schorey and Clancy, 2012), and their targeted knockdown can negatively impact the secretion of exosomes (Hoshino et al., 2013). Although miR-2276-5p is rarely reported in glioma, wherein it exists as an endogenous competitive RNA impacting glioma cells (Wang Z. et al., 2019), there has been no report on its possible evaluation as a potential biomarker in the exosomes for the diagnosis (or prognosis) of glioma patients. Furthermore, RAB13 has been reported as a novel biomarker in cancer (Chen et al., 2019a) with its expression correlating negatively with gastric cancer patients’ overall survival (OS) and progression-free survival (PFS). However, the role, if any, of RAB13 in glioma is unclear. Our study reports exosomal miR-2276-5p in GBM for the first time and further establishes RAB13 as the downstream of the miR-2276-5p. RAB13 could also predict the prognosis in glioma patients. This novel information should help design future studies to further explore the role of miR-2276-5p and its target RAB13 in glioma progression, with the aim to exploit this knowledge for development of targeted therapies against GBM.



MATERIALS AND METHODS


Patients and Sample Preparation

The study was approved by the First Affiliated Hospital of the Harbin Medical University and implemented by the principles of the Helsinki Declaration. Patients signed informed consent forms before blood draw and surgery. We collected blood samples and clinical dates from 124 glioma patients, including three WHO grade I patients, 30 grade II patients, 34 grade III patients, and 57 grade IV patients who underwent treatment in the Department of Neurosurgery at the First Affiliated Hospital of Harbin Medical University in China between July 2015 and July 2017. The patients were diagnosed with glioma by postoperative pathological section according to the WHO criteria, and pathological diagnosis was performed by two independent pathologists. Non-glioma patients who had no medical history of another cancer were recruited into this study as controls (n = 36), matched by sex and age with the glioma group. Clinical characteristics of the glioma patients are summarized in Table 1. All plasma samples for glioma and non-tumor patients were collected in EDTA-K3 tubes before the start of any treatment. After the first centrifugation for 10 min at 3,000 × g, the supernatants were carefully moved to a new tube and snap frozen at −80°C to isolate the exosomes.


TABLE 1. The Baseline Characteristics of Glioma Patients.
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Cell Lines and Transfections

Human glioblastoma cell lines (LN229 and U87) were obtained from China Infrastructure of Cell Line Resource (National Science and Technology Infrastructure, NSTI). They were maintained in DMEM medium, and 10% fetal bovine serum (Biological Industries, Israel) was added to the medium. The miR-2276-5p mimics and negative control (NC) were purchased from the General Biosystems (Anhui, China), and Lipofectamine 2000 was purchased from Invitrogen (United States). Before transfection, the glioma cells LN229 and U87 were cultured in six-well plates at a density of 6 × 104 cells per well, and transfections were performed according to the manufacturer’s instructions.



Exosome Isolation From Plasma

Five hundred microliters of plasma samples was centrifuged at 4°C at 300 × g for 10 min, 1,000 × g for 10 min, and 10,000 × g for 30 min to remove cells and debris. Then, supernatants were subjected to ultracentrifugation at 100,000 × g for 70 min. Next, we discarded the supernatants and used phosphate-buffered saline (PBS) to wash exosomes. Finally, the exosomes were pelleted by ultracentrifugation at 100,000 × g for 70 min again and resuspended in 100 μl of PBS for RNA isolation and follow-up use.



Transmission Electron Microscope

The use of transmission electron microscopy was consistent with that of previous reports, and the experimental procedures used in previous experiments were used (Wang et al., 2018). The exosome resuspension was loaded onto a carbon-coated 300 mesh copper grid and dried at room temperature for 5 min. Then, the grid was dyed with the 2% phosphotungstic acid at room temperature for 10 min, and the morphology of exosomes was checked using an electron microscope (JEM-1220, JEOL Ltd., Japan).



Protein Extraction and Western Blot

Extraction of proteins and Western blot (WB) analysis was performed as reported earlier (Wang et al., 2018). CD63 antibody (25682-1-AP, 1:1,000), CD9 antibody (20597-1-AP, 1:1,000), and GAPDH (60004-1-LG, 1:5,000) were purchased from Proteintech. RAB13 antibody (DF9813, 1:1,000) was purchased from Affinity Biosciences. Polyclonal goat anti-rabbit antibody (SA00001-2, Proteintech) was used as the secondary antibody, and the WB detection system (Gene Sys) was used for generation of data.



MTT

Transfected glioma cells LN229 and U87 were seeded in 96-well plates at a cell density of 1 × 104 cells per well, and 20 μl of MTT was added at 24, 48, and 72 h. The test conditions were similar to our previous studies (Zhong et al., 2019).



RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Total exosome RNA was isolated from 100 μl of exosome samples using Trizol and stored in a –80°C freezer until use. U6 was used as an endogenous control miRNA that is stably expressed in exosomes. qRT-PCR was performed as described earlier (Gareev et al., 2019). The relative expression of miR-2276-5p was calculated using the equation 2–ΔCt, in which ΔCt = Ct miR-2276-5p-Ct U6. The primer sequences used in this study are reported in Supplementary Table 1.



Bioinformatic Tools

We consulted GEPIA1, GEO2, and GlioVis3 to check the expression level of RAB13 in the glioma patients and the outcome survival of RAB13 expression. TargetScan4, mirDIP5, and mirtargetbase6 were checked to calculate the gene targets of miR-2276-5p.



Statistical Analyses

Statistical analyses were analyzed by SPSS 13.0. Data were expressed as mean ± SEM. Kaplan–Meier analysis was used to generate and analyze survival time data. The univariate Cox proportional hazards regression was performed on SPSS 13.0. The differences were considered statistically significant at p < 0.05.




RESULTS


Identification of Plasma Exosomes

To confirm the extraction of exosomes from the plasma of glioma and control patients, the markers of exosomes (CD63 and CD9) were evaluated by WB analysis. The result showed CD63 and CD9 expression in the samples, thus, establishing the presence of exosomes (Figure 1A). Then, we checked the diameter of exosomes using Nano-Sight (Figure 1B) and found the size of exosomes to be distributed below 100 nm. We further examined the morphology of exosomes and verified our findings using transmission electron microscope (Figure 1C). Thus, we concluded that we had successfully extracted exosomes from plasma samples.


[image: image]

FIGURE 1. Identification of plasma exosomes. (A) The expression of CD9 and CD63 in plasma exosomes in glioma and non-glioma patients. (B) Determination of the exosome diameter by Nano-Sight. (C) Transmission electron microscope image of the plasma exosomes.




Exosomal miR-2276-5p Is Unconventionally Expressing in Glioma Patients and Could Be a Potential Diagnostic Biomarker in Glioma

As shown in Figures 2A,B, GSE139031, GSE113740, GSE113486, and GSE112246 reported a significantly reduced expression of miR-2276 in glioma. To further understand whether miR-2276-5p is also differentially expressed in the plasma exosomes of glioma patients, we checked miR-2276-5p in the exosomes isolated from the plasma of glioma patients and controls. The expression of exosomal miR-2276-5p was found to be differential between glioma and non-glioma patients’ plasma (Figure 2C). The results showed that plasma exosomal miR-2276-5p in glioma is significantly lower, compared with the non-glioma controls (Figure 2C). Another interesting revelation was that the exosomal miR-2276-5p expression levels were lower in patients with high-grade glioma (HGG, including grade III and grade IV) than in patients with low-grade glioma (LGG, including grade I and grade II) (Figure 2D). The result of univariate logistic regression analysis of factors associated with a risk factor for glioma (Table 2). Then a receiver operating characteristics (ROC) analysis curve was used to analyze the predictive diagnostic capability of exosomal miR-2276-5p for glioma patients. Admission exosomal miR-2276-5p had a good area under curve with an AUC value of 0.8107 (Figure 2E). These results suggested that the exosomal miR-2276-5p expression levels are markedly decreased in glioma patients and further correlate negatively with the tumor grade.
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FIGURE 2. Exosomal miR-2276-5p could be a potential diagnostic and prognostic biomarker in glioma. (A,B) The relative expression of miR-2276-5p in glioma patients’ plasma in GSE139031, GSE113740, GSE113486, and GSE112246. (C) The relative expression of miR-2276-5p in glioma patients’ plasma exosomes. (D) The relative expression of miR-2276-5p in LGG and HGG patients’ plasma exosomes. (E) The receiver operating characteristics analysis curve of the miR-2276-5p and the AUC was 0.8107. (F) Correlation of expression level of exosomal miR-2276-5p with the overall survival rate of glioma patients. *p < 0.05, ****p < 0.0001.



TABLE 2. The result of univariate logistic regression analysis in glioma patients.
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Exosomal miR-2276-5p in Plasma Could Be a Potential Prognostic Biomarker in Glioma

We further explored whether there existed a relationship between these differences in expression and the survival outcome of the patients. The relative expression of exosomal miR-2276-5p in patients was divided into a high-expression group and a low-expression group, and our analysis showed that glioma patients in the low-expression group of exosomal miR-2276-5p had lower overall survival (Figure 2F). We used the univariate and multivariable Cox proportional hazards regression to confirm our findings (Table 3). Based on these findings, we suggest that plasma exosomal miR-2276-5p expression can be used as an independent factor to predict the survival of patients with glioma.


TABLE 3. The univariate and multivariable Cox proportional hazards regression in glioma patients.
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RAB13 May Be the Target Gene of the Plasma Exosomal miR-2276-5p Which Also Predicts the Glioma Patients’ Survival

To better understand which genes are the targets of miR-2276-5p in glioma, we used mirDIP, mirtargetbase, and TargetScan to predict the target genes and found that RAB13 and PLEKHG48 might be the target of miR-2276-5p (Figure 3A). However, PLEKHG48 had no difference in expression in glioma patients, and it was not necessarily related to the prognosis of patients in the TCGA database (Supplementary Figure 1). We transfected miR-2276-5p mimics and negative control (NC) miRNA into the LN229 and U87 human glioma cell lines and found that when miR-2276-5p was ectopically highly expressed in LN229 and U87 glioma cells, the expression of RAB13 mRNA in cells was decreased, as evaluated by RT-PCR (Figure 3B). We further confirmed these results with Western blotting (Figure 3C); the protein expression of RAB13 also decreased in both the glioma cell lines. Furthermore, the survival of miR-2276-5p-transfected LN229 as well as U87 cells was worse than in the NC group (Figure 3D). Moreover, we evaluated the tumor tissues obtained from our hospital and obtained the results that showed that the expression of RAB13 mRNA was negatively correlated with miR-2276-5p (Figure 3E). Based on these results, we speculate that RAB13 may be a target gene for miR-2276-5p. We used GSEA to analyze the TCGA-related data and analyzed the cell signaling pathways related to RAB13. Our analysis revealed that RAB13 was enriched in IL2-STAT5 signaling pathway, TGF-β signaling pathway, IL6-JAK-STAT3 signaling pathway, angiogenesis signaling pathway, TNF-α signaling pathway, and epithelial–mesenchymal transition (Figure 4A). Furthermore, in order to clarify that RAB13 was correlated with the overall survival of patients, the expression level of RAB13 was checked in the CGGA and TCGA databases. The expression level of RAB13 in HGG patients was significantly higher than in LGG patients (Figure 4B). Next, we classified the patients in the CGGA and TCGA database via IDH1 and 1p19q status; RAB13 was highly expressed in IDH1 wild-type and 1p19q non-codel patients (Figure 4B). We verified using the GlioVis database that the prognosis of patients with high RAB13 expression was significantly worse than that of patients with low RAB13 expression in both the CGGA and TCGA patients (Figure 4C). Thus, we conclude that RAB13 is a genuine target of miR-2276-5p, which is differentially expressed in glioma patients, relative to the controls, as well as in LGG vs. HGG patients, making it a putative indicator to predict the prognosis of glioma patients.
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FIGURE 3. RAB13 may be the target gene of miR-2276-5p. (A) The predicted result of target genes of miR-2276-5p, as determined by consultation with mirDIP, mirtargetbase, and TargetScan. (B) The relative expression of miR-2276-5p and RAB13 mRNA in LN229 and U87 glioma cell lines transfected with miR-2276-5p or the negative control (NC) mimics. (C) Western blotting results showing the expression levels of RAB13 protein in miR-2276-5p/NC- transfected LN229 and U87 glioma cell lines. (D) The cell proliferation state of miR-2276-5p/NC-transfected LN229 and U87 glioma cells, as determined by MTT. (E) The correlation of expression level of miR-2276-5p with the expression levels of RAB13 in glioma tissues. ∗∗p < 0.01; ∗∗∗p < 0.001; ****p < 0.0001.
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FIGURE 4. The expression of RAB13 in the glioma database is correlated with the clinical indicators of the patient. (A) The enrichment result of RAB13 by GSEA analysis, using the TCGA database. (B) The relative expression of RAB13 mRNA in the TCGA and CGGA databases by grouping according to the grade, IDH1, and 1p19q status. (C) Correlation of expression level of RAB13 with the overall survival rate of glioma patients in the TCGA and CGGA databases. ∗∗p < 0.01; ****p < 0.0001.





DISCUSSION

In our current study, we found that exosomal miR-2276-5p in plasma may be a diagnostic biomarker in glioma patients and that this miRNA is associated with a poor prognosis in patients with lower expression levels. Moreover, we conclude that miR-2276-5p is likely to target RAB13 and inhibit glioma cell growth. In published literature, miR-2276-5p has been reported dysregulated in breast cancer (Torkashvand et al., 2016) and colorectal cancer (Chen et al., 2019a), and the researchers used the predictive tools to suggest a relationship between miR-2276 and PIWIL2. In another report, there was a 4.5-fold high expression of miR-2276 in colorectal cancer cells that were silenced for STAT3. STAT3 is a well characterized tumor promotor in glioma (Zhang et al., 2014; Lv et al., 2017; Almiron Bonnin et al., 2018; Man et al., 2018). It can promote glioma cell proliferation and glioma stem-like cell self-renewal. Thus, suppression of miR-2276 by oncogenic STAT3 establishes it as a tumor suppressive miRNA in gliomas.

Exosomes are 40–150 nm small extracellular vesicles, which are involved in the regulation of cellular microenvironment. They carry cargo such as RNA (including mRNAs, microRNAs, and non-coding RNAs), DNA, protein, and lipids to facilitate communications between cancer cells (Jeppesen et al., 2019; Khan et al., 2020). During the past several years, there have been many reports on miRNAs in glioma. Not only the miRNAs, such as, miR-21 (Masoudi et al., 2018), miR-454-3p (Van Meir et al., 2010), and miR-9 (Chen et al., 2019b), but even reports on non-coding RNAs, such as long non-coding RNA HOTAIR (Tan et al., 2018), have suggested a possible role of non-coding RNAs as biomarkers in glioma and asserted that they were a risk factor for the prognosis in glioma patients. This fits wells with the increasing realization of a role of non-coding RNAs in the pathogenesis of human cancers (Ahmad, 2016; Kim, 2019). It has been reported that miR-26a promotes tumor angiogenesis; it activates PI3K/Akt signaling pathway by targeting PTEN, thus, promoting glioma cells’ proliferation (Wang Z.F. et al., 2019). Previous studies have found that the concentration of extracellular vesicles can be a factor in predicting the prognosis of patients with glioma (Osti et al., 2019), but it was not clear as to why the glioma patients had high concentration of extracellular vesicles. According to our findings, as reported here, we suspect that the low expression of miR-2276-5p would promote the expression of RAB13, which in turn can positively regulate the secretion of transport vesicles between glioma cells, and finally lead to the secretion of a large number of extracellular vesicles. Our work also links miR-2276-5p to glioma through exosomes for the first time, and we found a relationship between the expression of this exosomal miRNA and the diagnosis and prognosis of glioma patients.

RAB13 regulates transport and location function proteins. These include integrin transport during cell proliferation and migration, GLUT4 and VEGFR during angiogenesis (Munn et al., 1998; Sun et al., 2010; Nishikimi et al., 2014). RAB13 regulates the proliferation of cancer cells and tumor growth in vivo. Therefore, RAB13 is involved in the regulation of several key determinants of cancer cells aggressiveness (Ioannou et al., 2015). We found, through bioinformatics analysis, that RAB13 is mainly enriched in the JAK/STAT3 signaling pathway. The JAK/STAT3 signaling pathway has previously been shown to be critical in glioma. By inhibiting the JAK-STAT3 signaling pathway, the growth and invasion of glioma cells could be significantly inhibited, primarily through the inhibition of cell cycle in the G0/G1 phase (Lu et al., 2017). We also found that RAB13 is significantly enriched in the signaling pathway of angiogenesis. Angiogenesis is a significant feature of gliomas, and inhibition of the formation of blood vessels has direct effect on the treatment and prognosis of gliomas (Shi et al., 2014). Studies have also found that activation of STAT3 could induce tumor angiogenesis (Yu and Jove, 2004). Therefore, we infer that the low expression of miR-2276-5p leads to the differential expression of RAB13, and RAB13 may promote glioma angiogenesis through the JAK/STAT3 signaling pathway, leading to tumor proliferation and poor prognosis. Clearly, more experimental proof is needed to verify this and should be the focus of future studies.

In conclusion, we report that miR-2276-5p is reduced in the plasma-derived exosomes of patients with glioma, and its low expression associates with poor prognosis of patients. Additionally, we found, using bioinformatic tools, that RAB13 is differentially expressed in patients with glioma, and predicted and verified it as a target of miR-2276-5p. Our findings suggest that exosomal miR-2276-5p in plasma is a potential diagnostic and prognostic biomarker for glioma.
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Diets rich in omega-3 fatty acids (FA) have been associated with lowered risks of developing certain types of cancers. We earlier reported that in transgenic mice prone to develop breast cancer (BCa), a diet supplemented with canola oil, rich in omega-3-rich FA (as opposed to an omega-6-rich diet containing corn oil), reduced the risk of developing BCa, and also significantly reduced the incidence of BCa in F1 offspring. To investigate the underlying mechanisms of the cancer protective effect of canola oil in the F1 generation, we designed and performed the present study with the same diets using BALB/c mice to remove any possible effect of the transgene. First, we observed epigenetic changes at the genome-wide scale in F1 offspring of mothers fed diets containing omega-3 FAs, including a significant increase in acetylation of H3K18 histone mark and a decrease in H3K4me2 mark on nucleosomes around transcription start sites. These epigenetic modifications contribute to differential gene expressions associated with various pathways and molecular mechanisms involved in preventing cancer development, including p53 pathway, G2M checkpoint, DNA repair, inflammatory response, and apoptosis. When offspring mice were exposed to 7,12-Dimethylbenz(a)anthracene (DMBA), the group of mice exposed to a canola oil (with omega 3 FAs)-rich maternal diet showed delayed mortality, increased survival, reduced lateral tumor growth, and smaller tumor size. Remarkably, various genes, including BRCA genes, appear to be epigenetically re-programmed to poise genes to be ready for a rapid transcriptional activation due to the canola oil-rich maternal diet. This ability to respond rapidly due to epigenetic potentiation appeared to contribute to and promote protection against breast cancer after carcinogen exposure.

Keywords: epigenetic changes, histone post-translational modification (PTM), maternal diet, breast cancer prevention, omega-3 fatty acids


INTRODUCTION

Alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are the three important omega-3 (ω-3) fatty acids (FA) (Lunn and Theobald, 2006; Glick and Fischer, 2013). ALA is an essential FA mainly found in plant oils such as canola oils, flaxseed, and soybean. Linoleic acid (LA) is an omega-6 (ω-6) FA and is also an essential FA that our body could not synthesize. The primary dietary sources of ω-6 FA are vegetable oils, including corn oil, sunflower oil, and soybean oil. Both ω-3 and ω-6 FA are essential structural components of cell membranes and are precursors for various important biochemical conversions. Considering both the benefits and adverse effects of ω-6 FA, a balance between ω-6 and ω-3 FA (optimal ω-6/ω-3 ratio between 1:1 to 1:3) is critical for a healthy lifestyle (Simopoulos, 2009; Gomez Candela et al., 2011; DiNicolantonio and O’Keefe, 2018). Numerous studies provide preclinical evidence linking the ω-3 to ω-6 FA ratio in the diet with cancer development (Pizato et al., 2005; Hardman, 2007; Kang and Liu, 2013; Abel et al., 2014; Diorio and Dumas, 2014; Zanoaga et al., 2018).

Over the last 15 years, an increasing number of publications have linked various dietary compounds to the long-term protection of individuals against multiple types of cancers (Syed et al., 2008; Turati et al., 2015; Vanamala, 2017; Koh et al., 2020; Saini et al., 2020; Steck and Murphy, 2020). Notably, both maternal and paternal diets contribute, in a trans-generational manner, to this observed protective effect (Ion et al., 2010; Fleming et al., 2018; Li et al., 2018). Among the dietary compounds investigated, ω-3 and ω-6 FA have received significant interest, as using oil high in ω-3 and low in ω-6 FA may provide an easy and affordable way to reduce the incidence of several types of cancer, including breast cancer (BCa) (Karmali et al., 1993; Huang et al., 1996; Hardman et al., 1999; Hardman, 2004), possibly through ω-3 FA’s anti-inflammatory properties (Patterson and Georgel, 2014). More recently, as nutrients are unlikely to trigger mutations, researchers have shifted their interest to a potential epigenetic mode of action to explain the diet-mediated gene expression changes (Choi and Friso, 2010; Abbas et al., 2013, 2016; Bishop and Ferguson, 2015; Remely et al., 2015).

It is evident that ω-3 FA can reduce the risk of developing various complex diseases, including cancer (Hardman, 2014; Witte and Hardman, 2015; Simopoulos, 2016). An earlier report from our group using BCa transgenic C3(1)-TAg mice indicated that a canola oil supplemented maternal diet (ω-3 FA rich) significantly reduced the incidence of BCa in F1 offspring (Ion et al., 2010). Here, we sought to comprehensively investigate the effect of a canola oil-rich maternal diet compared to that of a corn oil-rich maternal diet and the underlying protective mechanisms preventing BCa development after DMBA treatment using non-transgenic BALB/c mice. The use of normal BALB/c mice allowed us to remove any possible effects of the transgene or of a developing mammary gland tumor from the genetic profile of the mice.



RESULTS


Maternal Diet Induces Genome-Wide Epigenetic Changes in the Mammary Tissue of F1 Generation Mice

To understand if maternal diets enriched with either canola oil or corn oil can modulate histone post-translational modification (PTM) in the F1 generation, we first screened the global changes in histone PTMs known to affect gene expression, such as H3K9me2, H3K9me3, H3K18ac, and H3K4me2, as well as H4K5ac, H4K8ac, H4K12ac, H4K16ac, and panH4ac using western blot (Supplementary Figure 1). We observed a statistically significant increase in acetylation of histone 3 at lysine 18 in mammary tissue of the F1 mice from mothers fed a canola oil-rich diet (Ca/Co) compared to mothers fed a corn oil-rich diet (Co/Co) (P-value = 0.005) along with an increase in H4K12ac and H4K16ac marks (Supplementary Figure 1). Since the increase in global H3K18ac was statistically significant, and its association with gene transcription is well-known, we decided to perform chromatin immunoprecipitation-sequencing (ChIP-seq) to elucidate genome-wide changes. We also noted an increase in H3K4me2, and though it was not statistically significant, we included it in our ChIP-seq experiments due to its role in gene expression and regulation. We performed H3K4me2 and H3K18ac ChIP-seq using mammary gland tissue samples of F1 mice whose mothers were fed either corn (Co/Co) or the canola (Ca/Co) oil-rich diets (Figure 1 and Supplementary Figure 2). We observed a slight decrease in the H3K4Me2 signal around the transcription start site (TSS) in our Ca/Co mice compared to Co/Co mice (Figures 1A–C). Remarkably, the H3K18ac signal was enriched around TSS in F1 mice from Ca/Co group compare to the Co/Co mice (Figures 1D–F). Next, we analyzed H3K4me2 and H3K18ac ChIP-seq for lincRNA genes, microRNA genes, and enhancers and compared them between Ca/Co and Co/Co mice. We observed a notable increase in H3K18ac histone marks around TSS of lincRNA genes with a slight decrease in H3K4me2 level (Supplementary Figure 3A). Surprisingly, H3K18ac histone PTM was decreased at enhancer regions, but no noticeable change in H3K4me2 PTM level over enhancer regions was observed (Supplementary Figure 3B). We did not observe any noteworthy changes in micro RNA (miRNA) genes (Supplementary Figure 3C). These observations, altogether, suggest that the maternal ω-3 FA rich diet can significantly impact the genome-wide epigenetic landscape changes in offspring and potentially modulate gene expression patterns in F1 mice.
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FIGURE 1. Effects of maternal diets on histone post-translational modifications (PTMs) in offspring breast tissue. (A) Metagene plot showing histone H3K4me2 ChIP-seq signals around transcription start site (TSS, ±3 kb) in the breast tissue of F1 generation mice whose mothers were fed either corn (Co/Co) or canola (Ca/Co) oil-rich diets. (B) Metagene plot and (C) heatmap showing histone H3K4me2 ChIP-seq signals at gene bodies (–3 kb from TSS to +3 kb beyond TES, transcription end site) in the breast tissue of F1 generation mice whose mothers were fed either corn (Co/Co) or canola (Ca/Co) oil-rich diets. (D) Metagene plot showing histone H3K18ac signals around TSS (±3 kb) in the breast tissue of F1 generation mice whose mothers were fed either corn (Co/Co) or canola (Ca/Co) oil-rich diets. (E) Metagene plot and (F) heatmap showing histone H3K18ac ChIP-seq signals at gene bodies in the breast tissue of F1 generation mice whose mothers were fed either corn (Co/Co) or canola (Ca/Co) oil-rich diets.




Maternal Diets Modulate Global Gene Expression Patterns in F1 Offspring

We performed microarray analysis to measure the differentially expressed genes in mammary gland tissues of Ca/Co mice compared to Co/Co mice (Figure 2 and Supplementary Figure 4). Among the observed differentially expressed genes, 2,767 genes were over-expressed (≥2-fold, P-adj < 0.05), and 759 genes were under-expressed (≥2-fold, P-adj < 0.05) (Figure 2A). Next, we performed Gene Set Enrichment Analysis (GSEA) using Molecular Signatures Database (MSigDB) for our normalized microarray gene expression datasets. Several pathways were significantly upregulated in Ca/Co mice (Supplementary Figure 5) such as IL2-STAT5 signaling pathway involved in mammary gland development and lactogenesis (Liu et al., 1997; Supplementary Figure 5B); however, no significantly downregulated pathways were observed. Remarkably, among the top significantly enriched pathways in Ca/Co mice were interferon-gamma response, apoptosis, p53 pathway, G2M checkpoint, DNA repair, and inflammatory response (Figure 2B). Activation of these pathways in Ca/Co mice compared to Co/Co mice suggest better homeostatic controls that suppress aberrant cell proliferation in tumorigenesis. These observations signify anti-cancer properties of omega-3 FA and further provide the first line of evidence for transcriptomic changes favoring the blockade of neoplastic cells in F1 offspring.


[image: image]

FIGURE 2. Maternal diets modulate genome-wide gene expression patterns in offspring. (A) Heatmap showing differential gene expression in breast tissue samples in offspring mice whose mothers were fed either corn (Co/Co) or canola (Ca/Co) oil-rich diets by microarray analysis. We observed 2,767 and 759 genes that exhibited twofold or more over-expression or under-expression, respectively (P-adj < 0.05). (B) GSEA analysis showing enrichment of various pathways due to differential gene expression (Ca/Co vs. Co/Co; NES, normalized enrichment score).




Maternal ω-3 FA Diet Induces Epigenetic Changes in Nucleosomes Around TSS of Differentially Expressed Genes

Epigenetic changes, especially specific subsets of histone PTMs have been shown to be associated with genes’ transcriptional status (Jenuwein, 2001). We, therefore, analyzed H3K4me2 and H3K18ac ChIP-seq signals at TSS of differentially expressed genes to better understand the impact of maternal diets induced epigenetic changes on gene transcription in F1 mice mammary tissue. As expected, overall H3K4me2 histone marks around TSS were higher in over-expressed genes compare to under-expressed genes in both Ca/Co and Co/Co mice (Figure 3A). However, enrichment of H3K4me2 marks was slightly decreased in both over-expressed and under-expressed genes around TSS in mammary tissue of Ca/Co mice compare to Co/Co mice (Figure 3A). Next, we looked at H3K18ac ChIP-seq signals around TSS of differentially expressed genes. We observed a large noticeable increase in acetylation of histone H3K18 around TSS in over-expressed genes in mammary tissue of F1 generation of Ca/Co mice compare to Co/Co mice (Figure 3B). Note that the increase that we observed was often at TSS which already displayed H3K18ac signal. The Ca/Co seemed to accentuate the signal. There was a slight increase in H3K18ac ChIP-seq signals around TSS of under-expressed genes as well. An examination of representative genes, Pten (over-expressed), Hdac2 (unchanged), and Elk3 (under-expressed) using the UCSC genome browser further corroborates our observations of maternal diet-induced alterations of histone marks around TSS (Figure 3C). To understand if there were any specific patterns or correlations of non-differentially expressed genes (Ca/Co vs. Co/Co) with H3K4me2 and H3K18ac histones marks around TSS, we calculated H3K4me2 and H3K18ac counts around TSS (±500 bp) to plot cumulative frequency and scattered plots (Supplementary Figure 6). Although there was a subset of genes that was differentially expressed and showed alterations in histone marks (Figure 3 and Supplementary Figure 6), no specific patterns were observed in the histone modulations of the remaining genes that exhibited no change in expression level (Supplementary Figures 6A,B). Since the increase in H3K18ac level is not absolutely correlated with enhanced expression (only a subset of genes was over-expressed), this raises the possibility that the canola oil-rich maternal diet induces epigenetic potentiation in these genes in a context-dependent manner, possibly contributing to maintenance of cellular homeostasis.
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FIGURE 3. Histone PTMs at TSS of the differentially expressed genes. Metagene plot showing histone H3K4me2 (A) and H3K18ac (B) ChIP-seq signals at TSS (±3 kb) of differentially expressed genes in the breast tissue of F1 generation mice whose mothers were fed either corn (Co/Co) or canola (Ca/Co) oil-rich diets. (C) UCSC genome browser tracks representing the changes in H3K4me2 and H3K18ac signals around TSS due to maternal diets are shown for Pten (over-expressed), Hdac2 (unchanged), and Elk3 (under-expressed) genes.




Maternal Diets Modulate the Carcinogenic Effects of DMBA on Offspring Mammary Glands

To test the effect of maternal diets (canola vs. corn oil-rich diets) on the protection against DMBA induced carcinogenesis, F1 mice were treated with DMBA (weekly dose of 1 mg for 6 weeks). Surprisingly, we observed a 3-week delay in DMBA induced mortality in F1 generation mice whose mothers were fed canola oil (Ca/Co) in comparison to corn (Co/Co) oil-rich diets (Figure 4A). This early delay in mortality in Ca/Co group was statistically significant (P-value < 0.0001), however, the overall survivals were not statistically different. Eventually, all of the mice developed tumors and became moribund; still, tumor development in Co/Co mice was faster than in Ca/Co mice (Supplementary Figure 7A). The lateral growth rate of mammary tumors was slower (Figure 4B) and size of mammary tumors was relatively less in Ca/Co mice compared to Co/Co mice, albeit not statistically significant (Figure 4C). Since maternal diets epigenetically modulated various gene promoters, we performed protein expression analysis using western blotting to determine if the expression of proteins responsible for DNA damage repair and epigenetic remodeling were altered after carcinogen exposure. We found that increased H3K18ac levels around TSS were correlated with slightly increased levels of BRCA1, BRCA2, RAD51, and FAN1 proteins in the Ca/Co mice compared to the Co/Co mice in response to DMBA; however, changes in protein levels were not statistically significant (Figures 4D–G and Supplementary Figure 7B). Notably, the transcriptional expression of Brca1 was decreased (P-value < 0.01), and Fan1 was unchanged in the Ca/Co mice compared to Co/Co mice before DMBA treatment (basal level in F1, Supplementary Figure 8). Furthermore, protein expression of PRMT2 was relatively increased (P-value, ns) but CHD1 and SMARCA5 was unchanged in Ca/Co compared to Co/Co mice (Supplementary Figure 7C); however, transcriptional levels of Prmt2 and Chd1 genes were unchanged and Smarca5 was significantly increased (P-value < 0.01) in the Ca/Co mice before DMBA treatment (Supplementary Figure 8). Altogether, these findings suggest that the canola oil-rich maternal diets epigenetically modulate transcriptional expression and epigenetically potentiate various genes, possibly for rapid activation to protect from mammary tumor development in the event of carcinogenic insult.
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FIGURE 4. Maternal diets modulate the effects of DMBA on offspring mammary tissue. (A) Survival curve showing 3 weeks delay in mortality (***P-value < 0.0001) after DMBA treatment in F1 generation mice whose mothers were fed canola (Ca/Co) oil in comparison to corn (Co/Co) oil-rich diets, however, overall survival is not statistically significant. Red and blue arrows showing the time of first mortality in Co/Co and Ca/Co mice respectively after DMBA treatment. (B) Lateral growth rate of mammary tumors (mm/day) after DMBA treatment in F1 mice (Tukey; P-value, ns). (C) Mammary tumor size at the time of death (P-value, ns). (D) UCSC genome browser tracks showing maternal diets induced epigenetic changes (potentiation) in the Brca1 gene (left, no DMBA) and BRCA1 protein expression (right, quantified using ImageJ) after DMBA treatment (t-test; P-value, ns). (E) UCSC genome browser tracks showing maternal diets induced epigenetic changes (potentiation) in the Brca2 gene (left, no DMBA) and BRCA2 protein expression (right, quantified using ImageJ) after DMBA treatment (t-test; P-value, ns). (F) UCSC genome browser tracks showing maternal diets induced epigenetic changes (potentiation) in the Rad51 gene (left, no DMBA) and RAD51 protein expression (right, quantified using ImageJ) after DMBA treatment (t-test; P-value, ns). (G) UCSC genome browser tracks showing maternal diets induced epigenetic changes (potentiation) in the Fan1 gene (left, no DMBA) and FAN1 protein expression (right, quantified using ImageJ) after DMBA treatment (t-test; P-value, ns). (H) Carton describing differential gene expression and epigenetic potentiation providing resistance to BCa development in F1 generation mice whose mothers were fed canola rich diet (Ca/Co). ns, not significant.




DISCUSSION

Epigenetic inheritance in plants, nematodes, and Drosophila has already been demonstrated, but how environmental cues transmit to offspring in mammals, if they do, is controversial (Heard and Martienssen, 2014; Boskovic and Rando, 2018; Horsthemke, 2018). However, it is apparent that the environment, including diets, certainly affects gene expression patterns and influences physiopathology. Recently, Xavier et al. (2019) reviewed the impact of various environmental factors, including diets on epigenetic states, and how they can be hereditably transmitted. More precisely, recent evidence has shown that parental diets can influence the outcome of BCa through transgenerational epigenetic inheritance (da Cruz et al., 2020). The present study evaluated the influence of maternal diet on BCa development in F1 offspring using BALB/c mice and investigated the associated genome-wide epigenetic and transcriptional changes.

There is a large body of evidence suggesting the chemo-preventive effect of ω-3 FA against BCa and other cancer development [see recent reviews and meta-analysis (Mokbel and Mokbel, 2019; Nindrea et al., 2019a,b; Donovan et al., 2020; Yurko-Mauro et al., 2020)]. Hardman’s group earlier reported that maternal diet supplemented with canola oil (ω-3 FA-rich) reduced tumor incidence and growth in C3(1)-TAg mice offspring (Ion et al., 2010), suggesting the involvement of possible transgenerational epigenetic mechanisms. Our data, showing the effect of maternal diet on genome-wide histone modifications (Figure 1) in F1 BALB/c mice, provides first-hand evidence corroborating the above findings. Remarkably, the transcriptomic changes involve the differential expression of ∼3,500 genes, enriched in multiple molecular pathways associated with preventing/suppressing cancer incidence/growth (Figure 2 and Supplementary Figure 5). The unpredicted large number of genes affected suggest a nearly genome-wide impact of ω-3 FA-rich maternal diet. Consistent with our results, it has been shown that a high ω-3 FA-rich diet can lead to the inhibition of the enzyme acetyl-CoA carboxylase (Willumsen et al., 1993), in turn leading to an increased pool of acetyl-CoA, a acetyl donor for histone acetylation. An increased acetyl-CoA level due to attenuation of acetyl-CoA carboxylase enzyme can lead to the global increase in histone acetylation (Galdieri and Vancura, 2012). This change in global histone acetylation is congruent with the observed increase in H3K18ac that we reported in this study, But, importantly, our results suggest that the change in global histone acetylation that is of maternal origin appears to be passed onto the F1 mice of our Ca/Co group.

Histone modifications around TSS play a crucial role in gene transcription. An open chromatin state (euchromatin) around the TSS is created or maintained for the recruitment of the general transcriptional machinery, as well as various gene-specific transcriptional factors necessary to regulate transcriptional homeostasis. A large increase of H3K18ac with a decrease in H3K4me2 marks around TSS of over-expressed genes (Figure 3, ∼80% of total differentially expressed genes are over-expressed) indicates that epigenetic regulation is a primary driver of the effects of ω-3 FA rich maternal diets. These results are consistent with recent studies that demonstrate the epigenetic modifying potential of ω-3 FA (Tremblay et al., 2017; Amatruda et al., 2019; Gonzalez-Becerra et al., 2019; Ceccarelli et al., 2020); however, to the best of our knowledge, this is the first study comprehensively showing the global impact of ω-3 FA-rich maternal diets on F1 offspring’s epigenome and transcriptome.

The ω-3 FA-rich maternal diets in addition to modulating F1 offspring’s epigenome, it also incredibly provides protection again early carcinogenic insults (Figure 4 and Supplementary Figure 7). As our data indicated, epigenetic changes, more specifically the increase in H3K18ac at TSS were located over a subset of important DNA damage response genes. The activation of such genes is likely to be associated with an early response against DMBA induced carcinogenesis (Figures 4D–G). These results suggest that the ω-3 FA-rich maternal diet causes epigenetic potentiation of genes in F1 offspring, setting them ready to rapidly express DNA repair and cell cycle controlling genes after a carcinogenic insult.

In conclusion, our study provides an in-depth analysis of mechanisms of action involving genome-wide epigenetic changes mediated by the ω-3 FA-rich maternal diet onto F1 offspring. These changes in both expression and epigenetics potentiation of genes important in cancer-fighting pathways contribute to providing resistance to BCa development (Figure 4H). However, future studies are needed to further pin-point the diet-induced specific transgenerational epigenetic effects, and also extend the results to F2 and F3 generations, and their role in preventing various chronic illnesses, including cancers.



MATERIALS AND METHODS


Animal Experiments

BALB/c mice (around 4 weeks old) were purchased from the Jackson Laboratory (Bar Harbor, ME, United States). The animal protocol describing the mouse treatment and use was reviewed and approved by the Marshall University Institutional Animal Care and Use Committee (IACUC). Mice were used in compliance with the National Institutes of Health (NIH) recommendations published in the “Guide for the Care and Use of Laboratory Animals”1. Mice were randomized and 15 female mice were placed on AIN-93 diet containing 10% corn oil, 15 female mice were placed on a diet containing 10% canola oil. After 2 weeks, mice were bred with male BALB/c mice to produce 200 experimental female mice (100 from corn oil and 100 from canola oil supplemented maternal diet group). At weaning, all pups were placed on the corn oil diet, thus the only time any pups were exposed to the canola oil diet was during gestation and lactation. At 50 days of age, the female pups were randomized, half of each maternal diet group were treated with 7,12-Dimethylbenz(a)anthracene (DMBA). Mammary gland tumors were induced using DMBA, beginning at 50 days of age. DMBA (10 mg/ml in sesame seed oil) treated pups (n = 50) received 0.1 ml of DMBA by gavage once per week for 6 weeks. Control pups (n = 50) without DMBA received only 0.1 ml of vehicle (sesame seed oil). After 6 weeks, non-DMBA control pups provided mammary tissue for transcriptomic (microarray) and epigenetic (ChIP-seq) studies to examine genome-wide differences that are the result of the maternal diet and that are not influenced by the carcinogen nor by a tumor. DMBA-treated pups were palpated weekly until a tumor was detected. We followed DMBA-treated pups for the time of the first detection of tumor incidence and multiplicity. After detection, all tumors were measured three times weekly to develop tumor growth curves.



Microarray for Gene Expression

Total RNA was extracted from cells using the RNeasy kit (Qiagen, Germantown, MD, United States). On-column DNase treatment was given following the procedure provided by the manufacturer. RNA quality was assessed via the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). Microarray analysis was performed using Agilent Gene Expression Microarray Platform (SurePrint G3 Mouse GE 8 × 60K Microarray) at Marshall University Genomics and Bioinformatics Core following the manufacturer recommendations. Processing of the microarray, including normalization and differential expression analysis, was performed using GeneSpring GX (Agilent Techonolgies, United States). Principal component analysis (PCA) was performed to examine the overall similarity among the samples at the gene expression level. t-test was used to identify differential gene expression between the Ca/Co and Co/Co groups with Benjamini–Hochberg multiple testing corrected P-value < 0.05 as the significant cut-off. Differentially expressed genes were further curated by removing “unknown” genes, cDNA clones, etc. GSEA (Subramanian et al., 2005) was performed to identify over-represented biological functions in the differential gene expression in terms of the signatures in MSigDB (Liberzon et al., 2011).



ChIP-Sequencing and Analysis

Chromatin immunoprecipitation-sequencing was performed on pooled samples. Briefly, mammary tissues were dissected into small pieces and crosslinked using formaldehyde (1% w/v, methanol-free) followed by homogenization and chromatin preparation using a Covaris sonicator (Covaris, Woburn, MA, United States). Chromatin was immunoprecipitated using an appropriate antibody, washed, reverse-crosslinked, and DNA isolated using the phenol-chloroform method. Precipitated DNA was QC’ed by quantitative PCR using Mouse ChIP Control qPCR Primer Sets (Active Motiff, Carlsbad, CA United States). For ChIP-seq, 10 ng precipitated DNA was used to prepare the library using Illumina TruSeq ChIP library preparation kit following the manufacturer recommendations. Libraries were quantified for cluster generation using KAPA Library Quantification Kit (Kapa Biosystems, Wilmington, MA, United States). Sequencing was performed using Illumina HiSeq2500 using 50-bp single-end rapid run format. Sequencing quality was initially checked by running FastQC. Sequencing reads were aligned against mm9 by using Bowtie2. BAM files were normalized by depth after removal of PCR duplicates and blacklisted regions. Peaks were called using MACS2 with default parameters. For heatmap and metagene plots, ngs.plot program was used. UCSC genome browser was used to visualize individual gene tracks.



Western Blot

Protein lysates were prepared from mammary tissues using a standard RIPA lysis buffer containing a protease inhibitor cocktail (Roche). Lysates were electrophoresed using SDS-PAGE, transferred to ECL nitrocellulose membranes (Amersham), and probed using specific antibodies. HRP-conjugated secondary antibodies were used, and our blots were developed using the ECL detection system (Thermo Scientific) combined with ECL hypersensitive films. The densitometry analysis was performed using the Alpha Innotech FluorChemTM IS 9000 software.



Statistics

PrismTM was used for analyses of data and graph preparation. Time-to-death or to-detection of mammary gland tumors was analyzed by a log-rank (Mantel–Cox) test. These “survival” curves also provided calculation of median times. PrismTM was used to further analyze the survival curve data to generate linear regression analyses of portions of the data. For box plot, box and whiskers graphs were plotted using the Tukey method (two-tailed Mann–Whitney U test was used to calculate P-value). The middle line in the box indicates the median, whiskers indicate the highest and lowest values within 1.5 × IQR (inter-quartile distance between the 25th and 75th percentiles) up and down from the box. Bar graphs are plotted using mean with SD, and t-tests were used to calculate P-values.
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Uveal melanoma (UVM) is an intraocular malignancy in adults in which approximately 50% of patients develop metastatic disease and have a poor prognosis. The need for immunotherapies has rapidly emerged, and recent research has yielded impressive results. Emerging evidence has implicated ferroptosis as a novel type of cell death that may mediate tumor-infiltrating immune cells to influence anticancer immunity. In this study, we first selected 11 ferroptosis regulators in UVM samples from the training set (TCGA and GSE84976 databases) by Cox analysis. We then divided these molecules into modules A and B based on the STRING database and used consensus clustering analysis to classify genes in both modules. According to the Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA), the results revealed that the clusters in module A were remarkably related to immune-related pathways. Next, we applied the ESTIMATE and CIBERSORT algorithms and found that these ferroptosis-related patterns may affect a proportion of TME infiltrating cells, thereby mediating the tumor immune environment. Additionally, to further develop the prognostic signatures based on the immune landscape, we established a six-gene-regulator prognostic model in the training set and successfully verified it in the validation set (GSE44295 and GSE27831). Subsequently, we identified the key molecules, including ABCC1, CHAC1, and GSS, which were associated with poor overall survival, progression-free survival, disease-specific survival, and progression-free interval. We constructed a competing endogenous RNA network to further elucidate the mechanisms, which consisted of 29 lncRNAs, 12 miRNAs, and 25 ferroptosis-related mRNAs. Our findings indicate that the ferroptosis-related genes may be suitable potential biomarkers to provide novel insights into UVM prognosis and decipher the underlying mechanisms in tumor microenvironment characterization.

Keywords: Uveal melanoma, ferroptosis, tumor-infiltrating immune cells, tumor immune environment, prognostic model


INTRODUCTION

Uveal melanoma (UVM), which represents 85% of ocular melanomas, is the most common primary intraocular malignancy in adults and arises from melanocytes of the iris (3–5%), ciliary body (5–8%), or choroid (∼85%) (Chang et al., 1998; McLaughlin et al., 2005). Analysis of the Surveillance, Epidemiology, and End Results program database in the USA and the European Cancer Registry-based study on survival and care of cancer patients revealed an overall incidence of 1.3–8.6 cases per million per year (Virgili et al., 2007; Singh et al., 2011). Currently, the management of surgical options mainly depends on tumor location, extent, and size, adverse effects, and systemic status, including partial iridectomy, iridotrabeculectomy of the iris, and iridocyclectomy (Henderson and Margo, 2008). Radiotherapy can also achieve high local control in most cases with extensive seeding and in non-resectable tumors (Shields et al., 2013; Rahmi et al., 2014). However, approximately 50% of patients develop metastatic disease, predominantly in the liver, which is refractory to traditional treatments such as chemotherapy and surgical metastasectomy (Achberger et al., 2014). Due to the lack of standard therapies to significantly improve survival, newer fields of targeted treatments and immunotherapies have rapidly emerged and yielded impressive results by targeting specific regulators or immune system checkpoints (Chang et al., 1998; de Vries et al., 1998; Chen et al., 2017). However, there are few reports on oncogenes underlying UVM. Therefore, unraveling genomic properties is crucial for the development of effective treatments and prediction of individual survival.

Previous studies have confirmed that programmed cell death (PCD) is related to tumorigenesis, progression, and metastasis processes (Labi and Erlacher, 2015; Lee et al., 2018). Efficient cancer treatment ultimately aims to induce cell-specific PCD. Ferroptosis is a novel form of PCD that is driven by lethal iron-dependent accumulation of lipid reactive oxygen species (ROS). Cytological changes, including decreased mitochondrial cristae, a ruptured outer mitochondrial membrane, or a condensed mitochondrial membrane, ferroptosis gradually plays a pivotal role in the mediation of the carcinogenic environment and suppression of tumor progression in various cancer cells (Yagoda et al., 2007; Cao and Dixon, 2016; Latunde-Dada, 2017; Yu et al., 2017). For instance, results from NCI-60, a panel of different cancer cell lines from eight different tissue types, showed that ferroptosis with excess iron overload was found in several types of tumor cells such as breast cancer, ovarian cancer, lung cancer, diffuse large B-cell lymphoma, and renal cell carcinoma (Xie et al., 2016). Moreover, further investigations revealed that radiotherapy and chemotherapeutic drugs such as cisplatin and temozolomide, combined with ferroptosis-induction therapy, had a more significant effect than traditional treatments alone (Mou et al., 2019). Currently, no studies have focused on the role of ferroptosis in UVM patients and rare therapies inducing ferroptosis-induction therapy; thus, we first performed a set of studies to identify the clinical importance of ferroptosis in UVM and estimate the relationship between the microenvironment and specific ferroptosis-related biomarkers, aiming to explore the essential function of ferroptosis.

Checkpoint inhibitors, which promote immune function and induce anti-tumor immunity, are among the most successful agents for treating advanced melanoma. Regarding UVM, statistics from a phase II trial of metastasized patients showed a satisfactory outcome with a disease control rate (DCR) of 47% and a durable DCR of 21% ([DCR] = complete response [CR] + partial response [PR] + stable disease [SD], durable DCR [DCR ≥ 6 months]) (Schank and Hassel, 2019; Pelster et al., 2021; Piulats et al., 2021). Despite sharing similar clinical characteristics, patients with UVM may invariably exhibit different clinical survival rates (Polak et al., 2007). The underlying molecular mechanisms that elucidate this phenomenon may be attributed to the tumor microenvironment (TME), which includes cancer cells, stromal cells, distant recruited cells, bone marrow-derived cells, and secreted factors (Topalian et al., 2012; Wang et al., 2017). Thus, identifying TME characteristics is crucial to improving clinical survival outcomes in patients with UVM. Emerging evidence suggests that ferroptosis may be an adaptive process for achieving better treatment effects, such as exerting an obvious synergistic effect with PD1/PD-L1/CTLA4 inhibitors by generating lipid-derived mediators to modulate intracellular and intercellular signaling pathways, including receptor tyrosine kinase signaling in the TME (Friedmann et al., 2019; Hoefsmit et al., 2020). Moreover, some efficient treatments, including radiotherapy and immunotherapy, control ferroptosis and promote immunotherapy-activated CD8+ T cells, and radiotherapy-activated ATM can effectively kill cancer cells and prevent cancer cells from escaping immune surveillance (Lang et al., 2019). However, little is known about the relationship between ferroptosis in the tumor immune microenvironment and UVM.

In this study, we performed a retrospective analysis based on The Cancer Genome Atlas (TCGA) database and the Gene Expression Omnibus Database (GEO) to estimate the effect of ferroptosis-related genes on the prognostic value. We further verified its prognostic significance and explored the underlying mechanisms between ferroptosis-related genes and individual TME characterizations.



MATERIALS AND METHODS


Data Processing of UVM Dataset

We downloaded the RNA sequencing, mutation expression, and clinical information of UVM from TCGA and GEO databases. The RNA sequencing data (FPKM value) and somatic mutation data from TCGA-UVM were downloaded from the Genomic Data Commons1. In total, three eligible GEO datasets (GSE27831, GSE44295, GSE84976) were downloaded and received background adjustment and quantile normalization using affy and simpleaffy packages. Data from TCGA and GEO are publicly available.



Selection of Potential Ferroptosis-Related Genes

We first selected 60 ferroptosis-related genes (Supplementary Table 1) from previously published articles (Stockwell et al., 2017; Bersuker et al., 2019; Doll et al., 2019; Hassannia et al., 2019). Cox proportional hazard regression analysis was used to select the prognostic regulators positively or negatively based on the TCGA dataset and GSE84976. Finally, we considered the intersection of these regulators from different databases as potential functional molecules.



Clustering of Ferroptosis-Related Regulators

The STRING database2 was used to analyze protein–protein interactions (PPI) among ferroptosis modulators. In this study, we propose an MCL cluster to identify cancer driver modules that combine mutex, functional similarity, and connectivity in the PPI network (Zhang et al., 2020). Pearson correlation analysis was used to reveal the associations among different regulators in different modules. Next, differentially expressed prognostic ferroptosis-related genes in specific modules were classified into different clusters using the ConsensusClusterPlus R package with optimal k-means clustering (Wilkerson and Hayes, 2010), which aimed to precisely gather genes with similar expression, and we performed 1,000 iterations (50 iterations, resampling rate of 80%) to ensure the stability of the classification. Overall survival (OS) analysis between different clusters was calculated using the Kaplan–Meier method.



Identification of Signaling Pathways in Ferroptosis-Related Patterns

To identify the function regulated by diverse patterns, we obtained the differentially expressed genes (DEGs) with | logFC (fold change)|≥2 and adj. p < 0.05 by applying the empirical Bayesian approach of limma R package in the standard comparison mode. To further investigate the signaling pathways in ferroptosis-related patterns, we implemented the clusterProfiler R package to perform the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, Gene Ontology (GO) biological processes, and Gene Set Enrichment Analysis (GSEA) analysis, which aimed to evaluate all DEGs and assess the functions associated with subtypes.



Estimation of Immune Cell Infiltration in Ferroptosis-Related Patterns

In this study, we applied the ESTIMATE algorithm. The R script was downloaded from the website3 and applied to estimate the ratio of the immune stromal components in the TME and further explore differences in the TME scores, including ESTIMATE, immune, and stromal scores (Newman et al., 2015). We utilized the CIBERSORT package to assess the distribution of 22 immune cell types based on TCGA-UVM samples. Results with p < 0.05 obtained from the ESTIMATE algorithm and CIBERSORT analysis were used in further analysis.



Construction of Prognostic Ferroptosis Signatures and Validation

Univariate Cox regression analysis was performed to examine the relationship between ferroptosis-related genes and OS in the TCGA UVM cohort. Moreover, two prognostic models were constructed, and the risk score was generated as follows: risk score = ExpressionmRNA1 × CoefficientmRNA1 + ExpressionmRNA2 × CoefficientmRNA2 +…ExpressionmRNAn× CoefficientmRNAn. The patients from TCGA and GEO databases were divided into high-risk and low-risk groups according to the median cutoff of the risk score. Next, to determine independent prognostic factors in UVM, univariate and multivariate Cox analyses were utilized to distinguish the clinicopathological parameters positively or negatively with the hazard ratio (HR). Subsequently, the Kaplan–Meier survival method was used to screen the availability of the prognostic model, and the receiver operating characteristic (ROC) curve was used to evaluate the prediction accuracy of 3-year and 5-year OS. To enhance prediction accuracy and interpretability, three GEO cohorts were further presented as validation sets to re-verify the prognostic model and selection of key ferroptosis modulators.



Building of ceRNA Network Based on Key Genes

To further understand how the ferroptosis-related mRNAs regulate tumorigenesis along with miRNA and lncRNA, we obtained differentially expressed lncRNAs and miRNAs based on the TCGA cohort with the standards of | log2(Fold change)|>1 and p < 0.05 by using the R package “limma.” Furthermore, we used the miRcode database to target experimentally validated lncRNA (Jeggari et al., 2012) and miRTarBase4, miRDB5, and TargetScan6 datasets (Li et al., 2014; Agarwal et al., 2015; Chou et al., 2018; Chen and Wang, 2020) to predict miRNA–mRNA interactions. The competing endogenous RNA (ceRNA) network was visualized using the Cytoscape software (Shannon et al., 2003).



Statistical Analysis

Most analyses were performed using the R software (version 3.6.17). Kaplan–Meier curves were used to compare OS based on the risk score of subgroups and expression of ferroptosis-related genes. The comparison of the ESTIMATE algorithm between the two subgroups was performed using the Wilcoxon rank sum test. Cox proportional hazard regression analyses were used to select the independent prognostic value of OS, including clinical characteristics and ferroptosis regulators. All statistical p values were bilateral, and p < 0.05 was considered statistically significant.




RESULTS


Selection of Prognostic Ferroptosis-Related Regulators

In this study, the expression of 60 ferroptosis-related regulators and clinicopathological characteristics associated with UM patients were obtained from the TCGA and GEO databases. First, 80 UM patients from TCGA and 28 UM patients from GSE84976 with OS were identified as the training set for selecting potential ferroptosis-related modulators. We then utilized Cox analysis to identify these genes and found 11 genes, including 9 upregulated genes (CHAC1, NQO1, SQLE, SLC1A5, GSS, LPCAT3, GPX4, AIFM2, and ABCC1) and 2 downregulated genes (ACSF2 and FDFT1) that were overlapped in TCGA and GSE84976 datasets (Figure 1A and Supplementary Table 2). The workflow is illustrated in Figure 1B.
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FIGURE 1. Selection of prognostic regulators. (A) Venn plot of ferroptosis-related regulators. (B) Study flow chart.




Clustering of Ferroptosis-Related Genes With Prognostic Value of Clinical Outcomes

Based on the STRING database, differentially expressed or prognostic ferroptosis-related genes were selected for MCL clustering and divided into cancer driver modules A and B (Figure 2A). Pearson correlation analysis showed that genes in both functional modules were highly correlated (Figure 2B and Supplementary Figure 1A). To better understand the interrelations among these regulators, a consensus clustering analysis using the Consensus Cluster Plus package was implemented in the TCGA UVM cohort, and k = 2 seemed to be the most appropriate selection in both modules (Figure 2C and Supplementary Figure 1B). Next, the Kaplan–Meier method showed a significant difference in OS when cluster1 with low risk was compared to cluster2 with high risk (Figure 2D and Supplementary Figure 1C). Moreover, to clearly visualize the expression of these regulators, we plotted a boxplot based on module A and found that the expression of CHAC1, ABCC1, NQO1, GPX4, SLC1A5, and GSS in cluster2 was higher than that in cluster1 (p < 0.01) (Figure 2E), while in module B, the expression of FDFT1 and ACSF2 was higher in cluster2 than in the other clusters (Supplementary Figure 1D).
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FIGURE 2. Clustering of ferroptosis-related genes. (A) MCL clustering of ferroptosis-related genes. (B) Pearson correlation analysis among ferroptosis-related regulators in module A. (C) Consensus clustering cumulative distribution function (CDF) and relative change in area under CDF curve for k = 2 in module A. (D) Kaplan–Meier curves of two clusters in UVM about OS in module A. (E) The different expression of the ferroptosis-related mediators in two clusters based on module A.




Interaction of Ferroptosis-Related Regulators in Two Patterns

To investigate the potential biological processes involved in the molecular heterogeneity between the clusters, we identified DEGs with | log2 (fold change) |>2 and adj. p < 0.05, in the TCGA cohort. In module A, the biological process of GO analysis showed that the DEGs were enriched in response to interferon-gamma, T-cell activation, and cellular response to interferon-gamma. Cellular component analysis indicated that DEGs were abundant on the side of the membrane and on the external side of the plasma membrane. The molecular function indicated that DEGs were mainly located in receptor regulator activity and ligand activity. KEGG analysis showed that the DEGs were enriched in primary immunodeficiency, Th1, Th2, Th17 cell differentiation, and so on (Figure 3A). Furthermore, according to the results from GSEA analysis, these DEGs were primarily enriched in these terms, which were significantly related to cluster1: cell adhesion molecules, Th1 and Th2 cell differentiation, and Th17 cell differentiation. These results have been confirmed to be remarkably related to immunotherapy, giving us some insights into the ferroptosis-regulating effects on the tumor immune microenvironment (Figure 3B; Im et al., 2016; Garcia-Diaz et al., 2017; Zhang et al., 2017). However, the GO, KEGG, and GSEA analyses in module B failed to target meaningful pathways associated with the immune landscape (Figure 3C).
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FIGURE 3. Interaction of ferroptosis-related genes. (A) GO and KEGG analyses of DEGs in module A. (B) GSEA analysis of DEGs in module A. (C) GO and KEGG analysis of DEGs in module B.




Characteristics of Tumor Immune Microenvironment in UVM Patients

To reveal the potential role and explore the potential mechanism of ferroptosis modification-related phenotypes in the TME, we used the ESTIMATE algorithm to apply stromal scores, immune scores, and ESTIMATE scores for all UVM samples. As shown in Figure 4A, we found that all enrolled genes in module A showed a similar expression trend along with immune and ESTIMATE scores. Moreover, in this study, when compared to cluster1, the ESTIMATE (p = 0.043) and immune scores (p = 0.52e–6) were significantly higher in cluster2, indicating that ferroptosis-related patterns may be involved in regulating the immune landscape and play a central role in immune regulation (Figure 4B). However, the mechanism by which ferroptosis-related patterns affect immune-related molecules (especially TMEs) is unclear. Therefore, we quantified the level of immune cell infiltration to evaluate the immune landscape of clusters using the CIBERSORT algorithm. The results revealed that naïve B cells, CD8 T cells, CD4 memory resting T cells, CD4 memory activated T cells, follicular helper T cells, and gamma delta T cells accounted for a large proportion of immune cell infiltration. Particularly, we observed that cluster1 with better survival showed higher levels of naïve B cells, resting T cells CD4 memory, resting NK cells, resting monocytes, and resting mast cells compared to cluster2. On the contrary, the outcome revealed that the proportion of CD8 + T cells, CD4 memory activated T cells, follicular helper T cells, gamma delta T cells, macrophages M0, and resting dendritic cells were higher in cluster2 (Figure 4C). However, we failed to unravel the relationship between module B and the immune microenvironment (Supplementary Figure 2B). These results suggest that specific multiple ferroptosis-related modulators may combine to affect the type of TME infiltrating cells to mediate the TME and change the clinical survival in UVM.
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FIGURE 4. Tumor immune microenvironment in module A. (A) The heatmap of ferroptosis-related regulators in two clusters. (B) The different expression of ESTIMATE score in two clusters. (C) The different distribution of 22 TME infiltrating cells in two patterns (***p < 0.001; **p < 0.01; *p < 0.05).




Prognostic Analysis of Risk Model and Ferroptosis-Related Genes

To develop a predictive signature based on the immune landscape of UVM patients, we performed Cox regression analysis on six modulators in module A using the TCGA database. Next, we calculated the risk score as follows: risk score = CHAC1 × 0.0037 + ABCC1 × 0.067 + NQO1 × 0.0067 + GPX4 × 0.0043 + SLC1A5 × 0.021 + GSS × 0.012. The risk score distribution, survival status, and expression profile of the six prognostic regulators are shown in Figure 5A. Patients were separated into the low-risk or high-risk groups with the median cutoff, and we found that the high-risk group had a significantly poorer OS (p = 1.6e–08) (Figure 5B). Univariate and multivariate analyses showed that clinical characteristics, including age, sex, and T stage, were unable to predict OS, except for the risk score, which was viewed as an independent prognostic factor (p < 0.001, HR = 1.276, 95% CI = 1.106–1.472) (Figure 5C). The results from the ROC curve indicated that the risk score has strong predictive ability, with an AUC of 0.832 and 0.907 at 3 and 5 years, respectively (Figure 5D). These results indicate that the ferroptosis-related risk model from module A may serve as an important indicator for evaluating the prognosis of UVM. Additionally, in module B, we also constructed the risk score as follows: risk score = FDFT1 × (−0.012) + SQLE × 0.016 + AIFM2 × 0.05 + LPCAT3 × 0.17 + ACSF2 × (−0.19). As shown in Supplementary Figures 3A,B, we found that as the risk score increased, more patients died. The ROC curve showed that the risk score risk score had a better efficiency in predicting 3- and 5-year OS, with AUC values of 0.828 and 0.792, respectively (Supplementary Figure 3C). Furthermore, in one of the training sets GSE84976, we also obtained satisfactory outcomes, and both ferroptosis-related models could be regarded as independent risk factors for predicting OS (Figure 5E and Supplementary Figure 3D).


[image: image]

FIGURE 5. Prognostic analysis of risk model and ferroptosis-related genes. (A) The distributions of risk scores, alive/dead status, and expression of ferroptosis-related genes in module A. (B) Kaplan–Meier curves of patients in high/low risk about OS in module A. (C) Univariate (above) and multivariate analysis (below) of clinical characteristics. (D) ROC curve of risk score and clinical characteristics in module A. (E) Kaplan–Meier curves of patients in high/low risk about OS based on GSE84976.




Verification of Ferroptosis Regulators–Based Risk Model

To verify the predictive ability of both risk models, validation analysis was performed in two GEO datasets, including 57 UM from GSE44295 with OS and 29 patients from GSE27831 with progression-free survival (PFS). In GSE44295, which contained the largest sample of UVM in the Genomic Data Commons, the Kaplan–Meier curve revealed that there was a significant difference between the high-risk and low-risk groups with a log-rank test of p = 0.026 (Figure 6A). The risk formula from module A was exactly suitable for predicting OS by using the median value as the cutoff. Similarly, in GSE27831, the Kaplan–Meier analysis indicated that this risk formula can be predictive of a high risk of disease progression with a log-rank test of p = 0.0007 by using the best cutoff (Figure 6B). However, the risk formula from module B failed to be re-verified in both GEO databases. To further select the key prognostic ferroptosis modification-related genes, we continued to calculate the prognostic values of six genes in all GEO datasets and believed that the overlapping molecules might be significantly meaningful. As shown in Figures 6C–F, ABCC1, CHAC1, and GSS were successfully re-verified as crucial biomarkers to induce poor OS and PFS in TCGA and all GEO datasets. Additionally, data from the UCSC Cancer Genomics Browser8 showed that high ABCC1, CHAC1, and GSS expression was associated with decreased disease-specific survival (DSS) and progression-free interval (PFI) (p < 0.001) (Supplementary Figure 4).
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FIGURE 6. Verification of risk model and ferroptosis-related genes. (A) Kaplan–Meier curves of patients in risk model about OS based on GSE44295. (B) Kaplan–Meier curves of patients in risk model about PFS based on GSE27831. (C) Kaplan–Meier OS curves for patients in key ferroptosis-related genes based on TCGA. (D) Kaplan–Meier OS curves for patients in key ferroptosis-related genes based on GSE84976. (E) Kaplan–Meier OS curves for patients in key ferroptosis-related genes based on GSE44295. (F) Kaplan–Meier PFS curves for patients in key ferroptosis-related genes based on GSE27831.




Construction of ceRNA Based on Key Genes

To elucidate the mechanism underlying the ferroptosis-related pathway combined with miRNAs and lncRNAs, we obtained 316 differentially expressed lncRNAs and 126 miRNAs using the TCGA database (Supplementary Tables 3, 4). We drew the heatmaps (Figures 7A,C) and volcano plots (Figures 7B,D) to visualize the distribution of DEGs with | logFC (fold change) |≥2 and FDR < 0.05. To further identify the pathway by which lncRNAs mediate mRNA expression by sponging miRNAs, we selected 29 lncRNAs from the miRcode database, which targeted 20 miRNAs and enrolled a total of 679 mRNAs based on three databases (miRTarBase, miRDB, and TargetScan) (Supplementary Table 5). We then calculated the top 200 genes that were highly associated with ABCC1, CHAC1, and GSS to take the intersection of the enrolled mRNAs (Figure 7E); finally, we constructed a ceRNA regulatory network containing 25 ferroptosis-related mRNAs, 12 miRNAs, and 29 lncRNAs and then used Cytoscape for visualization (Figure 7F).
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FIGURE 7. Construction of ceRNA network key genes. (A) Heatmap of differential expression lncRNAs. (B) Volcano plot of differential expression lncRNAs. (C) Heatmap of differential expression miRNAs. (D) Volcano plot of differential expression miRNAs. (E) Venn plot of target mRNAs and highly associated ferroptosis-related regulators. (F) ceRNA building of the 29 lncRNAs (light blue) and 12 miRNAs (dark blue) and 25 mRNAs (red).




Evaluation of Key Genes in Immune Landscape and Pan-Cancer

To further evaluate the role of key genes in mediating the immune signature, we analyzed the correlation between the expression of ABCC1, CHAC1, GSS, and ESTIMATE scores and infiltrating immune cells. The results showed that ABCC1, CHAC1, and GSS levels had a significantly positive correlation with immune score, stromal score, and ESTIMATE score (Figures 8A–C). In addition, we found that the proportion of diverse types of T cell and B cell naïve dendritic cells, which have been proven to coordinately trigger successful immune reactions and positive costimulatory signals, had an intimate relationship with the expression of three key genes (Sharpe and Pauken, 2018; Supplementary Figure 5A). It is well known that the expression of PD1 (PDCD1 or CD279) and PD-L1 (CD274) serves as a potential marker for predicting the response to immunotherapy. In our study, we found an important correlation between ABCC1 and CHAC1 expression and the levels of PD1 and PD-L1 (Supplementary Figure 5B). The GSEA analysis of these regulators also targeted meaningful immune-related pathways, such as immune response regulating cell surface receptor signaling, B cell-mediated immunity, and adaptive immune response (Figure 8D). In pan-cancer analysis of 32 cancer species, ABCC1, CHAC1, and GSS may act as hallmarks to activate tumor immune reactions and reshape the tumor environment in LGG, LIGC, BRAC, LUAD, LUSC, and UVM (Figure 8E).
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FIGURE 8. Evaluation of key genes in immune landscape. (A) Relationship between ABCC1 expression and ESTIMATEScore, ImmuneScore, as well as StromalScore. (B) Relationship between CHAC1 expression and ESTIMATEScore, ImmuneScore, as well as StromalScore. (C) Relationship between GSS expression and ESTIMATEScore, ImmuneScore, as well as StromalScore. (D) GSEA analysis of ABCC1, CHAC1, and GSS in UVM. (E) Correlation among ABCC1, CHAC1, and GSS expression and immune-related mRNAs.


In addition to novel immunotherapies, multiple mRNA inhibitors, including BRAF, also showed an astonishing effect in a large number of patients with sustained efficacy (Luke et al., 2017). Simultaneously, we also identified four mRNAs (AIMP1, TMEM33, ITGB5, and PSPH) with positive polymorphisms in UVM based on the SNP2APA database. The correlation between the three ferroptosis-related modulators and the above mRNA was observed (Supplementary Figure 6).




DISCUSSION

Uveal melanoma is considered rare but is the most common malignant primary intraocular tumor among adults. Most UVMs are usually treated with surgery or radiotherapy, resulting in similar short-term survival outcomes. With distinct biological and clinical behavior, half of patients will suffer from a poor prognosis, including recurrence and metastatic disease (Marseglia et al., 2021). To date, standard approaches have not provided a survival benefit or precise prognostic prediction for these patients; however, newer systemic therapies, particularly immunotherapies and targeted therapy, have significantly improved patient survival. Furthermore, previous studies have shown that several tumor-infiltrating immune cells, T cells, and dendritic cells are abundant in UVM (de Waard-Siebinga et al., 1996; Polak et al., 2007), indicating that UVM may be a possible target for immunotherapy. However, immune checkpoint inhibitors (ICIs) are remarkably limited by the fact that only a subset of patients with most types of cancer respond to these agents and the unknown mechanisms of innate ICI resistance. In our study, we found that the current TNM classification system is not applicable for predicting prognosis. We performed a retrospective analysis to select biomarkers correlated with the tumor immune microenvironment to predict prognosis and locate that part of the population to benefit most from ICIs.

Ferroptosis is a novel type of cell death that was first proposed by Dixon in 2012 (Dixon, 2017). Many studies have reported that induction of ferroptosis effectively represses tumor development, even in specific drug-resistant tumors (Friedmann et al., 2019; Xu et al., 2019). Notably, the synergistic effect of ferroptosis inducers and PD1/PDL-1 inhibitors resulted in more obvious tumor inhibition. Direct evidence was reported by Wang et al. (2019) that CD8+ T cells have the ability to induce ferroptosis in vivo and downregulate the expression of ferroptosis-related genes (SLC7A11). Furthermore, Lang et al. (2019) reported that IFN-γ derived from immunotherapy-activated CD8+ T cells combined with radiotherapy-activated ataxia-telangiectasia mutated (ATM) can strengthen ferroptosis in fibrosarcoma and melanoma cells, which underpins the crosstalk between ferroptosis and anticancer immunity. In contrast, ferroptosis-resistant or ferroptosis-inhibitor-treated tumor cells are insensitive to PDL1 inhibitor treatment (Wang et al., 2019). Thus, based on accumulating evidence, we systematically investigated the expression of 60 ferroptosis-related genes in UVM tumor tissues and their association with OS. Subsequently, we identified 11 regulators by utilizing the Cox analysis in the training set and divided these genes into two modules by MCL clustering in the STRING database. To further verify the biologically plausible hypothesis, UVM cells can communicate with immune cells through a set of ferroptosis-related signals; when clustering by using a consensus clustering analysis according to the expression of genes, the GO, KEGG, and GSEA analyses were implemented to evaluate the function of clusters in two modules; the results revealed that the function of module A was enriched in the primary immunodeficiency, Th1, Th2, and Th17 cell differentiation, which is remarkably related to the immune landscape. Therefore, we confirmed that module A is a key ferroptosis modification in the tumor immune microenvironment. Some researchers have identified the phenomenon through which T cells trigger tumor killing by activating ferroptosis pathways. Nevertheless, the mechanism underlying UVM remains unclear. In the current study, we found that the ESTIMATE score, especially the immune score, was significantly associated with the expression of clusters. Similarly, we validated that the crosstalk of CD8+ T cells and ferroptosis pathways and diverse types of T cells and other TMEs, including B cells, NK cells, macrophages, and dendritic cells, were observed to increase or decrease to have a combined effect on the clinical survival. These results suggest that this module consists of six ferroptosis-related modulators, especially ABCC1, CHAC1, and GSS, which may change the status of TME and exert selective induction of cancer cell death. By focusing on the specific role of the three key ferroptotic genes in TME, results have shown that the level of CD4 memory activated T cells, CD8 T cells, and gamma delta T cells was positively associated with key ferroptotic regulators, which tend to have poor survival. In contrast, naive B cells, resting memory of CD4 T cells, and monocytes were negatively related to these regulators with better survival, suggesting that the sensitivity to ferroptosis is parallel to anticancer immunity.

In our study, we comprehensively explored the predictive value of ferroptosis regulators and constructed two predictive signatures based on the TCGA database. After verifying the validation set, the prognostic model from module A was successfully built; unfortunately, module B failed to be constructed. Compared with the previous clinical characteristics (age, gender, T stage), our prognostic risk signature can achieve an AUC of more than 0.8. Although most GEO databases have limited amounts of samples, this model was re-confirmed, and the overlapping regulators, including ABCC1, CHAC1, and GSS, acted as crucial biomarkers associated with poor OS, PFS, DSS, and PFS.

ABCC1 multidrug resistance protein (1/MRP1) is a member of the C subfamily of ABC transporters that is capable of contributing to chemotherapeutic failure in various cancers by regulating the efflux of chemotherapeutic drugs (Sharom, 2008; Robey et al., 2018). Previous reports have shown that ABCC1 is a negative biomarker associated with a decreased survival rate and an increased risk of relapse in colorectal cancer (Zhao et al., 2020), lung cancer (Fan et al., 2020), and breast cancer (Low et al., 2020). However, the relationship with UVM has not been investigated in detail. Our data showed that the expression of ABCC1 was upregulated in UVM with poor survival, and had a similar trend to the immune score, ESTIMATE score, stromal score, and diverse types of T cells, especially the levels of PD1 and PD-L1, implying that ABCC1 may play a non-negligible role in shaping the TME landscape to affect the therapeutic efficacy of immune checkpoint blockade. CHAC1 is a new pro-apoptotic member of the unfolded protein response pathway and is intimately related to failed chemotherapy (Shuda et al., 2003; Scriven et al., 2009; Goebel et al., 2012). Previously, only Yanchen Liu indicated that the mRNA expression of CHAC1 was associated with poor OS and high risk of metastasis in a limited number of samples from 34 patients (Liu et al., 2019). In the present study, we re-validated the conclusion above in four datasets and further discovered a relationship between CHAC1 and the immune signature of UVM, illustrating the innate mechanisms by which CHAC1 exerts a harmful influence on clinical outcomes. Glutathione synthetase (GSS), which plays a key role in metabolism, catalyzes the last step of glutathione (GSH) synthesis, which is an important antioxidant that protects cancer cells against potential ferroptosis (Proneth and Conrad, 2019; Chen et al., 2020). In liver cancer, researchers found that RRM2 was capable of sustaining intracellular GSH by protecting GSS from degradation (Yang et al., 2020). To the best of our knowledge, this is the first study to explore the correlation between the expression of GSS and the carcinogenic environment of UVM. Interestingly, our findings suggest that the expression of GSS, combined with CHAC1 and ABCC1, mediates the TME infiltration patterns to accelerate UVM progression partly by regulating T cells and other types of immune cells. Tumor burden is considered a promising indicator to promote tumorigenesis in malignant cells and exhibits predictive utility in identifying responders to ICIs. According to the SNP2APA database, we identified positive polymorphisms from four mRNAs and found that all mRNAs were highly correlated with the levels of ABCC1, CHAC1, and GSS, indicating that high expression of key ferroptosis regulators was related to the sharp accumulation of gene mutations, thus becoming a promising therapeutic target and prediction for UVM.

Furthermore, to determine how ferroptosis-related genes act in a lncRNA–miRNA dependent manner in the process of UVM progression, we built a ceRNA network consisting of 25 ferroptosis-related mRNAs, 12 miRNAs, and 29 lncRNAs. In this network, many intersections have been verified in experiments; for example, miR-155 was upregulated, blocking the translation of TP53INP1 to induce cell migration during pancreatic cancer evolution (Seux et al., 2011). Hence, we plan to take the next step to explore the interaction of these molecules in vitro.



CONCLUSION

This study is the first to comprehensively explore the role of ferroptosis-related genes in UVM and extensively profile the immune landscape based on ferroptosis pathways. Ferroptosis modification clusters, which have different clinical survival, have become an important mediator in the heterogeneity and complexity of the TME. After analyzing the correlation among clusters, we developed and validated a six-gene signature prognostic model to precisely predict the clinical outcome of UVM. Finally, we further evaluated the function of three key prognostic ferroptosis-related regulators, including ABCC1, CHAC1, and GSS, and constructed a ceRNA network to elucidate the molecular mechanisms based on these key regulators. Our findings suggest that ferroptosis-related genes may act as promising indicators for determining effective therapeutic strategies and providing novel insights into immunotherapy.
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Ovarian cancer is one of the most common gynecological malignancies with highest mortality rate among all gynecological malignant tumors. Advanced ovarian cancer patients can obtain a survival benefit from chemotherapy, including platinum drugs and paclitaxel. In more recent years, the administration of poly-ADP ribose polymerase inhibitor to patients with BRCA mutations has significantly improved the progression-free survival of ovarian cancer patients. Nevertheless, primary drug resistance or the acquisition of drug resistance eventually leads to treatment failure and poor outcomes for ovarian cancer patients. The mechanism underlying drug resistance in ovarian cancer is complex and has not been fully elucidated. Interestingly, different non-coding RNAs (ncRNAs), such as circular RNAs, long non-coding RNAs and microRNAs, play a critical role in the development of ovarian cancer. Accumulating evidence has indicated that ncRNAs have important regulatory roles in ovarian cancer resistance to chemotherapy reagents and targeted therapy drugs. In this review, we systematically highlight the emerging roles and the regulatory mechanisms by which ncRNAs affect ovarian cancer chemoresistance. Additionally, we suggest that ncRNAs can be considered as potential diagnostic and prognostic biomarkers as well as novel therapeutic targets for ovarian cancer.
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BACKGROUND

Ovarian cancer is one of the most deadly gynecologic malignancy, there are approximately 313,959 new cases and more than 207,252 deaths annually worldwide (Sung et al., 2021). Unfortunately, due to lack of effective early screening methods, 5-year survival rate was only 20–40% (Lheureux et al., 2019). Currently, the main methods used for clinical treatment of ovarian cancer are still based on cytoreductive surgery and multidrug combination chemotherapy based on platinum drugs (Armstrong et al., 2021). Chemotherapy is the main treatment option available for advanced or recurrent ovarian cancers, and the commonly used chemotherapeutic agents include platinum drugs and paclitaxel (PTX). In addition, the administration of poly-ADP ribose polymerase inhibitor (PARPi) to BRCA mutation patients has significantly improved the progression-free survival (PFS) of ovarian cancer (Tew et al., 2020). Although chemotherapy in combination with targeted therapy prolongs the overall survival of ovarian cancer patients, acquired multidrug resistance (MDR) hinders its clinical benefits. Therefore, patients with ovarian cancer frequently have a poor prognosis. The complicated mechanisms involved in MDR ovarian cancer include decreased drug uptake into the cell, increased drug efflux, intracellular drug inactivation, DNA damage repair, resistance to drug-induced apoptosis, activation of cancer stem cells, and epithelial-mesenchymal transition (EMT) (Christie et al., 2019; Liang et al., 2019; Belur Nagaraj et al., 2021; Chiappa et al., 2021). While progress has been made in understanding the pathogenesis of ovarian cancer, the detailed mechanisms of MDR remain elusive.

Non-coding RNAs (ncRNAs) are a kind of DNA transcription product that cannot be encoded into proteins. NcRNAs can be classified according to their length and shape into tiny/short ncRNAs, long ncRNAs (lncRNAs) which is larger than 200 nucleotides (nt), and circular RNA (circRNAs). Various small ncRNAs have been identified, such as microRNAs (miRNAs), PIWI-interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), and small nuclear RNAs (snRNAs) (Kristensen et al., 2019; Shuai et al., 2019; Jin et al., 2020; Cui et al., 2021; Han et al., 2021; Luo et al., 2021; Tsitsipatis et al., 2021). NcRNAs have been proven to have important regulatory potential, both in transcription and post transcription, instead of just being “transcription noise” or “transcription garbage.” There is ample evidence that ncRNAs are of crucial importance in the regulation of gene expression. Meanwhile, ncRNAs participate in many biological functions, such as cell proliferation, cell cycle progression, and apoptosis (Cocquerelle et al., 1993; Memczak et al., 2013; Cech and Steitz, 2014; Li et al., 2021; Ramat and Simonelig, 2021; Statello et al., 2021). In addition, a large number of studies have shown that abnormally expressed ncRNAs participate in tumor cell invasion, metastasis, drug resistance and radiotherapy resistance (Bi et al., 2020; Chen et al., 2020; Wang P. et al., 2020). Similarly, previous research suggested that ncRNAs are dysregulated when drug resistance develops, which indicates that in ovarian cancer, multiple ncRNAs might play a vital role in drug resistance.

In this review, we summarized the detailed mechanisms by which miRNAs, lncRNAs, and circRNAs affect ovarian cancer drug resistance. The potential mechanisms of ncRNAs related to drug-resistance in ovarian cancer are summarized in Figure 1. NcRNAs have potential as diagnostic and prognostic biomarkers as well as novel therapeutic targets for ovarian cancer in the future.


[image: image]

FIGURE 1. A summary diagram of miRNAs, lncRNAs, and circRNAs involved in the drug resistance of ovarian cancer. Several ncRNAs could participate in drug resistance of ovarian cancer by influencing cell apoptosis, proliferation, cell cycle, autophagy, DNA repair, and epithelial-mesenchymal transition through modulating the expression of downstream target genes and related signaling pathway.




MiRNAs AND DRUG RESISTANCE

MicroRNAs are a class of small ncRNAs containing 20–24 nt that can post transcriptionally suppress gene expression by binding to the 3′-untranslated region (3′-UTR) of multiple target messenger RNAs (mRNAs) and/or other RNAs (Wang X. et al., 2021). MiRNAs are key molecules that are involved in many different kinds of fundamental cellular processes, including cell differentiation and proliferation, cell cycle regulation, angiogenesis, metabolic stress, and other functions (He et al., 2019; Komoll et al., 2021; Xing et al., 2021). It has been found that multiple miRNAs are dysregulated in ovarian cancer and are closely related to its occurrence, development, metastasis and drug resistance (Mak et al., 2017; Tung et al., 2020; Zhang Z. et al., 2020). Significant changes in miRNA expression profiles have been observed in drug-resistant cancer cells in comparison with parental drug-sensitive cancer cells. The involvement of miRNAs in ovarian cancer resistance to platinum drugs, PTX, ADR, and PARPi is summarized below.



MiRNAs AND RESISTANCE TO PLATINUM

Platinum drugs are cell cycle non-specific drugs that are widely used in the clinic. They induce DNA damage or ribosome biosynthesis stress and activate tumor cell death by apoptosis or necrosis. However, a series of complex mechanisms lead to platinum resistance (Bruno et al., 2017; Huang et al., 2019). The commonly used platinum drugs include the first generation of drug cisplatin (DDP), the second generation of drug carboplatin, as well as the third-generation drugs oxaliplatin and Lopatin. Many miRNAs are related to the resistance to platinum drugs in ovarian cancer (Table 1).


TABLE 1. MiRNAs and platinum resistance in ovarian cancer.

[image: Table 1]Several oncogenic miRNAs can promote resistance to platinum drugs in ovarian cancer cells. For example, miR-205-5p and miR-216a confer DDP resistance by suppressing the PTEN (phosphatase and tensin homolog)/Akt signaling pathway in ovarian cancer cells (Jin et al., 2018; Shi et al., 2018). Similarly, miR-483-3p and miR-224-5p have also been found to promote DDP resistance by silencing protein kinase C (PRKC) family members (Zhao et al., 2014; Arrighetti et al., 2016). Studies have shown that miR-30b and miR-149-5p are involved in the Hippo signaling pathway and promote DDP resistance by downregulating the target genes protein phosphatase 1 regulatory subunit 12A (PPP1R12A), STE20-like kinase 1 (MST1), and protein salvador homolog 1 (SAV1), respectively (Xu M. et al., 2018; Munoz-Galvan et al., 2020). In addition, oncogenic miR-1180, miR-493-5p, and miR-31 confer DDP resistance to ovarian cancer cells through silencing secreted frizzled-related protein 1(SFRP1), BRCA2, and potassium calcium-activated channel subfamily M alpha 1 (KCNMA1), respectively (Samuel et al., 2016; Meghani et al., 2018; Gu et al., 2019). In animal models, miR-98-5p can potentiate the resistance of ovarian cancer to DDP, suggesting that miR-98-5p is a possible therapeutic target of ovarian cancer (Wang Y. et al., 2018; Guo et al., 2019). MiR-551b functions through the suppression of forkhead box O3 (FOXO3) and tripartite motif containing 31 (TRIM31), two important tumor suppressors. It was also found that elevated expression of miR-551b is significantly associated with worse survival of xenograft ovarian cancer models (Wei et al., 2016). Additionally, miR-20a could enhance DDP resistance of OVCAR3 ovarian cancer cells by altering the expression of EMT markers (E-cadherin, N-cadherin, and vimentin) (Liu et al., 2017).

In contrast, multiple tumor suppressor miRNAs have been found to be able to reverse DDP resistance in ovarian cancer. For instance, tumor suppressors miR-411, miR-873, and miR-514 have been confirmed to be involved in DDP resistance of ovarian cancer by modulating the expression/function of the ABC transporters family members (Wu et al., 2016; Chen et al., 2018; Xiao et al., 2018). In the meantime, miR-1301, miR-1271, miR-429, miR-363, and miR-146b can sensitize ovarian cancer cells to DDP by inhibiting the expression of multiple EMT-related genes (Zou et al., 2017; Cao et al., 2018; Yan et al., 2018; Chen Y. et al., 2019; Yu and Gao, 2020). By inhibiting the Bcl-2 signaling pathway, several tumor suppressor miRNAs, including miR-142-5p, miR-335-5p, miR-146a-5p, and miR-137 have been confirmed to sensitize ovarian cancer cells to DDP (Li et al., 2017a,b; Liu R. et al., 2018; Li X. et al., 2019). In addition, exogenous expression of miR-137 can also strongly promote DDP chemosensitivity through downregulating the expression of X-linked inhibitor of apoptosis (XIAP) and the zeste homolog 2 (EZH2) (Sun et al., 2019). Similarly, miR-708 and miR-503 can modulate ovarian cancer resistance to cisplatin through regulating the Akt pathway (Qin et al., 2017; Wu et al., 2018).Recently, emerging evidence has shown that miRNAs are aberrantly expressed in ovarian cancer, and some of them regulate different mRNAs and inhibit cisplatin resistance. Abnormal expression of the miR-199 cluster, for example, has been confirmed to increase the sensitivity of ovarian cancer cells to DDP through silencing the expression of protein tyrosine phosphatase non-receptor type 3 (PTPN3), integrin subunit beta 8 (ITGB8) and discoidin domain receptor 1 (DDR1) (Li S. et al., 2016; Deng et al., 2017; Cui et al., 2018). Additionally, ectopic miR-let-7 cluster expression can weaken DDP resistance in ovarian cancer cells by inhibiting high mobility group AT-hook 1 (HMGA1), RAD51 recombinase (RAD51), and BRCA1, indicating that the miR-let-7 cluster might be a candidate biomarker to predict ovarian cancer responders to DDP treatment (Xiao et al., 2017; Chen Y. N. et al., 2019). Moreover, the miR-200b/c cluster can improve the sensitivity of ovarian cancer cells to cisplatin by inhibiting the expression of DNA methyltransferase (DNMT) (Liu et al., 2019).

Studies on carboplatin and oxaliplatin are far less extensive than cisplatin. Tumor suppressor miR-515-3p can regulate oxaliplatin sensitivity by targeting AXL Receptor Tyrosine Kinase (AXL) (Hisamatsu et al., 2019). Similarly, let-7d-3p could enhance carboplatin-resistance (Garcia-Vazquez et al., 2018). Tumor suppressors miR-634 and miR-34c-5p have been proven to be involved in the regulation of carboplatin sensitivity through the MAPK pathway (Tung et al., 2017).



MiRNAs AND PTX RESISTANCE

Paclitaxel is one of the first-line chemotherapy drugs used to treat ovarian cancer. It is highly cytotoxic against tubulin. It induces and promotes the polymerization of tubulin and microtubule assembly, and it prevents depolymerization, stabilizing microtubules, and inhibiting the mitosis of cancer cells, leading to cell cycle arrest in G2/M. This effectively prevents the proliferation of cancer cells. It has been reported that various miRNAs are involved in PTX-resistance of ovarian cancer (Table 2).


TABLE 2. MiRNAs and paclitaxel resistance in ovarian cancer.

[image: Table 2]Several oncogenic miRNAs can facilitate PTX resistance, such as miR-21 and miR-630. Exogenous expression of miR-21 and miR-630 enhanced PTX resistance of ovarian cancer cells by silencing apoptotic peptidase activating factor 1 (APAF1) (Au Yeung et al., 2016; Eoh et al., 2018). Similarly, miR-1307, a highly expressed miRNA in ovarian cancer tissues and cell lines, has been demonstrated to be positively correlated with PTX resistance. By targeting the capicua transcriptional repressor (CIC) and the inhibitor of growth family member 5 (ING5), miR-1307 could dramatically inhibit apoptosis induced by PTX (Chen W. T. et al., 2017; Zhou et al., 2019). Moreover, the miR-181a level in chemoresistant cancer tissues is significantly higher than in chemosensitive cancer tissues and in normal tissue, and its upregulation is associated with an increased level of EMT and decreased cell apoptosis induced by PTX treatment (Li L. et al., 2016).

In contrast, several tumor suppressor miRNAs may reverse PTX resistance in ovarian cancer. The Bcl-2 family participates in the chemoresistance of malignancies, including ovarian cancer. Tumor suppressors miR-215 can promote PTX-induced apoptosis of ovarian cancer cells by silencing the expression of XIAP (Ge et al., 2016). Activation of the EMT pathway has also been observed to regulate PTX resistance of ovarian cancer. A variety of miRNAs, such as miR-200b and miR-200c, have been observed to be involved in the EMT pathway mediated PTX resistance of ovarian cancer (Duran et al., 2017). By inhibiting the signal transducer and activator of transcription 3 (STAT3) signaling pathway, several tumor suppressor miRNAs, including miR-92 and miR-503-5p, have been found to sensitize ovarian cancer cells to PTX. In animal models, targeting STAT3 in combination with paclitaxel can synergistically reduce intraperitoneal dissemination and prolong the survival of mice with ovarian cancer (Chen M. W. et al., 2017; Park and Kim, 2019). Similarly, tumor suppressors miR-136, miR-383-5p, and miR-874 have been reported to conquer PTX resistance of ovarian cancer cells by silencing NOTCH3, tripartite motif containing 27 (TRIM27), and salt inducible kinase 2 (SIK2), respectively (Jeong et al., 2017; Xia et al., 2018; Jiang et al., 2019).



MiRNAs AND PARPi RESISTANCE

Poly-ADP ribose polymerase inhibitor have emerged as exciting new chemotherapy options for women with ovarian cancer, especially for patients with BRCA1 or BRCA2 mutations or non-functional homologous recombination repair pathways. The most advantageous feature of PARPi is its mechanism of action. PARPi is able to eliminate the function of PARP, leading to the accumulation of single-stranded breaks (SSB), which in turn can be converted into double-strand breaks (DSB) that the cell cannot repair, leading to cancer cell death (Wiltshire et al., 2010). Moreover, PARPi can enhance the efficacy of radiotherapy and chemotherapy with docetaxel and platinum drugs. Three PARPis have been approved for the treatment of recurrent epithelial ovarian cancer in the United States: olaparib, rucaparib, and niraparib. However, long-term use of PARPis may cause PARPi resistance. In ovarian cancer cells, multiple miRNAs were found to be involved in PARPi resistance (Table 3).


TABLE 3. MiRNAs and PARPi resistance in ovarian cancer.

[image: Table 3]Multiple oncogene miRNAs can promote PARPi resistance. According to a recent report, miR-493-5p is significantly upregulated in BRCA2-mutated ovarian cancer cells and it participates in the PARPi resistance process by regulating ribonuclease H2 subunit A (RNASEH2A), flap structure-specific endonuclease 1 (FEN1), and structure specific recognition protein 1 (SSRP1). miR-493-5p can reduce single-strand annealing (SSA), stabilize the replication fork, and thus induce PARPi tolerance (Meghani et al., 2018). In addition, miR-622 is highly expressed in BRCA1-deficient high-grade serous ovarian carcinomas (HGSOCs), which can rescue the homologous recombination repair (HRR) defect of BRCA1 mutant ovarian cancer and promote PARPi resistance by regulating the expression of Ku complex and inhibiting HR and non-homologous end joining (NHEJ) (Choi et al., 2016).

In contrast, multiple tumor suppressor miRNAs can reverse the PARPi resistance of ovarian cancer. For instance, miR-506-3p acts as a vital regulator in the sensitivity to PARPis and cisplatin by targeting EZH2/β-catenin pathway in ovarian cancers (Sun et al., 2021). Additionally, ectopic miR-200c expression can increase apoptosis and weaken the resistance to olaparib in the ovarian cancer cells SKOV3/PARPi by silencing Neuropilin 1 (NRP1) (Vescarelli et al., 2020).



LncRNAs AND THERAPY RESISTANCE

Long non-coding RNAs are a category of RNA transcripts longer than 200 nt without coding capacity, which are transcribed by RNA Polymerase II (RNAP II) and expressed in a tissue-specific manner (Quinn and Chang, 2016). At present, it is known that lncRNAs can regulate the malignant biological behavior of cells by acting as a competitive endogenous RNA (ceRNA), recruiting downstream molecules, serving as protein scaffolds, transmitting regulatory signals (Wong et al., 2018), and regulating endolysosome pH (Miller et al., 2018). A number of lncRNAs have a close relationship to the development of ovarian cancer metastasis, recurrence, and chemotherapy resistance (Winham et al., 2019; Zhang M. et al., 2019; Sun et al., 2020). Aberrantly expressed lncRNAs may participate in ovarian cancer progression through various mechanisms, including inducing autophagy, increasing DNA damage repair, changing cell cycle progression and checkpoints, inducing anti-apoptosis, regulating cell signaling pathways, and promoting EMT (Liu et al., 2015; Yan et al., 2017; Xu Q. F. et al., 2018; Wu et al., 2019). Several lncRNAs have been found to be involved in drug resistance in ovarian cancer (Tables 4, 5).


TABLE 4. LncRNAs and platinum resistance in ovarian cancer.

[image: Table 4]
TABLE 5. LncRNAs and paclitaxel resistance in ovarian cancer.

[image: Table 5]It has been reported that lncRNA UCA1 (urothelial cancer associated 1) is significantly upregulated in PTX-resistant ovarian cancer tissues and cell lines and confers ovarian cancer resistance to PTX. UCA1 promote tumor progression both in vitro and in vivo. SIK2 protein is involved in the separation of centrosomes during mitosis, which can lead to ovarian cancer drug resistance (Ahmed et al., 2010; Zhou et al., 2017). In ovarian cancer cells, UCA1 can induce SIK2 expression via endogenous sponging of miR-654-5p and thus antagonize chemosensitivity to PTX (Li Z. Y. et al., 2020). Additionally, ABCB1 (ATP binding cassette subfamily B member 1) is one of the members of the superfamily of ABC transporters that are involved in MDR. In ovarian cancer cells, UCA1 can also induce ABCB1 expression though endogenous sponging of miR-129 to enhance PTX tolerance (Wang J. et al., 2018). In recent years, lncRNA UCA1 has also been found to be involved in cisplatin resistance in ovarian cancer and blood UCA1 levels are upregulated in patients after cisplatin treatment. Via binding to the 3′-UTRs of FOS-like 2 (FOSL2), miR-143 can negatively regulate FOSL2 expression, suggesting that the UCA1/miR-143 axis may have potential therapeutic value for the treatment of cisplatin resistance in ovarian cancer patients (Li Z. et al., 2019).

Long non-coding RNAs HOTAIR (HOX antisense intergenic RNA) is one of the most well-studied lncRNAs, which is transcribed from the antisense strand of the HOXC gene cluster present on chromosome 12 with a length of 2.2 kb. HOTAIR, a highly expressed lncRNA in ovarian cancer tissues and cell lines, has been found to be positively correlated with advanced tumor stages, high histological grade, lymph node metastasis, drug resistance, and poor prognosis of ovarian cancer patients (Qiu et al., 2014; Wang et al., 2015). Moreover, it has been reported that exogenous HOTAIR overexpression in ovarian cancer cells significantly promoted cisplatin resistance by regulating the Wnt/β-catenin signaling pathway as well as the NF-κB-HOTAIR axis, indicating that HOTAIR may act as a regulator of cisplatin resistance (Li J. et al., 2016; Ozes et al., 2016). Similarly, knockdown of HOTAIR can inhibit autophagy via decreasing autophagy related 7 (ATG7) expression, and the inhibition of cisplatin-induced autophagy by silencing HOTAIR has been shown to enhance the chemotherapeutic efficacy of cisplatin in ovarian cancer (Yu et al., 2018).

Increasing findings indicate that lncRNA H19 plays an important role in chemotherapy drug resistance of ovarian cancer. In the OVCAR3/DDP resistant ovarian cancer cell, silencing lncRNA H19 can significantly increase E-cadherin expression and reduce twist, slug, and snail expression, indicating that lncRNA H19 induces cisplatin resistance via EMT (Wu et al., 2019). In addition, lncRNA H19 can also confer resistance to cisplatin to ovarian cancer cells by promoting glutathione (GSH) metabolism (Zheng et al., 2016). It has been reported that valproic acid (VPA) acts on A2780/CP resistant cells, which negatively regulates the expression of lncRNA H19, and then induces cell apoptosis and inhibits cell proliferation, thereby making A2780 resistant cells sensitive to cisplatin (Sajadpoor et al., 2018). These findings suggest that lncRNA H19 has potential as a new target for overcoming drug resistance in ovarian cancer.

Long non-coding RNAs NEAT1 (nuclear paraspeckle assembly transcript 1) was reported to be correlated with clinically poor paclitaxel response ovarian cancer. It has been found that lncRNA NEAT1 promotes paclitaxel resistance via competitively binding miR-194 to facilitate ZEB1 expression in ovarian cancer cells (An et al., 2017). Recently, LncRNA NEAT1 is also found to play a part in cisplatin resistance of ovarian cancer. NEAT1 is significantly upregulated in ovarian cancer, associates with cisplatin resistance and FIGO stage. Knockdown of NEAT1 suppresses cisplatin resistance of ovarian cancer cells in vitro and in vivo. LncRNA NEAT1 contributes to DDP resistance of ovarian cancer cells by regulating PARP1 expression via miR-770-5p (Zhu et al., 2020).

In addition, some other lncRNAs were found to be involved in platinum-based chemotherapy resistance in ovarian cancer. On the one hand, lncRNAs can promote platinum resistance. For instance, lncRNA CCAT1 (colon cancer associated transcript 1) is upregulated in A2780/DDP and SKOV3/DDP resistant ovarian cancer cells, and it can confer resistance to DDP by modulating the miR-454/survivin axis (Wang D. Y. et al., 2020). LncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) has been reported to be upregulated and to contribute to ovarian cancer tumorigenesis. Knockdown of MALAT1 could enhance cisplatin-induced apoptosis and improve the chemosensitivity of ovarian cancer cells to cisplatin through inhibiting the notch1 signaling pathway (Bai et al., 2018). Besides, MALAT1 could regulate ovarian cancer progression and DDP- resistance by miR-1271-5p/E2F5 Axis (Wang Y. et al., 2020). Moreover, it has been found that lncRNA linc0161 functions as a ceRNA of microRNA-128 and promotes drug resistance through blocking MAPK1 (Xu et al., 2019). In addition, CHRF contributes to cisplatin resistance of ovarian cancer cells by regulating EMT and STAT3 signaling via miR-10b (Tan et al., 2020). ANRIL could modulate the progression, drug resistance and tumor stem cell-like characteristics of ovarian cancer cells via miR-324-5p/Ran Axis (Wang K. et al., 2021).

Some tumor suppressor lncRNAs can reverse platinum drug resistance of ovarian cancer. LncRNA GAS5 expression in SKOV3/DDP cells has been found to be significantly reduced compared to that in drug-sensitive cells, and it has been reported that GAS5 can sensitize ovarian cancer cells to DDP by leading to G0/G1 cell cycle arrest and increasing apoptosis. Further research showed that GAS5 could inhibit DDP-resistance and tumor progression of ovarian cancer via the GAS5-E2F4-PARP1-MAPK axis (Long et al., 2019). It has been reported that lncRNA PANDAR dictates the chemoresistance of ovarian cancer by regulating SFRS2-mediated p53 phosphorylation (Wang H. et al., 2018). Interestingly, lncRNA linc01125 can inhibit ovarian cancer cell proliferation and it enhances the cytotoxicity of DDP in ovarian cancer cells. Tumor suppressor linc01125 has been shown to enhance the cisplatin sensitivity of ovarian cells by sponging miR-1972 (Guo and Pan, 2019). In addition, the literature shows that curcumin inhibits cisplatin resistance development partly by regulating extracellular vesicle-mediated transfer of MEG3 and miR-214 in ovarian cancer (Zhang et al., 2017).

There are several novel lncRNAs that have been found to play crucial functions in ovarian cancer PTX resistance. For instance, it has been reported that lncRNA linc0118 is significantly upregulated in PTX-resistant ovarian cancer tissues and cell lines and confers ovarian cancer resistance to PTX. Linc0118 can promote tumor progression in vitro and in vivo. In ovarian cancer cells, linc0118 can induce ABCC1 expression via endogenous sponging of miR-134 and, thus, antagonize chemosensitivity to PTX (Shi and Wang, 2018). In ovarian cancer cells, lncRNA-PRLB have been found to promote TAX resistance by suppressing miR-150-5p and activating NF-κB signaling. Moreover, PRLB has been found to inhibit TAX in ovarian cancer cells through enhancing RSF1 expression, whereas elevated PRLB expression has been found to be associated with a poor response to TAX treatment (Zhao and Hong, 2021). LncRNA SNHG22 is another chemoresistance-related gene and it has been found to promote DDP resistance and PTX resistance through regulating the miR-2467/galectin 1 (Gal-1) axis and it is correlated with poor patient outcomes (Zhang P. F. et al., 2019).

In contrast, a number of tumor suppressor lncRNAs can reverse PTX drug resistance in ovarian cancer. In comparison with normal ovarian epithelial cells, lncRNA FER1L4 is downregulated in SKOV3/PTX resistant cells. Overexpression of the lncRNA FER1L4 can inhibit paclitaxel tolerance of ovarian cancer cells through regulating MAPK signaling pathway (Liu S. et al., 2018). Recently, significantly diminished expression of lncRNA SNHG5 was observed in SKOV3/PTX and HeyA-8/PTX PTX-resistant ovarian cancer cells. Exogenous expression of lncRNA SNHG5 has been found to promote apoptosis, inhibit cell proliferation and enhance PTX sensitivity of ovarian cancer cells by sponging miR-23a (Lin et al., 2020).



CircRNAs AND CHEMORESISTANCE IN OVARIAN CANCER

Circular RNAs are crucial members of the ncRNA family, and those related to animal physiologies have been widely studied in recent years. CircRNAs have a closed-loop structure because of a covalent junction between their 3′ and 5′ ends. CircRNAs show stability, conservation, abundance, and tissue and cell specificity (Salzman et al., 2013; Ashwal-Fluss et al., 2014; Maass et al., 2017; Xia et al., 2017). CircRNAs play important roles in biological functions by acting as a “microRNA sponge,” regulating gene transcription and interacting with RNA binding proteins in most cases (Fan et al., 2021; Shen et al., 2021; Zeng et al., 2021). Accumulating evidences have shown that circRNAs are abnormally expressed in various malignant tumors, and circRNAs can act as both proto-oncogenes and tumor suppressors. It has been reported that circRNAs in tumors not only contribute to multiple processes of malignancy, including cell differentiation, proliferation, invasion, and metastasis but are also involved in the mechanism of chemotherapy resistance (Ding et al., 2020; Hong et al., 2020; Ou et al., 2020; Table 6).


TABLE 6. CircRNAs and drug resistance in ovarian cancer.

[image: Table 6]Several circRNAs are known to be involved in PTX-resistant ovarian cancer. The cancer-related circTNPO3 has, for example, been found to function as an oncogene in ovarian cancer and confer PTX resistance. CircTNPO3 associates with advanced FIGO stage and histological type. CircTNPO3 promotes PTX resistance of ovarian cancer cells in vitro and in vivo. CircTNPO3 promotes PTX resistance via competitively binding miR-1299 to upregulate NEK2 (Xia et al., 2020). Moreover, circNRIP1 was up-regulated in PTX-resistant ovarian cancer tissues and cells. Silencing of circNRIP1 suppressed the PTX resistance of ovarian cancer cells in vitro and in vivo. Oncogenic CircNRIP1 could contribute to PTX resistance of ovarian cancer by modulating expression of the miR-211-5p/HOXC8 axis (Li M. et al., 2020). Additionally, Hsa_circ_0000714 is an up-regulated circRNA in PTX resistant cells SKOV3/PTX and A2780/PTX, which is contributed to PTX resistance by influencing cell cycle G1/S transition and colony formation. Hsa_circ_0000714 mediates PTX resistance in ovarian cancer cells by sponging miR-370-3p and regulating the expression of RAB17 (Guo et al., 2020). Meanwhile, the cancer-related circCELSR1 (hsa_circ_0063809) has also been identified to be upregulated in SKOV3/PTX and HeyA-8/PTX PTX-resistant ovarian cancer cell lines. Inhibiting circCELSR1 can cause ovarian cancer cell cycle G0/G1 arrest and an increase in apoptosis. CircCELSR1 has been shown to contribute to PTX resistance by modulating forkhead box R2 (FOXR2) expression through miR-1252 (Zhang S. et al., 2020). On the contrary, tumor suppressor circRNAs can reverse PTX resistance in ovarian cancer. circEXOC6B shows notably decreased expression in ovarian cancer tissues and is associated with long survival time of ovarian cancer patients. In ovarian cancer cells, circEXOC6B could suppress FOXO3 expression via endogenous sponging miR-376c-3p and, thus, elevate chemosensitivity to PTX (Zheng et al., 2020).

Also, several circRNAs have been found to be involved in ovarian cancer DDP chemoresistance. Significantly decreased expression levels of circRNA Cdr1as have been observed in both tissues and serum exosomes of Cisplatin-Resistant ovarian cancer patients. It has been confirmed that downregulating suppressor of cancer cell invasion (SCAI) by sponging miR-1270, Cdr1as can conquer DDP resistance of ovarian cancer cells (Zhao et al., 2019). Recently, circulating exosomal circFoxp1, whose expression is positively associated with International Federation of Gynecology and Obstetrics stage, primary tumor size, lymphatic metastasis, distant metastasis, residual tumor diameter, and clinical response, has been reported to promote resistance to DDP of ovarian cancer cells through up-regulating expression of CCAAT enhancer binding protein gamma (CEBPG) and formin like 3 (FMNL3) through miR-22 and miR-150-3p (Luo and Gui, 2020).



CONCLUSION AND FUTURE PERSPECTIVES

Ovarian cancer is a comprehensive disease, but the pathogenesis has not been completely elucidated. Although substantial progress has been made in the diagnosis and treatment of ovarian cancer, unfortunately, the prognosis remains unsatisfactory. A growing number of ncRNAs have been identified to be involved in chemoresistance of ovarian cancer. Targeting ncRNAs, in combination with traditional chemotherapy or targeted therapy, may be a promising choice to combat drug resistance in advanced ovarian cancers. NcRNAs affect cell drug resistance through multiple mechanisms. In ovarian cancer, we reviewed EMT, drug efflux transporters, autophagy, cell cycle dysregulation, and DNA repair abnormality. At present, it has also received widespread attention that ncRNAs mediate exosomes to cause cell drug resistance.

A variety of methods are used to identify ncRNA that affect drug resistance, and the more commonly used methods include high-throughput analysis, silicon analysis, integrated analysis, bioinformatics, and expression arrays (Hartmaier et al., 2017; Cen et al., 2021). These technologies enable researchers to target the direction of tumor research, explore the mechanism of tumor occurrence and development, and explore the mechanism of clinical drug resistance. However, it is still a great challenge to select the critical target ncRNAs from the large number of candidates and there is still a long way to go for ncRNA to be used as clinical drug targets. Further translational studies or clinical trials are indispensable to develop ncRNAs-based therapeutics, which may ultimately provide potential approaches for overcoming ovarian cancer drug resistance.
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Background: Epithelial ovarian carcinoma (EOC) is a malignant tumor with high motility in women. Our previous study found that dysregulated nucleoside-triphosphatase cancer-related (NTPCR) was associated with the prognosis of EOC patients, and thus, this present study attempted to explore the potential roles of NTPCR in disease progression.

Methods: Expressed level of NTPCR was investigated in EOC tissues by RT-qPCR and Western blot analysis. NTPCR shRNA and overexpression vector were generated and transfected into OVCAR-3 or SKOV3 cells to detect the effect of NTPCR on cell proliferation, cell cycle, cell migration, and invasion. Transcriptomic sequencing and metabolite profiling analysis were performed in shNTPCR groups to identify transcriptome or metabolite alteration that might contribute to EOC. Finally, we searched the overlapped signaling pathways correlated with differential metabolites and differentially expressed genes (DEGs) by integrating analysis.

Results: Comparing para-cancerous tissues, we found that NTPCR is highly expressed in cancer tissues (p < 0.05). Overexpression of NTPCR inhibited cell proliferation, migration, and invasion and reduced the proportion of S- and G2/M-phase cells, while downregulation of NTPCR showed the opposite results. RNA sequencing analysis demonstrated cohorts of DEGs were identified in shNTPCR samples. Protein–protein interaction networks were constructed for DEGs. STAT1 (degree = 43) and OAS2 (degree = 36) were identified as hub genes in the network. Several miRNAs together with target genes were predicted to be crucial genes related to disease progression, including hsa-miR-124-3p, hsa-miR-30a-5p, hsa-miR-146a-5, EP300, GATA2, and STAT3. We also screened the differential metabolites from shNTPCR samples, including 22 upregulated and 22 downregulated metabolites. By integrating transcriptomics and metabolomics analysis, eight overlapped pathways were correlated with these DEGs and differential metabolites, such as primary bile acid biosynthesis, protein digestion, and absorption, pentose, and glucuronate interconversions.

Conclusion: NTPCR might serve as a tumor suppressor in EOC progression. Our results demonstrated that DEGs and differential metabolites were mainly related to several signaling pathways, which might be a crucial role in the progression of NTPCR regulation of EOC.

Keywords: epithelial ovarian cancer, transcriptome sequencing, metabolomics sequencing, NTPCR, nucleoside-triphosphatase cancer-related


INTRODUCTION

Epithelial ovarian carcinoma (EOC) is a leading cause of cancer death and accounts for a high incidence rate in women more than 50 years old. Surgery and platinum-based chemotherapy have been confirmed as a standard treatment method for advanced EOCs. However, the 5 years survival rate of advanced EOC is still less than 30% for platinum resistance or disease relapse (Holschneider and Berek, 2000). Thus, understanding the mechanism of disease progression will promote an effective therapeutic method for EOC.

As the cost becomes more affordable in next-generation sequencing (NGS) technology, transcriptomic analysis has been extensively utilized to identify novel biomarkers for early detection, diagnosis, and therapeutics in cancers. A recent study of systematic transcriptome analysis has revealed tumor-specific mRNA isoforms for ovarian cancer diagnosis and therapy by using RNA-seq methods (Barrett et al., 2015). Another paper showed NGS was used to identify transcriptome changes and hypermethylation associated with cisplatin resistance in high-grade serous ovarian cancer (Lund et al., 2017). Although findings promoted a better understanding of ovarian cancer, disease progression still could not be explained only on the transcriptomic alteration. More efforts should be directed to elucidate complicated genetic network and its interactions with biomolecules, such as metabolites. Recently, integrating transcriptome profiling with metabolic profiling analysis has been demonstrated to be an effective method to identify differential genetic and metabolic pathways in various cancer types (Zhang G. et al., 2013; Popławski et al., 2017).

Our previous study has reported that high expression levels of nucleoside-triphosphatase cancer-related (NTPCR) were related to better prognosis in EOC patients (Shang et al., 2020). Thus, this present study aimed to explore the potential roles of NTPCR in disease progression. Based on transcriptomic profiling analysis, we screened differentially expressed genes (DEGs) between shNTPCR groups and shNC groups in EOC cells, and following performed functional analysis, interaction network analysis, prediction of miRNAs, and target transcription factors (TFs). Integrating the transcriptomic and metabolomic profiling analysis revealed crucial overlapped pathways correlated with DEGs and metabolites in EOC. The integrative analysis of our study promoted a better understanding of NTPCR roles in EOC, which might facilitate therapeutic or prognosis discovery of biomarkers.



MATERIALS AND METHODS


Cell Lines and Culture Conditions

Epithelial ovarian carcinoma cell lines (SKOV3, CAOV-3, OV-1063, and OVCAR-3) and human ovarian epithelium cell line IOSE80 were purchased from Chinese Academy of Sciences (Beijing, China). The cells were cultured in RPMI-1640 medium supplement with 10% fetal bovine serum and maintained in a condition of 37°C and 5% CO2.



Samples

Approved by the Ethics Committee of Hangzhou First People’s Hospital (approval no. IRB#2021-20210406-01), with informed consent by patients, we collected 22 tissue samples from 11 patients. These specimens were human tissue specimens that were pathologically diagnosed as epithelial ovarian cancer during staging ovarian cancer surgery, including cancerous tissues and para-cancerous tissues.



RT-PCR Analysis

The total RNA was extracted from EOC cells and tissues using TRIzol (TaKaRa Inc. Tokyo, Japan). Reverse transcription kit (TaKaRa Inc., Tokyo, Japan) was used to transform RNA to cDNA. The mRNA levels of NTPCR in tumor cells and tissues were detected using SYBR Green kit (Thermo Inc., Waltham, MA, United States), and GAPDH was set as an endogenous control. The relative expression levels of NTPCR in different samples were determined by the method of comparing CT values (ΔΔCT) and normalization with internal reference. The primers were NTPCR-hF: ACCCGTCTTGAGGAATGTGA and NTPCR-hR: CTCTTGAACTGGGCACTCCT, and GAPDH-hF: TGACAACTTTGGTATCGTGGAAGG and GAPDH-hR: AGGCAGGGATGATGTTCTGGAGAG.



Cell Transfection

The overexpression vector of NTPCR used a commercial vector (Sino Biological, Beijing, China, cat: HG17161-NY); shRNA was synthesized by Shanghai Gima Biopharmaceutical Technology (sequence as follows): shRNA1, 5′-GGCCTTTATCGAGAGTTGGGTTAGA-3′; shRNA2, 5′-CCTCTGGTGTGCCTGTTGATGGATT-3′; and shRNA3, 5′-CAGTATGTGGTCGACCTGACTTCTT-3′. shRNA was inserted into pGPU6/Neo to obtain the corresponding plasmid. SKOV3 and OVCAR-3 cells were taken in the logarithmic growth phase and transfected with LipofectamineTM 2000. Six hours later, the mixture was aspirated and changed to a normal medium to continue culturing. After 72 h, the cells were harvested and used to detect molecular expression by RT-PCR.



Cell Viability

Cell viability was evaluated using a CCK-8 kit (Beyotime Biotechnology, China) following the protocol of the manufacturers. SKOV3 and OVCAR-3 cells were seeded into 96-well plates with 3,000 cells per well. After transfecting the overexpression vector or interference shRNA vector of NTPCR for 24, 48, 72, and 96 h, a total of 10 μl CCK-8 solution was added to wells, and the optical density (OD) values were read at 450 nm using a microplate reader system.



5-Ethynyl-2′-deoxyuridine (EdU)

Cell proliferation was detected by BeyoClickTM eyoClick cell proliferation detection kit (Biyuntian, C0078S). The following are the general steps. Add EdU to the cell culture medium at a final concentration of 10 μM, incubate for 10 h, and fix with 4% paraformaldehyde for 15 min after phosphate-buffered saline (PBS) immersion. Remove the fixative solution by PBS immersion, and then incubate with 0.5% Triton X-100 at room temperature for 15 min to permeate the membrane. After removing the permeabilization solution, immerse in PBS, add 0.5 ml of Click reaction solution, and incubate for 30 min at room temperature in the dark. Remove the reaction solution, after immersion in PBS, add Hoechst 33342 reaction solution dropwise and incubate at room temperature for 15 min in the dark. Mount the slide with mounting solution containing anti-fluorescence quencher, and then observe and collect the images under a fluorescence microscope (Olympus, BX53).



Flow Cytometry Analysis

After cell transfection, SKOV3 and OVCAR-3 cells were harvested for flow cytometry analysis. Differential groups of cells were washed with PBS three times and then stained with propidium iodide (PI)/RNase solution following the protocol of the manufacturer. Cell cycles were detected by using FACScan flow cytometer (BD Biosciences) and analyzed using FlowJo software.



Transwell Assay

We evaluated the effect of NTPCR on the cell invasion and migration abilities by using the Transwell system. The membranes of inserts were precoated with Matrigel for invasion assay overnight. After that, SKOV3 and OVCAR-3 cells were harvested and suspended using serum-free RPMI-1640 medium. Thus, 200 μl of cell suspension including 2.0 × 104 cells was added into the upper chamber, while 500 μl of culture medium with 10% fetal bovine serum (FBS) was added into the lower chamber. Following incubation for 24 h, the cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet for 10 min. The results were analyzed by using a microscope (Olympus IX73; Olympus Corporation, Tokyo, Japan).



Western Blotting

The protein samples prepared in ice-cold RIPA buffer were separated on SDS-PAGE gels and then transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were then blocked in 5% skimmed milk at room temperature for 1 h and then incubated with the primary antibody solution (NTPCR: Biodragon BD-PT3202 anti-rabbit monoclonal, 1:1,000; GAPDH: Proteintech 60004-1-lg mouse monoclonal, 1:1,000) at 4°C overnight. The following day, the secondary antibodies (Peroxidase AffiniPure Goat Anti-Rabbit IgG (H + L), 1:10,000; Peroxidase AffiniPure Goat Anti-Mouse IgG (H + L), 1:5,000) were added and then incubated at room temperature for 2 h. For chemiluminescence development, Millipore ECL system was used; to perform grayscale analysis on the data, TanonImage was used, and then statistical analysis was performed on the grayscale analysis results. The data mapping software is GraphPad Prism5.



Transcriptomic Sequencing

We performed RNA-sequencing on an Illumina system for shNTPCR and control shNC group with three duplications per group. Firstly, Trimmomatic version 3.6 (Bolger et al., 2014) tool was used to clean up the reads by removing adapters and low-quality reads (quality value less than 20), and the reads with N ratio exceeding 10% or length less than 50 bp were also removed. Hisat2 software (v2.05) (Siren et al., 2014) was used for the alignment of clean reads to human genomic database (GRCH38, Gencode) (Harrow et al., 2012). Moreover, human genome annotation in the resulting files was mapped to corresponding read count by using featureCounts tools (Liao et al., 2014). Further filtering was performed for different results according to the fragments per kilobase of exon per million fragments mapped (FPKM) method, and the genes with FPKM value less than 0.1 in any samples were removed.

Quasi-likelihood F-tests in edgeR software (Lun et al., 2016) were used to analyze DEGs between shNTPCR and shNC samples by setting | logFC| > 1.585 and false discovery rate (FDR) < 0.05 as cutoff criteria. Two-dimensional clustering analysis and functional enrichment analysis were conducted for these DEGs.

We further screened the gene–disease associations from the DisGeNET database (Piñero et al., 2016), a comprehensive platform containing information on human disease genes and related variants. As for the DEGs screened from the database, the expression status in EOC was investigated by using Gene Set Enrichment Analysis (GSEA) algorithm, a computational algorithm to assess significant differences of defined gene sets among biological phenotypes (Subramanian et al., 2007).

We analyzed the interactions of protein–protein according to the STRING online tool and constructed the protein–protein interaction (PPI) network using Cytoscape software. It has been shown that proteins with similar functions tend to cluster together in the PPI network, and thus, we mined the functional modules using MCODE tool (Bader and Hogue, 2003; Davis, 2015).

To further explored the regulation mechanism of EOC, we screened the miRNA–gene and TF–gene pairs using Enrichr (Chen et al., 2013) and ENCODE tools (Rosenbloom et al., 2011) and constructed an miRNA–TF–gene network.



Metabolomics Sequencing

The EOC cell extract samples derived from the shNTPCR and shNC groups were analyzed by the ultra performance liquid chromatography (UPLC) method on a quadrupole time-of-flight (Q-TOF) liquid chromatography–mass spectrometry (LC-MS) system. Duplicates from 10 controls together with five QC samples were obtained to evaluate the assay reproducibility.

Metabolomics data under positive ion mode and negative ion mode were obtained and first normalized before multivariate analysis. We performed unsupervised principal component analysis (PCA) and supervised partial least-square discriminant analysis (PLS-DA) to explore the metabolic differences in NTPCR samples.

As for the differential performance of metabolites between two groups, metabolite analysis was conducted using MBROLE 2.0, which is a web server designed to permit systemic analysis for metabolomic data (Chong et al., 2018). Corresponding KEGG pathways were screened with p < 0.05 as cutoff criteria.



Integrated Transcriptomic Analysis and Metabolomics Analysis

We used the KEGG pathway-based method to analyze differential metabolites and genes in a biological process. The thresholds were set as num-overlapping-metabolites/genes > 0 and p joint/metabolites < 0.05.



Statistical Analysis

Prism9.0 statistical software was used for data analysis. All data were expressed as mean ± standard deviation (±S). Pairwise comparisons between different groups were performed by one-way analysis of variance, and p < 0.05 was considered statistically significant.




RESULTS


NTPCR Was Upregulated in EOC Tissues

The expressed status of NTPCR was detected in EOC tissues via RT-qPCR analysis and Western blot analysis. The results showed that the expression of NTPCR in cancer tissues was significantly increased compared to para-cancerous tissues (Figure 1, p < 0.05).
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FIGURE 1. Via (A) RT-qPCR analysis and (B) Western blot analysis, the expression of NTPCR in cancer tissues was significantly increased compared to para-cancerous tissues (**p < 0.01).




NTPCR Inhibits Cell Proliferation, Cell Cycle, and Cell Migration and Invasion in the EOC Cell Line

To further investigate the potential role of NTPCR on the biological function of EOC, we first constructed the overexpression and interference vector of NTPCR, and qRT-PCR verified its effect (Figure 2A). Simultaneously, analysis of NTPCR expression levels in different EOC cell lines (SKOV3, CAOV-, OV-1063, and OVCAR-3), and normal ovarian epithelial cell line IOSE80 as a control, found that the expression levels of NTPCR in SKOV3 and OVCAR-3 cells were higher (Figure 2B, p < 0.05); hence, we chose these two strains of cells for follow-up experiments.
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FIGURE 2. Knocking out of NTPCR-induced cell proliferation, S phase arrest, promoted cell invasion, and migration in SKOV3 cell line. (A) The construction of the overexpression vector and interference shRNA vector of NTPCR. It can be seen from the left figure that compared with Scramble groups, the expression of NTPCR in shRNA groups was significantly reduced, and shRNA1 was more obvious. That is why we previously chose shRNA1 for the subsequent experimental studies. It also can be seen from the right figure that compared with the vector groups, the expression of NTPCR in NTPCR OE groups was significantly increased, and compared to the Scramble groups, shNTPCR groups were significantly reduced (*p < 0.05, **p < 0.01). (B) NTPCR expression levels were significantly upregulated in four ovarian cancer cell lines (SKOV3 vs. IOSE80, p < 0.01; CAOV-3 vs. IOSE80, p < 0.05; OV-1063 vs. IOSE80, p < 0.01; and OVCAR-3 vs. IOSE80, p < 0.01) compared with the human ovarian epithelium cell line IOSE80. (C) The effect of NTPCR on the viability of epithelial ovarian cancer cells. The CCK-8 assays were performed to evaluate the cell proliferation after being cultured at 24, 48, 72, and 96 h (**p < 0.01). (D) The effect of NTPCR on the DNA replication ability of epithelial ovarian cancer cell lines SKOV3 and OVCAR-3. In the figure, EdU detects the DNA replication ability (*p < 0.05, **p < 0.01). (E) The picture shows the distribution of the cell cycle detected by PI. NTPCR increased the proportion of G0/G1-phase cells in epithelial ovarian cancer cells and decreased the proportion of S-phase and G2/M-phase cells (*p < 0.05, **p < 0.01). (F,G) Transwell assesses the effect of NTPCR on the migration and invasion of epithelial ovarian cancer cells. In SKOV3 cells and OVCAR-3 cells, overexpression of NTPCR reduced cell migration ability, and downregulation of NTPCR increased cell migration ability. The results show the same in the cell invasion experiment (*p < 0.05, **p < 0.01).


In the CCK-8 assays, cell viability exhibited significant differences between NTPCR over expression (OE) and shNTPCR groups (Figure 2C, p < 0.01), indicating that overexpression of NTPCR inhibited EOC cell viability and interference with NTPCR expression increased cell viability. EdU results showed that NTPCR downregulation of NTPCR expression promotes the DNA replication process (Figure 2D), which shows that knockdown of NTPCR promoted cell proliferation in EOC cells. The effect of NTPCR on the cell cycle was also analyzed by flow cytometry analysis, and we found that overexpression of NTPCR increased the proportions of G0/G1phase cells and decreased the proportions of S- and G2/M-phase cells, while downregulating NTPCR expression was just the opposite (Figure 2E). Finally, through the Transwell chamber experiment, we found that NTPCR inhibited the metastatic and invasive abilities of EOC cells (Figures 2F,G). On the whole, we have enough reasons to believe that NTPCR can inhibit the biological process of EOC and act as a tumor suppressor.



Transcriptomic Analysis on the Effect of NTPCR Expression in EOC

On the basis of clarifying that NTPCR inhibits the biological process of EOC, we intended to initially explore the mechanism of NTPCR regulating the progress of EOC. First, we analyzed the mRNA expression profile of the shNTPCR and shNC groups through transcriptomics and screen out DEGs, and under the cutoff criteria of | log2FC| > 1.585 and FDR < 0.05, we screened a total of 1,408 DEGs between the shNTPCR group and shNC group, including 783 upregulated and 625 downregulated genes. Bidirectional clustering analysis and Volcano Plot for DEGs are shown in Figure 3A.
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FIGURE 3. Identification of DEGs between shNTPCR ovarian cancer groups and control shNC groups. (A) Two-dimensional clustering analysis (left) and volcano plot (right) for DEGs. Columns in the clustering analysis results represent different samples, while rows refer to differential genes; red and blue color represent upregulated and downregulated expression. Dots in the volcano plot diagram represent differential genes. Red and blue dots refer to upregulated and downregulated genes. (B) KEGG pathway enrichment analysis results for DEGs. The pathway with a smaller p-value represented a significant enrichment degree. The dot sizes refer to the count number of genes enriched by the pathway category. (C) GSEA results of dysregulated genes in ovarian cancer.


We performed the Gene Oncology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for DEGs in shNTPCR groups. The results showed that these genes were mainly related to biological processes of response to the virus, viral genome replication, response to lipopolysaccharide, and extracellular matrix organization. The signaling pathway categories included NOD-like receptor signaling pathway, IL-17 signaling pathway, hepatitis C, and cytokine–cytokine receptor interaction (Figure 3B).

Moreover, we analyzed the dysregulated gene sets in the shNTPCR group samples by using the GSEA algorithm. The results are shown in Figure 3C (enrichment score = 0.221325, p < 0.05). The enrichment score for upregulated genes is slightly higher than that of downregulated genes, indicating that the expression status of gene sets might exhibit a similar effect on EOC.



PPI Network Analysis

We constructed the PPI networks for these DEGs and screened the top 10 node genes with the higher scores based on the three topological properties (Figure 4A and Table 1). There were 348 nodes and 1,154 edges in the network. Several genes obtained higher degree values, such as STAT1 (degree = 43), OAS2 (degree = 36), OAS1 (degree = 36), IFIT3 (degree = 36), OASL (degree = 36), and MX1 (degree = 36).


[image: image]

FIGURE 4. Regulatory network analysis to predict miRNAs and TFs associated with ovarian cancer. (A) PPI network construction to analyze DEGs in shNTPCR ovarian cancer groups. The red node represent upregulated genes, while the green dot refer to downregulated genes. The node with blue aperture indicates genes related to ovarian carcinoma. (B) Two clusters of functional modules were identified from the PPI network. (C) Functional enrichment analysis results for DEGs in subnetwork modules, and the top 10 pathway categories were sorted according to the p-value. (D) Regulatory network of miRNA–TF–gene was constructed to predict crucial genes correlated with ovarian cancer progression. Dots in red and green color represent upregulated and downregulated genes, respectively; triangular nodes and V-shaped nodes represent miRNA and TFs.



TABLE 1. The top 10 hub genes in PPI network were identified as candidate genes related to ovarian cancer according to topological properties (degree centrality, betweenness centrality, and closeness centrality).

[image: Table 1]
Furthermore, we used MCODE plug to screen subnetwork modules related to PPI networks. By setting the score ≥ 10 and node ≥ 10 as cutoff criteria, two subnetwork modules were screened (Figure 4B). Several signaling pathways were identified as associated with these DEGs, including human papillomavirus infection, TNF signaling pathway, and Kaposi sarcoma-associated herpesvirus infection (Figure 4C).



Prediction of miRNA and TFs Associated With EOC

The miRNAs and TFs correlated with DEGs were predicated by using Enrichr tools (Table 2). The top five miRNAs and TFs with the higher scores (combine score) were selected to establish a regulatory network of an miRNA–TF–target gene (Figure 4D). Hsa-miR-124-3p and EP300 obtained the highest count compared with other miRNAs or genes (Hsa-miR-124-3p, gene number = 195, p < 0.01; EP300, gene number = 27, p < 0.01), indicating the two genes were hub genes in the regulatory network.


TABLE 2. The top five miRNAs and transcription factors with higher combined scores were predicted to be crucial factors associated with ovarian cancer.
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Differential Metabolites Between NTPCR and Normal Samples

Metabolism is the downstream of gene regulatory network and protein action network and is closely related to the phenotype of organisms. DEGs may ultimately affect the composition and level of intracellular metabolic spectrum. We used mass spectrometry to detect metabolite difference between the shNTPCR and shNC groups; by the threshold of FDR < 0.01, | log2FC|, and VIP > 1, we screened a total of 44 differential metabolites, including 26 metabolites in ESI + ion mode and 18 metabolites in the ESI− ion mode. Among these metabolites, there were 22 upregulated and 22 downregulated metabolites. Hierarchical cluster analysis and volcano plot results showed that these dysregulated metabolites can be significantly classified into two differential groups (Figures 5A,B).
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FIGURE 5. Identification of differential metabolites between NTPCR groups and normal groups. (A) Hierarchical clustering analysis was performed for differential metabolites in NTPCR vs. normal control samples under ESI + ion (left) and ESI- ion (right) modes. Green represent downregulated metabolites, while red refer to upregulated metabolites. (B) Volcano plot of differential metabolites in NTPCR vs. normal control samples under ESI + ion (left) and ESI- ion (right) modes. Blue dots are downregulated metabolites, pink dots refer to upregulated metabolites, and gray dots represent normal metabolites. The dot size was correlated with VIP values. (C) Functional enrichment results of differential metabolites in NTPCR vs. control groups. The horizontal axis is the count number of pathways, while the vertical axis is the pathway names. The dot size represents the ratio of pathways enriched by metabolites. The color change from blue to red means a smaller p-value.


Functional analysis results showed that a total of 12 signaling pathways were screened, including metabolic pathways, glycine, serine and threonine metabolism, glycerophospholipid metabolism, and ABC transporters (Figure 5C).



Integrated Transcriptomic and Metabolomic Analysis

The integrated transcriptomic and metabolomic analysis showed that DEGs and differential metabolites in the NTPCR groups were associated with eight overlapped pathways, such as primary bile acid biosynthesis, protein digestion and absorption, pentose, and glucuronate interconversions (Figure 6). Of these pathways, pentose and glucuronate interconversions obtained a higher overlapped gene number than other pathways, including 10 overlapped genes (SLC7A7, SLC7A8, COL4A5, etc.) and one metabolite (L-threonine).
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FIGURE 6. Integrated transcriptomic and metabolomic analysis results to identify crucial KEGG pathways related to ovarian cancer. The horizontal axis is the pathway categories, and the vertical axis is the count number of differential genes and metabolites. A p < 0.05 represents a significant difference, and the dots with the color changing from pink to red represents a smaller p-value.





DISCUSSION

In this study, we demonstrated the potential roles of NTPCR in EOC. It was observed that NTPCR was downregulated in EOC tissues and NTPCR can inhibit cell proliferation, migration, and invasion, and decrease the proportions of S- and G2/M-phase cells, indicating that NTPCR might serve as a tumor suppressor in ovarian cancer.

NTPCR (THEP 1, C1orf57, or HCR-NTPase) is a non-specific nucleoside triphosphatase exhibiting a slow hydrolyzed activity in vitro. It is overexpressed in several tumor tissues including neuroblastoma and liver cholangiocarcinoma (Placzek et al., 2007; Pasdziernik et al., 2009). A previous study reported there was no effect observed in NTPCR-silencing neuroblastoma cells, while overexpression of NTPCR led to the cytotoxicity of this protein (Pasdziernik et al., 2009). However, the expressed status and physiological role of NTPCR is still unknown in other cancer types, especially in ovarian cancer. Our study firstly reported that NTPCR might serve as a tumor suppressor in ovarian cancer progression.

RNA sequencing results revealed that disturbance of transcriptome was observed in shNTPCR ovarian cancer cells, and several miRNAs and TFs were predicted to be hub genes correlated with ovarian cancer, including hsa-miR-124-3p, hsa-miR-146a-5p, hsa-miR-30a-5p, EP300, GATA2, and STAT3. MicroRNAs are endogenous small RNAs that function as pivotal roles in tumorigenesis, and they execute the posttranscriptional regulation process by interacting with target genes (Iorio et al., 2007; Kasinski and Slack, 2011). miR-124 s highly conserved in humans. Abnormally expressed has-miR-124 has been reported in multiple cancers, such as gastrointestinal carcinomas (Xia et al., 2012; Zhang et al., 2014) and hepatocellular carcinoma (Chen et al., 2018). Down-regulation of miR-124 was identified in highly metastatic ovarian cancer cells and human tissue specimens (Zhang H. et al., 2013). Consistent with the role in gastric cancer, it could inhibit invasive and migratory abilities of ovarian cancer cells according to interaction with the 3′-untranslated (3′-UTR) regions of SphK1 mRNA. Similarly, another paper showed miR-124 might serve as a tumor suppressor in malignant tumors, and thus, upregulated miR-124 could inhibit cell proliferation and migration by decreasing PDCD6 expression in SKOV3 and OCVAR3 cells (Yuan et al., 2017). A recent paper revealed miRNA-124-3p targeting gene Gata2 might be a novel biomarker related to ovarian cancer progression based on multiomics analysis of the tumor microenvironment (Gov et al., 2017). GATA-binding factor 2 (GATA2) is a TF that is critical for many physical processes, such as embryonic development, blood forming, and tissue-forming stem cells. Abnormal GATA2 epigenetic dysregulation can induce unfavorable phenotypes in human gastric cancer by decreasing expression of GATA6, which has a vital role in gastrointestinal development (Song et al., 2018). Considering this, our study is consistent with a previous study that miR-124 might interact with target gene GATA2 to regulate the progression of ovarian cancer.

As for miR-146a, Wilczyński et al. (2017) analyzed the expression of miRNAs in ovarian cancer patients undergoing surgery and found miR-146a was increased in primary tumors compared with normal ovarian tissue (p = 0.02); lower levels of miR-146a in patients were correlated with shorter survival times. Many ovarian cancer patients with a strong family history had mutations of BRCA1/BRCA2, and a previous study demonstrated miR-146a can bind to the 3′-UTR region of the two genes and regulated their expression (Pastrello et al., 2010); patients who had polymorphism of hsa-mir-146a (rs2910164) may be diagnosed at a younger age than patients without a variant allele. Histone acetyltransferase p300 (EP300) is also known as p300, and it functions as a histone acetyltransferase that regulates cell growth and division. Somatic missense alterations of EP300 have been identified in gastrointestinal cancer, such as colorectal and gastric cancer (Muraoka et al., 1996). Six truncating mutations were identified in various human cancer types, including ovarian carcinoma (Gayther et al., 2000). Moreover, EP300 can be targeted by the miR-106b∼25 cluster and be involved in regulating multidrug resistance in an ABC transporter-independent manner (Hu et al., 2016). Prevalent evidence uncovered the roles of STAT3 in ovarian cancer. Elevated STAT3 expression was identified in ovarian cancer ascites and could promote invasion and metastasis (Saini et al., 2017). STAT3 also interacting with miRNA-92 promoted malignant progression in ovarian cancer, and the potential mechanism was associated with regulation of the Wnt signaling pathway (Chen et al., 2017). Multiomics profiling reveals STAT3 regulated several biological processes in ovarian cancer, including epithelial–mesenchymal transition, cell cycle progression, and E2F signaling (Lu et al., 2019).

In addition, metabolites were final products in biological processes and can be disturbed by genetic factors. The integrated transcriptomic and metabolomic analysis demonstrated that significant alterations of eight pathways were identified in the NTPCR group, such as pentose and glucuronate interconversions, primary bile acid biosynthesis, protein digestion, and absorption. A total of 10 overlapped genes (SLC7A7, SLC7A8, COL4A5, etc.) and one metabolite (L-threonine) were significantly correlated with the pathway of protein digestion and absorption in ovarian cancer. AKT serine/threonine kinase 1 can be target by microRNA-215 to regulate the progression of breast cancer (Yao et al., 2017). Moreover, serine–threonine kinases (STK) were also reported as attractive therapeutic targets in EOC; the combination of STK inhibitors with cytotoxic agents or other class biological agents significantly improved clinical benefit rates (Ciccone et al., 2016).

In summary, our study provided an experimental foundation that decreased NTPCR can affect cell proliferation, cell cycle, cell migration, and invasion in SKOV3 cells. Further experimental foundations should be conducted to investigate the mechanism of NTPCR in ovarian cancer progression. Integrative analysis of transcriptomic and metabolic profiling identified crucial pathways related to differential metabolites and genes. This study might provide attractive targets for the potential treatment of ovarian cancer patients.
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Transcription is a step in gene expression that defines the identity of cells and its dysregulation is associated with diseases. With advancing technologies revealing molecular underpinnings of the cell with ever-higher precision, our ability to view the transcriptomes may have surpassed our knowledge of the principles behind their organization. The human RNA polymerase II (Pol II) machinery comprises thousands of components that, in conjunction with epigenetic and other mechanisms, drive specialized programs of development, differentiation, and responses to the environment. Parts of these programs are repurposed in oncogenic transformation. Targeting of cancers is commonly done by inhibiting general or broadly acting components of the cellular machinery. The critical unanswered question is how globally acting or general factors exert cell type specific effects on transcription. One solution, which is discussed here, may be among the events that take place at genes during early Pol II transcription elongation. This essay turns the spotlight on the well-known phenomenon of promoter-proximal Pol II pausing as a step that separates signals that establish pausing genome-wide from those that release the paused Pol II into the gene. Concepts generated in this rapidly developing field will enhance our understanding of basic principles behind transcriptome organization and hopefully translate into better therapies at the bedside.
Keywords: transcriptome regulation, epigenetics, transcription elongation, RNA pol II pausing, NELF model
INTRODUCTION
Treatments of cancers should ideally be tailored to their specific molecular signatures. The central place and complexity of transcription regulation in normal and cancer cells offer tantalizing opportunities for precise targeting (Bushweller, 2019; Van Hoeck et al., 2019; Malone et al., 2020). Many anticancer drugs in use and in development today target the transcriptional machinery or epigenetic regulators (Villicaña et al., 2014; Mohammad et al., 2019; Park and Han, 2019; Laham-Karam et al., 2020). However, rather than specific transcription factors, many drugs work against factors with broad-spectrum functionality including epigenome modifiers and components of the basal transcriptional machinery (Bywater et al., 2013). This targeting strategy draws from long-standing observations that perturbation of general or globally acting factors often results in distinct cell type specific effects for reasons that remain poorly understood (Ptashne, 2013). Because many targets of anti-cancer therapies have broad or essential roles in normal cells, their use remains heavily based on empirical findings. Targeting specific factors such as transcription factors causative of certain cancers is becoming feasible (Sievers et al., 2018; Duffy and Crown, 2021), but is limited by an uncertainty in how these and other factors may function in different cellular contexts.
Transcription is the first step in expression of genes and genomes. The combined activity of some 20,000 human genes results in genome-wide RNA transcriptome patterns that reflect the biology and define the identity of every cell. Despite the flood of technologies describing the transcriptomes with increasing precision, our understanding of gene regulation remains fundamentally based on the knowledge gained from studies of individual genes. A long-standing gene-centric paradigm describes regulation by sequence-specific transcription factors that serve as repressors and activators, in contrast to factors broadly involved in the process of transcription that are considered basal or general (Nikolov and Burley, 1997; Juven-Gershon and Kadonaga, 2010). This paradigm does not explain network-level events especially the molecular rules governing interactions among thousands of genes in different cell types.
Two features of Pol II transcription are of note. On the one hand, the Pol II machinery is constantly modulated by a host of activating and repressing inputs that connect transcription to the environment within and outside the cell. These second to minute-scale events underlie rapid responses to stimuli and have generated the bulk of our understanding of transcription regulation in cellular responses to environmental triggers such as heat shock, hormones such as estrogen, or innate immune responses (Adelman et al., 2009; Hah et al., 2011; Mahat et al., 2016). In addition, metazoan cells have a special ability to form distinct stable steady states and undergo regulated transitions between them. These transitions take place on longer timescales, lasting hours to years, and involve predefined programs that are commonly visualized through the concept of the epigenetic landscape (Waddington, 1957). These transitions underlie development and differentiation of normal cells and involve transcriptional and epigenetic control mechanisms and factors that can be ectopically activated in cancers (Rousseaux et al., 2013).
Targeting strategies should benefit from better understanding of principles that govern the transcriptomes. This problem can be conceptually narrowed down to defining the molecular interactions that link individual genes within transcriptional networks. Given the overall conservation of the RNA polymerase II machinery (Hampsey, 1998), mechanisms that drive this quantum leap in complexity in higher organisms presumably do not involve too many additional players and instead must rely on repurposing of existing components. In this essay, we discuss some of the challenges in targeting the transcriptional machinery and suggest a potential avenue for improving the precision of broad-stroke interventions.
PERVASIVE UNCERTAINTY IN TARGETING CELLULAR COMPONENTS
In this section we describe some of the challenges in targeting the transcriptional machinery. These arise not only from unintended effects of drugs, which can be improved by identifying better targets and better drug design, but also from the inherent uncertainty of transcription regulation in different cellular contexts.
Targeting the Transcription Machinery: Knocking on the Black Box
Transcription is the ultimate target of numerous anticancer drugs that act on Pol II or the epigenetic machinery. Cancer targeting aims to either kill or reprogram cells into more benign states (Gong et al., 2019). To gain selectivity over normal cells, targeting strategies exploit distinct properties of cancer cells. One property is addiction to transcription (Bradner et al., 2017), which increases the demands of cancer cells for Pol II activity and makes them more sensitive to its inhibition. Inhibitors of general transcription factors such as TFIIH and P-TEFb have been used (Villicaña et al., 2014; Wang et al., 2015; Sava et al., 2020). Known oncogene transcription factors such as c-Myc, KRAS, etc, are tempting targets because of their key roles in cancer initiation and progression (Hallin et al., 2020; Madden et al., 2021). However, some of these factors have been considered undruggable or difficult to target for various reasons including their critical roles in normal cells and/or difficulty to specifically target interactors as compared to enzymes (Lazo and Sharlow, 2016; Zhang et al., 2018). Recent studies suggest that these challenges will be at least to some extent overcome (Duffy and Crown, 2021; Trkulja et al., 2021; Wang et al., 2021). However, the highly changeable nature of cancers that can outselect therapies will always remain a formidable caveat.
A second property of cancer cells is broad dysregulation of the transcriptional machinery (Bywater et al., 2013; Lee and Young, 2013), which alters the requirements of cancer cells for its components and leads to unusual sensitivity to inhibition of certain factors. Several classes of epigenetic drugs are in development or already on the market, with the more common including Histone Deacetylase (HDAC) Inhibitors, Histone Acetyltransferase (HAT) inhibitors, Bromodomain Inhibitors, DNA methylation inhibitors, etc. These and others are described in detail in reviews elsewhere, for example, in (Heerboth et al., 2014; Mohammad et al., 2019; Nepali and Liou, 2021). Broad-stroke targeting has been rather successful in generating drugs, placing a burden on better understanding of when to target distinct components.
A third property of cancer cells is altered expression of genes outside of those involved in transcription. Differentially expressed genes are often marked as sources for therapeutic targets. Identifying therapeutic targets is perhaps the most common justification for basic studies over the years. Increasing our understanding of how different types of cancers work has indeed resulted in identification of targets including surface and nuclear receptors, kinases, etc (Kannaiyan and Mahadevan, 2018; Zhao et al., 2019; Skidmore et al., 2020). While revealing molecular mechanisms of various processes and perhaps holding the keys to successful therapies in a long run, translation of these findings into therapies takes years with no guaranteed success. The ability to tailor a drug to a living cancer patient therefore remains limited (Krzyszczyk et al., 2018).
Ambiguous Roles of Transcription Factors
Identifying causative factors for precise targeting of cancers is an attractive goal that has met serious challenges (Vishnoi et al., 2020). Cancers with well-known etiology such as fusion protein driven pediatric cancers remain difficult to target (Uren and Toretsky, 2005; Brien et al., 2019). This uncertainty is only amplified in adult cancers (Dawson et al., 2011; Fung et al., 2015; Shan et al., 2017; Winters and Bernt, 2017). One major reason behind this uncertainty is that the functions of individual factors can be dramatically altered across cell types and different individuals. This property may be inherent to transcription factors themselves and might not always be controllable.
DNA-binding transcription factors are commonly labeled as either activators or repressors (Wolffe et al., 1997). It is becoming increasingly clear, however, that most if not all transcription factors can, and likely do, function both as repressors and activators. There are several possible reasons for this duality. First, a factor itself may play different roles at the same loci. A number of transcription factors involved in Drosophila development and stimulus responses in human cells show default repression of target genes unless activated, usually by a co-factor, thereby appearing both as repressors and activators (Barolo and Posakony, 2002). In E. coli bacteriophage T4, the transcription factor gp33 causes default repression of late promoters, but becomes their potent co-activator in the presence of its specific co-factors (Kolesky et al., 2002; Nechaev and Geiduschek, 2006). Drosophila Hunchback and Dorsal (Pan and Courey, 1992; Dubnicoff et al., 1997; Bauer et al., 2010) serve as repressors or activators depending on co-factors on different promoters to drive highly coordinated embryo development (Staller et al., 2015). These well studied examples show that switching between a repressor and an activator in principle does not require complex changes.
Dual functions of transcription factors may arise through other mechanisms. One involves distinct activities for different isoforms of the same gene. Given a large number of known gene isoforms and frequent creation of new gene isoforms in cancers (Belluti et al., 2020), alternative splicing may be a significant contributor to the ambiguity of transcription factor designation, at least at the level of a gene (Walker et al., 1996). The same factors may also have different roles because they function in distinct complexes. The Polycomb Repressive Complex 2, PRC2, introduces the H3K27 histone mark with essential roles in development, cell differentiation, and cancer (Aranda et al., 2015; Schuettengruber et al., 2017; Healy et al., 2019). Ezh2 is the catalytic component of PRC2 responsible for introducing the mark. Ezh2 has been also shown to activate transcription in a separate role that does not involve its catalytic activity and is independent of PRC2 complex (Kim et al., 2018). Ezh2 role as an activator involves the binding at a promoter of a target (AR) gene as a DNA-binding transcription factor.
While the Drosophila factors have been well known to have dual roles, as more studies become available in human systems, even long-studied factors “acquire” opposing functions (Ip, 1995). For example, Snail is a conserved member of a family of E-box motif binding transcription factors that is involved in development though its role in the epithelial-mesenchymal transition with close relevance to cancer metastasis (Alberga et al., 1991; Carver et al., 2001; Peinado et al., 2004). Snail was initially considered to be exclusively a transcriptional repressor that binds to target gene promoters such as E-Cadherin. However, Snail was later shown to also activate genes in Drosophila during mesoderm development (Wu et al., 2017). Conversion of Snail from a repressor to an activator was shown to involve acetylation of Snail by the CREB-binding protein (CBP) (Hsu et al., 2014). Post-translational modifications can convert transcriptional repressors to activators (Mosley et al., 2003; Zhang et al., 2012), suggesting that this mechanism may be used in cancers as well. The duality of transcription factor roles as activators and repressors, therefore, is likely to be their inherent property rather than an exception.
Another major mechanism that can contribute to dual roles of transcription factors has to do not with their direct function, but with compensatory changes in the rest of the cell. On a short time scale, such as during rapid responses to stimuli, these changes may be driven by redistribution of cellular machinery components (Bregman et al., 1995). Such effects are considered secondary or nonspecific and are not well understood, but are pervasive and may be just as important as direct roles of transcription factors. For example, it is common for experimental perturbation of a factor by assays such as RNA-interference to cause both activation and repression of gene cohorts regardless of its actual mechanism of action. One possible exception is the transcriptional amplifier c-Myc that supports unbiased amplification of gene activity from all promoters genome-wide (Lin et al., 2012; Nie et al., 2012). Which genes are indirectly activated or repressed through secondary interactions should depend on the cellular context of individual cancers. The apparent dual roles of P53 tumor suppressor may fall into a similar category. The transcription factor p53 is widely considered to be an activator. Several studies, however, have proposed p53 as a direct repressor of genes (Banerjee et al., 2009; Allen et al., 2014). Its repressor role is controversial and has been suggested to be indirect (Fischer et al., 2014).
The ambiguity of functional designations for transcription factors extends to their phenotypic classification as oncogenes versus tumor suppressors (Shen et al., 2018; Datta et al., 2020), which may or may not be connected to their molecular mechanisms of action. The duality of transcriptional effects as well as cancer targeting outcomes persists through all levels of transcription factor function. These opposing functions are inherent to transcription factors and might not be separable even by specific targeting.
Epigenetic Marks – A Knot Around Transcription
Epigenetic marks are known to be frequently altered in cancers (Jones and Baylin, 2007; Baylin and Jones, 2011; Bennett and Licht, 2018), making potentially reversible epigenetic reprogramming an attractive targeting strategy (Jin and Kim, 2017). There are caveats, however. First, known epigenetic marks have a broad scope, either covering large regions of the genome or distributed across multiple punctate regions, limiting the specificity of direct targeting. Second, many known histone marks are closely tied to transcription, either associated with repressed or active states of the nearby genes or regulatory elements such as enhancers (Henikoff and Shilatifard, 2011; Li et al., 2012; Kang et al., 2020) through mechanisms that remain to be fully understood. For example, histone H3 Lysine 4 trimethylation (H3K4Me3) preferentially marks active promoters, whereas monomethylation (H3K4Me1) mark appears to prefer regions outside of promoters including active and poised enhancers (Heintzman et al., 2007), and might have to do with transcriptional memory (Saeed et al., 2014; Bae and Lesch, 2020). Even with these well studied marks there are overlaps between distinct elements such as promoters and enhancers and the rules behind their deposition merit further studies (Pekowska et al., 2011; Scruggs et al., 2015; Soares et al., 2017). Histone H3K27 acetylation is commonly used to profile open genomic regions including active enhancers (Creyghton et al., 2010), but its functional roles remain not fully clear (Zhang et al., 2020). Acetylation patterns of various histones may be a good predictor for various types of regulatory elements (Rajagopal et al., 2014). Because genes and other regulatory regions are hotspots for multiple epigenetic marks with at least partial redundancy (Takeshima et al., 2009; Benveniste et al., 2014; Ahsendorf et al., 2017), targeting individual marks inevitably affects other marks and possibly the entire transcriptome.
The histone code hypothesis (Strahl and Allis, 2000) implies that the patterns of covalent histone modifications on a gene should reflect its dynamic regulatory state, likely contributing to widespread interest in epigenetics. Indeed, some histone modifications can be uncoupled from transcription activity. The conserved Polycomb Group (PcG) and Tritorax group of genes (trxG) complexes play crucial roles in development and introduce, respectively, repressive and activating histone modifications. The so-called bivalent genes that simultaneously harbor repressive and activating marks are poised for fate commitment in development and differentiation (Bernstein et al., 2006; Vastenhouw and Schier, 2012). The histone H3K36 modifications in the gene body regions may regulate alternative splicing (Kim et al., 2011). The histone H3K9 methylation, a repressive mark associated with heterochromatin, may be involved in arranging chromatin domains at the nuclear periphery (Towbin et al., 2012; Bian et al., 2020), protection against mechanical damage of the nucleus (Nava et al., 2020), remodeling of chromatin domains during differentiation (Wang et al., 2018; Burton et al., 2020) and maintenance of cell identity (Nicetto and Zaret, 2019). Many known histone modifications do not have clearly assigned functions yet, and will likely generate new findings (Tan et al., 2011).
When considering the dynamics of chromatin modifications, it is important to distinguish differences across loci within a cell type from differences at the same locus across cell types. Different genes in the same cell type clearly show distinct epigenomic patterns (Ernst and Kellis, 2010). However, across cell types, genome-wide patterns for histone modifications that we examined (ENCODE et al., 2020), at least in bulk experiments, appear to be similar for the same loci (Figure 1 and not shown). This is mirrored in Pol II distribution as well (Figure 1), consistent with an earlier study, for example, (Day et al., 2016). Even examining a study that highlighted differences between epigenomes, most of the epigenomic features on a given gene are quantitatively similar (Yen and Kellis, 2015). Differences in epigenome patters between cell types may therefore be in relatively subtle shifts in balance among different marks (Gopi and Kidder, 2021), for example, in the breadth of regions harboring the marks (Benayoun et al., 2014), possibly representing distinct overall states of the nucleus or its compartments (Zhao et al., 2007), or distinct signaling pathways (Yen and Kellis, 2015). Comparing epigenetic marks remains difficult at this level due to quantitative limitations of omics technologies. Future studies employing emerging technologies and better integration of datasets should reveal new insights into the tightly interconnected workings of epigenetic marks. For example, recent work using a mouse model identified epigenetic reprogramming as an essential step for the initiation of pancreatic cancer, wherein cells carrying certain oncogenic mutations require an environmental insult that causes epigenetic changes and triggers cancer cell fate (Alonso-Curbelo et al., 2021). To the best of our knowledge, this study is among the first to directly demonstrate a role for an epigenetic “hit” to trigger carcinogenesis. Finding the reasons behind why some cells are more sensitive to epigenetic reprogramming by drugs or environment, and identifying the weak points for their reprogramming, is an exciting direction to explore.
[image: Figure 1]FIGURE 1 | Similarity in genome-wide distributions of Pol II and histone marks across distinct systems. ChIP-sequencing datasets from the ENCODE database (Davis et al., 2018) for human heart, lung and pancreas normal tissues (A) and A549, MCF7 and K562 cancer cell lines (B) were used to plot density heatmaps around peak regions ± 3 kb from a peak center using computeMatrix reference-point (version 3.3.0) and plotHeatmap (version 3.3.0) with k-means clustering (k = 6). The numbers of peaks are 22,944 for Pol II and 28,287 for H3K4Me3. The datasets used were ENCSR901SIL, ENCSR701FGA, ENCSR876DCP, ENCSR336YRS, ENCSR033NHF, ENCSR610EFT, ENCSR000DMZ, ENCSR388QZF, ENCSR000DMT, ENCSR203XPU, ENCSR668LDD, ENCSR985MIB, respectively.
Multiple Sides of the Cellular Context
Cancers readily repurpose mechanisms that normally govern cell state transitions in differentiation, development, and responses to stimuli. Targeting of cancers borrows some of the overall concepts from the stem cells. Despite major advances in the stem cell field, reprogramming of stem cells rarely if ever approaches one hundred percent and can generate heterogeneous populations (Paik et al., 2018; Terryn et al., 2018). This heterogeneity, which is expected to be even higher in cancer cells, is likely to affect reprogramming and/or response to drugs. A recent study compared the effect of c-Myc on distinct fates of murine pre-B cells: transdifferentiating into macrophages and their reprogramming into iPSCs (Francesconi et al., 2019). Cells with high Myc activity reprogrammed to iPSCs more efficiently than transdifferentiated into macrophages, whereas cells with low Myc, in contrast, transdifferentiated readily, but failed to reprogram. That the levels of one factor can dramatically influence cell fate decisions highlights the importance and complexity of the cellular context.
Despite sharing certain features such as immortality and tendency for dedifferentiation, even recently transformed cells, without high if any mutation load, can readily deviate from normal cellular programs. A recent study showed that overexpression of the RAS oncogene in wild type mouse embryonic fibroblasts (MEFs) enhanced their dedifferentiation, but transformation of the same cells by deleting p53 or Arf tumor suppressors precluded it (Ferreirós et al., 2019). Similar interactions and context dependency were observed for histone marks as well (Nagaraja et al., 2019; Vidal et al., 2020). These data indicate that cancer cells diverge into distinct epigenetic programs, and likely change their cellular context, at the early stages of transformation. Thus, relatively small changes can lead to different responses to the same signal. These and other studies highlight the uncertainty that the cellular context can affect the apparent mechanism of transcription factor action as well as functional outcomes of its targeting.
A COMMON FRAMEWORK OF TRANSCRIPTOME ORGANIZATION
In this section we discuss a genome-wide view of transcription noting overall similarities in gene expression and highlighting potential mechanisms that might be pertinent for understanding transcriptome regulation.
The Transcriptome Rests on DNA
mRNA profiling has been widely used to identify genes with differential expression. Genome-wide gene expression patterns have been proposed as a basis to classify cancers (Perou et al., 2000). RNA-sequencing is arguably the easiest omics tool from the user’s point of view today, and some thousands of mRNA datasets are publicly available. Comparing RNA profiles of publicly available datasets of human tissues, a majority of transcripts are classified as present in all or in most tissues (Uhlén et al., 2016), indicating that, at least in bulk experiments, most genes show similar patterns of expression across distinct cell types. Despite substantial differences, cancer cells and primary tumors show unexpectedly high correlation of RNA signal even among distant cancer types (for example, (Yu et al., 2019)). Comparison of RNA profiles showed that the group of genes that are differentially expressed is rather similar between distant cell lines (Crow et al., 2019). Analysis of gene expression across several species showed that variation in expression among different genes exceeds that of the same gene in different conditions (Zrimec et al., 2020). Accordingly, genes that account for differential transcriptome profiles are relatively few and seem to fall into categories related to stress responses and immune function regardless of the cell type (Crow et al., 2019). A small number of genes may be sufficient to classify cancer subtypes as, for example, is done for breast cancers (Parker et al., 2009). RNA-sequencing in cancers is just as, if not more frequently used for the detection of exonic mutations (PCAWG et al., 2020). These observations point to overall similarity of gene expression states across the genome, that is, imply a fundamentally common transcriptome structure in human cells.
One way to breach the boundaries of transcription control is through changing gene copy numbers. Local and chromosome-wide changes of DNA copy number is a frequent occurrence and is one of the hallmarks of cancer (Hanahan and Weinberg, 2011). Changes in copy number enable cancer cells to alter expression of genes without any other regulatory inputs (Shao et al., 2019). This may reflect a fundamental property of mammalian transcriptomes wherein changes in gene copy numbers are not by default compensated (Disteche, 2016) and can alter the entire transcriptome. Indeed, genetic haploinsufficiency is associated with many diseases (Han et al., 2018). Dosage compensation is best known in X-chromosome inactivation (Brockdorff and Turner, 2015). Forced reactivation of the inactive X-chromosome copy by knocking down Xist levels in mice results in an increase of total X-linked gene expression (Yang et al., 2016) that can lead to cancer (Yildirim et al., 2013). Interestingly, autosomal polysomy in human cells can be compensated at the level of protein, but not at the level of RNA (Stingele et al., 2012). Sensitivity to DNA copy number raises an intriguing possibility that the transcriptome may be fundamentally structured by the process of transcription rather than its products.
Pol II Pausing – A Common Step in Complex Organisms
Widespread accumulation of Pol II signal at promoter regions of genes has been well documented (Kim et al., 2005). Rather than preinitiation complexes, this signal comes largely from elongating Pol II that began RNA synthesis, but paused within the first ∼50 nucleotides (Pugh and Venters, 2016) (Figure 2). Because of its proximity to gene transcription start sites, the prevalence of Pol II pausing across the genome became clear only as technologies attained sufficient resolution (Muse et al., 2007; Zeitlinger et al., 2007; Nechaev et al., 2010). Perhaps because Pol II pausing was originally described on inducible genes such as MYC and heat shock HSP70 (O'Brien and Lis, 1991; Spencer and Groudine, 1990; Krumm et al., 1995), it was long believed to be a specialized mechanism that prepares highly inducible genes for activation. However, based on analyses of short RNA transcripts, Pol II pausing signatures are not confined to inducible genes, but are present on all genes, and likely accompany all transcription, whether initiating at or outside of promoters, including divergent transcription, intergenic transcription, enhancers, etc (Scheidegger et al., 2019). This makes pausing unlikely to be a mechanism that universally prepares genes for activation, although it likely contributes to it (see below) (Muse et al., 2007). Many details of Pol II pausing such as its relationship with the burst mode of transcription (Corrigan and Chubb, 2014; Fukaya et al., 2016; Tunnacliffe and Chubb, 2020) and its dynamics remain to be established. Whether Pol II pausing can be bypassed for individual transcription events or not, at least a certain percentage of Pol II complexes appear to undergo pausing at every start site of transcription (Scheidegger et al., 2019). The so-called “nonpaused” genes still show the same small RNA pausing signatures in terms of their size distributions, but are either less active or have a lower pausing index (Muse et al., 2007; Zeitlinger et al., 2007) (or higher traveling ratio (Rahl et al., 2010)) compared to other genes (Nechaev et al., 2010; Scheidegger et al., 2019). Examination of genome-wide datasets shows that different genes within a dataset show higher or lower pausing index, but these signatures, just like some histone marks, are overall stable across cell lines (Figure 1). These observations reinforce a notion on fundamental conservation of the human transcriptome and also raise a question about roles of pausing in regulation.
[image: Figure 2]FIGURE 2 | A scheme of events during early transcription elongation. Early transcription elongation within 25–60 nucleotides (nt) from the Transcription Start Site (TSS) is a step integrating upstream and downstream regulatory inputs. Upstream inputs from multiple factors including transcription factors (TF) and epigenetic marks result in transcription initiation at the promoter and culminate in NELF-dependent pausing. DSIF complex is not included in the model. Pause release into transcription elongation is dependent on P-TEFb. Uncoupling of transcription initiation and elongation at the site of pausing through mechanisms such as promoter proximal termination contributes to transcriptome organization.
In considering potential biological roles of promoter-proximal Pol II pausing, it might be of significance that Pol II activity at this site is controlled by at least two distinct groups of factors: those that establish pausing and, on the other hand, those that release the Pol II from the paused state (Figure 2). The Negative Elongation Factor (NELF) is a five-subunit complex (Yamaguchi et al., 1999) that in conjunction with 5,6-dichloro-1-β-d-ribofuranosylbenzimidazole sensitivity-inducing factor (DSIF) (Yamaguchi et al., 2001) is sufficient to cause Pol II pausing in vitro (Renner et al., 2001; Wu et al., 2003). NELF is absent from yeast and C. elegans, indicating that NELF-dependent pausing is a function of higher organisms. Budding yeast S. cerevisiae do show Pol II accumulation at promoter regions at least at some genes (Radonjic et al., 2005). High-resolution nascent RNA analysis shows major differences between budding and fission (S. pombe) yeast, with the latter showing pausing signatures at a significant proportion of genes (Booth et al., 2016). However, fission yeast show clear differences from Drosophila and mammals in terms of the +1 nucleosome positioning presumably due to absence of NELF. These observations indicate that Pol II pausing is more prevalent and may be more tightly regulated in higher organisms.
Targeting of individual NELF subunit alters the levels of its other subunits (Sun et al., 2008), indicating that NELF components function as a complex. NELF is downregulated in breast cancers (Sun et al., 2008), but is potentially oncogenic in other cancers including prostate (Yun et al., 2018), liver (Dang et al., 2017; El Zeneini et al., 2017) and pancreas (Han et al., 2019). These observations indicate that the functional outcome of NELF perturbation is defined by the cellular context. The Positive Transcription Elongation factor B (P-TEFb) (Marshall and Price, 1995) is a two-component complex consisting of a cyclin T1, which can be substituted with cyclin T2 or possibly cyclin K, and a cyclin-dependent kinase 9 (CDK9) (Peng et al., 1998; Peterlin and Price, 2006; Kohoutek, 2009). P-TEFb releases the paused complex into productive elongation by phosphorylation of several proteins including DSIF subunit Spt5 at several sites (Wada et al., 1998; Kim and Sharp, 2001; Yamada et al., 2006; Parua et al., 2020), NELF (Fujinaga et al., 2004; Lu et al., 2016) and Pol II C-terminal domain at Ser-2 residues (Marshall et al., 1996). P-TEFb appears to be more conserved than NELF. Yeast may have more than one kinase (Hsin and Manley, 2012), although mammalian homologs of these kinases such as CDK12 appear to phosphorylate Pol II Ser-2 during elongation downstream of pause release by P-TEFb (Bartkowiak et al., 2010; Tellier et al., 2020). Neither NELF nor P-TEFb are essential for Pol II enzymatic function in vitro, but do appear to be essential for proper transcription in vivo (Sun et al., 2011; Aoi et al., 2020; Fujinaga, 2020). P-TEFb is a hub for regulatory inputs for multiple factors including c-MYC and NF-kB, and possibly many others (Zhou et al., 2012; Mahat et al., 2016; Aoi et al., 2020). The requirement for distinct essential factors individually controlling the on and off rates of a Pol II complex that is already committed to elongation is notable.
REGULATION BY GLOBALLY ACTING FACTORS
Here we discuss how transcription can be regulated by essential factors at the site of promoter-proximal Pol II pausing.
Encoding the Change in the Static Genome
One genome must specify the entire structure and dynamics of the transcriptomes for in every cell, but the rules of how it does so remain obscure. It is evident, however, that promoters, including core promoter basal sequence elements such as the TATA box, initiator motif, Downstream Promoter Element, etc, do not merely serve as a passive platform for the binding of regulatory factors, but actively shape the outcomes of regulatory inputs (Butler and Kadonaga, 2002). Flexibility of promoters is fundamental and starts with bacteria: in E. coli, no single promoter, including for the highest expressed rRNA genes, contains a full consensus sequence of basal elements (Bervoets and Charlier, 2019). Instead, promoters are pre-wired to require additional inputs for highest-level transcription and thus to be inherently controllable. In eukaryotes, properties of promoters depend on the presence of distinct basal sequence elements (Butler and Kadonaga, 2002). Mechanisms for such selectivity may include preference for distinct cohorts of general transcription factors, localization within the nucleus, or interaction with enhancers (Juven-Gershon and Kadonaga, 2010; Zabidi et al., 2015; Russo et al., 2018). Differences in core promoter properties should lead to differences in their responses to the same signal, thereby creating patterns that can be complex especially with multiple signals. In this regard, about ∼350 human genes were recently noted to contain 5′-untranslated regions (UTRs) that show conservation across vertebrates, especially among specific categories of homeobox genes, kinases and genes involved in neurogenesis (Zuccotti et al., 2020).
Apart from differences between promoters, another question is whether and how the genome enables the same promoters to assume distinct regulatory states. In Drosophila, transcription start sites of regulatory genes contain sequences that favor both Pol II pausing and nucleosome binding at their transcription start sites (Gilchrist et al., 2010), which result in, respectively, active and repressed gene states. Housekeeping gene promoters, in contrast, do not contain these marks. By favoring mutually exclusive marks leading to distinct regulatory states, some promoters are intrinsically primed to be regulated. How these dynamic states are encoded in human promoters, which are highly enriched in CpG sequences, remains to be determined.
Transcriptional Responses Expose the Transcriptome
Global requirement for NELF- and P-TEFb raises a question about their functional relationship at the site of Pol II pausing. It has been proposed that activation of genes should proceed through pause “release,” that is, relatively increased P-TEFb activity (Boehm et al., 2003; Hah et al., 2011; Liu et al., 2015; Mahat et al., 2016). Sustained transcription activation must also recruit additional Pol II, leaving a question as to how Pol II recruitment and pause release are related. A consistently rigid connection between pausing establishment and release would not be conducive for regulation. Evidence suggests that promoter Pol II recruitment and pause release can indeed be uncoupled. Chemical inhibition of P-TEFb - dependent Pol II pause release by flavopiridol causes accumulation of Pol II at promoters of active genes (Rahl et al., 2010; Henriques et al., 2013; Jonkers et al., 2014). Work by the Lis lab on heat shock response demonstrated that genes repressed by heat shock can accumulate Pol II signal at promoters (Mahat et al., 2016). Global Pol II accumulation at promoters has also been shown during acute oxidative stress response (Nilson et al., 2017). By demonstrating that Pol II pausing takes place even when P-TEFb activity is perturbed, these studies show that pausing establishment and release can be functionally uncoupled, and that this connection can be regulatory. Conversely, changes in Pol II recruitment without affecting pause release are possible as well. First, gene activation can take place through increased Pol II recruitment to promoters without changes in pause release (Samarakkody et al., 2015). Second, the Shilatifard lab showed that pause release can take place without additional Pol II recruitment when Pol II is being cleared from promoters prior to mitosis (Liang et al., 2015). Overall, these and other observations suggest that processes upstream of pausing, such as Pol II recruitment to promoters and formation of preinitiation complexes, can be functionally decoupled from pause release. Furthermore, the function of Pol II pausing as a limiting step for transcription may be more significant not at the steady state, but during rapid responses to stimuli (Gressel et al., 2019). Observing cells during rapid responses to stimuli outside of the steady state may help reveal their regulatory architecture (Danko et al., 2013; Vihervaara et al., 2017).
A study from the Young lab showed that overexpression of c-Myc causes uniform amplification of all genes (Lin et al., 2012; Nie et al., 2012). Since c-Myc was shown to function through recruitment of P-TEFb to promoters (Rahl et al., 2010), this amplification is likely due to uniformly increased genome-wide pause release. These findings are important because they imply that the transcriptome is fundamentally modular. Throttling up of pause release siphons Pol II traffic through all available transcription start sites without altering the upstream steps such as promoter architecture. These observations reveal pausing as a central step that can globally separate regulatory inputs at distinct points of the transcription cycle. In this view, rather than integrating regulatory signals, Pol II pausing separates them.
Regulation of the Transcriptome at the Level of Pol II Pausing
Either NELF or P-TEFb activities may become limiting at certain circumstances such as during rapid responses to stimuli. This raises a question of how these factors are redistributed across the genome when limited amounts or activity are available. This question is broadly related to an earlier concept of enhancer insufficiency (Barolo and Posakony, 2002) wherein restriction of the activator availability limits transcription from certain genes such as those with low activity promoters, thereby reducing noise. Simple simulation of a closed cell containing promoters with randomly distributed strengths shows that restricting a factor that is essential for transcription at a post-recruitment step, such as NELF, is sufficient to generate pools of genes that appear as activated and repressed (Figure 3). Addition of a second post-recruitment step such as that controlled by P-TEFb should likewise prioritize pause release among Pol II complexes that had reached the previous step. Prioritization of essential factors at multiple steps of the transcription cycle may lead to nonlinear effects including cooperativity and stabilization of transcription output. Prioritization of essential factors, we suggest, is a key principle organizing the transcriptome.
[image: Figure 3]FIGURE 3 | Simulated changes in gene expression upon depletion of a pausing factor. (A) A scheme of steps in Pol II pausing. Initiation (ki), pausing (kp), and release (kr) constants were randomly distributed for 1000 simulated genes (with cauchy and two gaussian probability distribution functions, respectively); termination constant (kt) was the same for all simulated genes. (B) Results of simulation showing steady-state distribution of gene expression (light colored arrow) levels with two different amounts of total available NELF in the system, which results in activation and repression of genes.
Step-wise prioritization of essential factors retrospectively accounts for known features of mammalian transcriptomes. Some transcription factors such as HSF1 and NF-kB have been shown to act on pause release by directly or indirectly recruiting P-TEFb (Zhou et al., 2012; Mahat et al., 2016; Aoi et al., 2020). P-TEFb function can be either global across the genome or involve specific groups of genes (Luo et al., 2012). Secondly, the model is agnostic to the exact promoter activity patterns and can work in all cells wherein promoter activity defines the network structure while pausing factors stabilize it. Notably, this regulation should be highly sensitive to gene copy numbers but does not require lateral interactions between gene products. This model is in principle similar to the concept of phase separation (Hnisz et al., 2017), except that the phases here are defined not spatially, but through availability of a factor that may be governed by diffusion or over-representation in different nuclear compartments. In this view, transcription of every gene must involve transitions between phases. Multiple inputs upstream and downstream of pausing including epigenetic and other broad-stroke mechanisms may form additional layers of regulation or converge on the two major limiting steps at the site of pausing. A caveat to our view is that a complex makeup of the cell is essentially reduced to a binary readout, which is certainly an oversimplification. However, the concept of binary readouts distinguishing complex systems such as cancers is gaining experimental ground (Pearson et al., 2021) and may form a paradigm for understanding and targeting these complex diseases. Transcriptional superenhancers (Hnisz et al., 2013; Hnisz et al., 2015) as well as the recently reported partitioning of small molecule drugs at distinct nuclear loci (Klein et al., 2020) must affect the specificity of globally acting factors and outcomes of their targeting through principles that remain to be explored. We note that our model is readily compatible with transcriptional bursting (Rodriguez and Larson, 2020) because bursting creates local and transient demand for transcriptional machinery components. Lastly, despite the prevalence of pause release during responses to stimuli, Pol II recruitment to promoters may still be the step limiting for overall transcription.
DISCUSSION
Substantial advances are made in targeting cancers based on transcription and epigenetic signatures (Malone et al., 2020). However, progress remains complicated by the inherent uncertainty in the roles of transcription machinery components and critical yet poorly understood contribution of the cellular context. Pausing regulators including NELF and P-TEFb have been proposed (Yun et al., 2018) or used as therapeutic targets including P-TEFb (CDK9) small molecule inhibitors in clinical trials (Morales and Giordano, 2016; Cassandri et al., 2020). However, the main value of pausing factors may be not in serving as therapy targets, but in providing a conceptual platform to better understand targeting of other components. Dividing the myriad factors directly or indirectly affecting transcription into those that act upstream or downstream of Pol II pausing (Figure 2) highlights the balance between these steps as an important readout of cancers that can help expose their vulnerabilities.
The process of Pol II pausing is much more granular at the molecular level than described above (Elrod et al., 2019) and includes multiple additional steps such as premature transcription termination likely involving multiple mechanisms (London et al., 1991; Brannan et al., 2012; Huang et al., 2020; Rimel et al., 2020). These and other steps should affect the balance between Pol II functions upstream and downstream of pausing. The model of transcriptome regulation by stepwise restriction of globally acting factors proposed here is agnostic to the actual nature of its components and does not need to be limited to Pol II pausing. Additional transcription elongation checkpoints such as those controlled by CDK12 (Tellier et al., 2020) may define new steps where a balance would need to be considered. Despite the ongoing quest for therapeutics targeting specific factors, cancer treatments largely rely on broad-stroke interventions and are expected to do so for the foreseeable future. Studies that integrate experiments with refined models should reveal new insights into cancer transcriptomes to improve the treatments targeting the cellular machinery via globally acting or general factors.
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Objective: N6-methyladenosine (m6A) modification may modulate various biological processes. Nonetheless, clinical implications of m6A modification in pancreatic cancer are undefined. Herein, this study comprehensively characterized the m6A modification patterns in pancreatic cancer based on m6A regulators.
Methods: Genetic mutation and expression pattern of 21 m6A regulators and their correlations were assessed in pancreatic cancer from TCGA dataset. m6A modification patterns were clustered using unsupervised clustering analysis in TCGA and ICGC datasets. Differences in survival, biological functions and immune cell infiltrations were assessed between modification patterns. A m6A scoring system was developed by principal component analysis. Genetic mutations and TIDE scores were compared between high and low m6A score groups.
Results: ZC3H13 (11%), RBM15B (9%), YTHDF1 (8%), and YTHDC1 (6%) frequently occurred mutations among m6A regulators. Also, most of regulators were distinctly dysregulated in pancreatic cancer. There were tight crosslinks between regulators. Two m6A modification patterns were constructed, with distinct prognoses, immune cell infiltration and biological functions. Furthermore, we quantified m6A score in each sample. High m6A scores indicated undesirable clinical outcomes. There were more frequent mutations in high m6A score samples. Lower TIDE score was found in high m6A score group, with AUC = 0.61, indicating that m6A scores might be used for predicting the response to immunotherapy.
Conclusion: Collectively, these data demonstrated that m6A modification participates pancreatic cancer progress and ornaments immune microenvironment, providing an insight into pancreatic cancer pathogenesis and facilitating precision medicine development.
Keywords: pancreatic cancer, N6-methyladenosine regulators, prognosis, immune microenvironment, immunotherapy
INTRODUCTION
Pancreatic cancer represents the most lethal malignancy globally, characterized by high intra-tumoral heterogeneity and undesirable survival outcomes (Jain and Dudeja, 2021). Despite the improvement in standard of care, survival outcomes are extremely undesirable with a 5 year survival rate <10% and median survivals <1 year (Qin et al., 2020). The existing therapies provide only limited efficacy. Despite surgical resection as the main therapeutic strategy for pancreatic cancer, merely 10–15% of newly diagnosed patients are qualified (Peng et al., 2019). Over 50% of subjects are diagnosed at locally advanced or metastatic stages (O'Reilly et al., 2020). Specially, traditional chemotherapy for advanced or metastatic patients merely provides months of overall survival (OS) benefit (Ho et al., 2020). Due to the undesirable clinical outcomes, novel treatment strategies are urgently required. Pancreatic cancer with similar morphology usually displays distinct clinical characteristics, response to therapies and survival outcomes (Bailey et al., 2016). Currently, molecular subtypes have been proposed for guidance of preclinical and clinical management, prediction of first-rank treatment strategies and minimum of treatment-relevant death risk and cost in pancreatic cancer (Collisson et al., 2019). Nevertheless, so far, molecular subtyping does not inform therapeutic decisions.
N6-methyladenosine (m6A), a dynamic and reversible process, represents the most plentiful posttranscriptional methylation modification of mRNAs in eukaryotic species (Zhang et al., 2020). It occurs in the RRACH sequence (where R = A or G, H = A, C, or U). m6A methylation modulates nearly each step of RNA metabolism like RNA splicing, stability, decay, and translation. Aberrant m6A levels alters target gene expression and cellular processes and physiological functions, thereby affecting cancer progression (He et al., 2019). This modification is mainly controlled by three kinds of regulators: methyltransferases (“writers”), demethylases (“erasers”) as well as binding proteins (“readers”). Accumulating evidence has reported the carcinogenesis of m6A regulators in pancreatic cancer. For instance, upregulating m6A writer METTL14 may promote growth and metastases of pancreatic cancer by mediating PERP mRNA m6A (Wang et al., 2020). Nevertheless, it remains limited understanding on the global landscape and dynamic changes of m6A regulators in pancreatic cancer. Immune microenvironment exerts an important role in tumor progress and treatment effects for pancreatic cancer (Hegde et al., 2020). Comprehending immune microenvironment and its regulators assist enhance immunotherapy (Torphy et al., 2020). For example, targeting m6A eraser ALKBH5 enhances the responsiveness to anti-PD-1 therapy through modulating tumor immune microenvironment (Li et al., 2020). Associations between m6A regulators and immune microenvironment have been preliminarily characterized in pancreatic cancer (Xu et al., 2021). Nonetheless, m6A regulators-mediated methylation modification patterns and immune microenvironment are ambiguous in pancreatic cancer.
Here, this study systematically assessed m6A modification patterns in pancreatic cancer according to m6A regulatory genes and their correlations to immune microenvironment. Also, we developed a m6A scoring system for quantifying the m6A modification patterns in each specimen. These findings might enhance the comprehension on immune microenvironment characteristics as well as make more effective immunotherapeutic strategy.
MATERIALS AND METHODS
Data Acquisition and Preprocessing
RNA sequencing profiling and copy number variation of pancreatic cancer were retrieved from The Cancer Genome Atlas (TCGA) via the UCSC Xena (https://gdc.xenahubs.net/). Meanwhile, the matched clinical data were acquired via cgdsr package. Genomic mutation data of pancreatic cancer containing somatic mutation were also obtained from TCGA database via TCGAbiolinks package (Colaprico et al., 2016). Use Mutation landscape of patients was characterized by maftools package. Also, expression profiles of two pancreatic cancer cohorts (PACA-AU and PACA-AU) were downloaded from ICGC cohort (https://dcc.icgc.org/projects). Specific clinical information was listed in Table 1. To maintain data consistency, sva package was applied for performing batch correction on the pancreatic cancer transcriptome data from TCGA and ICGC databases (Leek et al., 2012). The GSE79668 dataset containing RNA-seq and clinical information of 51 pancreatic cancer patients was downloaded from the Gene Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/gds/) (Kirby et al., 2016).
TABLE 1 | Specific clinical information of pancreatic cancer patients.
[image: Table 1]Unsupervised Clustering Analysis
Expression profiles of 21 m6A regulators were extracted from TCGA and ICGC datasets as well as GSE79668 dataset. RCircos package was utilized for plotting the chromosome distribution of these regulators in chromosomes. Distinct m6A modification patterns were clustered according to expression of m6A regulators using unsupervised clustering analysis by ConsensusClusterPlus package (Wilkerson and Hayes, 2010). Patients were classified for distinct molecular subtypes for further analysis. The distance used for clustering was the Euclidean distance. This analysis was repeated 1,000 times to ensure the stability of clustering. Principal component analysis was applied for validating the accuracy of this classification.
Gene Set Variation Analysis
GSVA, a non-parametric, unsupervised method, is primarily utilized for estimating activity changes in pathway or biological process in a sample (Hänzelmann et al., 2013). For studying the differences in biological processes of distinct m6A modification patterns, GSVA package was applied to perform GSVA enrichment analysis based on gene expression profiles. The “c2.cp.kegg.v6.2” gene set from the Molecular Signatures Database (MSigDB) database (https://www.gsea-msigdb.org/gsea/index.jsp) was set as the reference set (Liberzon et al., 2015).
Single Sample Gene Set Enrichment Analysis
The infiltration levels of 24 immune cells were estimated in each sample by ssGSEA package. Then, the differences between m6A modification patterns were compared with Wilcox test. Univariate cox regression analysis was separately presented for assessing the associations between immune cells and prognosis of pancreatic cancer in each cluster.
Development of m6A Score System
Differentially expressed genes (DEGs) were screened between m6A modification patterns from TCGA and ICGC databases by limma package (Ritchie et al., 2015). The thresholds were set as adjusted p value < 0.05 and log2 |fold-change| > 0.5. The random forest method was utilized for removing redundant genes based on DEGs using randomForest, ROCR and Hmisc packages. The “meandecreaseaccuracy” parameter was set as the standard selection. Then, survival analysis on the remaining genes was performed. Genes with p < 0.05 were significantly related to survival outcomes of pancreatic cancer. By cox regression model, genes were separated into two categories according to positive or negative coefficients. m6A score was determined using the following formula: m6A score = scale(∑X−∑Y). X represented the expression value of the gene set for which regression coefficient was positive. Meanwhile, Y represented the expression value of the gene set for which regression coefficient was negative. Based on the median of m6A score, pancreatic cancer specimens were stratified into high and low m6A score groups. Kaplan-Meier curves and log-rank tests were performed for assessing the overall survival (OS) differences between groups.
Association Between m6A Score and Biological Pathways
Pearson analysis was performed for assessing associations between m6A score and several key biological pathways including immune checkpoints, antigen processing and presentation, EMT1, EMT2, EMT3, and other epithelial-mesenchymal transition (EMT) markers, DNA damage repair, mismatch repair, nucleotide excision repair, and the like.
Copy Number Variation Analysis
The GISTIC method was employed for detecting the shared copy number change area in all samples based on the SNP6 CopyNumber segment data. The parameters were set as: Q ≤ 0.05 was the change significance standard and the confidence level was 0.95 when determining the peak interval. The analysis was presented through MutSigCV function of GenePattern (https://cloud.genepattern.org/gp/pages/index.jsf) online tool.
Assessment of T Cell Dysfunction and Exclusion
TIDE (http://tide.dfci.harvard.edu) was employed for assessing the response to immune checkpoint blockade (ICB) (Jiang et al., 2018). TIDE score of each specimen was determined. Receiver operating characteristic curve (ROC) was then carried out for evaluating the efficacy of m6A scores for predicting the response to immunotherapy, and the area under the curve (AUC) was quantified with pROC package.
Statistical Analysis
Statistical analysis was achieved with R language (version 3.6.1) and appropriate packages. Wilcox test was applied for comparing the differences between groups. p < 0.05 indicated statistically significance.
RESULTS
Landscape of Genetic Mutation and Expression of m6A Regulators in Pancreatic Cancer
Totally, 21 m6A regulators were analyzed in our study. Figure 1A showed the locations of these regulators on the chromosomes. Also, we summarized frequencies of CNV and somatic mutation. In Figure 1B, CNV was common in all regulators. Among them, ALKBH5, FMR1, HNRNPA2B1, IGF2BP1 and KIAA1429 had high frequencies of gain, while other regulators occurred high frequencies of loss. Among 185 pancreatic cancer specimens in TCGA dataset, 61 occurred somatic mutations (Figure 1C). Among them, ZC3H13 (11%), RBM15B (9%), YTHDF1 (8%), and YTHDC1 (6%) displayed higher genetic mutation frequencies. Also, we compared the expression patterns of these regulators in pancreatic cancer and normal tissues. In Figure 1D, YTHDC2, YTHDC1, HNRNPC, FMR1, FTO, IGF2BP1, and YTHDF3 were significantly dysregulated in pancreatic cancer.
[image: Figure 1]FIGURE 1 | Landscape of genetic mutation and expression patterns of m6A regulators in pancreatic cancer. (A) The locations of m6A regulators on the chromosomes. (B) The distribution of CNV frequency of m6A regulators. Blue indicates deletion and orange indicates amplification. The height of bar indicates the variation frequency. (C) Landscape of somatic mutation of m6A regulators. (D) Box plot of expression patterns of m6A regulators in normal and pancreatic cancer. Ns: not significant; *p < 0.05; **p < 0.01; ****p < 0.0001.
Characterization of Two m6A Methylation Modification Patterns in Pancreatic Cancer
This study integrated RNA-seq data from TCGA and ICGC datasets and batch effects were removed by sva package (Figure 2A). By univariate cox regression analyses, associations between m6A regulators and prognoses of pancreatic cancer were evaluated. As a result, ELAVL1, ALKBH5, and KIAA1429 were distinctly correlated to the patients’ prognoses (Table 2). Figure 2B depicted the crosslinks between writers, erasers, and readers, indicating that the interactions between m6A regulators might exert a critical role in forming distinct m6A modification patterns. Multivariate cox regression analyses revealed that KIAA1429 served as an independent risk factor of pancreatic cancer prognosis among m6A regulators (Figure 2C). After extracting the expression profiles of 21 regulators in pancreatic cancer specimens from TCGA and ICGC datasets, unsupervised clustering analysis was carried out with ConsensusClusterPlus package. As a result, 2 modification patterns were clustered (m6A cluster A and m6A cluster B; Figure 2D; Supplementary Table S1). PCA results demonstrated the prominent differences between clusters based on the expression profiles of m6A regulators (Figure 2E). In Figure 2F, samples in m6A cluster B displayed poorer OS duration in comparison to those in m6A cluster A (p = 0.01). However, no significant differences in KRAS mutation (Figure 2G), TP53 (Figure 2H), metastasis (Figure 2I) and diabetes (Figure 2J) were found between clusters. The m6A clustering results and survival differences were confirmed in the GSE79668 dataset (Supplementary Figures S1A,B).
[image: Figure 2]FIGURE 2 | Construction of two m6A methylation modification patterns in pancreatic cancer from TCGA and ICGC datasets. (A) PCA plots showing before and after batch correction of TCGA and ICGC datasets. (B) An interaction network of m6A regulators. The size of the circle indicates the impact of each regulator on survival, and the larger the circle, the more relevant its expression is to the prognosis. The green dot in the circle indicates that the regulator is a protective factor for prognosis, and the black dot in the circle indicates that the regulator is a risk factor for prognosis. The lines connecting regulators indicate their interactions, negative correlations are marked in blue, and positive correlations are marked in red. (C) Multivariate cox regression analyses for assessing associations of m6A regulators with pancreatic cancer prognoses. (D) Consensus matrix heatmap when k = 2. (E) PCA plots showing the differences between m6A cluster A and B based on the expression profiling of m6A regulators. (F) Kaplan-Meier curves of two m6A clusters. P was determined with log-rank test. Distributions of (G) KRAS mutation, (H) TP53 mutation, (I) metastasis, and (J) diabetes in two m6A clusters.
TABLE 2 | Associations between m6A regulators and prognoses of pancreatic cancer.
[image: Table 2]Two m6A Methylation Modification Patterns Characterized by Distinct Immune Cell Infiltration, Biological Functions, and Genetic Mutations
Figure 3A depicted the expression patterns of 21 m6A regulators in two m6A methylation modification patterns. By ssGSEA algorithm, we estimated the infiltration levels of 24 immune cells in pancreatic cancer. Univariate cox regression analyses identified that activated CD4 T cell, activated dendritic cell, CD56bright natural killer cell, central memory CD4 T cell, gamma delta T cell and type 2 T helper cell were risk factors of pancreatic cancer prognoses in m6A cluster A (Figure 3B). In contrast, we observed that activated B cell, activated CD8 T cell, eosinophil, immature B cell, and macrophage were protective factors of pancreatic cancer prognoses in m6A cluster B (Figure 3B). In Figure 3C, m6A cluster B was charactered by higher infiltration levels of activated CD4 T cells, activated dendritic cells, central memory CD8 T cells, Effector memory CD4 T cells, eosinophils, immature B cells, immature dendritic cells, mast cells, neutrophils, regulatory T cells and type 2 T helper cells, indicating that there was higher immunogenicity in m6A cluster B. T explore the biological behaviors between these different m6A modification patterns, GSVA enrichment analysis was carried out. As a result, there were distinct differences in activation of glycosaminoglycan biosynthesis chondroitin sulfate, glycosaminoglycan biosynthesis keratan sulfate, one carbon pool by folate, RNA degradation, homologous recombination, propanoate metabolism, valine leucine and isoleucine degradation, non-homologous end joining, citrate cycle TCA cycle, olfactory transduction, purine metabolism, regulation of autophagy, ubiquitin mediated proteolysis, oocyte meiosis, endometrial cancer, adherens junction, starch and sucrose metabolism, lysine degradation, vasopressin regulated water reabsorption and lysosome between m6A clusters (Figure 3D). Furthermore, we found that DNA replication, nucleotide excision repair, homologous recombination and mismatch repair were significantly activated in m6A cluster A than cluster B (Figure 3E). However, EMT3 was distinctly activated in cluster B. We also compared the differences in genetic mutations between m6A clusters (Figures 3F,G). Higher frequency of mutation was found in cluster B (38.61%) than cluster A (32.91%).
[image: Figure 3]FIGURE 3 | Two m6A methylation modification patterns with distinct immune cell infiltration, biological functions, and genetic mutation. (A) Heatmap of expression patterns of m6A regulators in m6A clusters (cluster A and B), OS status, stage, age, and sex. (B) Associations between immune cells and prognoses of pancreatic cancer. HR: hazard ratio and CI: confidence interval. (C) Box plot of the infiltration levels of immune cells in two m6A clusters. Ns: not significant; *p < 0.05; **p < 0.01. (D) GSVA enrichment analysis for the activation status of biological pathways in two m6A clusters. (E) Box plots of the enrichment scores of key biological processes in two m6A clusters. (F) The somatic mutation landscape of samples in m6A cluster A. (G) The somatic mutation landscape of samples in m6A cluster B.
Construction of m6A Gene Clusters in Pancreatic Cancer
To further study the potential mechanisms of m6A clusters, limma package was applied for determining 140 m6A-related DEGs with the cutoff values of p = 0.05, |log2fold-change| = 0.5 (Supplementary Table S2). By clusterProfiler package, we analyzed KEGG pathways based on the DEGs. Only ribosome was significantly enriched by the DEGs. Furthermore, we performed unsupervised cluster analysis based on the obtained m6A-related genes, and stratified the patients into two different m6A gene clusters named as m6A gene cluster A and B (Figure 4A; Supplementary Table S3). The expression patterns of the m6A-related genes were visualized, as shown in Figure 4B. METTL14, WTAP, CBLL1, ZC3H13, FTO, YTHDC1, YTHDC2, YTHDF3, HNRNPC, FMR1, and LRPPRC were distinctly up-regulated in m6A gene cluster B while RBM15B, ALKBH5, YTHDF1, and ELAVL1 were significantly up-regulated in m6A gene cluster A (Figure 4C).
[image: Figure 4]FIGURE 4 | Construction of m6A gene clusters in pancreatic cancer. (A) Consensus matrix heatmap when k = 2. (B) Heatmap of two m6A gene clusters and expression patterns of m6A-related genes. (C) Box plot of expression patterns of 21 m6A regulators in m6A gene cluster A and B. Ns: not significant; **p < 0.01; ****p < 0.0001.
Development of a m6A Scoring System in Pancreatic Cancer
For the m6A-related genes, the random forest algorithm was used for eliminating the redundancy of DEGs. The characteristic genes that were most relevant to the classification were screened out, including RABAC1, ALKBH7, DPM3, POLR2I, MBD3, ISOC2, WBSCR16, CUTA, C17orf89, MRPL41, ZNF787, C19orf60, and C19orf43. By cox regression model, we determined the relationships between these genes and prognoses. According to the coefficients, the genes were divided into two categories. With the m6A score calculation formula, each pancreatic cancer was scored (Supplementary Table S4). Based on m6A score median, we stratified samples into high and low m6A score groups (Figure 5A). Higher m6A scores were detected in m6A cluster B (Figure 5B) and m6A gene cluster B (Figure 5C). There were not significant differences in primary sites (Figure 5D), sex (Figure 5E), age (Figure 5F) and stage (Figure 5G) between high and low m6A score groups. However, patients with dead status exhibited higher m6A score than those with alive status (Figure 5H).
[image: Figure 5]FIGURE 5 | Development of a m6A scoring system in pancreatic cancer. (A) Alluvial diagram for the relationships of m6A modification patterns, m6A gene clusters and m6A scores. (B) Distribution of m6A scores in m6A cluster A and B. (C) Distribution of m6A scores in m6A gene cluster A and B. Distributions of m6A scores in (D) different primary sites, (E) sex, (F) age, (G) stage, and (H) survival status. Ns: not significant; ****p < 0.0001.
m6A Scores as a Prognostic Factor of Pancreatic Cancer
As shown in Figure 6A, patients in high m6A score group displayed a poor prognosis, while those in low m6A score group had a good prognosis, indicating that the m6A scoring system can provide a good characterization of the prognosis of pancreatic cancer. The prognostic implication of m6A score was confirmed in the GSE79668 dataset (Supplementary Figure S1C). In Figure 6B, m6A scores were distinctly correlated to DNA replication, nucleotide excision repair, homologous recombination, EMT2, EMT3, WNT target and cell cycle regulators. Furthermore, high m6A scores were characterized by activation of histones, EMT3, WNT target and cell cycle regulators, while low m6A scores were characterized by angiogenesis, cell cycle, DNA replication, nucleotide excision repair, homologous recombination, and mismatch repair (Figure 6C).
[image: Figure 6]FIGURE 6 | Associations between m6A scores and pancreatic cancer prognoses. (A) Kaplan-Meier curves of patients with high and low m6A scores. (B) Correlation between key biological processes and m6A scores. (C) Box plot of the enrichment scores of key biological processes in high and low m6A score groups. Ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Assessment of Genetic Mutation Characteristics of High and Low m6A Scores
Our analysis found that m6A scores had no significant differences in KRAS mutation (Figure 7A) and TP53 mutation (Figure 7B). We applied maftools package for analyzing the differences in somatic mutations between high and low m6A score groups. Figures 7C,D showed the frequencies of genetic mutations in two groups. Both in high and low m6A score groups, FRG1B, KRAS, TP53, TCF20, MED12L, PRG4, OTUD4, and MYH9 were the eight most frequently mutated genes. Missense mutation was the main mutation type in pancreatic cancer. Figures 7E,F showed the distributions of CNV regions in two groups.
[image: Figure 7]FIGURE 7 | Genetic mutations of samples with high and low m6A scores. (A) Distribution of KRAS mutation in high and low m6A score groups. (B) Distribution of TP53 mutation in high and low m6A score groups. (C,D) The somatic mutation landscape of samples with high and low m6A scores. (E,F) The CNV landscape of samples with high and low m6A scores.
m6A Score as a Predictive Tool of Immunotherapy Response
We further employed pRRophetic package for estimating IC50 values of chemotherapy drugs (Cisplatin, Gemcitabine) based on the expression profile. There were no significant differences in IC50 values of Cisplatin and Gemcitabine between high and low m6A scores (Figures 8A,B). Furthermore, TIDE scores were determined for evaluating the clinical effects of ICB treatment in high and low m6A score groups based on the mRNA expression profiles. As shown in Figure 8C, TIDE scores of the high m6A score group were distinctly lower than low m6A score group. AUC reached 0.62, indicating that the m6A score might be utilized for predicting the response of immunotherapy (Figure 8D). Difference in TIDE scores between high and low m6A score groups was confirmed in the GSE79668 dataset (Figure 8E).
[image: Figure 8]FIGURE 8 | m6A score might be used for predicting the response to immunotherapy. (A,B) Violin plots for visualizing IC50 values of (A) cisplatin and (B) gemcitabine in high and low m6A score groups. (C) Violin plots of TIDE scores in high and low m6A score groups. Comparisons between groups were analyzed with Wilcoxon test. (D) ROC curves for assessing the response to immunotherapy based on m6A scores. (E) Validation of TIDE scores in high and low m6A score groups in the GSE79668 dataset. **p < 0.01.
DISCUSSION
Pancreatic cancer represents a highly lethal malignancy with limited therapeutic options (Liang et al., 2020). Aberrant m6A levels participate in modulating cancer malignant phenotypes through affecting the expression of tumor-related genes (Guo et al., 2020). Pancreatic cancer patients with genetic alterations of m6A regulators exhibit worse disease-free and OS (Meng et al., 2020). Despite the anti-cancer effects of several m6A enzyme inhibitors, more effective m6A-related drugs and treatment options required to be further probed. Here, we constructed two m6A modification patterns, characterized by different survival outcomes, biological functions, and immune cell infiltration. To individually quantify the m6A modification, we developed a m6A scoring system. High m6A scores indicated undesirable clinical outcomes and predicted high sensitivity to respond to immunotherapy in pancreatic cancer.
32.97% pancreatic cancer samples occurred genetic mutations. ZC3H13 (11%), RBM15B (9%), YTHDF1 (8%), and YTHDC1 (6%) frequently occurred genetic mutations in pancreatic cancer. Frame shift deletion was the most mutation type of ZC3H13 and in-frame deletion was the most mutation classification of RBM15B, YTHDF1, and YTHDC1. Crosslink among writers, erasers. and readers participates in cancer pathogenesis and progress (Ma et al., 2019). Here, tight crosslinks between m6A regulators were found in pancreatic cancer. Based on the expression profiles of m6A regulators, we constructed two m6A clusters with distinct OS duration. Compared with m6A cluster A, we observed that m6A cluster B was charactered by higher infiltration levels of activated CD4 T cells, activated dendritic cells, central memory CD8 T cells, Effector memory CD4 T cells, eosinophils, immature B cells, immature dendritic cells, mast cells, neutrophils, regulatory T cells, and type 2 T helper cells, demonstrating higher immunogenicity in m6A cluster B. Consistently, previous studies have reported the interactions between m6A and tumor microenvironment of pancreatic cancer. For instance, both arm-level gain and deletion of ALKBH5 is relation to decreased infiltration of CD8 + T cell in pancreatic adenocarcinoma (Tang et al., 2020b).
This study proposed m6A score system for quantifying the m6A modification pattern of individual pancreatic cancer by PCA algorithm. Lowered m6A scores were detected in m6A gene cluster A. Furthermore, we found that m6A scores were not correlated to clinical characteristics including primary sites, sex, and age. Nevertheless, high m6A scores were in relation to depressed OS duration, demonstrating that m6A scores might be utilized for predicting pancreatic cancer prognoses. A previous study developed a six-m6A-regulator-signature prognostic model that was markedly associated with OS as well as clinical features (pathologic M, N, clinical stages, and vital status) (Hou et al., 2020). To uncover the molecular mechanism behind m6A scores, this study evaluated the enrichment scores of cancer-related pathways between high and low m6A score groups. High m6A scores were characterized by increased activation of EMT3, Wnt targets, and cell cycle regulators. YTHDF2 orchestrates EMT process in pancreatic cancer (Chen et al., 2017). ALKBH5 suppresses pancreatic cancer tumorigenesis through mediation of Wnt pathway (Tang et al., 2020a). Meanwhile, low m6A scores were distinctly related to angiogenesis, cell cycle, DNA replication, nucleotide excision repair, homologous recombination, and mismatch repair. Here, both in high and low m6A score groups, FRG1B, KRAS, TP53, TCF20, MED12L, PRG4, OTUD4, and MYH9 were the eight most frequently mutated genes. Missense mutation was the main type of mutation in pancreatic cancer. Genomic and transcriptomic research has uncovered key genetic mutations may drive pancreatic cancer initiation and progress, like KRAS driver mutation (beyond 90%) as well as frequently inactivated TP53 tumor suppressor (beyond 50%) (Peng et al., 2019). A previous study constructed a LASSO prognostic model based on the m6A regulators and showed that, KRAS mutation status prominently differed between high- and low-risk subgroups in pancreatic cancer (Geng et al., 2020). In our study, no significant differences in KRAS and TP53 mutations were found in high and low m6A score groups. Cisplatin and gemcitabine are standard chemotherapy protocols in pancreatic cancer (Liedtke et al., 2020). Nevertheless, chemo-resistance is the most common phenomenon in pancreatic cancer therapy (Herbst and Zheng, 2019). In previous research, up-regulating m6A demethylase ALKBH5 may enhance the sensitivity to gemcitabine in pancreatic cancer (Tang et al., 2020a). Furthermore, pancreatic cancer cells with inhibition of m6A writer METTL3 displays higher sensitivity to cisplatin and gemcitabine (Taketo et al., 2018). Above research emphasizes key roles of m6A regulators in pancreatic cancer resistance. Nevertheless, no significant differences in sensitivity to cisplatin and gemcitabine were detected between high and low m6A score groups.
ICB can produce long-lasting clinical effects. However, limited pancreatic cancer patients benefit from these therapies due to low immunogenicity as well as immunosuppressive tumor microenvironment (Macherla et al., 2018). Combining ICB with other modalities like vaccines, chemoradiotherapy, and target therapies possibly overcomes resistance and enhances immune response in pancreatic cancer. TIDE has been developed for predicting ICB response (Jiang et al., 2018). In previous research the efficacy of anti-PD-L1 therapy can be enhanced by m6A-binding protein YTHDF1 inhibition (Han et al., 2019). Also, suppression of m6A demethylase FTO may enhance the responsiveness to anti-PD-1 blockade (Yang et al., 2019). Here, high m6A score group displayed lower TIDE scores, indicating that these patients were more likely to respond to ICB therapies. AUC = 0.61 indicated that m6A scores might be utilized for predicting immunotherapy response.
Taken together, this study offered new insights into prolonging pancreatic cancer patients’ survival duration and enhancing the response to immunotherapy, thereby promoting personalized cancer immunotherapy.
CONCLUSION
Collectively, these data characterized two distinct m6A methylation modification patterns and their associations with immune microenvironment. By comprehensively evaluating individualized m6A modification patterns, we may fully understand immune microenvironment characteristics and develop more effective immunotherapeutic options.
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Somatic mutations in histone encoding genes result in gross alterations in the epigenetic landscape. Diffuse intrinsic pontine glioma (DIPG) is a pediatric high-grade glioma (pHGG) and one of the most challenging cancers to treat, with only 1% surviving for 5 years. Due to the location in the brainstem, DIPGs are difficult to resect and rapidly turn into a fatal disease. Over 80% of DIPGs confer mutations in genes coding for histone 3 variants (H3.3 or H3.1/H3.2), with lysine to methionine substitution at position 27 (H3K27M). This results in a global decrease in H3K27 trimethylation, increased H3K27 acetylation, and widespread oncogenic changes in gene expression. Epigenetic modifying drugs emerge as promising candidates to treat DIPG, with histone deacetylase (HDAC) inhibitors taking the lead in preclinical and clinical studies. However, some data show the evolving resistance of DIPGs to the most studied HDAC inhibitor panobinostat and highlight the need to further investigate its mechanism of action. A new forceful line of research explores the simultaneous use of multiple inhibitors that could target epigenetically induced changes in DIPG chromatin and enhance the anticancer response of single agents. In this review, we summarize the therapeutic approaches against H3K27M-expressing pHGGs focused on targeting epigenetic dysregulation and highlight promising combinatorial drug treatments. We assessed the effectiveness of the epigenetic drugs that are already in clinical trials in pHGGs. The constantly expanding understanding of the epigenetic vulnerabilities of H3K27M-expressing pHGGs provides new tumor-specific targets, opens new possibilities of therapy, and gives hope to find a cure for this deadly disease.
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INTRODUCTION

Pediatric high-grade gliomas (pHGGs) are the prominent group of brain tumors that cause fatalities in childhood (Mendez et al., 2020). Diffuse midline gliomas (DMGs) that arise in midline structures of the brain (such as the brainstem, thalamus, or spinal cord) are the most malignant tumors among pHGGs, and diffuse intrinsic pontine glioma (DIPG) is the most lethal, with only 1% of patients surviving 5 years post-diagnosis (Buczkowicz et al., 2014; Louis et al., 2016). Localization of DIPG to the pons (a major part of the brainstem, above the medulla and below the midbrain) presents a particular challenge for therapy, preventing resection, limiting treatment to radiation with adjuvant temozolomide, and offering only palliative care (Bartels et al., 2011; Jansen et al., 2012; Mendez et al., 2020). The stereotactic biopsies or postmortem tumor samples had been used to derive cell lines and patient-derived xenografts, which proved critical in advancing the drug screens and mechanistic research on the disease (Lin and Monje, 2017; Aziz-Bose and Monje, 2019). Despite recent advancements in understanding the genetic hallmarks of DIPG (Mackay et al., 2017; Filbin et al., 2018; Gröbner et al., 2018), further research into cellular responses to specific drug treatments and therapy resistance is necessary to improve the outcome of patients.

The typical molecular feature of pHGGs is the somatic heterozygous mutation in the H3F3A gene encoding the histone H3.3 resulting in the substitution of lysine to methionine at amino acid position 27 of the histone H3 variants (H3K27M), and less commonly in HIST1H3B/C and HIST2H3C, encoding histones H3.1 and H3.2, respectively (Khuong-Quang et al., 2012; Schwartzentruber et al., 2012; Wu et al., 2012). In the midline pHGGs, the H3K27M substitution occurs in 80% of the cases and is a driver event responsible for the tumor initiation and progression (Pathania et al., 2017; Harutyunyan et al., 2019; Larson et al., 2019; Silveira et al., 2019). It is still debatable whether DIPG starts already during embryonic development or postnatally in early childhood. Numerous experimental studies support the hypothesis that oligodendroglial progenitor-like cells (OPCs) are the cells of origin of DIPG (Monje et al., 2011; Funato et al., 2014; Pathania et al., 2017; Filbin et al., 2018; Nagaraja et al., 2019). In addition, super-enhancers in H3K27M pHGGs had been identified, which reflect the OPC cell of origin (Monje et al., 2011; Nagaraja et al., 2017). Some of the super-enhancers acting in DIPG include genes coding for Ephrins and Ephrin receptors. Receptor tyrosine kinases activated by binding to glycosylphosphatidylinositol (GPI)-linked and transmembrane ephrin ligands may play a role in the diffusive and invasive spread of DIPG through the brainstem (Nagaraja et al., 2017). However, a recent study using inducible pluripotent stem cells with the expression of H3.3-K27M targeted to the endogenous histone locus showed that H3.3-K27M drives tumorigenesis from neural stem cells but not glial progenitors (Haag et al., 2021).

The unique consequence of the H3K27M substitution in pHGGs is a global epigenetic dysregulation, including a loss of H3K27me3 (a repressive mark) and an increase in H3K27 acetylation (an activating mark) at the regulatory region of developmentally regulated genes. These global epigenetic changes occur despite the fact that the protein levels of the H3K27M mutant constitute only 3–17% of the total levels of all H3 histone proteins (Lewis et al., 2013). Since identifying the H3K27M mutation in pHGGs, extensive efforts have been made to characterize the properties of chromatin in these tumors, and druggable targets have started to emerge. In this review, we explicitly focus on the recent advances in epigenetic therapies against H3K27M-bearing pHGGs and especially on the potential of combinatorial therapies targeting chromatin via epigenetic pathways.



EPIGENETIC ALTERATIONS IN H3K27M pHGGs


Methylation of Lysine 27 in Histone H3

The drop in H3K27me3 in the H3K27M-expressing cells is very striking and consistent in multiple cellular models (Chan et al., 2013; Lewis et al., 2013; Krug et al., 2019; Silveira et al., 2019). The mechanism of the H3K27me3 loss, although still disputable, is mainly attributed to the inhibition of the N-methyltransferase enhancer of zeste homolog 2 (EZH2)—the catalytic subunit of PRC2 (polycomb repressive complexes 2). Deposition of the H3K27me3 mark by the PRC2 complex is critical in silencing the expression of specific genes, which, depending on the context, may include tumor suppressors or oncogenes (Chammas et al., 2020). Several studies showed that the H3K27M substitution has a dominant inhibitory effect on the PRC2 complex, which is being preferentially recruited to the H3K27M-containing nucleosomes and retained in an inactive form (Chan et al., 2013; Lewis et al., 2013; Justin et al., 2016; Fang et al., 2018; Diehl et al., 2019). Another study has shown that PRC2 is preferentially recruited to its strongest binding sites in H3K27M-expressing cells, which still retain partial H3K27me3 (Mohammad et al., 2017). However, other studies demonstrated temporary PRC2 recruitment to H3K27M-containing nucleosomes or even exclusion of PRC2 from the H3K27M nucleosomes (Piunti et al., 2017; Stafford et al., 2018). Piunti and colleagues showed that a residual activity of the PRC2 complex is retained outside of the heterotypic H3K27M-H3K27ac nucleosomes and is required for the proliferative potential of the H3K27M-bearing cells (Piunti et al., 2017). Stafford and colleagues, in turn, showed that the H3K27M protein needs to be expressed in great excess compared to the amount of the PRC2 complex in order to inhibit the catalytic activity of PRC2 (Stafford et al., 2018). Furthermore, while PRC2 is only temporarily recruited to H3K27M-containing chromatin, the inhibitory effect on PRC2 is retained even after its release from the chromatin (Stafford et al., 2018). Finally, recent studies by Harutyunyan and colleagues confirmed that PRC2 is indeed recruited to the chromatin in H3K27M pHGGs but is unable to spread the methylation mark from large unmethylated CpG islands (CGIs), which are its high affinity recruitment sites (Harutyunyan et al., 2019). Only a residual amount of H3K27me3 is retained at these CGIs. In addition, they showed that the H3K27me2 mark is deposited outside of CGIs in H3K27M cells and localizes to the areas normally marked by H3K27me3 in H3 wild-type cells (Harutyunyan et al., 2019, 2020).



Acetylation of Lysine 27 in Histone H3

In addition to decreasing H3K27me3, the H3K27M oncohistone leads to elevated levels of the acetylated H3K27, which is typically associated with active transcription (Wang et al., 2009; Lewis et al., 2013). Some studies showed that the histone H3.3K27M forms heterotypic nucleosomes with the wild-type H3.3, particularly with its acetylated form (Piunti et al., 2017; Krug et al., 2019; Nagaraja et al., 2019). Furthermore, H3K27M-H3K27ac heterotypic nucleosomes recruit bromodomain-containing proteins (BRDs), which are known to recruit RNA Polymerase II (RNA Pol II) and therefore activate transcription (Jonkers and Lis, 2015). The pervasive acetylation of H3K27 in H3.3K27M-bearing cell lines localizes to repetitive elements (REs), including endogenous retroviral sequences (ERV), which are usually tightly controlled and silenced in the genome (Krug et al., 2019). This H3K27ac leads to increased expression of ERV elements and ultimately to so-called viral mimicry in H3K27M pHGGs (Pathania et al., 2017; Krug et al., 2019).



MOLECULAR AND PHENOTYPIC DIFFERENCES IN pHGGs EXPRESSING EITHER H3.1K27M OR H3.3K27M

Distinct characteristics of pHGG have been found, depending on whether H3K27M mutation occurs in H3.1 or H3.3 histone variants. The differences in the associated secondary mutations are also apparent, as H3.3K27M mainly co-occurs with mutations of TP53 (coding for tumor suppressor protein 53) and amplification of PDGFRA (encoding platelet derived growth factor alpha). In contrast, H3.1K27M co-occurs with mutations in ACVR1 (encoding the activin receptor type-1) and genes involved in the PI3K (phosphatidylinositol 3-kinase)-signaling pathway (Wu et al., 2012; Buczkowicz et al., 2014; Fontebasso et al., 2014; Taylor et al., 2014; Mackay et al., 2017). Moreover, distinct genome-wide distribution patterns of these oncohistones were found, with H3.3K27M incorporating into the nucleosomes at the active chromatin sites and gene bodies, while H3.1K27M localizing uniformly across the genome. These changes reflect the expression and the genome-wide distribution pattern of wild-type H3.3 and H3.1 variants, respectively (Nagaraja et al., 2019). Moreover, tumors with either H3.1K27M or H3.3K27M variants have distinct profiles of active enhancers and promoters, potentially influencing the treatment response. For example, H3.3K27M-expressing tumors exhibit increased activity of enhancers regulating genes of the noncanonical WNT (Wingless/Integrated) signaling and cytoskeletal remodeling. In contrast, enhancers of H3.1K27M-expressing tumors control genes implicated in the PI3K and p38 MAPK (mitogen activated protein kinases) signaling pathways (Nagaraja et al., 2019). In accordance with the hypothesis that H3K27M has an inhibitory effect on the PRC2 complex, a detailed study showed that these two mutated H3 variants disrupt different PRC2 targets (Nagaraja et al., 2019). Finally, DNA methylation profiles can also distinguish H3.1K27M and H3.3K27M histone variant-expressing cells (Sturm et al., 2012; Castel et al., 2015, 2018).



A SEARCH FOR SPECIFIC EPIGENETIC VULNERABILITIES OF H3K27M pHGGs


Targeting Modifiers of H3K27me3

A set of epigenetic alterations in H3K27M pHGGs created opportunities for therapeutic approaches (Figure 1A). One such strategy was to restore the H3K27me3 histone repressive mark. This strategy was achieved by selective inhibition of H3K27me3 demethylases (KDMs), namely KDM6 subfamily of Jumonji domain-containing 3 (JMJD3) K27 demethylases (Agger et al., 2007). Compound GSK-J4 specifically inhibited JMJD3, but not UTX (ubiquitously transcribed tetratricopeptide repeat on chromosome X, encoded by KDM6A), and decreased cell viability and clonogenic growth, while increasing the S-phase cell-cycle arrest and apoptosis (Hashizume et al., 2014). GSK-J4 was also potent in extending the survival of mice bearing H3K27M tumors. Importantly, the efficacy of GSK-J4 was more significant in mutant cells compared to H3 wild-type cells or the H3G34V-mutant cells. GSK-J4 treatment resulted in impaired DNA repair by homologous recombination and increased radiosensitivity of these cells (Katagi et al., 2019). At the moment, there are constrains of using GSK-J4 in clinical trials as it rapidly converts into an active drug GSK-J1 and has limited penetration into the brain.


[image: image]

FIGURE 1. Epigenetic targeting of H3K27M diffuse midline gliomas (DMGs). (A) Most of DMGs (localizing to the thalamus, brainstem, or spinal cord) are characterized by H3K27M substitution. The mutation leading to H3K27M is responsible for numerous changes in DMG cells, including the decrease in H3K27me3 and the increase in H3K27ac histone modifications, and increased expression of BMI1, FACT, and REs/ERVs. (B) Epigenetic vulnerabilities of H3K27M DMGs were targeted with epigenetic enzyme inhibitors and showed promising effects in preclinical studies using in vitro and in vivo models. Red and teal colors showed various targets that are inhibited with specific compounds in combinatorial treatments, as indicated. EZH2, enhancer of zeste homolog 2; JMJD3, Jumonji domain-containing 3; HDACs, histone deacetylases; BRDs, bromodomain containing proteins; LSD1, lysine-specific demethylase 1; RNAPolII, RNA Polymerase II; BH3, Bcl-2 Homology 3; BMI1, B cell-specific Moloney murine leukemia virus integration site 1; FACT, facilitates chromatin transcription complex; REs, repetitive elements; ERVs, endogenous retroviral sequences; AXL, AXL receptor tyrosine kinase. The figure was created with BioRender.com.


While H3K27me3 levels are very low in H3K27M tumors, these marks are not entirely erased, and some loci in the genome retain this repressive mark (Chan et al., 2013). The residual methylation of the H3K27 residue is critical for DIPG survival and proliferation, as well as silencing of neural differentiation genes (Piunti et al., 2017). The PRC2 complex is required for the proliferative potential of H3K27M pHGGs, e.g., by silencing the expression of the tumor suppressor gene encoding p16INK4A, through a remaining H3K27me3 mark at its promoter (Mohammad et al., 2017). Consequently, targeting EZH2, the methyltransferase subunit of the PRC2 complex, effectively decreased cell viability, proliferation, and prolonged survival of mice bearing H3K27M tumors (Mohammad et al., 2017).



Interfering With H3K27ac and Transcriptional Activity in H3K27M pHGGs

While H3K27M pHGGs have elevated levels of H3K27ac when compared to the tumors expressing the wild-type H3 variants, screening of various epigenetic modifying drugs showed that histone deacetylase (HDAC) inhibitors are among the most potent compounds decreasing the survival of pHGG cells (Grasso et al., 2015; Anastas et al., 2019). Several HDAC inhibitors were tested so far in pHGGs, including vorinostat, entinostat, and panobinostat (LBH589), with the latter showing the highest potency and being the most explored as a single agent or in combination with other drugs (see further sections) (Grasso et al., 2015; Nagaraja et al., 2017; Anastas et al., 2019; Krug et al., 2019; Lin et al., 2019; Ehteda et al., 2021; Vitanza et al., 2021). In addition, quisinostat and romidepsin emerged recently as potent HDAC inhibitors in treatment-naïve biopsy-derived DMG models (Vitanza et al., 2021). Overall, preclinical data showed that HDAC inhibitors potently kill DMG cells, reduce cell proliferation, and inhibit tumor growth in vitro and in animal models (Grasso et al., 2015; Anastas et al., 2019; Vitanza et al., 2021).

However, studies of panobinostat effects showed that despite a high potency of this drug at subnanomolar concentrations and an immediate impact on cell viability, the acquired resistance of H3K27M cells appears after the prolonged treatment (Grasso et al., 2015). Moreover, the systemic administration of panobinostat at different schedules and well-tolerated doses in mouse DIPG models and xenografts did not bring survival benefits compared to the controls (Hennika et al., 2017). Alternative compounds or combinations with other drugs might be needed to overcome treatment resistance. Moreover, a thorough investigation of the panobinostat action and the mechanism of cellular response is required. So far, it has been shown that, as expected, panobinostat increased histone acetylation. In addition, panobinostat partially restored the levels of H3K27me3 and normalized the pattern of gene expression affected by H3K27M (Grasso et al., 2015). The mechanism of the H3K27me3 restoration by HDAC inhibition is unclear. However, it was shown in a separate study that poly-acetylated H3 tails are able to “detoxify” a PRC2 complex by restoring its activity in H3K27M tumors (Brown et al., 2014). Moreover, the H3K27me3 increase in response to HDAC inhibition was observed in other tumor types not expressing H3K27M (Halsall et al., 2015). In the context of induced levels of H3K27ac at the REs and increased expression of ERVs in H3K27M pHGGs, the use of panobinostat increased histone acetylation at these sites and contributed to the so-called viral mimicry. Of note, mass spectrometry analysis showed that the increase in H3K27ac in response to panobinostat occurs mainly at H3.3 and not H3.1 or H3.2 histone variants (Krug et al., 2019).

Acetylation of the H3 N-tail, including H3K27ac, recruits bromodomain and extraterminal (BET) proteins, including BRD2 (Bromodomain Containing 2) or BRD4 (Bromodomain Containing 4), which are epigenetic readers of histone acetylation and, in turn, recruit cofactors for transcription initiation and ultimately trigger activation of RNA PolII-dependent transcription (Jonkers and Lis, 2015; Fujisawa and Filippakopoulos, 2017). Since H3K27ac is elevated in H3K27M tumors, targeting the BET proteins brings another intuitive strategy against H3K27M pHGGs. Piunti and colleagues showed that when an H3K27M oncohistone forms heterotypic nucleosomes with H3K27ac, these complexes recruit BRD2 and BRD4 to the chromatin (Piunti et al., 2017). Subsequently, targeting these cells with BET inhibitors JQ1 or I-BET151 significantly reduced cell viability and decreased overall H3K27ac levels. In addition, JQ1 and I-BET151 also potently inhibited tumor growth, decreased cell proliferation, and induced differentiation, as evidenced by increased expression of differentiation genes, including TUBB3, in mouse xenograft models. Interestingly, the use of JQ1 in xenografts in vivo was more efficient than using the GSK-J4 inhibitor against JMJD3 H3K27 demethylases (Piunti et al., 2017). However, it was not clarified whether JQ1 exhibited stronger toxicity in H3K27M-expressing cells when compared to H3 wild-type cells as did GSK-J4 (Hashizume et al., 2014). The potential of using JQ1 against DIPG tumors was also demonstrated by other studies, in parallel to targeting RNA PolII phosphorylation with the CDK7 (cyclin-dependent kinase 7) inhibitor, THZ1 (Taylor et al., 2015; Nagaraja et al., 2017).

Another study independently exposed a transcriptional activity as a vulnerability of DIPG tumors. Screening using RNAi library identified AF4/FMR2 Family Member 4 (AFF4), a scaffold protein in the super elongation complex (SEC), as a critical protein in maintaining the clonogenic potential, promoting self-renewal potential and stemness of DIPG tumors (Dahl et al., 2020). Depletion of AFF4 with shRNA induced the expression of prodifferentiation genes and reduced the self-renewal of DIPG cells. Subsequently, the authors used the CDK9 inhibitors atuveciclib and AZD4573, which interfere with the function of SEC by blocking the release of RNA Pol II from promoter-proximal pausing, which is normally mediated by RNA Pol II phosphorylation by CDK9 (Peterlin and Price, 2006; Zhou et al., 2012). Similarly to depletion of AFF4, CDK9 inhibitors induced the expression of pro-differentiation genes and reduced the self-renewal capacity of DIPG cells. In addition, atuveciclib and AZD4573 showed therapeutic benefits by delaying tumor growth and increasing mice survival in the orthotopic xenograft models of DMG (Dahl et al., 2020).



COMBINATORIAL EPIGENETIC TREATMENTS


Targeting HDACs and Histone Demethylases

While hopes regarding high in vitro potency of panobinostat in targeting H3K27M pHGGs were diminished by in vivo data showing a negligible survival effect at well-tolerable doses in animal tumor models, subsequent strategies evolved to combine the inhibition of HDACs with other epigenetic targets (Figure 1B; Grasso et al., 2015; Hennika et al., 2017). As a first attempt, a synergy in using panobinostat with GSK-J4 was shown. This treatment required much lower doses of each drug in combination than as single agents (Grasso et al., 2015). However, little is known about the exact molecular changes induced by this combinatorial treatment.

In another study, Anastas et al. (2019) searched for the drugs that would sensitize H3K27M-expressing cells to HDAC inhibitors. Cells were subjected to CRISPR KO screening with sgRNA library against 1,354 candidate genes related to chromatin regulation and treated with panobinostat for 3 weeks (Anastas et al., 2019). Among the top hits, KDM1A, encoding H3K4me1/2-specific demethylase lysine-specific demethylase 1 (LSD1), came out as a promising candidate (Anastas et al., 2019). Subsequently, the authors showed that simultaneous targeting of HDACs and LSD1 in H3K27M cells with entinostat and compound 7, respectively, synergistically decreased cell survival and proliferation. As an attractive alternative, the authors used a bifunctional single-molecule inhibitor, Corin, derived from compound 7 and entinostat, to inhibit both HDACs and LSD1 (Anastas et al., 2019). While the LSD1 inhibitor alone did not affect the cell viability of H3K27M cells, the use of Corin or a combination of entinostat with the LSD1 inhibitor compound 7 enhanced the sensitivity of these cells compared to the HDAC inhibitor alone. In vivo, Corin significantly reduced the xenograft growth when delivered intracranially as convection-enhanced delivery (CED). The rescue of H3K27ac and H3K27me3 was visible in the areas surrounding Corin injections but not in more distant tumor regions. Corin induced the differentiation of H3K27M cells and altered gene expression profiles differently than treatment with entinostat and compound 7 alone (Anastas et al., 2019). Interestingly, by performing gene set enrichment analysis on normal brains and DIPG tumor expression datasets, the authors found a strong analogy between the Corin-dependent gene expression signature and the one in a normal brain. This similarity emphasized the role of Corin in DIPG differentiation and reversing the gene expression pattern in tumor cells (Anastas et al., 2019).



Targeting HDACs and Transcription

Since the initial potency of panobinostat as a single agent was strong in DIPG preclinical studies, there was a need to find ways to overcome the resistance of cells to prolonged treatments with this drug (Grasso et al., 2015). Nagaraja et al. (2017) showed that targeting the transcriptional activity of DIPG cells through the CDK7 inhibitor THZ1 sensitized panobinostat-resistant DIPG cells. However, this effect was not achieved when panobinostat was combined with JQ1, a BET protein inhibitor. This might be explained by the fact that panobinostat and JQ1 induce similar transcriptional programs, while THZ1 treatment leads to a distinct transcriptional signature and thus inhibiting panobinostat-resistant cells with THZ1 has additional benefits (Nagaraja et al., 2017).



Targeting HDACs and DNA Methylation

Krug et al. (2019) showed that H3K27M pHGGs exhibit increased pervasive H3K27ac mark at REs, including ERVs, resulting in higher expression of these sequences. In healthy tissues, the expression of REs is tightly controlled and silenced in the genome via multiple epigenetic mechanisms, including DNA methylation or deposition of histone repressive marks (H3K9me3, H4K20me3, and H3K27me3) (Walsh et al., 1998; Bestor and Bourc’his, 2004). Hence, the authors speculated that demethylation of DNA with 5-azacytidine and additional increases in H3K27ac with panobinostat might increase the expression of REs even further and affect the viability of these cells (Krug et al., 2019). Indeed, the combination of panobinostat with 5-azacytidine significantly improved the survival of mice bearing H3K27M tumors when compared to either drug alone. The effect of 5-azacytidine alone or in combination with panobinostat was more substantial in H3K27M tumors when compared to the H3 wild-type group (Krug et al., 2019).



Targeting HDACs and FACT Complex

A recent study showed that subunits of the FACT (facilitates chromatin transcription) complex, namely structure-specific recognition protein 1 (SSRP1) and suppressor of Ty16 (SPT16), are overexpressed in DIPG tumors when compared to normal brain tissues and normal human astrocytes (Ehteda et al., 2021). The FACT complex works as a histone chaperone interacting with nucleosomes and is involved in DNA repair, DNA replication, and transcription (Hsieh et al., 2013; Prendergast et al., 2020). Ehteda et al. (2021) showed that the SSRP1 subunit of FACT directly interacts with the H3.3K27M mutant histone. The FACT inhibitor, CBL0137, significantly decreased the survival of DIPG cells and impaired the growth of xenografts in mice as a single agent and synergized with panobinostat to cause these effects. In addition, CBL0137 increased trimethylation and acetylation of lysine 27 at H3, although the mechanism for this effect has not been explained (Ehteda et al., 2021). Moreover, the decrease in tumor sphere survival by CBL0137 was more pronounced in H3K27M-expressing DIPG spheres than in H3 wild-type human fibroblasts, normal human astrocytes, and H3K27 wild-type DIPG cells (Ehteda et al., 2021). Overall, the FACT complex emerged as a promising target specifically in H3K27M-expressing pHGGs.



Targeting HDACs and Proteasome

A high-throughput screen using a collection of approved drugs tested the efficiency of 9,195 drug–drug combinations in order to find agents that synergize in targeting pHGG cells (Lin et al., 2019). A synergy between panobinostat and a proteasome inhibitor, marizomib, in increasing cellular toxicity was found across the DIPG cell lines expressing either H3.1 or H3.3 K27M mutated histones as well as in patient-derived xenografts. However, an effect in decreasing cell survival and proliferation was equally strong in cells expressing either mutant or wild-type histone H3. The combination of panobinostat with marizomib induced profound transcriptional changes in pHGG cells, particularly a downregulation of cellular metabolism and respiration, as well as induction of unfolded protein response. The cytotoxic effect of the combined treatment was due to pushing cells into a metabolic catastrophe, which was then reversed by exogenously normalizing NAD+ cellular levels (Lin et al., 2019).



Targeting HDACs and AXL

Ectopic expression of the H3K27M oncohistone in the murine embryonic hindbrain neural stem cells leads to the increased gene signature of epithelial to mesenchymal transition (EMT), which is also observed in DIPG tumors (Puget et al., 2012; Castel et al., 2015; Meel et al., 2020). An elevated expression of the AXL kinase, one of the initiators of the EMT, was identified in the DIPG biopsy samples and was correlated with the presence of H3K27M (Meel et al., 2020). This evidence provided a rationale for testing the AXL-specific inhibitor, BGB324, in DIPG cells. BGB324 significantly decreased cell viability at submicromolar concentrations. Moreover, inhibition of AXL with BGB324 or depletion with AXL-specific shRNA significantly impaired the invasion of neurospheres in the 3D matrigel invasion assay. AXL inhibition increased the expression of epithelial differentiation markers and downregulated the mesenchymal genes (Meel et al., 2020). Subsequently, AXL was tested in combination with panobinostat, as panobinostat alone was also shown to decrease the expression of mesenchymal genes (di Fazio et al., 2012; Rhodes et al., 2014; Grasso et al., 2015). The combination of BGB324 and panobinostat synergized in reducing cell viability in cells expressing H3K27M but not in cells with wild-type H3 histone variants. Importantly, this effect of treatment specificity to cells expressing the H3K27M oncohistone was not observed for panobinostat or BGB324 alone. The synergy between AXL and HDAC inhibition in antiproliferative effects in DIPG cells was also demonstrated with additional HDAC inhibitors and with shRNA against AXL, emphasizing the specificity of these drugs rather than potential off-target effects. Moreover, the combination of the AXL inhibitor and panobinostat synergized in decreasing cell migration and invasion, as well as in reversing the mesenchymal phenotype of DIPG cells, as shown by a decrease in the expression of genes such as ZEB1, ZEB2, SNAI2, SOX2, or NES and the induction of proneural pathways. While panobinostat alone sensitized DIPG cells to radiotherapy, this was enhanced by the addition of BGB324, as shown by neurosphere formation assay. Combined radiosensitization effect of panobinostat with BGB324 was justified by the most robust repression of DNA repair genes, including FANCD2 and RAD51. In parallel to a decrease in DNA repair genes, an increase in γH2AX, a marker of DNA damage, was strongest in the combination treatments (Meel et al., 2020). Finally, it was demonstrated that BGB324 has a capacity of crossing the blood–brain barrier after oral administration. Moreover, when combined with panobinostat delivered through CED, BGB324 has a synergistic effect in delaying the tumor growth in mouse models of DIPG (Meel et al., 2020).



Targeting BET Bromodomains and PRC2

While single-agent targeting against either EZH2 or BET family of proteins in DIPG tumors proved to be efficient (Mohammad et al., 2017; Piunti et al., 2017), one study combined these two strategies by using the EZH2 inhibitor EPZ6438 and the JQ1 inhibitor against the BET proteins (Zhang et al., 2017). The authors used mouse primary neural stem cell (NSC) cultures, in which HA-PDGFB and either flag-H3.3K27M or flag-H3.3K27 wild-type transgenes were overexpressed. When injected into the mouse pons, H3.3 K27M NSCs formed larger tumors than those expressing wild-type histone H3. An even stronger effect of the combined JQ1 and EPZ6438 treatment in inhibiting tumor growth was observed compared to the single agents. The more substantial impact of this drug combination was explained by a decrease in H3K27me3 levels at the tumor suppressor gene p16INK4A (Zhang et al., 2017). Interestingly, another study showed a synergistic effect of combining the inhibition of EZH2 and HDACs with the induction of TRAIL-dependent cell death (by combining drugs such as EPZ6438, panobinostat, and ONC201/TIC10, respectively) (Zhang et al., 2021). While this approach showed promising results in inducing cell death in vitro in DIPG cells, it should be further verified in preclinical animal models.



Targeting BET Bromodomains and CBP

The BET bromodomain inhibitor JQ1 was tested in combination with a structural inhibitor of the acetyltransferase, CBP (CREB binding protein). ICG-001, the CBP inhibitor, prevents the interaction of CBP with other proteins, rather than interfering with its catalytic function (Wiese et al., 2020). Both inhibitors, when compared alone as single agents, had a potential in decreasing protumorigenic functions of DIPG cells, such as reducing cellular survival, sphere formation, migration, invasion, or radioresistance. Interestingly, these drugs had opposing effects on the regulation of the majority of super-enhancers in DIPG cells when used separately: JQ1 inhibited and ICG-001 activated these regulatory sites. Moreover, JQ1 and ICG-001 alone inadvertently activated a set of super-enhancers, which was reversed when these drugs were used in combination (Wiese et al., 2020). Therefore, the cytotoxic and anti-self-renewing effects of these drugs when used in combination were very strong and give a rationale for further preclinical testing in animal models and potentially in clinical trials.



Targeting BMI1 and Anti-apoptotic Pathway

Another genetic screen searching for DIPG vulnerabilities found BMI1 (B cell-specific Moloney murine leukemia virus integration site 1), a component of the PRC1 complex, as a potential target in DIPG tumors (Balakrishnan et al., 2020). The PRC1 complex is a chromatin remodeler that monoubiquitinates lysine 119 at histone H2A (H2AK119Ub) (Barbour et al., 2020). Balakrishnan et al. (2020) found that BMI1 and H2AK119Ub histone mark are increased in H3K27M-expressing tumors compared to the normal pons. Increased expression of BMI1 was directly driven by the presence of H3K27M. Subsequently, inhibition of BMI1 with PTC209 or PTC028 inhibitors significantly inhibited the proliferation of tumor cells. A higher sensitivity was observed in cells expressing H3K27M mutation when compared to H3K27M-CRISPR-deleted cells (Kumar et al., 2017; Balakrishnan et al., 2020). Phenotypically, inhibition of BMI1 impaired stem cell renewal in DIPG cells by reversing the BMI1 and H2A-K119Ub-mediated repression of differentiation-related genes. In addition, BMI1 inhibition repressed DIPG cell proliferation and induced senescence concomitant with upregulated expression of p16 and p21 tumor suppressor genes. However, senescence induced by BMI1 inhibition led to an activation of the senescence-associated secretory phenotype (SASP), which increases the risk of a future recurrence of tumors. To overcome this hurdle, the authors combined the BMI1 inhibitor together with obatoclax, a BH3 mimetic, which binds to the anti-apoptotic BCL2 family of proteins and induces apoptosis in cells. Combined treatment with PTC028 and obatoclax had the strongest effect in decreasing tumor growth and improving mouse survival compared to single drugs. In summary, this study highlighted BMI1 as a therapeutic target that is specifically upregulated in the presence of H3K27M substitution. It provided a strong rationale to target the BMI1 chromatin remodeler together with the BH3 mimetic to inhibit the growth of H3K27M pHGGs and prevent SASP reprogramming (Balakrishnan et al., 2020).



CLINICAL TRIALS INCLUDING TARGETING EPIGENETIC MODIFIERS IN pHGGs

Multiple clinical trials including the use of drugs targeting the epigenetic landscape of pHGGs had been established to date (Table 1). HDAC inhibitors such as vorinostat and panobinostat have been clinically studied with favorable safety profiles in children. However, there have been concerns regarding the efficiency of panobinostat at crossing the blood–brain barrier (Rasmussen et al., 2015). A related clinical trial has used panobinostat in children with DIPG to study the side effects and the most effective dose in recurrent and progressing DIPG (NCT02717455). Another trial has used an HDAC/PI3K inhibitor fimepinostat in patients with DIPG, HGG, or medulloblastoma (NCT03893487). An ongoing clinical trial has combined vorinostat and temsirolimus (an mTOR inhibitor), in experiment arms with and without radiotherapy (NCT02420613). Another clinical trial in DIPG includes a testing BMI1 inhibitor, PTC596 (NCT03605550). This trial is particularly promising, as a recent report showed antitumor effects with other BMI1 inhibitors, PTC209 or PTC028 (Balakrishnan et al., 2020). An ongoing Phase I/II clinical trial tries to establish the safety of a synthetic peptide vaccine specific for the H3.3K27M epitope in combination with poly-ICLC and the PD-1 inhibitor, Nivolumab, in newly diagnosed DIPG patients and other gliomas that are tested positive for H3.3K27M (NCT02960230).


TABLE 1. A summary of past and present clinical trials in pHGGs, which include epigenetic treatments.

[image: Table 1]The blood–brain barrier is a major challenge that needs to be addressed for any epigenetic drugs to achieve therapeutic efficacy in DIPG therapy. To circumvent this issue, CED technique is being explored as an alternative where the drugs are directly delivered to the tumor site with limited side effects (Souweidane et al., 2018). There are open clinical trials for the delivery of panobinostat with gadoteridol using CED in patients newly diagnosed with DIPG (NCT03566199). A lot of complex issues also surround the usage of CED in clinical trials. For example, targeted drugs such as tyrosine kinase inhibitors are promising agents; however, they are not soluble and currently do not have an IV/aqueous formulation to allow their delivery using CED. Along with this, there are also legal and logistical issues that hinder the scalability of complicated therapeutics such as CED (Wierzbicki et al., 2020).



SUMMARY AND FUTURE PERSPECTIVES

While radiotherapy is the current standard treatment regimen for H3K27M-positive pHGGs, the unique biology of these tumors opens avenues for promising epigenetic therapies. The hallmarks of these tumors, such as loss of H3K27me3, increased H3K27ac, or changes in the expression of chromatin modifiers, e.g., BMI1, invite further research into the efficacy and molecular response to these treatments. Inhibitors of H3K27me3 demethylases, DNA methylation, BMI1, or FACT show strong potency in targeting H3K27M-containing tumors when compared to pHGG cells expressing wild-type H3, suggesting potentially smaller systemic toxicity in patients. However, further research is needed to develop novel compounds with a similar function that will exhibit higher stability in vivo and cross the blood–brain barrier. Of the drugs summarized in this review, some have been shown to cross the blood–brain barrier after systemic administration at least in the preclinical animal models, including marizomib, BGB324, JQ1, THZ1, obatoclax, CBL0137, or Azacytidine (Korb et al., 2015; Lin et al., 2019; Balakrishnan et al., 2020; Butler et al., 2020; Meel et al., 2020; Ehteda et al., 2021). Panobinostat and Corin reached sufficient levels in the brain tumors when delivered via CED (Grasso et al., 2015; Singleton et al., 2018; Anastas et al., 2019; Meel et al., 2020). For the future perspective, the effects of promising combinatorial epigenetic treatments should be tested for their radiosensitizing capabilities to verify the rationale for including these combinations in the clinical trials with standard radiotherapy in pHGGs. For example, the radiosensitizing effects of panobinostat, BGB324, or GSK-J4 had been demonstrated (Katagi et al., 2019; Meel et al., 2020). However, similar tests on other combinatorial approaches in pHGGs would be informative for the potential future clinical trials. Recently, it was demonstrated that the radiosensitizing effect of GSK-J4 was further enhanced by combinatorial treatment with APR-246, an agent that targets p53 mutant proteins and leads to the accumulation of reactive oxygen species (Bykov et al., 2018; Nikolaev et al., 2020).

The promising efficacy of recent combinatorial epigenetic treatments in pHGGs invites novel drug combinations, some of which may include small molecule inhibitors against the cell surface receptors or druggable kinases, e.g., PDGFR and CDK4/6 (Hoeman et al., 2018). Another direction for combinatorial treatments explores mutations that coexist with the H3K27M substitution in pHGGs. As an example, mutations in the PPM1D gene were identified in approximately 9–23% of DIPG samples and mostly co-occur with the H3K27M oncohistone (Taylor et al., 2014; Wu et al., 2014; Zhang et al., 2014; El Ayoubi et al., 2017). PPM1D encodes a phosphatase responsible for dephosphorylation of multiple proteins involved in DNA damage response and DNA repair pathways (Deng et al., 2020). A recent study showed that the inhibitor of PPM1D, GSK2830371, sensitized DIPG cells with the background of PPM1D mutation toward PARP inhibition, emphasizing the DNA repair pathways as a vulnerability of these tumors (Wang et al., 2020).

It is important to note that while numerous studies have tried to determine the precise effects of tested epigenetic drugs, it is almost impossible to explore all the potential consequences of epigenetic inhibitors due to pleiotropic effects exerted by the targeted enzymes and induction of widespread global changes in the chromatin. The typical phenotype induced by many of the successful inhibitors included induction of differentiation of H3K27M glioma cells and reduction of the self-renewing potential, as observed for HDAC, HDAC/LSD1, BET bromodomain, CDK9, or BMI1 inhibitors (Nagaraja et al., 2017; Piunti et al., 2017; Anastas et al., 2019; Balakrishnan et al., 2020; Dahl et al., 2020; Meel et al., 2020). Broadly available next-generation sequencing techniques were key in determining the genome-wide changes in gene expression, chromatin accessibility, or localization of specific histone modifications, which gave a broad view on the global changes induced by tested epigenetic treatments. For example, identification of pervasive H3K27ac at the REs and ERVs in the H3K27M-expressing tumors exposed a specific vulnerability of these tumors that was further enhanced by the use of global inhibitors toward HDACs and DNA methylation (Krug et al., 2019).

Finally, little is known on the effects of epigenetic therapies on the tumor microenvironment of pediatric brain tumors, including the immune system. Latest advances in single-cell transcriptomics and epigenomics will be essential in providing new insights into the right selection of drugs and targets in the context of tumor immune responses. The common efforts of scientists and neuro-oncologists will be critical in translating these promising preclinical data into clinical trials.
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Chromobox protein homolog 7 (CBX7) is a member of the Chromobox protein family and participates in the formation of the polycomb repressive complex 1(PRC1). In cells, CBX7 often acts as an epigenetic regulator to regulate gene expression. However, pathologically, abnormal expression of CBX7 can lead to an imbalance of gene expression, which is closely related to the occurrence and progression of cancers. In cancers, CBX7 plays a dual role; On the one hand, it contributes to cancer progression in some cancers by inhibiting oncosuppressor genes. On the other hand, it suppresses cancer progression by interacting with different molecules to regulate the synthesis of cell cycle-related proteins. In addition, CBX7 protein may interact with different RNAs (microRNAs, long noncoding RNAs, circular RNAs) in different cancer environments to participate in a variety of pathways, affecting the development of cancers. Furthermore, CBX7 is involved in cancer-related immune response and DNA repair. In conclusion, CBX7 expression is a key factor in the occurrence and progression of cancers.
Keywords: CBX7, cancer, molecular interaction, PRC1, RNAs
INTRODUCTION
CBX7 belongs to the Chromobox proteins family and participates in the formation of the polycomb repressive complex 1 (PRC1). The polycomb group (PcG) proteins are transcriptional inhibitors that regulate several important developmental and physiological processes in cells (Levine et al., 2002). PcG proteins are originally identified in Drosophila as epigenetic transcriptional repressors (Histones are modified to cause transcription inactivation) expressed by homologous genes (Hox). Nowadays, they have been found in various metazoans and are highly conserved in evolution (Wang et al., 2015). Two subunit complexes in PcG proteins play an important role in epigenetic control: one is the initial inhibitory complex (PRC2), with enhancer of zeste homolog 2 (EZH2), EED, and SUZ12 as the main components and the other is the maintenance inhibitory complex (PRC1), with B-lymphoma Mo-MLV insertion region 1 (BMI-1), Chromobox 7 (CBX7) and E3 ubiquitin ligase RING1A/B as the main components (Schuettengruber et al., 2007; Scott et al., 2007; Wu et al., 2009). Functionally, in the PRC2 complex, EZH2 performs methyltransferase activity on lysine 27 on histone H3(H3K27) and is involved in the mono-, di-, and tri-methylation of lysine 27 on histone H3 (H3K27me1/2/3), which is essential for inducing transcriptional inhibition and stable gene silencing (Satijn et al., 2001; Geng and Gao, 2020). Conversely, in the PRC1 complex, CBX7 can bind to the H3K27me3 with its special domain (a highly conserved N-terminal chromodomain), thereby controlling the expression of multiple genes. In addition, the E3 ubiquitin ligase RING1A/B, a member of the PRC1 complex, is also recruited unto genes to promote histone H2A lysine 119 monoubiquitination (H2AK119ub1). These histone modifications induce chromatin compaction and aggregation, thereby inhibiting the transcriptional activity of target genes (Satijn et al., 2001; Ogawa et al., 2002; Gil et al., 2005; Wu et al., 2009; Kaito and Iwama, 2020). CBX7 inhibits genes expression at the transcriptional level in the nucleus.
Recent studies have shown that CBX7 not only regulates gene expression in the nucleus but also interacts with proteins involved in cell cycle regulation in the cytoplasm. The CBX7 protein can be divided into several subtypes, the classic ones being 36 KD protein CBX7 in the nucleus and 22KD protein CBX7 in the cytoplasm. Emerging evidence has shown that p22CBX7 rather than p36CBX7, inhibits cell proliferation, further demonstrating the complex mechanism of CBX7 regulating cell development (Cho et al., 2020). P22CBX7 in the cytoplasm may interact with some other proteins in the cytoplasm that play an important role in cell cycle progression to regulate cell proliferation, or that there is a reciprocal conversion that regulates cellular homeostasis in a complementary manner between CBX7 subtypes, thus forming negative feedback in CBX7 (Cho et al., 2020).
ABNORMAL EXPRESSION OF CBX7 IN CANCER PROGRESSION
Low Expression of CBX7 in Cancer Progression
Breast Cancer
Bioinformatic analysis of Chromobox proteins family has shown that the most significant difference between breast cancer and normal mammary tissue is the low mRNA expression of CBX7 (Li X. et al., 2020). One study of breast cancer implied that patients with low CBX7 had lower survival and were more likely to develop lymph node metastasis, P53 mutations, and the cancer further deteriorated, metastasized over time (Li X. et al., 2020). The mechanism for its carcinogenicity may be that CBX7 acts as a novel epigenetic regulator of the Wnt/β-catenin pathway in breast cancer to determine cancer progression (Li X. et al., 2020). In breast cancer, CBX7 increases Dickkopf-1 (DKK-1, a Wnt antagonist) gene transcription, thus indirectly affecting the Wnt signaling pathway (Bafico et al., 2001; Kim et al., 2015). For transcriptional activation of the DKK-1 gene, CBX7 can directly interact with p300 acetyltransferase and recruit p300/CREB binding protein (CBP) to the DKK-1 promoter, thereby inhibiting histone deacetylases (HDAC)-mediated histone deacetylation (Kim et al., 2015). In breast cancer, due to the lack of CBX7, the transcriptional activation complex p300/CBP dissociates from the promoter region of DKK-1 and restarts HDAC-mediated DKK-1 gene silencing. The decreased expression of Wnt antagonist DKK-1 can reactivate the Wnt/β-catenin/T-cell factor (TCF) pathway, leading to nuclear translocation of β-catenin and up-regulation of the expression of TCF target genes including C-MYC (Wang et al., 2008; Kim et al., 2015). Therefore, CBX7 plays a cancer-inhibiting role by guiding the synthesis of DKK-1 to attenuate the Wnt pathway in breast cancer cells. In addition, there is evidence that CBX7 also plays an important role in controlling glucose metabolism in breast cancer cells (Iqbal et al., 2021). mTORC1 signaling is a known determinant of cancer metabolism and frequently deregulated in breast cancer (Creighton, 2007; Mossmann et al., 2018). The increase of glycolysis induced by silencing CBX7 may imply that CBX7 regulates the mTORC1 pathway to control aerobic glycolysis in breast cancer (Iqbal et al., 2021). Both Chromobox 2 (CBX2) and CBX7 can be used as subunits of PRC1 to act as a reader to recognize H3K27m3, thus hindering the transcription of INK4a/ARF tumor suppressor genes (Jangal et al., 2019). Interestingly, CBX2, which is homologous to CBX7, has a high content in breast cancer (Liang et al., 2017). However, CBX7 content in breast cancer is often very low, indicating that CBX7 plays its other tumor suppressor role independently of PRC1. The reason why CBX7 is lost in breast cancer cells may be ascribed to lncRNA NEAT1 targeting CBX7 (Yan et al., 2020). It has been determined that the protein level of CBX7 is positively correlated with NEAT1 in breast cancer cells, proving that CBX7 is indeed a target gene regulated by NEAT1 (Yan et al., 2020). Moreover, miR-181b induced by high mobility group AT-hook 1 (HMGA1) interferes with CBX7 mRNA at the translation level to inhibit its expression, resulting in a lack of CBX7 in breast cancer (Mansueto et al., 2010). In these ways, CBX7 acts as an intermediate in breast cancer, creating a series of chain reactions.
Liver Cancer
The mRNA expression of CBX7 increases with liver development after birth and is maintained at a normal level to regulate the epigenome, transcriptome, and liver function (Lu et al., 2012). Accumulative evidence has shown that CBX7 content is significantly reduced in liver cancer tissues (Lu et al., 2012). In liver cancer, the expression of CBX7 mRNA is the highest in grade Ⅰ tumors among grade classification of tumor. With the increase of tumor grade, the expression of CBX7 mRNA shows a downward trend (Ning et al., 2018). In addition, the decreased expression of CBX7 is significantly correlated with liver cirrhosis by the chi-square test (Zhu et al., 2019). In patients with hepatocellular carcinoma, the high expression of CBX7 is related to a better survival rate of patients (Ning et al., 2018). One of the proposed mechanisms for cancer suppression is that CBX7 exerts a cancer suppressor effect by inhibiting the expression of cyclin E (Forzati et al., 2012). CBX7 and HDAC2 combine to form a complex and are fixed on the promoter of CCNE1, thereby repressing its transcriptional activity. The study suggested that overexpression of CBX7 would interfere with the composition of PRC1. In addition, it was proven that CBX7 dose-dependently reduced the transcriptional activity of the CCNE1 promoter (Forzati et al., 2012). We postulate that CBX7 exerts special effects independently of PRC1. On the contrary, the HMGA1b protein is a competitor of this action. The antagonistic effect of CBX7 versus HMGA1b protein on the CCNE1 promoter could inhibit cell proliferation and migration (Fusco and Fedele, 2007; Pallante et al., 2010; Forzati et al., 2012). For CBX7 itself, its expression may be regulated by non-coding RNA, such as miR-181 positively regulated by HMGA1. it may combine with the 3′-UTR of CBX7 mRNA to limit its translation (Forzati et al., 2014). Similarly, the mode of action of CBX7 in liver cancer is a continuous one-way pathway. CBX7 not only controls the synthesis of related proteins but also is restricted by other molecules.
Colonic Cancer
CBX7 is associated with multiple clinicopathologic parameters in colon cancer. Compared with normal colonic mucosa, CBX7 expression is reduced or absent in a large number of colon cancer specimens, and the absence of CBX7 expression is remarkably correlated with the poor prognosis of colon cancer patients (Pallante et al., 2010). The mRNA level of CBX7 in colon cancer samples is lower than that in normal colonic tissues, suggesting that the CBX7 expression is inhibited at the transcriptional level (Pallante et al., 2010). However, the mechanism by which it is suppressed at the transcriptional level remains unclear. Furthermore, CBX7 negatively regulates cyclin E which is involved in a G1-S phase transition. CBX7 is positively correlated with E-cadherin expression (Federico et al., 2009; Pallante et al., 2010). However, two components of the PRC1 which includes CBX7 and BMI-1 regulate the expression of E-cadherin differently. Studies had shown that BMI-1 significantly down-regulates the content of E-cadherin in colon cancer and promotes the epithelial-mesenchymal transition (EMT) process (Zhang et al., 2016). The different regulatory effects on the same protein between the two reveal that CBX7 may be independent of PRC1 composed of BMI-1 to achieve EMT inhibition. Not surprisingly, like CBX7 in breast cancer, abnormal activation of the Wnt signaling pathway is found in 90% of colon cancer, and one of the reasons may be the absence of secreted frizzled-related protein 4(sFRP4) (Liu et al., 2020). The sFRP4 could compete with Wnt proteins via binding their receptor (Frizzled) to act as an antagonist of the Wnt signaling pathway in colonic cancer (Liu et al., 2006; Liu et al., 2020). Interestingly, both DKK-1 and sFRP4 are antagonists of the Wnt signaling pathway, but the effect of CBX7 in regulating sFRP4 in colon cancer is quite different from the effect of regulating DKK-1 in breast cancer. CBX7 and other PcG proteins, such as EZH2 and Jumonji, AT rich interactive domain 2 (JARID2) are found to be enriched in the SFRP4 gene promoter region to regulate gene expression without DNA methylation (Liu et al., 2020). Perhaps it is the synergistic effect of CBX7, EZH2, and JARID2 on histone methylation modification that leads to epigenetic gene silencing (Walters et al., 2014; Pallante et al., 2015). Therefore, silencing the sFRP4 gene indirectly enhances the Wnt pathway, thereby promoting the development of cancer. The contradiction between the two roles of CBX7 in colon cancer further suggests that multiple CBX7 regulatory pathways may exist. In cancer progression, different cancer-promoting or anti-cancer pathways have gained corresponding advantages due to their expression intensity. It would be beneficial to further actively explore the pathways of CBX7 involvement.
Thyroid Cancer
It has been reported that the loss of CBX7 is associated with a highly malignant phenotype in thyroid cancer (Pallante et al., 2008). CBX7mRNA is high in most of follicular thyroid adenomas and rarely develops into cancer (Pallante et al., 2008; Monaco et al., 2014). However, a low level of CBX7 is shown in thyroid cancer. For example, Hurtle adenoma is a rare differentiated thyroid tumor with the highest incidence of metastasis, and as the tumor worsens, CBX7 gradually decreases at the transcriptional level and the tumor develops into Hurtle carcinoma (Cheung et al., 2000; Monaco et al., 2014). The decrease of CBX7 in thyroid cancer may be due to the negative regulation of tumor protein HMGA1 (Chiappetta et al., 1995). A loss of epithelial features and an acquisition of mesenchymal phenotypes are signs of tumor aggressiveness, which are often related to a lack of E-cadherin (Mansueto et al., 2010). It has been confirmed that CBX7 can actively regulate the expression of E-cadherin by interacting with HDAC2 and inhibiting its effect on the E-cadherin promoter (Federico et al., 2009). In addition, HDAC2 catalyzes the acetyl transfer of core histones and is generally considered to be a transcriptional repressor due to its ability to induce gene silencing (Federico et al., 2009; Mansueto et al., 2010). In thyroid cancer, H3k27me3 catalyzed by EZH2 is overexpressed (Tsai et al., 2019). However, CBX7, which has the recognition function of H3k27me3, did not follow its increasing trend to show high expression. This indicated that CBX7 did not act as a member of PRC1 to link up EZH2-mediated H3k27me3 to assist gene silencing. Instead, CBX7 can up-regulate the expression of FOS, FOSB, and EGR1, which are mostly involved in the physiological process of inhibiting cancer (Pallante et al., 2014). The exact molecular mechanism of promoting the expression of these genes is unclear. There is clear evidence that CBX7 is associated with osteopontin protein, which is encoded by the SPP1 gene (Sepe et al., 2015). Osteopontin is a well-known protein involved in cancer progression by promoting cell invasion and migration, leading to tumor metastasis (Rohde et al., 2007). On the one hand, CBX7 regulates cell migration by blocking HMGA1b and inhibiting SPP1 gene expression; on the other hand, CBX7 and HMGA1b limit SPP1 gene expression by regulating the activity of nuclear factor kB (NF-κB) (Sepe et al., 2015).
Glioma
In gliomas, unsurprisingly, CBX7 and HDAC2 jointly address the CCNE1 gene promoter induced G1/S phase arrest, which is similar to the effect of CBX7 in liver cancer, and CBX7 also enhances the expression of DKK-1 by binding to the DKK-1 promoter, which is similar to the effect of CBX7 in breast cancer (Mansueto et al., 2010; Kim et al., 2015; Bao et al., 2017; Yu et al., 2017). Not only that, there is a strong connection between CBX7 and the Hippo signaling pathway in gliomas (Nawaz et al., 2016). CBX7 inhibits YAP/TAZ, down-regulates CTGF (adverse prognostic product of tumor) with PRC2 as a member of PRC1, and reduces the phosphorylation level of c-Jun NH2-terminal kinase (JNK) (Nawaz et al., 2016). Among these, connective tissue growth factor (CTGF) plays an auxiliary role in gliomas by activating the ITGB1-TrkA-NF-kB pathway, which can inhibit E-cadherin at the transcription level and enhance the invasion and migration of glioma cells (Edwards et al., 2011). Thus, CBX7 indirectly inhibits the decrease of E-cadherin, plays an important role in its quantity homeostasis. For CBX7 expression, the orphan nuclear receptor TLX (NR2E1, a transcription repressor) is related to the regulation of CBX7 expression (OʼLoghlen et al., 2015b). The ectopic expression of NR2E1 binds to the CBX7 locus, activates CBX7 expression. In contrast, CBX7 binds to the NR2E1 locus as a member of the PRC1 and inhibits it as part of a regulatory feedback loop (OʼLoghlen et al., 2015b). These also imply that different pathways can also influence each other to regulate cancer progression.
Pancreatic Cancer
In pancreatic cancer, the expression of CBX7 is lower than that of normal pancreatic tissues (Ni et al., 2017). Microarray and GO-pathway analysis predict that CBX7 promotes the activation of Phosphatase and tensin homolog (PTEN) and then inhibits the downstream phosphatidylinositol 3-phosphate kinase (PI3K)/AKT pathway (Ni et al., 2017). Interestingly, the mechanism of increasing PTEN transcription may be the same as the enhanced DKK-1 expression in breast cancer, where CBX7 recruits p300 independently of PRC1 to the promoter region to participate in epigenetic changes (Kim et al., 2015; Ni et al., 2017). It is well known that PTEN is a classic tumor suppressor (Ying et al., 2011). Once PTEN is abnormally expressed, it will lead to the activation of the PI3K/AKT signaling pathway, then target NF-kB and C-MYC transcription factors, which are conducive to the survival and development of cancers (Asano et al., 2004; Ying et al., 2011).
High Expression of CBX7 in Cancer Progression
Gastric Cancer
In gastric cancer, CBX7 is highly expressed, contrary to its low expression in all of the above-mentioned cancers. It has been proven that CBX7 acts as a carcinogen mainly by inducing the down-regulation of p16INK4a/ARF, which is blocked by the BMI-1 protein (Guo et al., 2007; Zhang et al., 2010). Besides, accumulated evidence shows that CBX7 has a similar function to BMI-1 in gastric cancer, suggesting that CBX7 may participate and function in a way related to BMI-1 regulation (Guo et al., 2007; Ni et al., 2018). Although multivariate Cox proportional risk model analysis shows that CBX7 is not an independent prognostic factor for gastric cancer deterioration (Zhang et al., 2010), the carcinogenesis role of CBX7 should not be underestimated. In gastric cancer, CBX7 actively regulates the stem cell characteristics of gastric cancer cells through the AKT-NF-kB-miR-21 pathway (Ni et al., 2018). Therefore, CBX7 utilizes at least the two pathways mentioned above to play a cancer-promoting role in gastric cancer (Zhang et al., 2010; Ni et al., 2018). It is worth considering that miR-21 in the microRNA family is a downstream target of CBX7. However, in the presence of miR-421 inhibitors, the growth of gastric cancer cells is inhibited. Therefore, miR-421 may act as an upstream molecule to regulate the target CBX7, suggesting a deeper link between CBX7 and the microRNA family (Jiang et al., 2010; Ni et al., 2018).
Prostatic Cancer
In prostate cancer, CBX7 is also positively correlated to cancer progression (Bernard et al., 2005). Overexpression of CBX7 contributes to the down-regulation of the expression of the tumor suppressor gene INK4a/ARF (Figure 1) (Bernard et al., 2005). Generally, androgens are favorable factors for prostatic cancer development, but CBX7 plays an important role in maintaining prostate cancer cells growth by cooperating with C-MYC with androgen-independent transformation (Bernard et al., 2005). Recently, it has been reported that GOLPH3 can bind to the CBX7 protein in prostatic cancer to promote cell proliferation and inhibit cell apoptosis (Gong et al., 2020). More importantly, circGOLPH3, like most of circRNAs, has abundant microRNA binding sites (Gong et al., 2020). CircGOLPH3 may have a “sponge effect”, absorbing microRNAs and reducing the number of microRNA bound to target mRNA, thus increasing the expression level of target protein such as CBX7 (Gong et al., 2020). While this clearly shows the interaction in RNAs to regulate CBX7, for the binding between GOLPH3 and CBX7, it is questionable whether circGOLPH3 can also directly regulate the activity of CBX7 protein in post-translational modification.
[image: Figure 1]FIGURE 1 | The mechanism of tumor suppressor gene INK4a/ARF and functions of different CBX7 isoforms. (Kim and Sharpless, 2006) INK4a/ARF can express two co-exon products p16 and ARF. P16 INK4a can inhibit the phosphate of RB protein by interacting with cycle-dependent kinase. Inactivation of CDK4/6 promotes Rb/E2F1 association triggering G1/S transition. ARF can bind to Mouse Double Minute 2 protein (MMD2) protein to inactivate it, thereby releasing its inhibitory effect on p53 protein. P36CBX7 inhibits the expression of ARF in the nucleus to cause p53 protein abnormalities and make the cell cycle out of control at the G1/S regulatory point. P22CBX7 interacts with related proteins in the cytoplasm to keep the cell cycle in the G0 phase. Both have opposite effects on cell proliferation, showing the duality of CBX7.
Lymphoma
Finally, CBX7 is also highly expressed in lymphomas. CBX7 promotes T-cell lymphoma, and when sensitized oncogenes are directed to B-cell loci, CBX7 also promotes aggressive B-cell lymphoma, with a presence and latency similar to that of BMI-1 (Scott et al., 2007). CBX7 may cause the occurrence of lymphoma by enhancing stem cell self-renewal or increasing the replication potential of cancer stem cells (Scott et al., 2007). Although CBX7 may affect the transcription of multiple genes, inhibiting INK4a/ARF seems to be more important for its carcinogenic potential (Scott et al., 2007). However, CBX7 does not regulate cancer progression alone, the long latency and incomplete penetrance observed after overexpression of CBX7 suggest that aberrant CBX7 expression is not sufficient for causing lymphoma. CBX7 usually cooperates with C-MYC in the formation of aggressive lymphomas during lymphocyte genesis (Scott et al., 2007). More commonly, CBX7 is co-expressed with ZBTB7 in human follicular lymphoma, increasing the possibility that these proteins collectively control INK4a/ARF expression (Maeda et al., 2005). It also should be noted that CBX7 often works with other proteins, such as B-cell lymphoma 2(BCL-2), to accelerate the progress of lymphoma (Ramaswamy et al., 2001; Scott et al., 2007). Therefore, CBX7 could work with different partner molecules to produce different effects (pro-cancer or anti-cancer). Determining the specific molecular mechanism of CBX7 is very interesting and deserves further study.
CBX7 INTERACTS WITH DIFFERENT RNAS IN DIFFERENT CANCER ENVIRONMENTS
Interaction of CBX7 With microRNAs
MicroRNAs have obvious tissue specificity and can interact with CBX7 to affect cancer progression (Correia de Sousa et al., 2019). Many members of the microRNA family are involved in interference with CBX7 expression. For example, luciferase reporter assay has shown that miR-19 promotes the proliferation, migration of lung cancer cells by binding to the 3′-UTR of CBX7 mRNA and inhibits CBX7 expression at the translation level (Peng et al., 2018). Similarly, in lung adenocarcinomas, miR-181 overexpression promotes epithelial-mesenchymal transition (EMT) by directly targeting CBX7 (Pei et al., 2020). In addition, miR-375 plays a cancer-promoting role in prostate cancer by influencing the epigenetic regulation of transcriptional programs through its ability to directly target the polycomb complex member CBX7 (Pickl et al., 2016). Moreover, compared with CBX7+/+MEFs(mouse embryonic fibroblasts), CBX7−/−MEFs show a higher level of miR-181 in breast cancer while CBX7 ± MEFs express a moderate level, suggesting that CBX7 negatively regulates the expression of miR-181 (Pallante et al., 2015). Therefore, on the one hand, CBX7 can negatively regulate the expression of miR-181. On the other hand, since miR-181 binds to the mRNA 3′-UTR of CBX7, the expression of CBX7 is restricted, thus forming a synergistic cycle that promotes cancers (Pallante et al., 2015; Peng et al., 2018; Yan et al., 2020). MiR-155 is positively regulated by CBX7 in MEFs and colon carcinomas. Moreover, it has been determined that K-ras is a target of miR-155, the overexpression of miR-155 causes a sharp drop in K-ras mRNA and protein levels (Forzati et al., 2017). In glioma, the in vitro and in vivo functional assays results indicate that overexpression of miR-18a induced by miR-18a mimics may promote cell proliferation and migration of liver cancer cells by acting on CBX7 (Wu et al., 2017). On the contrary, miR-18a shows a cancer suppressor effect in primary ovarian tumors, due to the dual role of CBX7 as a bridge molecule in different cancers progression (Zhao et al., 2020). In addition, it has been reported that miR-9 can induce cell senescence without affecting the expression of CBX7, but the expression of CBX7 weakens its ability to induce senescence, which may be related to the regulation of senescence involved in p16INK4a (OʼLoghlen et al., 2015a).
Interaction of CBX7 With Long Noncoding RNAs
There are few studies on the regulatory relationship between long noncoding RNA lncRNA and CBX7. Some lncRNAs can directly or indirectly influence the role of CBX7 in cancer progression. In breast cancer, lncRNA NEAT1 is highly expressed in breast cancer tissues and closely related to clinical stage, lymph node metastasis (Li et al., 2017; Yan et al., 2020). It has been reported that with the down-regulation of NEAT1, the expression of CBX7 protein in breast cancer cells is also significantly down-regulated (p < 0.01) (Yan et al., 2020). lncRNA NEAT1 is mainly located in the cytoplasm but also exists in the nucleus. It is speculated that lncRNA NEAT1 may play a role in regulating CBX7 expression in terms of chromatin status, DNA binding, or the fate of newly transcribed mRNA in the nucleus (Yan et al., 2020). lncRNA ANRIL can coordinate or reverse the “reader” function of CBX7 at the transcriptional level (Yap et al., 2010). The p16 gene and the gene transcribed into ANRIL are located on the same chromosome, and CBX7 chromodomain uses distinct regions and residues for binding H3K27me or lncRNA (Pasmant et al., 2007; Yap et al., 2010). Both PRC1 and PRC2 are retained at a repression site of a target gene through their association with the nascent ANRIL transcripts of Pol II, ANRIL/CBX7 binding could result in dissociation of PRC1 from H3K27me, leading to a reversal of transcriptional repression of the target gene (Yap et al., 2010). In addition, lncRNA SNHG7 can also indirectly influence the expression of CBX7 by regulating miR-181 in lung adenocarcinoma (Pei et al., 2020). It can be seen that the interaction between CBX7 and lncRNA family is not one-to-one, but a complex regulatory network between lncRNA and microRNA families.
Interaction of CBX7 With Circular RNAs
CircRNA has been proved to be an important molecule that can be used as a therapeutic target for tumors. However, studies on the relationship between circRNA and CBX7 are few and currently limited to prostate cancer (Chen et al., 2019; Gong et al., 2020). In the study of prostate cancer, it is found that CBX7 can specifically bind to circGOLPH3 based on the results of mass spectrometry, but the detailed mechanism of circRNA-CBX7 binding remains unclear (Gong et al., 2020). The answer to the direct and specific binding of GOLPH3 to CBX7 may be that the two directly bind to prevent CBX7 degradation. Moreover, in prostate cancer, circCSNK1G3 promotes cell growth by interacting with miR-181 involved in the regulation of CBX7 (Chen et al., 2019; Pei et al., 2020). Of note, circRNAs can bind, store, classify and isolate proteins to specific subcellular locations (Huang et al., 2020). Given that the above discussion in various cancers, CBX7 mainly functions as an epigenetic regulator in the nucleus. Therefore, it is possible to speculate whether CBX7 can be dispersed into different subcellular locations under the action of circular RNAs to show a confusing result, which is mistaken for the duality of CBX7. For example, CBX7 is highly expressed in cells, however, the amount of CBX7 in the nucleus is small and its regulatory role is not significant. The relationship between circRNA family and CBX7 may further uncover the complex mechanism of CBX7.
THE RELATIONSHIP BETWEEN THE PHYSIOLOGICAL FUNCTION OF CBX7 AND CANCER
CBX7 and the Immune Response
It has been reported that CBX7-deficient CD4+T cells express more FasL and display the FasL gene promoter demethylation after antigen-specific TCR activation (Li et al., 2014). It is suggested that CBX7 can inhibit the expression of FasL in CD4+ T cells, resulting in significantly reduced demethylation of the FasL gene promoter. It is well known that the Fas-FasL association is a typical pathway that induces T cell apoptosis (Fisher et al., 1995). Therefore, CBX7 can inhibit activation-induced T cell apoptosis, indicating that it plays a role in the adaptive immune response. Interestingly, a small proportion of people infected with HIV remain asymptomatic and maintain a high CD4 + T cell count after years of seroconversion (Imami et al., 2013). A meta-analysis showed that the CBX7 gene is highly correlated with viral control (Ding et al., 2019). In addition, changes in somatic cell copy numbers of the CBX family inhibit the infiltration of immune cells in melanoma (Li D. et al., 2020). The analysis of immune infiltration for the CBX family showed that the expression of CBX7 is related to the abundance of these six immune cells (B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells) (Li D. et al., 2020). Moreover, in prostate cancer, C-C motif chemokine ligand 2 (CCL2) is a main target of PRC1, and the H3K27me3 inhibitory marker that is bound with CBX7 is relatively low in the promoter region of the CCL2 gene, which leads to massive production of CCL2 (Su et al., 2019). The cytokine CCL2 not only promotes self-renewal by binding to C-C motif chemokine receptor 4 (CCR4) on prostate cancer cells but also recruits tumor-associated macrophages and Tregs in cancer metastasis sites by paracrine, thus creating a profound immunosuppression and angiogenesis microenvironment, confirming once again the importance of CBX7 in tumor immunity (Josefowicz et al., 2012; Su et al., 2019).
Immune cells infiltrating in the tumor microenvironment can regulate cancer progression, which is the current trend of cancer therapy (Quail and Joyce, 2013). CBX7 can play its duality in different cancer tissues, but it could be beneficial to the immune system of the human body. It would be interesting to assess whether CBX7 can be used as an intermediate molecule between cancers and immunity.
CBX7 and DNA Damage
It is well known that the source of cancers can be naturalized with proto-oncogene mutations and cancer suppressor gene deletions. The fundamental reason for cancer lies within the problems within DNA damage and repair (OʼConnor, 2015). Recently, the contact between CBX7 and DNA damage repair has emerged in cancers. In melanoma, the downstream kinase targets of CBX7 are Polo-like kinase 1(PLK1) and cyclin-dependent kinase 1(CDK1), which are related to genome stability. Therefore, CBX7 is indirectly involved in DNA damage repair (Li D. et al., 2020). Moreover, in melanoma studies, it has been shown that in the presence of CBX7 inhibitors, DNA damage repair is inhibited (Connelly et al., 2016). In addition, RING1, a member of the PRC1, has been shown to possess ubiquitin ligase activity toward histone H2A, suggesting that the recruitment of polycomb proteins may be responsible for the ubiquitination of histone H2A at DNA lesions. CBX7 is also a member of the PRC1. In other words, CBX7 may locate at DNA damage sites with the recruitment of PRC1 containing RING1 (Chou et al., 2010; Pei et al., 2020). All these suggest the importance of CBX7 in DNA damage repair.
DISCUSSION
Clinically, the expression of CBX7 in different cancers is inconsistent for cancer progression, showing double-sidedness. CBX7 is lowly expressed in cancers of the breast, pancreas, liver, thyroid, colon, and glioma, but highly expressed in cancers of the stomach, prostate, and lymph. We outline above that CBX7 may regulate cell proliferation, apoptosis, and metastasis through different targets in different tissues. Based on the circumstances regarding CBX7 in cancers, it may be bold to speculate that the double-sidedness of CBX7 in cancer progression is closely related to its regulatory pathways (Table 1). Limited by our understanding of various cancer pathways, we describe some of the regulatory pathways in which CBX7 participates in cancers.
TABLE 1 | CBX7 participates in various pathways and plays different physiological effects in different cancers.
[image: Table 1]In general, the current consensus on the carcinogenicity of CBX7 is that CBX7 inhibits the oncosuppressor gene INK4a/ARF (Figure 1). For its anti-cancer effect, CBX7 participates in different pathways according to the different tissue environments (Table 1). It mainly interacts with other molecules to epigenetically control the expression of related proteins, thereby regulating some cell signaling pathways to combat cancer manifestations (Such as proliferation, migration, invasion, etc. Figure 2). It needs to be pointed out that different RNA molecules have a complex relationship with CBX7, forming an intricate network between them, making the effect of CBX7 on cancer is not absolute (Figure 3).
[image: Figure 2]FIGURE 2 | CBX7 interacts with proteins in the nucleus, transcriptionally controls the synthesis of related proteins, and regulates different signaling pathways. (A) CBX7 enhances the expression of Wnt antagonist DKK-1 by interacting with other molecules in epigenetics, leading to the blockage of downstream signal transduction of Wnt pathway, and then the expression of C-MYC and Cyclin D are restricted to maintain normal cell proliferation. But CBX7 inhibits the expression of sFRP4, which is also a Wnt antagonist.(B) On the one hand, CBX7 directly inhibits CTGF expression epigenetically; on the other hand, CBX7 antagonizes YAP/TAZ to indirectly restrict CTGF expression, which inhibits cell invasion and migration. (C) CBX7 cooperates with HDAC2 to promote the synthesis of E-cadherin in transcription to maintain cell fixed structure. (D) CBX7 relies on PRC1, and cooperates with PRC2 to epigenetically inhibit the expression of INK4a/ARF, making cell proliferation out of control.
[image: Figure 3]FIGURE 3 | CBX7 expression is regulated by RNA molecules and the interaction between CBX7 and RNA molecules promotes or inhibits cancer progression. (A) In terms of quantity, miR-181 and miR-19 combine with the 3′-UTR of CBX7 mRNA to inhibit its translation and reduce its content. In terms of function, miR-375 and miR-18a act on CBX7 protein to decrease its activity. Therefore, the expression of DKK-1, sFRP4 and E-cadherin mediated by CBX7 decreases, resulting in uncontrolled cell proliferation, cell migration and invasion. CBX7 can also strengthen the inhibition of INK4a/ARF expression under the action of ANRIL, leading to uncontrolled cell cycle regulation and cell proliferation. Meanwhile, CBX7 can also inhibit miR-9 and miR-181. (B) In terms of quantity, NEAT1 promotes the synthesis of CBX7 at the transcription level, and SNGH7 indirectly facilitates the synthesis of CBX7 protein by blocking miR-181 at the translation level. Therefore, high content of CBX7 protein can inhibit abnormal K-ras protein via miR-155, thereby controlling tumor cell growth and angiogenesis. Meanwhile, miR-18a can relieve the transcriptional inhibition of INK4a/ARF by CBX7, thereby restoring normal cell proliferation.
CBX7 is involved in the reading recognition of H3K27me3 with its special structure and causes gene silencing, therefore CBX7 may be used as a clinical cancer treatment target. Due to the high degree of homology in the CBX family, antagonists that specifically target the CBX7 reader protein binding to histone methylated lysine have not yet been discovered, but some antagonists have a higher selectivity for CBX7 than CBX2/6/8 (Simhadri et al., 2016). Small molecules such as suramin and Ms37452 can inhibit the binding of lysine methylated polypeptides to the CBX7 chromodomain, which can be used as a feasible cancer suppressor in some cancers with high CBX7 expression, such as prostate cancer (Ren et al., 2015). Furthermore, CBX7 can also increase the sensitivity of cancer cells to chemical drugs (Cacciola et al., 2015; Iqbal et al., 2021). For example, the sensitivity of lung carcinoma cells to irinotecan and the sensitivity of breast cancer cells to FDA-approved drugs. It is worth noting that when defining the function of inhibitory polycomb complexes and evaluating the anti-cancer drugs for CBX7, the overall expression pattern should be given priority, rather than the expression of a single complex member. Of course, the complete mechanism of CBX7 has not been clarified so far. As a subunit of the PcG proteins, CBX7 not only functions independently of PRC1 but also has the function of inhibiting gene expression together with PRC1 as a whole and PCR2 (Scott et al., 2007; Pallante et al., 2015). These phenomena deserve further investigation to elucidate their mechanisms and may provide evidence for the clinical prognostic value and therapeutic targets of cancer.
More importantly, in this review, we briefly illustrated the duality of the interaction between CBX7 and various RNAs in cancers (Figure 3). Similarly, other molecules that use CBX7 as an intermediate for physiological effects can also play a dual role in different cancer progression, such as miR-18a (Wu et al., 2017; Zhao et al., 2020). It is indisputable that the specificity of the environment in which the tissue cells are located affects the duality of CBX7. Additionally, the physical and chemical environment of the tissue may also greatly influence the expression of CBX7 (Chiu et al., 2020). It has been reported that under hypoxic conditions activated hypoxia-inducible factor-1α (HIF-1α) directly binds to the CBX7 gene promoter and activates the expression of CBX7, and hypoxia-induced overexpression of CBX7 stimulates the proliferation of nasopharyngeal carcinoma cells in the ischemic brain (Chiu et al., 2020).
CONCLUSION
The most important function of the CBX7 protein is to regulate gene expression by epigenetics. In some cases, it can control cell proliferation, cell apoptosis, and self-renewal. Besides, the cellular effects mediated by CBX7 are diverse in different cancer environments. Therefore, actively guiding the expression of CBX7 in vivo according to cancer types may be helpful in guiding the clinical progress of cancer treatment.
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Brain tumors in children and adults are challenging tumors to treat. Malignant primary brain tumors (MPBTs) such as glioblastoma have very poor outcomes, emphasizing the need to better understand their pathogenesis. Developing novel strategies to slow down or even stop the growth of brain tumors remains one of the major clinical challenges. Modern treatment strategies for MPBTs are based on open surgery, chemotherapy, and radiation therapy. However, none of these treatments, alone or in combination, are considered effective in controlling tumor progression. MicroRNAs (miRNAs) are 18–22 nucleotide long endogenous non-coding RNAs that regulate gene expression at the post-transcriptional level by interacting with 3′-untranslated regions (3′-UTR) of mRNA-targets. It has been proven that miRNAs play a significant role in various biological processes, including the cell cycle, apoptosis, proliferation, differentiation, etc. Over the last decade, there has been an emergence of a large number of studies devoted to the role of miRNAs in the oncogenesis of brain tumors and the development of resistance to radio- and chemotherapy. Wherein, among the variety of molecules secreted by tumor cells into the external environment, extracellular vesicles (EVs) (exosomes and microvesicles) play a special role. Various elements were found in the EVs, including miRNAs, which can be transported as part of these EVs both between neighboring cells and between remotely located cells of different tissues using biological fluids. Some of these miRNAs in EVs can contribute to the development of resistance to radio- and chemotherapy in MPBTs, including multidrug resistance (MDR). This comprehensive review examines the role of miRNAs in the resistance of MPBTs (e.g., high-grade meningiomas, medulloblastoma (MB), pituitary adenomas (PAs) with aggressive behavior, and glioblastoma) to chemoradiotherapy and pharmacological treatment. It is believed that miRNAs are future therapeutic targets in MPBTs and such the role of miRNAs needs to be critically evaluated to focus on solving the problems of resistance to therapy this kind of human tumors.
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INTRODUCTION

Malignant primary brain tumors (MPBTs) are one of the most difficult to treat types of tumors, resulting in significant morbidity and mortality in both children and adults. The most common MPBTs are glioblastomas, high-grade meningiomas, medulloblastoma (MB), and pituitary adenomas (PAs) with aggressive behavior, as aggressive prolactin PAs (Schiff and Alyahya, 2020; Thakkar et al., 2021). For example, for patients with glioblastoma or MB, the overall survival remains is poor, with conventional therapies such as radio- and chemotherapy only providing marginal benefits to patient survival. Therefore, new strategies are needed to overcome the barriers to successful treatment (Thakkar et al., 2021).

Over the past decades, significant progress has been achieved in the study of tumor biology, the study of the mechanisms of control of tumor metastasis, apoptosis, invasion, angiogenesis, and proliferation of tumor cells. These data were obtained by studying the cellular composition and microenvironment of tumors, various intracellular signaling pathways, and molecular processes of oncogenesis (Richardson et al., 2020). MicroRNAs (miRNAs) are 18–22 nucleotide endogenous non-coding RNAs that regulate gene expression at the post-transcriptional level by interacting with 3′-untranslated regions (3′-UTR) of mRNA-targets (Lu and Rothenberg, 2018; Figure 1). It is estimated that more than 60% of all human protein-coding genes are directly regulated by miRNAs (Ha and Kim, 2014; Dexheimer and Cochella, 2020). It has been proven that miRNAs are involved in various biological processes, including the cell cycle, apoptosis, cell proliferation, and differentiation (Rupaimoole and Slack, 2017; Saliminejad et al., 2019). In addition, miRNAs play a role in the oncogenesis of various human tumors, including brain tumors (Bertoli et al., 2015; Qadir and Faheem, 2017; Ali Syeda et al., 2020; Balachandran et al., 2020). Recently, most research has focused on the role of miRNAs in resistance to malignant human tumors therapy. In MPBTs, the role of miRNAs in radio- and chemotherapy resistance is an attractive area of research and is expected to lead to the development of novel treatment strategies. This review will focus on differential expression of miRNAs in MPBTs (e.g., high-grade meningiomas, MB, PAs with aggressive behavior, and glioblastoma) with their gene-targets and their potential role in resistance to radio- and chemotherapy, and to pharmacological treatment.
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FIGURE 1. MiRNA biogenesis pathway. Overview schematic representation of canonical miRNA biogenesis pathway.




MICRORNAS DYSREGULATION IN MALIGNANT PRIMARY BRAIN TUMORS

MicroRNAs perform an important function in the complex mechanism of regulation of gene activity, since they determine the qualitative and quantitative composition of transcripts and proteins necessary for the development of individual tissues, organs and the whole organism. A growing body of evidence points to the importance of miRNAs deregulation in the initiation and progression of tumors, where they can act as oncogenic miRNAs (oncomiRs) or tumor-suppressor miRNAs, depending on the cellular function of their gene-targets (Liu et al., 2014). Moreover, the activation or suppression of specific miRNA families is the mechanism by which oncogenes such as epidermal growth factor receptor (EGFR) and MET or tumor suppressor genes such as phosphatase and tensin homolog deleted on chromosome 10 (PTEN), adenomatous polyposis coli (APC), and breast cancer type 1/2 (BRCA1/2) induce or inhibit oncogenesis (Zhang et al., 2007; Lee and Muller, 2010).

To date, a lot of evidence has been collected about the aberrant expression of miRNAs in various tumors, particular, malignant (Van Roosbroeck and Calin, 2017). It was shown that miRNAs control the expression of genes of regulatory pathways that play a key role in tumor development, control apoptosis and proliferation of tumor cells, tumor growth in response to DNA damage and repair, angiogenesis and response to hypoxia, the interaction of tumor cells with the microenvironment (Rupaimoole and Slack, 2017; Van Roosbroeck and Calin, 2017). A number of researchers isolate miRNAs directly related to individual processes in a tumor, or stages of development, of a disease (Vishnoi and Rani, 2017). Many miRNAs are involved in key signaling pathways associated with the regulation of the cell cycle and apoptosis. In one of the latest studies, Allahverdi et al. (2020) found that adipose-derived mesenchymal stem cells (AD-MSCs) delivering miR-4731 induces apoptosis and cell cycle arrest in the glioblastoma cell line. Another study provided evidence that miR-221-3p reduces MB cell proliferation by inducing apoptosis and G0/G1 arrest by suppressing eukaryotic translation initiation factor 5A-2 (EIF5A2) (Yang et al., 2019).

There is also a separate group of miRNAs associated with the metastatic activity of tumors – metastamiRs. Moreover, among such miRNAs, some promote (miR-9, miR-210, miR-21, miR-218, etc.) tumor metastasis, while others (miR-145, miR-7, miR-146-a, etc.), on the contrary, suppress it (Alsidawi et al., 2014; Lu et al., 2015; Lima et al., 2017; Ji et al., 2018; Maryam et al., 2021).

In recent years, thanks to advances in molecular oncology, it has been possible to decipher some of the mechanisms of oncogenesis and to determine the signs of a malignant phenotype, one of which is angiogenesis. Malignant tumors requires more oxygen and nutrients to grow (Viallard and Larrivée, 2017). The solution to this issue is to trigger the mechanism of angiogenesis in the tumor. Vascular endothelial growth factor (VEGF) is extremely important for the formation of an adequate functioning vascular system during embryogenesis and in the early postnatal period, but it also plays an important role in pathological angiogenesis. In many types of tumors, increased VEGF expression correlates with poor prognosis, including aggressive tumor growth, recurrence, metastasis, and decreased survival (Melincovici et al., 2018). In addition, VEGF expression correlates with a decrease in the density of the microvascular network in the malignant brain tumors, which in itself serves as an indicator of the prognosis of vascular rupture, followed by hemorrhage in the tumor bed (Apte et al., 2019). To date, a number of miRNAs have been identified that are highly expressed in endothelial cells (ECs) and/or are activated under hypoxic conditions. Among these miRNAs, it is worth noting miR-126, which is specifically expressed in the ECs and is a key regulator of the integrity of the vascular wall and angiogenesis in various tumors, including brain tumors (Fish et al., 2008). Smits et al. (2012) showed there is significant low-expression of miR-125b in ECs co-cultured with U87 glioblastoma line cells. Moreover, the authors demonstrated that miRNA-125b inhibits angiogenic processes by directly regulating Myc-associated zinc finger protein (MAZ)/VEGF signaling pathway expression. It is known that, MAZ-binding sites are located in the promoter regions of angiogenic factor VEGF.

Xiao et al. (2016) demonstrated that miR-566 was overexpressed in glioblastoma in vitro and in vivo, and inhibition of miR-566 was able to suppress the invasion and migration of glioblastoma cells, and angiogenesis via the VEGF/Von Hippel–Lindau tumor suppressor (VHL) pathway. This suggests that miR-566 may function as an oncogene, and therefore, miR-566 may be considered a novel therapeutic target of glioblastoma (Xiao et al., 2016).

There is evidence that some miRNAs can participate in the processes of malignant transformation in benign brain tumors. Brain tumors of different histology are characterized by specific miRNAs expression profiles associated with the clinical and pathological properties of the tumor (Van Roosbroeck and Calin, 2017). For instance, miR-21 makes it possible to distinguish between the main histological types of meningioma, for which miR-21 expression showed a significant increase in World Health Organization (WHO) grade 2 and 3 lesions as compared to WHO grade 1 lesions (Katar et al., 2017).

Currently, there is an active search for new miRNAs and their target genes involved in other important processes associated with oncogenesis (and not only), for example, the control of the balance of self-renewal and differentiation of stem cells, epithelial-mesenchymal transition (EMT), regulation of the immune response, the relationship of the tumor with the microenvironment, etc.

It should also be borne in mind that the reason for the change in the expression of miRNA may be a violation of the expression of proteins involved in miRNA biogenesis. It is known that the loss or insufficient expression of Drosha, Dicer, and TRBP can lead to the development of a tumor process (Olejniczak et al., 2018). Several groups showed impaired expression of Drosha and Dicer in glioblastoma, pineoblastoma, and neuroblastoma, all of which correlated with a poor prognosis of survival (Lin et al., 2010; Mansouri et al., 2016; de Kock et al., 2020). Decreased expression of these proteins can be mediated by mutations or epigenetic inactivation of their genes. In addition, mutations in Dicer can lead to impaired recognition of miRNA precursors and a change in the balance of strands. Argonaute 2 (Ago2) and GW proteins that act as direct partners of miRNAs are often susceptible to somatic mutations in glioblastoma, which are accompanied by a high level of instability of microsatellite tumor DNA (Li S. et al., 2014; Li Z. et al., 2019). Disruption of the transport of pre-miRNAs into the cytoplasm can also lead to a decrease in their expression. A mutation in the exportin-5 gene, leading to the synthesis of a truncated protein that is unable to recognize pre-miRNAs, causes a decrease in the level of mature miRNAs in a number of tumors (Wu et al., 2018).

A number of oncogenic proteins can directly interfere with miRNA biogenesis in tumors. Thus, wild and mutant forms of p53 are involved in the biogenesis of a number of miRNAs, primarily miR-34 (Zhang et al., 2019). It is known that mutant forms of p53 can inhibit Drosha activity and prevent the formation of pre-miRNA (Garibaldi et al., 2016). Transforming growth factor beta (TGF-β) affects the processing of miRNA through the binding of effector proteins to the microprocessor complex and pri-miRNA. YES-associated protein 1 (YAP1), one of the components of the Hippo pathway, regulates the activity of the microprocessor complex depending on the density of cells in culture (Ruan et al., 2016). Tumor suppressor protein BRCA1 also stimulates the activity of the microprocessor complex (Lee and Muller, 2010). Under hypoxic conditions, activated EGFR can phosphorylate Ago2, inhibiting its interaction with Dicer and decreasing the level of activity of miRNA effector systems (Shen et al., 2013). In addition, the interaction of p53 with Ago2 leads to a change in the spectrum of miRNAs associated with it, leading to the formation of complexes carrying tumor suppressor miRNAs, for example, let-7 (Krell et al., 2016).

Thus, miRNAs are one of the key factors in the development of malignant forms of brain tumors, both as drivers of malignant transformation and as a victim of the deregulation of cellular regulatory systems. The close relationship of miRNAs with MPBTs has led to the fact that they are currently being actively studied (Table 1; Grunder et al., 2011; Kliese et al., 2013; Asuthkar et al., 2014; Wang et al., 2015; Wei et al., 2015; Yu et al., 2016; Zheng et al., 2017; Xu et al., 2018; Xue et al., 2019; Hou et al., 2020; Muñoz-Hidalgo et al., 2020; Negroni et al., 2020; Song et al., 2020), including with the aim of creating diagnostic and therapeutic systems designed to increase the effectiveness of treatment of this disease.


TABLE 1. The most relevant studies to study the role of miRNAs in the oncogenesis of malignant primary brain tumors (MPBTs).
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MICRORNAS IN RESISTANCE TO CHEMORADIOTHERAPY AND PHARMACOLOGICAL TREATMENT

Resistance to therapy of brain tumors is an important problem in modern neurosurgery. There are two main mechanisms for the emergence of radio- and chemotherapy resistance: (1) activation of specific signaling pathways responsible for the “neutralization” of the chemotherapy drug and ionizing radiation in the tumor cell. Such these signaling pathways include phosphoinositide 3-kinases/protein kinase B (PI3K/AKT) è mitogen-activated protein kinase (MAPK)/ERK; and 2) violation of the mechanism of cell death under the influence of chemotherapy and ionizing radiation (Cao et al., 2019; Kapoor et al., 2020). This mechanism includes the blocking of apoptosis with p53 mutations, overexpression of B-cell lymphoma 2 (Bcl-2), a decrease in the expression of cluster of differentiation 95 (CD95) (Kapoor et al., 2020). It is now known that miRNAs can control the regulation of target genes or signaling pathways involved in malignant tumor resistance to therapy, including MPBTs. Among these miRNAs, miR-21 is the most studied in glioblastoma. MiR-21 is one of the important miRNAs involved in glioblastoma oncogenesis. A large number of studies indicated that miR-21 could affect a variety of cellular and molecular pathways. It has been showing that deregulation of miR-21 could be associated with resistance to radio- and chemotherapy of glioblastoma (Figure 2; Lan et al., 2015; Masoudi et al., 2018; Buruiană et al., 2020). In this article, we will consider current knowledge about the role of miRNAs in the mechanisms of resistance to therapy in MPBTs. In addition, a summary of the role of some miRNAs in therapy resistance by targeting their gene targets is shown in Table 2 (Pannuru et al., 2014; Dénes et al., 2015; Abdelfattah et al., 2018; Chen et al., 2018; Li J. et al., 2019; Bogner et al., 2020; Hu et al., 2020; Sun et al., 2020; Zhao C. et al., 2020; Cardoso et al., 2021) and Table 3 (Lee et al., 2014; Li W. et al., 2014; Huynh et al., 2015; Wu et al., 2015; Yang F. et al., 2017; Zhang Q. et al., 2020).
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FIGURE 2. MiR-21 involved in radio- and chemoresistance in glioblastoma. This figure shows through which signaling pathways miR-21 may be involved in resistance to therapy in glioblastoma.



TABLE 2. MiRNAs involved in the regulation of chemotherapeutic and pharmacological drug treatment resistance in malignant primary brain tumors (MPBTs).
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TABLE 3. Role miRNAs in regulating malignant primary brain tumors (MPBTs) radiosensitivity.
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Glioblastoma

Glioblastoma is the most aggressive primary brain tumor and usually has a poor prognosis. Thus, the median survival rate of patients with glioblastoma after surgical resection and standard radio- and chemotherapy is no more than 12–15 months, while the 2-year survival rate for this group of patients varies from 26 to 33% (Wirsching et al., 2016; Schiff and Alyahya, 2020). Angiogenesis is the most important pathophysiological mechanism for the growth and progression of glioblastoma due to the active development of the microvascular network. The accelerated development of the microvascular network in glioblastoma occurs due to the synthesis of a large number of growth factors by tumor cells, including the VEGF family, placental growth factor (PLGF), platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF) (Le Rhun et al., 2019). It should be noted that the microvascular network of glioblastoma is characterized by a high degree of tortuosity, increased permeability, as well as an increased diameter of the vascular lumen, and a thickened basement membrane (Ahir et al., 2020). It is believed that these features of the microvascular network of glioblastoma increase the hypoxia of the tumor tissue, thereby reducing the effectiveness of the use of cytotoxic drugs. It is for this reason that the development and use of anti-angiogenic drugs seem to be one of the most promising methods of targeted treatment of glioblastoma patients. The effectiveness of the use of anti-angiogenic drugs in the treatment of glioblastoma has been clearly demonstrated in a number of clinical studies (Sousa et al., 2019; Schulte et al., 2020). However, the widespread use of anti-angiogenic drugs in clinical practice has led to the development of glioblastoma resistance to drugs of this group. The formation of drug resistance of glioblastoma to anti-angiogenic drugs is associated with molecular and cellular features of the behavior of tumor cells, including with the participation of certain miRNAs (Zeng et al., 2018b).

Autophagy is one of the main mechanisms of tumor resistance. It should be noted that autophagy is the main cellular defense mechanism in the development of hypoxic conditions, which does not require tissue and extracellular matrix remodeling (Kimmelman and White, 2017). As is already known, the use combination of anti-angiogenic therapy with radiotherapy leads to the development of tumor tissue hypoxia due to the disturbance of the angiogenesis process necessary for the growth and progression of the tumor (Le Rhun et al., 2019). It is generally accepted that the process of autophagy in tumor cells is aimed at the destruction of proteins and signaling molecules formed during hypoxic conditions, which leads to the preservation of intracellular structures and the leveling of the secondary effects of anti-angiogenic drugs. It is assumed that in glioblastoma, drug resistance to bevacizumab is associated with non-selective hypoxia-induced factor (HIF)-dependent autophagy-mediated through the activity of the protein-interacting protein 3 (BNIP 3) and hypoxia-inducible factor 1-alpha (HIF1-α) protein (Hu et al., 2012). It is known that HIF-1α can cause cell cycle arrest, initiating angiogenesis, and regulating cellular metabolism (Gabriely et al., 2017; Huang et al., 2019). Huang et al. identified that the expression of HIF-1α was increased in glioblastoma in vitro and in vivo under hypoxia (Cardoso et al., 2021). Moreover, the longer the duration of hypoxia, the higher was the expression of HIF-1α. However, the expression of miR-224-3p was decreased under hypoxia conditions in a time-dependent manner. Their data showed that the miR-224-3p mimic significantly suppressed the expression HIF-1α and inhibited cell mobility while increased chemosensitivity to Temozolomide (TMZ) of glioblastoma. In addition, the miR-224-3p mimic suppressed the expression of VEGF with an increased cell apoptosis rate. In another study, miR-203 could be a useful target for overcoming the radioresistance of glioblastoma by suppressing HIF-1α expression in vitro (Chang et al., 2016). However, further experiments are needed to understand the complex link between miR-203 and HIF-1α expression.



Medulloblastoma

Medulloblastoma is a malignant primary tumor of the posterior fossa (WHO grade 4), mainly manifested in children. MB arises in the posterior fossa, usually from the cerebellar vermis and in the roof of the fourth ventricle (Schiff and Alyahya, 2020). MBs tend to metastasize along with the cerebrospinal fluid (CSF) pathways, which is detected in 35% of cases at the time of diagnosis. MBs are the most common malignant neoplasms of the brain in childhood and account for 15 to 30% of all primary CNS tumors in children, and about 70% of all cases are diagnosed in children under 15 years of age (Quinlan and Rizzolo, 2017). The age peak of diagnosis is between 3 and 5 years, and only 25% are patients between the ages of 20–44 (Millard and De Braganca, 2016; Quinlan and Rizzolo, 2017). Patients with MB have a poor outcome despite surgical, radio- and chemotherapy. However, the molecular mechanisms that confer sensitivity or resistance of MB to chemoradiation therapy are still unclear.

Recent evidence has implicated miRNAs in modulating chemo- and radiosensitivity in MBs (Joshi et al., 2019). It has been shown that in MB therapy there is a balance between cell cycle arrest and cell death (Kasuga et al., 2008). Melanoma-associated antigen-A (MAGE-A) family acts as a cell cycle regulatory protein and plays a key role in the oncogenesis and therapy resistance in MB. Kasuga et al. (2008) demonstrate that knockdown of MAGE-A increases apoptosis and sensitizes MB cells to chemotherapeutic agents such as cisplatin and etoposide. This finding supports the hypothesis that knockdown of MAGE-A genes increases the susceptibility of MB cells to cisplatin and etoposide, potentially by accumulating cells in the S phase. In contrast, Sheamal et al. showed that miR-34a directly targets the MAGE-A family (MAGE-A2, MAGE-A3, MAGE-A6, and MAGE-A12), disengaging p53 from MAGE-A–mediated repression (Weeraratne et al., 2011). Moreover, an important consequence of this is a positive feedback loop that sensitizes MB cells to cisplatin and etoposide via delayed G2/M progression and increased tumor cells apoptosis.

There is evidence that phosphatase and tensin homolog deleted on chromosome 10 (PTEN) dysfunction plays a crucial role in the development and progression MB. PTEN plays important roles in many cellular processes, including cell-cycle progression and apoptosis (Tolonen et al., 2020). Li et al. (2015) reported the upregulation of miR-106b in MB. In their study, the suppression of miR-106b inhibited cell proliferation, migration and invasion, and anchorage-independent growth, tumorsphere formation. In addition, downregulation of miR-106b suppressed the tumor growth by promoting G1 arrest and apoptosis. Besides, PTEN can be modulated by miR-106 family in various human cancers. For instance, miR-106b caused cell radio resistance in colorectal cancer via the PTEN/PI3K/AKT pathways (Zheng et al., 2015). MiR-106a induced cisplatin resistance via the PTEN/AKT pathway in gastric cancer cells (Fang et al., 2013). However, the role of miR-106b in therapy resistance of MB is still largely unknown. Nevertheless, this is an excellent opportunity to continue research on the role of miR-106b directly targeted PTEN in therapy resistance of MB.



Pituitary Adenomas With Aggressive Behavior

Among the tumors of the chiasmatic-sellar region, the most common are PAs, accounting for about 18% of all tumors of this localization. In the overwhelming majority of cases, these are benign neoplasms, characterized by slow growth rates and progression (Schiff and Alyahya, 2020). However, among them, there are PAs with aggressive behavior, which exhibits the properties of resistance to traditional treatment methods (Lake et al., 2020). Among PAs, the first place is occupied by tumors accompanied by the syndrome of hyperprolactinemia – prolactinomas, as well as non-functioning (hormonally inactive) PAs, each approximately 40%. The next most frequent is somatotropinomas, about 13–15%, accompanied by symptoms of acromegaly. Gonadotropin-secreting PAs, ACTH-secreting PAs, GH-secreting PAs, mixed forms are less common. In the age range, PAs occupy a period from 30 to 50 years, which is the working age (Elsarrag et al., 2020; Lake et al., 2020). In connection with all of the above, PAs, their diagnosis, and especially, treatment are important medical and social problems.

The main methods of treatment for PAs are surgical removal of the tumor and pharmacological treatment and their combinations. Radio- and chemotherapy are used, as a rule, when it is impossible to perform a surgical intervention or when it is at high risk, and when the tumor is highly aggressive (Fleseriu and Popovic, 2020). Since there is no clear definition and availability of reliable prognostic markers, PAs with aggressive behavior are difficult to identify at initial presentation, and therefore the primary therapeutic approach is no different from other PAs depending on the type of tumor (Mete and Lopes, 2017). Resistance to drugs presenting as escalating hormone levels and/or tumor growth where can be an early indicator of aggressiveness. There are many studies examining changes in miRNA expression in PAs. Among them are studies on their role in drug resistance in various types of PAs (Ciato and Albani, 2020). However, there is no evidence base on their potential role in resistance to chemo- and radiotherapy in patients with PAs with aggressive behavior and pituitary carcinomas. It is possible to suggest from previous studies which miRNAs and through which signaling pathways can participate in the mechanisms of resistance to chemo- and radiotherapy. For instance, in a recent study, Wang Z. et al. (2019) successfully identified one key target gene, EGFR, and two crucial miRNAs, miR-489 and miR-520b, associated with aggressiveness of prolactinomas based on bioinformatics analysis. It is also known that EGFR is one of the most frequently altered oncogenes in tumors, which important role in therapy resistance and is often associated with a negative prognosis (Lee and Muller, 2010).

Prolactinoma is the most commonly seen secretory tumor of pituitary glands. More than 90% of prolactinomas are microprolactinomas (<1.0 cm), while the rest are macroprolactinomas (≥1.0 cm). Macroprolactinomas account for approximately half of all functioning pituitary macroadenomas (Huynh et al., 2021). Without a doubt, prolactinoma is an innocent tumor of its kind. Prolactinomas are more aggressive and are characterized by increased proliferative ability; they can turn into recurrent, invasive giant prolactinomas (Castinetti et al., 2021). Most patients with prolactinomas respond to standard doses of dopamine agonists (DA), while the rest of the patients remain resistant to therapy. In this case, the term is used – resistance to DA, the inability to achieve normalization of prolactin levels, and tumor reduction by 50%, while taking the maximum tolerated dosage of the drug (Giraldi and Ioachimescu, 2020). To overcome resistance, it is necessary to increase the dose of drugs, in this regard, the risk of developing side effects, such as liquorrhea, headaches, acute psychosis, etc., (Molitch, 2020; Vermeulen et al., 2020; Castinetti et al., 2021). Surgical intervention is indicated in case of intolerance or resistance to DA, or with a persistent increase in tumor size with the development of neuro-ophthalmic symptoms, or if there is a rapid loss of vision or cranial nerve paralysis due to intratumoral hemorrhage (Panigrahi et al., 2020). However, complete surgical removal of a giant tumor is rarely performed due to the technical complexity and the greater risk of side effects. Radio- and chemotherapy have a limited role in the treatment of giant prolactinomas; on the one hand, because of its dubious chemotherapy effectiveness and, on the other hand, because of the complications that appear during tumor irradiation (Iglesias et al., 2018). Therefore, a thorough and deeper understanding of the molecular mechanisms underlying drug resistance of PAs with aggressive behavior like aggressive prolactinomas are urgently needed to find potential new targets for improving therapeutic efficacy. For instance, Jian et al. (2019) demonstrated that miR-145-5p was greatly downregulated in bromocriptine-resistant prolactinoma cell lines and tissues in vitro and in vivo. In addition, transfer miR-145 mimic into tumor cells and revealed that overexpression of miR-145-5p increased sensitivity for bromocriptine markedly. In conclusion, identification of tumor protein, translationally controlled 1 (TPT1) as a direct target gene of miR-145-5p. In another study, miR-93-5p was related to fibrosis and was involved in the bromocriptine -resistance mechanisms in prolactinoma by regulating the transforming growth factor beta 1/mothers against decapentaplegic homolog 3 (TGF-β1/Smad3) signaling pathway (Hu et al., 2019). Interesting that previous studies showed that TGF-β1 promotes the synthesis and secretion of collagen fibers in fibroblasts and that the TGF-β1/Smad3 signaling pathway is involved in the drug-resistance mechanism of prolactinoma by increasing fibrosis through interactions with fibroblasts (Hu et al., 2018).



High-Grade Meningiomas

Meningiomas are common tumors of the CNS, originating from the meninges of the brain or spinal cord. Most meningiomas are benign tumors characterized by slow growth and are histologically WHO Grade 1 (Schiff and Alyahya, 2020). However, high-grade meningiomas [atypical (WHO Grade 2) and anaplastic (WHO Grade 3)] exhibit more aggressive biological behavior and are clinically associated with a high risk of recurrence and a less favorable prognosis (Maier et al., 2020). Atypical and anaplastic meningiomas account for about 30% of the total number of intracranial meningiomas (Maier et al., 2020). Atypical and anaplastic meningiomas are often accompanied by invasive growth into the surrounding anatomical structures, which is the main factor limiting the radical nature of the surgery and increasing the frequency of recurrence. The problem of diagnosis and treatment, including resistance to radio- and chemotherapy, of patients with high-grade meningiomas, is still far from its final solution, which cannot but affect the long-term results and the level of mortality and mortality (Zhao L. et al., 2020). A better understanding of the molecular mechanisms involved in meningioma oncogenesis may lead to the identification of new therapeutic targets responsible for therapeutic resistance. Numerous studies have identified multiple signaling pathways involved in the therapeutic resistance of high-grade meningiomas and have suggested many important molecular targets for the development of new drugs for the treatment of high-grade meningiomas that are resistant to radio- and chemotherapy. In particular, growth factors, such as PDGF, epidermal growth factor (EGF) and their receptors, and cytokines, such as TGF-β, serve as major factors in high-grade meningiomas leading to therapeutic resistance (Birzu et al., 2020; Shao et al., 2020).

Unfortunately, studies on the role of miRNAs in the mechanisms of resistance to therapy in meningiomas are limited. For instance, microarray analysis, using the atypical meningioma tissue samples of 55 patients (43 from the radiosensitive and 12 from the radioresistant group), indicated that 14 miRNAs were significantly dysregulated in tumor tissue (Zhang X. et al., 2020). Among them 7 significantly upregulated miRNAs (miR-4286, miR-4695-5p, miR-6732-5p, miR-6855-5p, miR-7977, miR-6765-3p, miR-6787-5p) and 7 significantly downregulated miRNAs (miR-1275, miR-30c-1-3p, miR-4449, miR-4539, miR-4684-3p, miR-6129, miR-6891-5p) in patients resistant to radiotherapy. Furthermore, in order to investigate the signaling pathways affected by the differentially expressed 14 miRNAs between radiosensitive and radioresistant atypical meningioma, the authors used the DIANA-miRPath software and found three enriched pathways: two pathways were fatty acid biosynthesis and metabolism, and TGF-β signaling pathway. The role of TGF-β and these miRNAs in the oncogenesis, particularly radiosensitivity, of meningiomas remains to be established.



EXTRACELLULAR MICRORNAS IN TUMOR RESISTANCE

The main part of miRNAs is localized inside the cell. However, a certain proportion of miRNAs are present outside the cells and they are called extracellular or circulating miRNAs. A series of studies are devoted to the detection of extracellular miRNAs in various human fluids including whole blood, plasma/serum, saliva, urine, cerebrospinal fluid (Valihrach et al., 2020). In these biological fluids, the total concentration of miRNAs and their ratio varies considerably, which may be due to the peculiarities of the pathological or physiological status of the organism. The discovery of significant changes in the expression level of extracellular miRNAs in various diseases promoted the positioning of these molecules as promising non-invasive biomarkers (Sohel, 2020). MiRNAs can be secreted by the cell as part of extracellular vesicles (EVs) (exosomes and microvesicles) or apoptotic bodies; they can be found in the form of high-density lipoprotein (HDL) bound and mostly in the form of Argonaute2-containing ribonucleoprotein complexes (miRNA-Ago2) (Figure 3; Valihrach et al., 2020). Then, regardless of the forms, miRNAs pass from the extracellular space into the biological fluid (for example, the general blood flow).
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FIGURE 3. Secretion of miRNAs into the extracellular environment. Primary microRNA (pri-miRNAs) are transcribed by RNA polymerase II and then processed by Drosha into precursor-miRNAs (pre-miRNAs). Exportin5 transfers these pre-miRNAs from the nucleus to the cytoplasm, where Dicer converts them into mature miRNAs. Mature miRNAs can be selectively incorporated into extracellular vesicles (EVs) (exosomes and microvesicles) or linked to the Argonaute 2 (Ago2) protein and released into the extracellular environment. Alternatively, they can be attached to high-density lipoprotein (HDL) or contained in apoptotic bodies and then released into the extracellular environment.


Moreover, extracellular miRNAs, as exosomal miRNAs, play an important role in intracellular communication and the signaling system of cells. Over the past two decades, a broad evidence base has been obtained regarding the role of extracellular miRNAs in maintaining cellular homeostasis. Exosomes are a new form of intercellular communication (Pegtel and Gould, 2019). These are small membrane vesicles of endosomal origin with a diameter of 30 to 100 nm, which are secreted by various types of cells, normal or abnormal (Pegtel and Gould, 2019). Tumor cells play a particularly important role in the production of exosomes (Kalluri and LeBleu, 2020). In addition to miRNAs, exosomes contain a diverse set of molecules such as DNA, proteins, other non-coding RNAs, translation factors, metabolic enzymes, etc. There is evidence that exosomal miRNAs are actively involved in the oncogenesis of MPBTs, including resistance to therapy (Zhang and Yu, 2019). The presence of surface protein markers and adhesion molecules allows exosomes to bind to cells (including tumor cells) that exhibit the corresponding receptors, via micropinocytosis or endocytosis, to be transported into these cells. All this suggests that miRNAs carried by exosomes can enter recipient cells and regulate the expression of their target genes (Figure 4; Pegtel and Gould, 2019; Kalluri and LeBleu, 2020).
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FIGURE 4. Biogenesis of exosomes. The exosome membrane is formed as a result of the invagination of the early endosome into the membrane. Proteins, lipids, RNA, DNA enter the exosome from the cell cytoplasm. The fate of an endosome depends on the marking of its membrane with certain lipids: if it is labeled with lysobisphosphatidic acid, then its contents will be destroyed, and if ceramides, it will be pushed out of the cell. These processes are controlled by the GTPases of the Rab (G-protein) family, whose various members perform different functions: Rab5 directs the formation of the endosome, Rab7 organizes the degradation of the contents of the multivesicular body (late endosome) in the lysosome, and Rab11, Rab27, and Rab35 are necessary for the secretion of exosomes into the extracellular space. It has been shown that exosomes contain about 4,000 different proteins, more than 1,500 different miRNAs and mRNAs, as well as DNA. Bottom right – enlarged “generalized” exosome.



Glioblastoma

If we talk about the role of EVs in the formation of a resistant phenotype of tumor cells, then, of course, one of the most studied areas is the participation of exosomes in the development of multiple drug resistance (MDR) (Zhang and Yu, 2019). Further studies made it possible to significantly expand the list of biomolecules that are part of resistant tumor cell EVs and are capable of inducing MDR in recipient cells. This primarily refers to miRNAs that regulate the expression level of a number of genes. For instance, Munoz et al. demonstrated that anti-miR-9 delivered via exosomes from MSCs to the TMZ-resistant glioblastoma cells was able to reduce the endogenous upregulation of miR-9 in response to TMZ (Koritzinsky et al., 2017). Moreover, to determine whether multidrug resistance gene 1(MDR1) expression is miR-9 dependent for sensitivity to TMZ, the authors knocked down MDR1 with short hairpin RNA (shRNA), and then examined whether this affects the sensitivity of glioblastoma cells to TMZ. The results indicated that anti-miR-9 increased active caspase by decreased the expression of MDR1 and concomitantly caused enhanced glioblastoma cell death in response to TMZ treatment. At the same time, in the protocol using manumycin A, which prevented the release of vesicles, it was indicated that the transfer of anti-miR-9 occurs by vesicular transfer, particularly via exosomes.

It should be noted that not only miRNAs but also mRNAs could be transported by EVs. Therefore, exosomes secreted by glioblastoma cells are enriched in mRNA, which enzymes of DNA repair as methylation of the O(6)-Methylguanine-DNA methyltransferase (MGMT) promoter and alkylpurine–DNA–N-glycosylase (APNG), and the transfer of these mRNAs into recipient cells can significantly increase the level of chemoresistance (Shao et al., 2015).

While the participation of EVs in the formation of chemoresistance of tumor cells is not in doubt today, the role of EVs in the regulation of the response of cells to irradiation has been studied to a much lesser extent. Only a few studies are known in which the participation of EVs in the development of the tumor response to radiation has been demonstrated, and the results of these studies are rather contradictory. This is primarily due to the bystander effect, a well-known biological process, radio-induced changes transmitted from irradiated cells to non-irradiated ones (Li and Nabet, 2019). It is assumed that this effect is based on the transmission of induced or radiation-modified biometabolites (reactive oxygen species, cytokines, growth factors, nucleic acid fragments, etc.) non-irradiated cells either by paracrine pathway or through intercellular gap junctions (Ni et al., 2019). In recent years, studies have appeared in which, in on both normal and tumor cells, direct evidence has been obtained for the participation of EVs of irradiated cells in the induction of radiation changes (primarily, genetic instability, telomere contraction) in non-irradiated cells. At the same time, EVs of irradiated cells can also have protective properties, in particular, in experiments on glioblastoma cells, the ability of exosomes from irradiated cells has been described to promotes a migratory phenotype of non-irradiated cells, as the authors believe, as a result of the active accumulation of DNA repair enzymes in the exosomes of irradiated cells (Arscott et al., 2013).



Pituitary Adenomas With Aggressive Behavior

Hormone therapy is one of the most common types of treatment for hormone-dependent malignant neoplasms, primarily PAs with aggressive behavior. Hormone therapy is based on the principle of creating an artificial deficiency of hormones necessary for the growth of hormone-dependent tumors, which is achieved mainly in two ways: (1) by reducing the concentration of endogenous hormones and (2) by suppressing their synthesis or replacing hormones with their inactive analogs (Iglesias et al., 2020; van Bunderen and Olsson, 2021). Despite the unconditional effectiveness, the use of hormonal therapy is limited by the development of tumor resistance to hormones. The mechanism of hormonal resistance is well understood. Much less is known about the role of intercellular interactions in the development of hormonal resistance of tumors and, in particular, PAs. For instance, Zhao et al. (2021) demonstrated that 20 differentially expressed miRNAs were identified in human invasive and non-invasive PAs tissue, and rat PA cells, where among them, the expression level of miR-99a-3p and mir-149 was significantly reduced. Furthermore, it was shown that overexpression of miR-149 and miR-99a-3p inhibits the growth and metastasis of PA cells and the formation of EC tubes. Interestingly, delivery of miR-149 mimic and miR-99a-3p mimic via exosomes showed similar suppressive effects on cell viability, metastasis, tube formation ability, tumor growth in vivo, and expression of markers associated with angiogenesis as VEGF. In additional, the authors showed that NOVA1, denticleless E3 ubiquitin protein ligase homolog (DTL), and RAB27B were targeted by miR-99a-3p. It is known that this group of genes is directly promoted EMT in various human tumors (Aleksakhina et al., 2019). Finally, EMT has been shown to contribute to drug resistance in tumors (Du and Shim, 2016; Aleksakhina et al., 2019). Therefore, we can suggest that these miRNAs can be involved in the oncogenesis of PAs, and in particular, be responsible for drug resistance through intercellular communications. In another pilot study to discover that the expression levels of circulating miR-200a in plasma of patients with invasive PAs were significantly higher than that in plasma of patients with non-invasive PAs. Moreover, invasive PA patients with residual after surgery had lower expression levels of circulating miR-200a. Therefore, miR-200 was a potential influencing factor for invasiveness in PAs patients. However, further research is required for exploring the relationships between circulating miR-200a expression and tumor size, clinical characteristics, and molecular mechanism for packaging and secretion to biofluids of miR-200a (Beylerli et al., 2021).



High-Grade Meningiomas and Medulloblastoma

Aberrant expression of extracellular miRNA circulating in biofluids of certain brain tumor patients has recently been reported to be non-invasive biomarkers and potential regulators of the disease (Sohel, 2020; Valihrach et al., 2020). However, the existence and role of miRNAs in MB and malignant meningioma extracellular environment are unknown. Therefore, better understanding of extracellular miRNA secretion and function in MB and malignant meningioma seems crucial for the development of novel insights for its regulation of oncogenesis including resistance to therapy. For instance, Choi et al. (2020) investigated whether secreted exosomal miR-135b and miR-135a function at the microenvironment level by possibly impacting the stemness of brain tumor spheroid-forming cells (BTSCs). The authors suggest that the inhibition of miR-135b or miR-135a can suppress the self-renewal capacity and expression of stem cell-related markers of BTSCs. In additional, they demonstrated that miR-135b, miR-135a targeted angiomotin-like2 (AMOTL2), and the expression of AMOTL2 can be increased through miR-135b and miR-135a inhibition. This result might be a clue that exosomal miR-135b and miR-135a derived from BTSCs may be able to regulate the Hippo pathway via AMOTL2, which plays a significant role in chemoresistance (Mohajan et al., 2021; Zeng and Dong, 2021).

Negroni et al. (2020) using reverse transcriptase real-time quantitative polymerase chain reaction (qRT-PCR) assay demonstrated that exosomal miR-497 and miR-195 are downregulated in serum of patients with high-grade meningioma (WHO grade 2 and 3) compared to benign meningioma (WHO grade 1). However, receiver operating characteristic (ROC) curve analysis showed that exosomal miR-497 has better sensitivity and specificity than exosomal miR-195 in distinguishing between low-grade (WHO grade 1) and higher-grade (WHO grade 2 and 3) meningioma patients, where area under the curve (AUC) was 0.89 and 0.78, respectively. Furthermore, the authors demonstrated that the transcription factor GATA binding protein 4 (GATA-4) is overexpressed in malignant meningioma, which in turn regulates Cyclin D1, and it negatively regulates the miR-497 expression with an increase in cell viability in vitro. Importantly, that a cell cycle protein cyclin D1 is an established cancer-driving protein (Montalto and De Amicis, 2020). In recent years, studies have reported that the high expression of Cyclin D1 is involved in drug resistance processes such as chemo- and radiation treatment, and targeted therapy in various human tumors (Liu et al., 2020; Zuo et al., 2021). Therefore, the clinical values of exosomal miR-497 in the therapy resistance of high-grade meningioma must investigate in the future.



Discussion and Implications

The introduction of extracellular miRNAs into clinical practice is quite active. The search results of the clinical trial database clinicaltrials.gov for the keywords “extracellular,” “vesicle,” “exosomes,” “miRNA,” and “tumor” contain more than 50 projects, some of which are in the recruitment phase. A number of projects have been launched to assess the effectiveness of tumor therapy. In previous studies, it was shown that metformin has cytotoxicity and decreases the viability of glioblastoma cells, a promising biguanide with pronounced antitumor activity (Al Hassan et al., 2018). Furthermore, Soraya et al. (2021) demonstrated that metformin significantly decreased the expression of miR-21, miR-155, and miR-182, indicating suppression of oncogenesis in glioblastoma cells. In addition, confirm metformin increased the exosome biogenesis and secretion in glioblastoma cells. Their result also showed that the expression level of Rab27a, Rab27b, and Rab11 upregulated in treated cells with metformin than that of control cells. In the author’s opinion, the decreased expression levels of miR-21 and miR-182 may be responsible for Rab genes upregulation, which may correlate with increased exosomes secretion.

It turned out that not only exosomes of resistant cells, but also exosomes produced by cells of the tumor stroma can induce drug resistance in tumor cells. In experiments on head and neck cancer, it was found that exosomes produced by tumor-associated fibroblasts are able to induce cisplatin resistance in nearby tumor cells by transferring miR-196a and through targeting cyclin-dependent kinase inhibitor 1B (CDKN1B) and inhibitor of growth protein 5 (ING5) (Qin et al., 2019).

Another, no less important question is to what extent EVs can affect the initial level of tumor radiosensitivity and, given their protective properties, contribute to the spread of radioresistance to the brain tumors population. Research in this direction is just beginning, and we can expect that soon it will be possible to get answers to this and other questions concerning the role of EVs in the tumor response to radiation.

Thus, in recent years, extensive information has been accumulated on the correlations of miRNA profiles of EV s and the development of a resistant phenotype of tumor cells. Despite significant advances in research on the role of extracellular miRNAs in therapeutic resistance in MPBTs, studies besides glioblastoma with other tumors remains to be seen. In conclusion, the most common miRNAs in EVs that have been reported to be involved in glioblastoma therapeutic resistance are shown in Table 4 (Zeng et al., 2018a).


TABLE 4. MiRNAs in extracellular vesicles (EVs) and their signaling pathways through which they may be responsible for glioblastoma therapeutic resistance.

[image: Table 4]


CONCLUSION

The last decade has been accompanied by the emergence of a large number of studies devoted to the role of miRNAs in oncogenesis and the development of resistance to antitumor therapy. The discovery of EVs and, most importantly, their ability to transfer biological material as miRNAs from cell to cell has largely changed the understanding of the mechanism of tumor development and progression. First, this is the revealed ability of EVs to induce tumor transformation and/or induce a tumor-like phenotype in the cells of the surrounding tissue. Moreover, of course, one of the most significant achievements in this reign – the influence of EVs on the formation of a resistant phenotype of tumor cells. EVs can indeed provide the spread of resistance from resistant to sensitive cells through various mechanisms based on the transfer of specific regulatory molecules into cells including proteins, miRNAs, mRNA, etc. The induction of resistance to chemoradiotherapy and pharmacological treatment of MPBTs by miRNAs has been convincingly demonstrated in in vitro and in vivo experiments. However, there are a number of questions. And one of them in which To the extent that miRNAs are involved in the development of tumor resistance to antitumor therapy, can miRNAs actually participate in the development of resistance across the entire pool of tumor cells under in vivo conditions, and, most importantly, how important this process is in the development of acquired tumor resistance. Today these issues are being actively investigated, and, of course, their solution will make it possible to make significant progress in solving such an important problem in neurosurgery as the resistance of MPBTs to antitumor therapy.
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The underlying mechanism of fibroblast growth factor receptor 1 (FGFR1) mediated carcinogenesis is still not fully understood. For instance, FGFR1 upregulation leads to endocrine therapy resistance in breast cancer patients. The current study aimed to identify FGFR1-linked genes to devise improved therapeutic strategies. RNA-seq and microarray expression data of 1,425 breast cancer patients from two independent cohorts were downloaded for the analysis. Gene Set Enrichment Analysis (GSEA) was performed to identify differentially expressed pathways associated with FGFR1 expression. Validation was done using 150 fresh tumor biopsy samples of breast cancer patients. The clinical relevance of mRNA and protein expression of FGFR1 and its associated genes were also evaluated in mouse embryonic fibroblasts (MEFs) and breast cancer cell line (MDA-MB-231). Furthermore, MDA-MB-231 cell line was treated with AZD4547 and GANT61 to identify the probable role of FGFR1 and its associated genes on cells motility and invasion. According to GSEA results, SHH pathway genes were significantly upregulated in FGFR1 patients in both discovery cohorts of breast cancer. Statistical analyses using both discovery cohorts and 150 fresh biopsy samples revealed strong association of FGFR1 and GLI1, a member of SHH pathway. The increase in the expression of these molecules was associated with poor prognosis, lymph node involvement, late stage, and metastasis. Combined exposures to AZD4547 (FGFR1 inhibitor) and GANT61 (GLI1 inhibitor) significantly reduced cell proliferation, cell motility, and invasion, suggesting molecular crosstalk in breast cancer progression and metastasis. A strong positive feedback mechanism between FGFR1–GLI1 axis was observed, which significantly increased cell proliferation and metastasis. Targeting FGFR1–GLI1 simultaneously will significantly improve the prognosis of breast cancer in patients.

Keywords: FGFR1, SHH pathway, GLI1, AZD4547, GANT61, breast cancer


INTRODUCTION

The fibroblast growth factor receptor (FGFR) signaling pathway plays an important role in a variety of biological processes including angiogenesis, cell growth, differentiation, and survival (Korc and Friesel, 2009; Wesche et al., 2011). The genetic aberrations in FGFs and FGFRs linked to tumor initiation and progression are extensively reported in many cancers (Parish et al., 2015). The development of Pan-FGFR(1–4) inhibitors including ASP5878 (NCT02038673), LY2874455 (NCT01212107), infigratinib (NCT02160041), erdafitinib (NCT02365597), and AZD4547 (NCT02038673) are under different phases of clinical trials (Raja et al., 2019). However, despite of the progress, substantial effort is required to thoroughly understand the underlying mechanism of FGFR-mediated carcinogenesis. FGFs are expressed in most tissue types and play vital roles by promoting mitosis in mesenchymal and epithelial transition. In humans, 23 different FGFs have been identified, out of which 18 ligands (FGF1–10 and 16–23) are mitogenic signaling molecules (Beenken and Mohammadi, 2009). These FGFs bind and activate FGFRs (1–4), highly conserved tyrosine kinase receptors, to modulate other signaling pathways (Kwabi-Addo et al., 2004; Babina and Turner, 2017), including PLCγ/DAG/PKC, PI3K/AKT, RAS/RAF, and MAPK (Dienstmann et al., 2014; Ornitz and Itoh, 2015). FGFs also bind to heparan sulfate glycosaminoglycans (HSGAGs), which enable the activation of FGF signaling through binding FGFRs in HSGAGs-dependent manner (Beenken and Mohammadi, 2009). A recent study showed that FGF upregulation also leads to activation of SHH pathway for the ventral patterning of spinal cord (Morales et al., 2016). Moreover, upregulated FGF-FGFRs are found in many cancers including breast, prostate, non-small cell lung, liver, and colorectal (Acevedo et al., 2009; Parish et al., 2015). The genetic aberrations in FGFR1 were first documented in breast cancer. Since then, strategies are underway to regulate FGFR1-modulated cancer initiation and progression (Adnane et al., 1991). However, recent studies showed that FGFR1 upregulation causes resistance to cyclin-dependent kinase (CDK) inhibitors in different breast cancer subtypes (Formisano et al., 2019). Another study demonstrated that FGFR1 upregulation also minimize effect of other potential inhibitors targeting PI3K, ER, and mTOR pathway (Drago et al., 2019). Studies are underway to identify FGFR1-linked gene set(s) to devise effective breast cancer treatment options. For instance, a recent study showed that MAP3K1 mutation may improve the prognosis of breast cancer patients with FGFR1 overexpression (Carene et al., 2020). The aim of the current study was to identify FGFR1-linked gene sets to devise effective breast cancer treatment options. For that purpose, a comprehensive and integrated strategy was devised to establish the clinical relevance of FGFR1 modulation in breast cancer. Initially, FGFR1-expression-dependent differentially expressed pathways were identified using RNA-seq and microarray expression data of 1,425 breast cancer patients. Next, expression and clinical validation were done in 150 fresh tumor biopsy samples of breast cancer patients. Furthermore, breast cancer cell line (MDA-MB-231) was used to investigate the probable association of FGFR1 with SHH and GLI1 in breast cancer progression. The current study provides new FGFR1-linked biomarkers, which suggest novel treatment options for improving the prognosis of breast cancer patients.



MATERIALS AND METHODS


Data Collection and Processing

The study design of the current study is described in Supplementary Material ESM 1. RNA-seq data of 1,098 breast cancer patients were downloaded from The Cancer Genome Atlas (TCGA) Database1. The mRNA expression levels of FGFR1 gene was estimated using z-score >2.0. The clinicopathological relevance of FGFR1 expression was assessed against multiple features including age, stage, grade, node stage, and metastasis. The details of clinical information are available in Supplementary Material ESM 2. Gene Set Enrichment Analysis (GSEA) based on FGFR1 expression was performed to identify new FGFR1-associated pathways in breast cancer (Subramanian et al., 2005). Clinicopathological association of those pathways in breast cancer was also evaluated. Additionally, another data (GSE20685) of 327 breast cancer patients were also downloaded to validate our findings in an independent cohort (Supplementary Material ESM 3). Similarly, clinical association of FGFR1 expression and FGFR1-associated pathways using GSEA was investigated. Common pathways identified between the two cohorts were selected for further analysis.



Validation Cohort

The present study was conducted after obtaining approval from institutional ethical review committees at our university and concerned hospital. Tumor biopsies (n = 150) along with matched control tissues were collected for validation of discovery cohort findings after receiving informed consents of participants. Clinicopathological information of these patients was collected through subsequent follow-up from pathology reports. Information regarding clinicopathological features of validation cohort is available in Supplementary Material ESM 4.



RNA Extraction and cDNA Synthesis

Total RNA was extracted from tumors and matched normal samples using TRIzol® (Invitrogen, Carlsbad, CA, United States). cDNA was generated using RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Carlsbad, CA, United States) as per manufacturer’s instructions. Conventional PCR was performed with β-actin primers to confirm the cDNA synthesis. Amplified products were electrophoresed on 2% agarose gel and stained with ethidium bromide for further use.



Primer Designing and Quantitative Real-Time PCR

Primers for FGFR1 and GLI1 were designed using Integrated DNA Technology (IDT) software and synthesized for Macrogen, Korea (Supplementary Material ESM 10). Target specificity of these products was confirmed with NCBI Primer Blast to avoid non-specific binding. Quantitative real-time PCR (qRT-PCR) quantitative PCR (qPCR) was performed using VeriQuest SYBR Green qPCR Master Mix (Thermo Fisher Scientific, CA, United States). Expression of target gene was normalized using β-actin as an internal control. The reaction condition included an initial denaturation at 95°C for 15 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 53°C for 1 min in each cycle. Relative mRNA expression and fold change was evaluated using the 2–ΔΔCt method.



Breast Cancer Cell Line Used in the Study

MDA-MB-231 was maintained as per American Type Culture Collection (ATCC). Expression of FGFR1, SHH, and GLI1 were assessed both at RNA and protein level. Similarly, the effect of these aforementioned molecules was evaluated on CRISPR/Cas9-mediated SHH knockout MDA-MB-231 cells (Riaz et al., 2019). Moreover, commercially available small interfering RNAs (siRNAs) targeting SHH (hs.Ri.SHH.13.1) and GLI1 (hs.Ri.GLI1.13.2) were purchased from IDT2, and MDA-MB-231 cells were transfected with them for assessing the differential expression of FGFR1, SHH, and GLI1.



Exposure of GANT61 and AZD4547 Inhibitors Against SHH and GLI1

A stock of GANT61 (cat: G9048, Sigma) was dissolved in dimethyl sulfoxide (DMSO) maintaining a stock concentration of 1 mM. Briefly, 3 × 105 cells were seeded in six-well plates until confluency and treated with variable concentrations of GANT61. Similarly, AZD4547 (Selleckchem3) was added to the medium at a concentration of 100 nM. Both RNA and protein were quantified from treated and untreated wells for functional assays performed after 48 h of treatment with both inhibitors.



Protein Estimation Using Western Blot

Total protein content from respective cell lines were extracted and quantified using the Pierce BCA protein assay kit (23225, Thermo Fisher Scientific, United States). Extracted proteins were separated on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membrane, and blocked by 5% non-fat milk at room temperature. Membranes were incubated with primary antibodies for FGFR1 (1:1,000), SHH (1:1,000), and GLI1 (1:1,000) (Supplementary Material ESM 11). After overnight incubation at 4°C, membranes were incubated with secondary antibodies at room temperature for 1 h (Supplementary Material ESM 11). Protein signals were visualized using ECL Prime Western Blotting Detection Reagent (GE Healthcare Japan) with β-actin as loading control.



Wound Healing Assay

Briefly, 3 × 105 cancer cells from respective cancer cell lines were seeded in six-well plates. The plate was left at 37°C incubation till it reaches confluent monolayer. Once attained, the medium was aspirated, and N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) medium was introduced in each well. Wounding measurements were recorded using the previously mentioned protocol (Riaz et al., 2019).



Cell Invasion Assay

This assay was based on Boyden chamber using inserts (8 μm) placed in 24-well plate. These inserts were precoated with 50 μg/ml Matrigel (BD Biosciences, Berkshire, United Kingdom) prior to cell seeding. A total of 5 × 104 cancer cells were seeded in each insert placed in the respective wells. The plate was left at 37°C incubation for 24 h. After specified time duration, these inserts were fixed with methanol and stained with crystal violet. Cells were counted under light microscope at 40 × magnification as per protocol stated earlier (Malik et al., 2009).



Statistical Analysis

IBM SPSS 21 software (IBM Inc., Armonk, NY, United States) was used for all the statistical analyses. Data were represented as mean ± SD, and Wilcoxon signed-rank test was performed to evaluate difference between tumor and control. Mann–Whitney U test and Kruskal–Wallis ANOVA were applied to explore any probable association of these genes with clinicopathological features. Furthermore, correlation between molecules was observed using Spearmen test. All p-values of 0.05 were considered statistically significant.



RESULTS


Expression Analysis of Fibroblast Growth Factor Receptor 1 Gene Expression (Discovery Cohorts)

Initially, in TCGA dataset of 1,098 patients, clinical relevance of FGFR1 expression with breast cancer patients was assessed. FGFR1 was significantly overexpressed in late tumor stage (p = 0.05) and node-positive patients (p = 0.04) (Table 1).


TABLE 1. Clinicopathological analysis of FGFR1 and GLI1 in discovery cohort 1.
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Fibroblast Growth Factor Receptor 1-Expression-Based Gene Set Enrichment Analysis

Next, GSEA was performed to identify common differentially expressed pathways in both breast cancer cohorts. A total of 20 pathways were found to be upregulated along with FGFR1 overexpression in TCGA dataset (Supplementary Material ESM 5). Similarly, a total of 14 pathways were found to be upregulated along with FGFR1 overexpression in the GEO20685 cohort (Supplementary Material ESM 6). Out of all pathways, three pathways including ALK, SHH, and PRION were common in both datasets (Supplementary Material ESM 7). Since SHH pathway dysregulation is reported as an early event in several breast cancer studies, we selected SHH pathway to evaluate the association of FGFR1 and SHH pathway in modulating breast carcinogenesis.



Clinicopathological Relevance of SHH Pathway Genes

Interestingly, 5 out of 16 SHH pathway genes showed core enrichment in FGFR1-expressed breast cancer patients using leading-edge subset method (Figure 1 and Supplementary Material ESM 8). Of note, all GLI family genes including GLI1, GLI2, and GLI3 were significantly associated with FGFR1 in both datasets. Therefore, to further establish the link of FGFR1 overexpression with GLI genes, clinicopathological association of genes including FGFR1, GLI1, GLI2, and GLI3 were evaluated (Supplementary Material ESM 9). According to the results, GLI1 gene was the most frequently associated gene with the poor prognostic features of breast cancer patients including late stage (p = 0.0001), node positive (p = 0.044), and metastasis (p = 0.022) (Table 1 and Supplementary Material ESM 9). Similarly, in the second dataset of 327 breast cancer patients, GLI1 overexpression was the only gene in the SHH pathway that showed significant associations with late stage (p = 0.047). Therefore, based on all the expression and statistical analyses in discovery cohorts, we further established the potential prognostic association of GLI1 and FGFR1 genes using normal and tumor pairs of 150 breast cancer patients.


[image: image]

FIGURE 1. Enrichment plot: BIOCARTA_SHH_PATHWAY of both datasets. (A) TCGA and (B) GSE20685 that shows profile of the running ES score and positions of gene set members on the rank ordered list.




In vitro Validation of Fibroblast Growth Factor Receptor 1 and GLI1 Association in 150 Breast Cancer Patients

The demographics and clinical characteristics of the cohort exhibited that the mean age of breast-cancer-affected patients included in the study was 45 years, ranging from 23 to 75 years. According to Wilcoxon test, both FGFR1 (p = 0.0001) and GLI1 (p = 0.0001) were significantly overexpressed in tumor samples compared to their respective controls. Interestingly, FGFR1 and GLI1 expression showed strong positive correlation (Spearman’s correlation = 0.513, p = 0.0001). Of note, consistent with discovery cohort findings, overexpression of GL1 and FGFR1 genes was significantly associated with high grade (p = 0.05), late stage (p = 0.011, p = 0.004), and metastasis (p = 0.006, p = 0.04), respectively (Table 2). These findings suggest strong biological and prognostic relevance of GLI1 and FGFR1 expression in modulating subtypes of breast cancer progression.


TABLE 2. Clinicopathological analysis of FGFR1 and GLI1 expression in in vitro cohort.

[image: Table 2]


Effect of GANT61 and AZD4547 Treatment on Fibroblast Growth Factor Receptor 1-GLI1 Expression in MDA-MB231

Next, the effect of GANT61 (GLI1 inhibitor) and AZD4547 (FGFR1 inhibitor) on both GLI1 and FGFR1 was studied in MDA-MB-231 cell line. To perform the analysis, multiple genes including SHH, AKT, and MAPK were also selected to compare the effect. According to the results, a significant decrease in the expression of GLI1, SHH, and FGFR1 was observed after treatment with GANT61 at 24 and 48 h. MAPK expression was reduced after 48 h of treatment. However, no change in the expression of AKT gene was observed (Figure 2A). Interestingly, a significant downregulation of FGFR1 expression was observed compared to other genes when cells were treated with AZD4547, GLI1 knockdown (SiGLI1), SHH knockdown (SiSHH), and SHH knockout (SHHKO), suggesting a crosstalk between SHH pathway and FGFR1 activation (Figure 2B).
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FIGURE 2. Synergistic effect of FGFR1 and Hedgehog signaling in breast cancer cells. (A) MDA-MB-231 cells were treated with 10 μM GANT61, and samples were collected after 24 and 48 h of treatment. Significant decrease in mRNA expression of FGFR1 was observed after treatment with GANT61 at 24 and 48 h both, while expression of MAPK was reduced after 48 h of treatment. No effect of GANT61 treatment was observed on transcription of AKT in MDA-MB-231 cells. (B) Effect of FGFR1 inhibitor [AZD4547 (0.2 nM)], GLI1 knockdown (SiGLI1), SHH knockdown (SiSHH), and SHH knockout (SHHKO) on SHH, GLI1, FGFR1, MAPK, and AKT at transcriptional level. Cells were collected after 48 h of treatment or gene silencing. Western blot showing decrease in expression of FGFR1, GLI1, and SHH upon treatment with (C) GANT61 (10 μM) administered until 48 h with a 12-h interval and (D) AZD4547 (0.2 nM), SiGLI1, SiSHH, and CRISPR/Cas9-mediated SHH knockout in MDA-MB-231 breast cancer cells. Cells were collected 48 h after treatment AZD4547, SiGLI1, and SiSHH. SHH ligand (NSHH) was also added to MDA-MB-231 cells to observe effect of pathway induction. B-Actin was used as internal control.




Synergistic Effect of Fibroblast Growth Factor Receptor 1 and Hedgehog Signaling

Next, using Western blot analysis, the impact of GANT61, AZD4547, SiGLI1, and SiSHH was assessed in MDA-MB-231 cells on SHH, GLI1, and FGFR1 expression. First, GANT61 treatment was administered until 48 h with 12-h intervals. A significant decrease in protein expression was observed after 12 h for all three genes including SHH, GLI1, and FGFR1 (Figure 2C). In addition, AZD4547, SiGLI1, SiSHH, and CRISPR/Cas9-mediated SHH knockout in MDA-MB-231 breast cancer cells was also assessed (Figure 2D). Consistently, a similar pattern of decrease in protein expression was observed for SHH, GLI1, and FGFR1, suggesting the synergistic role of FGFR1 and SHH pathway. Furthermore, we also evaluated the effect of SHH and GLI1 expression in mouse embryonic fibroblasts (MEFs) with MEFFGFR WT and MEFFGFR1 KO cells. Significant downregulation of SHH and GLI1 was observed in the FGFR1 knockout mouse MEFs, further indicating crosstalks between FGFR–SHH pathways (Figure 3).
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FIGURE 3. Expressional variation of SHH and GLI1 at transcript level in MEFWT and MEFFGFR1 KO (–/–). Significant downregulation of (A) SHH and (B) GLI1 at mRNA and (C) protein level was observed in the FGFR1 knockout (−/−) and wild-type (WT) mouse embryonic fibroblast cells (MEFs) showing crosstalks between both pathways.




Combined Treatment of GANT61 and AZD4547 Reduces Cell Motility and Invasion

Furthermore, the effect of FGFR1–SHH pathway signaling on the motility of breast cancer cells was evaluated using wound-healing assay. MDA-MB-231 cells were treated with AZD4547 only, GANT61 only, and AZD + GANT61 combined (Figure 4). Breast cancer cell migration was evaluated after 48 h of treatment. Of note, invasion and migration of MDA-MB-231 decreased significantly upon AZD + GANT61 treatment compared to AZD4547 or GANT61 treatment alone. Therefore, the data suggest that targeting FGFR1–GLI1 simultaneously significantly reduce cell invasion and metastasis.
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FIGURE 4. Decrease in migratory and invasive abilities of breast cancer cells was observed upon inhibition of FGFR1-GLI1 using in vitro models. (A) Invasion and (B) migration assay was performed in control cells, AZD4547 (0.2 nM)-treated cells, GANT61 (10 μM)-treated cells, and AZD + GANT61 combined treatment in MDA-MB-231 cells (scale bar, 50 μm). (C) Histogram showing overall difference in migration of cells after 48 h of AZD4547, GANT61, or combined treatment. Invasion and migration of MDA-MB-231 decreased significantly upon AZD + GANT61 treatment (ANOVA with Dunnett’s post hoc test, *p < 0.05, ***p < 0.0001). All results are representative of three independent experiments.




DISCUSSION

Fibroblast Growth Factor Receptor 1 DNA amplification is the most frequently reported FGF-pathway alteration in breast cancer (Sobhani et al., 2020). FGFR1 is a known poor prognostic marker also associated with poor survival in breast cancer patients (Wu et al., 2018). Herein, we reported a different mechanism by which coexpression of FGFR1 and GLI1 genes leads to breast cancer invasion and metastasis. We also demonstrated that simultaneous targeting of FGFR1 and GLI1 using GANT61 and AZD4547 inhibitors significantly decreases breast cancer invasion and metastasis, suggesting new approaches for clinical studies. The dysregulation of Hedgehog signaling, including GLI1 upregulation, is frequently reported in young breast cancer patients with shorter overall survival (Riaz et al., 2018). Of note, FGFR–Hedgehog pathway crosstalk showed variable prognostic roles in different cancers. For instance, in non-small cell lung cancer, FGFR1–GLI1 axis promotes lung carcinogenesis (Ji et al., 2016). On the contrary, preclinical study in medulloblastoma showed antagonistic role between FGFR1 and GLI1 expression, suggesting tissue-specific role of these pathways (Neve et al., 2019). However, crosstalk between FGFR and Hedgehog signaling is not elucidated in breast cancer. Here, using large-scale transcriptomic data of 1,425 breast cancer patients, we demonstrated that FGFR/SHH pathway crosstalk leads to poor prognosis of breast cancer patients. Particularly, FGFR1 and GLI1 showed strong correlation with late stage, node, and metastasis in luminal subtypes of breast cancer patients.

These observations were further validated using qPCR method in 150 paired tumor-normal cases. The results showed strong correlation (p < 0.5) between FGFR1 and GLI1 and significant association with late stage, high grade, and metastasis, further emphasizing on the FGFR1–GLI1 nexus in breast carcinogenesis. Next, the prognostic impact of FGFR1–GLI1 axis inhibition was evaluated. Cyclin-dependent kinase 6 (CDK6) inhibitors are the most widely used treatment options in breast cancer patients (Parish et al., 2015). However, it has been observed that FGFR1 upregulation causes resistance to CDK inhibitors in subtypes of breast cancer patients, suggesting alternate treatment strategies (Formisano et al., 2019). Recently, it has been demonstrated that treatment with multiple inhibitors may improve the prognosis and increase the survival of breast cancer patients (Slamon et al., 2020). For that purpose, the efficacy of AZD4547, a selective inhibitor of FGFR1, and GANT61, a GLI1 inhibitor, was evaluated in FGFR1–GLI1-overexpressed MDA-MB-231 cell line. Interestingly, the results showed coexpression of FGFR1 and GLI1, suggesting molecular crosstalk between both genes (Figure 1). Moreover, inhibiting either FGFR1 or GLI using AZD4547 or GANT61, respectively, also decreases expression of both genes (Figure 2). Furthermore, combined inhibition of FGFR1–GLI1 with AZD + GANT61 inhibitors drastically decreased the migratory and invasive abilities of breast cancer cells, suggesting a novel mechanism to treat breast cancer patients. In conclusion, a comprehensive and integrated strategy was devised to find new therapeutic options for the treatment of breast cancer. Clinical analyses of whole transcriptomic data and multiple in vitro functional assays strongly suggested that targeting FGFR1–GLI1 crosstalk can significantly improve the prognosis of breast cancer. Interestingly, FGFR1 and GLI1 also activate many downstream oncogenic genes, which lead to cancer cell migration, proliferation, and survival (Luca et al., 2017; Riaz et al., 2018). Hence, our study provided a novel hotspot target site as plausible therapeutic option for breast cancer treatment.
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Chronic myeloid leukemia is a malignancy of bone marrow that affects white blood cells. There is strong evidence that disease progression, treatment responses, and overall clinical outcomes of CML patients are influenced by the accumulation of other genetic and epigenetic abnormalities, rather than only the BCR/ABL1 oncoprotein. Both genetic and epigenetic factors influence the efficacy of CML treatment strategies. Targeted medicines known as tyrosine-kinase inhibitors have dramatically improved long-term survival rates in CML patients during the previous 2 decades. When compared to earlier chemotherapy treatments, these drugs have revolutionized CML treatment and allowed most people to live longer lives. Although epigenetic inhibitors’ activity is disrupted in many cancers, including CML, but when combined with TKI, they may offer potential therapeutic strategies for the treatment of CML cells. The epigenetics of tyrosine kinase inhibitors and resistance to them is being studied, with a particular focus on imatinib, which is used to treat CML. In addition, the use of epigenetic drugs in conjunction with TKIs has been discussed. Resistance to TKIs is still a problem in curing the disease, necessitating the development of new therapies. This study focused on epigenetic pathways involved in CML pathogenesis and tumor cell resistance to TKIs, both of which contribute to leukemic clone breakout and proliferation.
Keywords: chronic myeloid leukemia, tyrosine kinase inhibitors, imatinib, epigenetic, DNMT inhibitors, HDAC inhibitors, TKI resistance
CHRONIC MYELOID LEUKEMIA
The malignancy of white blood cells in chronic myeloid leukemia (CML), often referred to as chronic myelogenous leukemia. CML is a clonal myeloproliferative disease that affects over 15% of adults and the average age for the outbreak of this disease is 57 years (Hochhaus et al., 2020; Jabbour and Kantarjian, 2020). CML is more prevalent in men than in women (ratio 1.4:1), accounting for 15–25% of all juvenile leukemias and 14% of all leukemias in the countries lying towards the west. The Philadelphia chromosome (Ph), which occurs between chromosomes 9 and 22, is the characteristic feature of CML and has been regarded to be the first malignancy related to genetic abnormalities. This translocation results in the formation of the BCR-ABL1 hybrid gene, which expresses a constitutively active oncokinase protein. The ABL kinase domain that spans around 300 amino acids, has a bilobed conformation with a C-terminal and an N-terminal lobe, with ATP binding in a cleft flanked by these lobes. Because of the flexibility of C-terminal loop, which contains a “DFG”-motif (Asp381-Phe382-Gly383), the kinase can be in an active (open) or inactive (closed) conformation (Reddy and Aggarwal, 2012; Balabanov et al., 2014). CML is classified into three phases namely chronic phase (CP), accelerated phase (AP) and blast crisis (BC). The presence of one of the various hematological (like persistent thrombocytopenia) or provisional (like hematological resistance to the drug) criteria for responding to tyrosine kinase inhibitor (TKI) defines AP phase, as per WHO criteria (Arber et al., 2016).
TARGETED THERAPY FOR CML USING TYROSINE KINASE INHIBITORS
Current Use of TKIs for CML Treatment
TKIs are small molecules that are used to treat a wide range of malignancies, including leukemia and solid tumors (Amir et al., 2020). TKIs have been developed as a targeted treatment for BCR-ABL1 kinase activity suppression (Cilloni and Saglio, 2012). TKI therapy for CML patients has resulted in a substantial improvement in disease outcomes and a near-normal lifespan. CML is a well-studied TK-dependent alteration model disease. As a consequence of fundamental and clinical research in clinical practice, TKIs are currently the benchmark in the treatment of CML patients and an effective example of targeted therapy (Balabanov et al., 2014). Imatinib, for example, is one of the first TKIs to be certified for the treatment of CML and is presently used as a first-line treatment, while nilotinib and dasatinib are the next discoveries (Özgür Yurttaş and Eşkazan, 2020).
The first generation TKI binds to an inactive form of BCR-ABL conformation, while second generation TKIs show binding affinity for both the active and inactive forms. The TKIs of second generation (dasatinib, nilotinib, bosutinib) are approximately 1,000 times more sensitive than imatinib in terms of efficacy against BCR-ABL resistant mutations (Kantarjian et al., 2010; Saglio et al., 2010). The binding of imatinib with BCR-ABL kinase in its ATP-binding pocket is hampered by T315I mutation, which is the result of a substitution of isoleucine for threonine at position 315 of the amino acid chain. Approximately 12 percent of adult patients with BCR-ABL leukemia have seen this mutation, and is more common in people with severe conditions. However, dasatinib and nilotinib against T315I are not effective (Soverini et al., 2006; Soverini et al., 2007).
The Survival Rate and Long Term Response in CML Patients in the Era of TKI Therapy
The survival has improved significantly to the point the survival in patients with CML is approaching that of the normal population with access to TKI therapy. Patients with newly diagnosed CML-CP had an OS rate that is only marginally lower than the normal population when treated with TKIs. Patients who obtained CCyR or better, on the other hand, have an OS rate that is comparable to the general population. This highlights the need of ensuring the best possible care for CML patients of all ages to maximize the benefits of these life-changing treatments (Sasaki et al., 2015). The long-term response of patients treated with different TKI therapies and their outcomes were examined by Jain et al. using Kaplan-Meier method. Patients treated with imatinib 800, dasatinib, or nilotinib had better long-term responses and outcomes than those treated with imatinib 400. Transformation to AP and BC phases, as well as mortality from CML, are now uncommon with current TKI therapy methods when well managed. However, discontinuation of treatment was more prevalent in imatinib patients than in TKIs of the second generation (Jain et al., 2015).
In the era of TKIs, CML-CP patients who lived for a certain number of years had good clinical results. Patients may, however, quit medication for some reason throughout time, affecting OS. It’s worth noting that the good conditional long-term outcomes predicted are based on rigorous ongoing monitoring of patients for CML and other comorbidities, as well as side events related to TKI usage, as done in clinical studies. It is not reasonable to believe that this may be generalized to situations where patients are treated less strictly (Sasaki et al., 2016). A clinical study showed that patients with the best long-term ELN responses have the best long-term results, and patients who received imatinib 800, dasatinib, or nilotinib have a greater chance of attaining optimum response at various periods (Jain et al., 2016).
According to Issa et al. during TKI therapy, if non-Y CCA/Ph¯ (clonal chromosomal abnormalities in Philadelphia chromosome-negative) is detected, physicians should be alerted to the possibility of poor survival outcomes, which may need careful monitoring. For most indices of response and long-term survival, patients with CCA/Ph¯ exhibited a trend toward inferiority. Early response assessment, such as BCR-ABL, was found to have a substantial predictive influence on the multivariate analysis. Patients with CCA/Ph¯ were less likely to get this reaction (74 vs. 81%). For individuals with monosomy 7, the emergence of nondeletion Y CCA/Ph¯ following therapy with different TKI is linked to reduced FFS, EFS, TFS, and OS, as well as a low but substantial chance of developing MDS or AML (Issa et al., 2017; Sasaki et al., 2018).
CML Patients Receiving TKIs and COVID-19
COVID-19 patients have been compared to an age, sex, and condition matched control group to determine the therapeutic effects of TKIs on their outcome (Başcı et al., 2020). Neither CP CML nor BCR-ABL TKIs induces clinically significant immune suppression, and there is no evidence that CP CML patients are at greater risk of complications by SARS-CoV-2 than the normal community. The clinical diagnosis of COVID-19 is not worse in TKI-treated CML patients than it is in the non-TKI-treated individuals. TKIs should be studied in wide-scale prospective and randomized studies to see if they improve COVID-19 outcomes (Başcı et al., 2020).
The clinical parameters of various TKI drugs used to treat CML are shown in Table 1 (Gleevec, 2008; Sprycel, 2010; Iclusig, 2016; Bosulif, 2017; Tasigna, 2017).
TABLE 1 | Clinical parameters of different TKIs approved by FDA to treat CML.
[image: Table 1]Adverse Events Associated With TKI Therapy
Imatinib is generally well absorbed, with far fewer complications than traditional drug treatment. The percentage of individuals with CML in CP that had neutropenia and thrombocytopenia of grade 3/4, is approximately 13 and 7%, respectively. In children, 27 percent of patients had neutropenia, 5 percent had thrombocytopenia, and 2.5 percent had anemia, all of grade 3 or 4. By temporarily halting imatinib, the cytopenia is usually fairly controllable. Gastrointestinal disorders like diarrhea, nausea, and vomiting are examples of nonhematologic toxicity. Bone pain, edema, rashes, myalgia and elevated levels of ALT and AST, etc., are the further side effects (Millot et al., 2011).
CHALLENGES AND RESISTANCE TO TKI TREATMENT IN CML
Although TKIs are found to be one of the effective targeted chemotherapy for treatment of individuals with CML. But every drug has some toxic responses against the body mechanism or metabolism that has to be overcome either by drug dose modifications or, in some cases, by permanently discontinuing the drug. Similar challenges and actions that have to be taken under treatment of CML using TKI are depicted in Table 2 (Gleevec, 2008; Sprycel, 2010; Iclusig, 2016; Bosulif, 2017; Tasigna, 2017).
TABLE 2 | The adverse conditions and dose modifications of TKIs during CML treatment.
[image: Table 2]Even with more effective second-and third-generation TKIs, many CML individuals have developed primary (5–10%) or secondary (20–30%) intolerance and thus become resistant to TKI therapy. Secondary resistance is most commonly caused by acquired Abl-kinase domain (Abl-KD) alterations, which can be noticed in roughly 60% of instances; nevertheless, the most of primary resistance pathways are still unknown (Bower et al., 2016; Russo et al., 2020). The 6-year review of the IRIS study revealed that imatinib therapy is ineffective in around one-third of patients because of 1° or 2° resistance. Approximately 40–90 percent of individuals who are resistant to imatinib have BCR-ABL mutation, based on the cancer stage and detection equipment’s sensitivity. T315I is an especially important mutation as it is quite prevalent (15–20%) and causes tolerance to almost all TKIs currently used in clinical practice, except ponatinib. It is found in ABL kinase domain’s ATP-binding region and provides one of imatinib’s six binding sites. This binding site is destroyed when threonine is replaced by isoleucine, as well as a structural impediment that prevents imatinib, nilotinib, dasatinib, and bosutinib from reaching it (Hughes et al., 2014). Imatinib resistance can be caused by either primary or secondary causes. Pharmacokinetic changes, such as anomalies in transport or drug efflux, may cause primary resistance. Because of BCR-ABL mutations or the involvement of salvage mechanisms, patients are more prone to develop secondary or acquired resistance. The T315I mutation is the most dreaded mutation since it is resistant to all the TKIs that have been approved by FDA for this disease. Several drugs, such as ponatinib, are being tested in clinical studies to block kinase activity linked to T315I (O’Hare et al., 2009). According to prior studies, TKI can restore the levels of specific miRNAs, and this mechanism can mediate the effects of TKIs on CML cells (Bugler et al., 2019).
CML is divided into three stages, referred to as CP, AP, and BP. With the introduction of TKIs and the subsequent success of TKI cessation, a fourth-phase, treatment-free remission (TFR-CML), has developed. In the absence of CML-directed treatment, this phase begins after TKI therapy is stopped and is defined by sustained remission with undetectable (or very low detectable) illness by the most sensitive technique of testing. This phase differs from CP since there is no additional molecular, cytogenetic, or hematological development. A clinical study revealed that patients were treated with TKIs for 11 years, and MMR and MR4.5 were maintained for 10 and 5.5 years, respectively, until therapy was discontinued. As a result, the rapid transition to BP CML was not preceded by CP development, and this sudden transformation had been reported in fewer than 1% of the CML individuals undergoing imatinib therapy. Cellular immunity, in the form of natural killer cells and cytotoxic T lymphocytes, may have a role in TFR-CML, according to one theory. This rapid blastic change might be the outcome of a lack of immune monitoring or a disease breakout (Alfayez et al., 2019). But it might also be related to some genetic and epigenetic abnormalities that require further clinical research for validation.
Clinical study data show that epigenetic medication treatment can produce objective responses in CML patients, even in later stages and amid imatinib resistance. Though, these reactions are rarely long-lasting, necessitating the pursuit of alternative recovery methods. Not only are many TKI options available (e.g., Imatinib, nilotinib, dasatinib, ponatinib, and bosutinib), but novel agents (e.g., ABL001) are being investigated, and for individuals with chronic or non-responsive illness, allogeneic transplantation remains a surgical option.
Given below are the possible reasons/mechanisms for TKI resistance (Balabanov et al., 2014).
1. BCR-ABL Dependent
i. Overexpression of BCR-ABL kinases as a result of amplification leads to a TKI-resistant scenario.
ii. Mutations in BCR-ABL resist TKI binding as a result of conformational change in ABL.
2. BCR-ABL Independent
i. Initiation of other compensatory intracellular signaling pathways (like LYN, HCK), due to which, despite successful suppression of the primary oncogenic driver kinase, cells continue to proliferate and thus results in TKI resistance.
ii. The overexpression of efflux transporters, like ABCB1 (MRD-1, for which imatinib acts as a substrate), results in a decrease of TKI levels in cells.
iii. The downregulation of influx transporters, like OCT1 (in the case of imatinib), also results in reduced efficacy of TKI and finally leads to TKI resistance.
An Epigenetic Mechanism of Imatinib Resistance Associated With HOXA4 Gene Promotor
The inhibition of the HOXA4 protein may interfere with the normal growth and proliferation of myeloid progenitors. Imatinib resistance in CML patients may be caused by an epigenetic mechanism in the BCR-ABL-independent pathway. The hypermethylation of HOXA4 gene appears to be inhibiting the clinical response to IM, and as a result, is acting as a significant inhibitor of normal leukemogenesis. Inhibition of this process might be a superior treatment option, necessitating hypomethylating drugs in CML patients with this epigenetic resistance mechanism. As a result, apart from BCR-ABL gene mutation analyses, the hypermethylation profile of the HOXA4 gene might be used as an epigenetic biomarker in CML patients for predicting reaction to imatinib treatment (Elias et al., 2013).
According to recent research, the long noncoding RNA (lncRNA) HOTAIR (HOX transcript antisense RNA) is involved in the development of both solid tumors like breast cancer and NSCLC, as well as hematopoietic malignancies like AML. The epigenetic regulatory mechanisms of HOTAIR in advanced CML, on the other hand, remain unknown. Li et al. suggested that demethylation drugs may provide a novel remedy for CML-BC, as HOTAIR is a possible therapeutic target (Li and Luo, 2018).
Second Malignancies Incidence in CML Patients
In the age of TKIs, the incidence of second malignancies in CML patients has increased. Sasaki et al. (2019), reported data of newly diagnosed CML patients in 2001–2014, and it was found that 5.6% of the cancer patients had more than one malignancy after the CML diagnosis. The most prevalent sites of second cancers were the male genital system, digestive system and respiratory system. CML-CP had a slightly higher relative incidence of total second malignancies than the general population, with a modest rise in the AER (Sasaki et al., 2019).
The Epigenetic Mutation Associated With Cardiovascular Events in CML Patients
There have been reports of cardiovascular or arteriothrombotic adverse events (CV- or AT-AEs) in CML patients receiving TKI therapy. The second or third-generation TKIs, such as ponatinib, significantly increase the risk of CV-AEs (excluding hypertension) and AT-AEs in CML patients (Jain et al., 2019). Myelopoeisis epigenetic regulation is controlled by the TET2 gene, which codes for the protein TET2 methylcytosine dioxygenase. Through the oxidation of methyl-cytosine, TET proteins play a role in DNA alteration, also in normal and malignant growth. A DNA epigenetic modification termed as hydroxymethylation is catalyzed by Tet2. As a result, it had been postulated that Tet2 regulated gene expression in macrophages exposed to excessive cholesterol. As a result, somatic mutations in hematopoietic cells have a role in the onset of atherosclerosis in humans. It was suggested that clonal hematopoiesis might be a controllable risk factor, either by using cholesterol-lowering medicines or targeting certain inflammatory processes (Jaiswal et al., 2017).
Role of Cytogenetic Abnormalities in Prognosis
Patients with severe CML are more likely to have additional cytogenetic abnormalities (ACAs) in addition to the Philadelphia chromosome. Long-term survival may be improved by combining TKI treatment with systemic chemotherapy. No matter what the blast count is, the existence of CBF translocations determines whether or not a patient has AML, because CBF rearrangements are seldom diagnosed as ACAs. In individuals with CML, CBF rearrangements as ACAs might be regarded as high-risk characteristics (Morita et al., 2021a).
EPIGENETIC EMERGING THERAPIES FOR CML IN COMBINATION WITH TKIS: EFFICACY AND CHALLENGES
There is significant evidence that the accumulation of various genetic and epigenetic abnormalities, in addition to the BCR/ABL1 oncoprotein, influences disease progression, treatment response, and overall clinical prognosis in CML patients. The development of a variety of illnesses has been related to DNA hydroxymethylation. Disease development, drug reaction, and clinical outcome of different diseases are all influenced by the DNA hydroxymethylation of gene promoters (Jelinek et al., 2011). The previous results of the clinical studies suggest that in CML patients undergoing imatinib treatment, hydroxymethylation of gene promoters of cell cycle regulators and autophagy genes may be a significant predictor of tumor growth, identifies inefficient imatinib responders, and indicates a relatively poor treatment outcome. As a result, the findings encouraged the use of demethylating agents in conjunction with TKI treatment to improve clinical consequences (Jelinek et al., 2011). The previous studies linking hypermethylation of SOCS1 gene to downregulation of expression suggested that the lack of negative cytokine signaling caused by SOCS1 protein epigenetic suppression might contribute to CML development. Small molecules with two src homology domains make up SOCS proteins. As a result, SOCS1 expression may be a new and valuable marker for CML therapeutic follow-up, as well as a new therapeutic strategy for developing successful CML target therapies (Liu et al., 2003).
Over the last 20 years, the invention of TKIs to counteract the BCR-ABL protein’s constitutive tyrosine kinase function has greatly increased disease control and clinical outcomes. However, most patients are not healed, and designing treatment strategies that target epigenetic pathways is a potential way of increasing cure rates. During the formation and growth of CML, various epigenetic pathways are changed or reprogrammed, leading to changes in histone modifications, DNA methylation, and transcriptional dysregulation (Bugler et al., 2019). Consequently, with the advent of TKIs as the primary mode of therapy, the occurrence of CML has risen, rendering it a manageable, chronic condition. Although TKI therapy has revolutionized CML treatment, 25–30 percent of patients with CP-CML have failed TKI treatment, half had mutations in the BCR–ABL1 kinase domain and 50 percent of patients are unknown for the failure of this therapy (Rohrbacher and Hasford, 2009; Baccarani et al., 2013). Potentially harmful somatic mutations of epigenetic modifiers are common in CP-CML at the time of diagnosis, and when combined with other factors associated, they can be useful predictive indicators to identify the best TKI for every patient (Nteliopoulos et al., 2019). The chemotherapy resistance during treatment might occur at any stage, and thus the emergence of drug resistance remains a major issue.
Combination Therapy Using TKI With Other Drugs/Inhibitors: An Epigenetic Reprogramming
In 1983, after the discovery of the first cancer-epigenetic reprogramming relations, emerging evidence indicates that genetic and epigenetic changes cause cancers and that some of them occurring before profound leukemia commences preleukemia (Feinberg et al., 2006; Feinberg and Vogelstein, 1983). The BCR-ABL1 mutation induces epigenetic reprogramming, which is important in CML, as well as converting HSCs to LSCs. Polycomb-group (PcG) proteins are one kind of epigenetic regulator that is believed to be disrupted in CML LSC (Di Carlo et al., 2019). There are two complexes in PcG proteins, namely PRC1 and PRC2 (Polycomb Repressive Complex). Given the number of studies that PRC2 plays a role in cancer (including solid tumors and multiple myeloma), it’s no surprise that a variety of therapeutics targeting this complex have appeared and are under clinical studies of Phase I and II (Fioravanti et al., 2018; Gulati et al., 2018). In comparison to TKI therapy alone, Scott et al. demonstrated significant targeting of CML stem cells using the EZH2 (a core component of PRC2) inhibitor Tazemetostat in conjunction with TKI. As a result, combined therapy may be a new clinical option for CML treatment, as shown in Figure 1 (Scott et al., 2016).
[image: Figure 1]FIGURE 1 | Epigenetic processes in CML cells are being targeted. CML cells are epigenetically reprogrammed via several mechanisms. This dysregulation can occur only in the presence of TKI therapy in various cases. With this understanding, many epigenetic treatments were suggested to inhibit these mechanisms and to result in the complete destruction of CML cells especially in combination with TKI therapy.
Sirtuin 1 (SIRT1) is a NAD-dependent HDAC that acts on the nonhistone target p53 in CD34+ CML cells and has been associated with leukemogenesis and the persistence of CML LSCs. After imatinib therapy, SIRT1 expression significantly decreased but not completely depleted in CML cell lines, paving the way for effective SIRT1 inhibition. The treatment with the SIRT1 inhibitor (e.g., Selisistat or EX-527) via activation of p53 signaling, improved the effect of TKI treatment (Chen and Bhatia, 2013; Li et al., 2012; Yuan et al., 2012). SIRT1’s function is one of the most prevalent causes of treatment resistance in several malignancies, including CML (S et al., 2021).
BCL6 is a transcription factor that can epigenetically control a variety of its targets by altering the accessibility of chromatin at promoter and enhancer sites. It is often mutated in lymphoma cells (Hatzi et al., 2013). BCL6 expression is modest in TKI-naive CML cells, but it is substantially increased in CML cell lines and primary CD34+ cells after TKI therapy, although its function in CML is unknown (Hurtz et al., 2011). In Ph+ ALL patients, the BCL6 peptide inhibitor, RI-BPI was coupled with imatinib to avoid TKI resistance and to enhance imatinib’s efficacy (Duy et al., 2011). In CD34+38- CML LSCs, the use of RI-BPI increased the effectiveness of imatinib treatment, and decreased the ability to form CML cell colony, thus eliminated CD34+38- LSCs by enhancing programmed cell death. Other BCL6 small molecule inhibitors, such as FX1, significantly reduced CML CD34+ cells’ colony-forming ability, in combination with TKI (Madapura et al., 2017).
It had been suggested by San José-Eneriz et al. (2009), that the concomitant use of imatinib and a de-methylating drug such as 5-aza-2′-deoxycytidine (Decitabine) might result in better outcomes in individuals with reduced expression of the pro-apoptotic BCL-2-interacting mediator (BIM). This downregulation is epigenetically mediated by BIM methylation in most CML individuals and has a negative impact on health (San José-Eneriz et al., 2009). TKI-resistant leukemic stem cells (LSCs) are still a big problem in CML, and finding ways to get rid of them is a major unsatisfied clinical need. Scott et al. (2016) showed that for the existence of LSC, EZH2 and H3K27me3 reprogramming is essential, nevertheless, it also makes LSCs vulnerable to the mutual effects of EZH2 inhibitor and TKI. That becomes a novel strategy for more efficiently targeting LSCs in TKI receiving patients (Scott et al., 2016).
Concomitant Use of TKI and DNMT Inhibitor (a Class of Epigenetic Drugs)
DNMT inhibitors are cytosine analogs that bind to DNA and inactivate genes, inhibiting the methyltransferase enzyme reversibly. Azacytidine and decitabine are DNMT inhibitors that had been approved by the FDA for the treatment of myelodysplastic syndrome (MDS). Low doses of these inhibitors are effective, but high doses are lethal (Yang et al., 2006). Decitabine is a cytosine derivative that is used as an intravenous antineoplastic agent in the treatment of MDS. It receives FDA approval in 2006 for the treatment of MDS and was also approved by the EU for the treatment of AML. The strategy of concomitant use of TKIs with epigenetic drugs for CML therapy was initiated after the approval of the first tinib drug (imatinib) in 2001 (Figure 2).
[image: Figure 2]FIGURE 2 | The role of TKIs in combination with epigenetic drugs to treat CML during last 2 decades.
Imatinib Plus Decitabine
In CML patients with AP or BC phase, a Phase II trial of low-dose decitabine in conjunction with an active metabolite of imatinib (i.e., imatinib mesylate, IM) was performed. Imatinib 600 mg OD and decitabine 15 mg/m2 intravenously (5 days a week) were given to patients for 2 weeks. The major and modest cytogenetic responses were reported which includes: 32% patients with complete and 4% patients had moderate hematologic responses, while 7% patients had hematological development. The individuals who lack BCR-ABL kinase mutations had a greater hematologic response rate (53%) than those with mutations (14%). The median hematologic response lasted 18 weeks. The most common side effect was myelosuppression, which resulted in neutropenic fever in 32% of individuals. So, in AP CML without BCR-ABL kinase mutations, it was concluded that decitabine with imatinib in combination treatment, is well tolerated and effective (Oki et al., 2007).
In recent years, the reprogramming of mitochondrial metabolism has been identified as a hallmark of cancer, including CML, and could be used for medicinal purposes. The impacts of various drugs on mitochondrial activity in the CML cell line K562 were explored, and it was shown that decitabine in combination with 5-aminoimidazole-4-carboxamide ribotide (AICAR) might efficiently boost ATP content and mitochondrial biogenesis. Furthermore, it has been shown that AICAR-decitabine therapy increased the sensitivity of the K562 cells for imatinib. Based on these findings, it is clear that TKIs coupled with mitochondrial modulation may give treatment strategies for CML treatment (Zhu et al., 2020).
Dasatinib Plus Decitabine
Treatment for AP CML still lacks, as single-agent TKIs exhibit weak and short-lived action. A phase I/II study was undertaken in patients with advanced CML to see if the concomitant use of dasatinib and decitabine was safe and effective. Two distinct dosing regimens were tested with a beginning decitabine dose of either 10 or 20 mg/m2 OD for 10 days with dasatinib 100 mg OD. Decitabine 10 or 20 mg/m2 OD for 10 days, with dasatinib 140 mg OD, was the target dosage. There was no dose-limiting toxicity identified with either regimen at the initial dosages. In 93% of individuals, treatment-emergent hematological adverse effects of grade 3 were observed. Meanwhile, 48% of patients had a major hematopoietic response, whereas 22% had a weak hematologic reaction, with 44% of them having a large cytogenetic reaction and 33% having a significant biomolecular response. Decitabine with dasatinib is a safe, innovative, and effective treatment for advanced CML, with a life expectancy among patients that looks to be higher than with either agent alone (Abaza et al., 2020).
Venetoclax Plus BCR-ABL TKIs
As a BCL2 inhibitor, venetoclax is authorized for use in aged or “unsuitable” individuals with newly diagnosed AML, together with low-dose cytarabine or HMA. Venetoclax has demonstrated preclinical efficacy against TKI-resistant CML cells and synergy with BCR-ABL TKI in eliminating leukemic stem cells in advanced CML In CML-MBP, dasatinib is effective as a single treatment; however, the venetoclax-TKI combination may be more effective than dasatinib alone. Ponatinib has shown promising results in advanced Ph+ leukemias and relapsed/refractory pre-B ALL whether used alone or in conjunction with nonchemotherapeutic treatments. Ponatinib synergizes with venetoclax in Ph+ ALL samples by inducing LYN-mediated pro-apoptotic BIM, reducing anti-apoptotic MCL1, and perhaps removing venetoclax resistance. The combination of venetoclax and ponatinib in this patient population is therefore supported by clinical trials. Thus, treatment of advanced Ph+ myeloid leukemias with venetoclax and TKI-based combination regimens is a viable option. Because BCR-ABL1 is the primary factor of CML-MBP, this combination could be very beneficial to them (Maiti et al., 2020).
Crawford et al. (2009) observed that a rise in proteasome proteolytic activity is linked to BCR/ABL genetic and epigenetic alterations, and inhibiting the proteasome might cause extremely higher cell apoptosis in BCR/ABL positive cells than in BCR/ABL negative cells. The combined inhibition of HDACs and the proteasome leads to a significant decrease in both efficacy and metabolism of CML-derived BCR/ABL-expressing K562 cells than either drug alone, indicating that treatment with concomitant use of HDAC and proteasome inhibitors could be a successful approach in CML therapy. According to Jagannath et al. (2010) in relapsed/refractory multiple myeloma patients, the clinical therapy with the combined use of HDAC and proteasome inhibitors showed promising anticancer activity (Jagannath et al., 2010).
Concomitant Use of TKI and IC/HMA in Myeloid BP-CML Patients
It has been demonstrated that TKI + IC/HMA (intensive chemotherapy/hypomethylating agent) therapy provides greater response rates, reduced recurrence risk, and superior 5-years EFS/OS than TKI alone, suggesting that rather than TKI alone, the combination therapy with IC or HMA + TKI (especially received decitabine) should be taken into account for the appropriate frontline therapy for such patients. Long-term survival rates were similar between IC + TKI and HMA + TKI, with a long-term survival rate of around 30% and improved outcomes for patients who were able to undergo ASCT (allogeneic stem cell transplant). However, while being less intensive than an IC method, the combination of HMA and second/third generation TKI is extremely successful (Saxena et al., 2021). As a result of their poor prognosis, patients with CML-BP require novel treatment options (Jain et al., 2017). It was found that the use of hyper-CVAD (cyclophosphamide, vincristine sulfate, doxorubicin hydrochloride/adriamycin, and dexamethasone) with dasatinib therapy, the outcome of CML-lymphoid BP has improved, and the survival rate is equivalent to that of Ph+ ALL. Using new TKIs and targeted agents, further improvements may be made in the future (Morita et al., 2021b).
Concomitant Use of TKI and HDAC Inhibitor (a Class of Epigenetic Drugs)
HDAC inhibitors are chemical compounds that inhibit histone deacetylases. They have a long tradition of use as mood stabilizers and anti-epileptics in psychology and neurology. They’ve recently been studied as potential cancer, viral, and infectious disease therapies (Miller et al., 2003; Blanchard and Chipoy, 2005; Mwakwari et al., 2010; Patil et al., 2010). HDAC inhibitors are derived from natural and synthetic compounds of varying target specificity and actions. HDAC inhibitors are divided into four categories: hydroxamic acids (or hydroxamates), cyclic tetrapeptides, benzamides and short-chain fatty acids. Due to the concept that BCR/ABL signaling and epigenetic changes might act as two major reasons for disease and tolerance, the combined effects of BCR/ABL inhibition utilizing imatinib with panobinostat (a multi-HDAC inhibitor) in K562 cells were studied (Housman et al., 2014). In CML-derived K562 cells, the combination of panobinostat with imatinib showed synergistic antineoplastic responses and improved therapeutic effectiveness, as predicted (Zehtabcheh et al., 2021).
Imatinib Plus MAKV-8
MAKV-8 has been first reported for its IC50 of 2 pM, in vitro, against HDAC3 and HDAC6 and its anti-proliferative effect for pancreatic tumor cells, which was analogous to SAHA. It comprises the 6-methylene linker and a CAP group containing arylisoxazole. The chemical MAKV-8 is a potent pan-HDAC inhibitor in vitro and also in several cell lines of CML. In addition, in imatinib-sensitive/resistant BCR-ABL-positive CML cells, MAKV-8 in combination with imatinib displayed substantial anti-tumor properties, while healthy cell types exposed to this co-therapy showed relatively minimal impact. BCR-ABL expression and phosphorylation, as well as downstream targets expression important in CML growth and survival, were all inhibited by MAKV-8-imatinib combination (Lernoux et al., 2020).
Imatinib Plus Panobinostat
Investigation of the combined effects of BCR/ABL inhibition with Imatinib and the multi-HDAC inhibitor panobinostat was performed in K562 cells The combination of panobinostat with imatinib was reported to have synergistic antileukemic effects and increased treatment effectiveness in K562 cells generated from CML patients (Zehtabcheh et al., 2021).
Ponatinib Plus Panobinostat
The concomitant use of panobinostat with ponatinib to treat IM resistance which was caused by either gene amplification or T315I mutation in BCR-ABL was found to be effective. This synergetic impact could just be because of the kinase activity suppression of ABL accompanied by BCR-ABL protein degradation. The concomitant use of these drugs could lead to a novel treatment approach with outstanding anti-CML efficacy and few side effects. The XTT test was used to assess the growth inhibitory effects of IM, panobinostat, and ponatinib alone or in combination on K562 cells, K562/IM-R1 cells, Ba/F3 cells, and Ba/F3/T315I cells. K562/IM-R1 cells 12 times, while Ba/F3/T315I cells were shown to be 13 times more IM-resistant than parental counterparts in this experiment. Importantly, as compared to either drug alone, the panobinostat and ponatinib combination demonstrated a significantly greater inhibitory growth impact on all cell lines (Table 3) (Matsuda et al., 2016).
TABLE 3 | This data has been extracted from Matsuda et al. (2016). For 72 h, cells were exposed to the same concentration of ponatinib, panobinostat, or their combination, before being tested using XTT assay.
[image: Table 3]Imatinib Plus Chidamide
Chidamide is a new selective HDAC inhibitor that has demonstrated its efficacy to treat hematological cancers. Chidamide reduced the development of the CML cell, causing apoptosis and arrest of the cell cycle when used alone. Furthermore, in the CML cell line KBM5, as well as IM-resistant CML cells KBM5 bearing T315I mutations, chidamide in conjunction with imatinib induced synergistic fatality, with a significant decrease in kinase activity of BCR-ABL and expression of acetyl-histone H3. In IM-resistant cells, the combined therapy significantly reduced the fundamental activity of β-catenin signaling and eliminated the mesenchymal stromal cells (MSCs) shielding effects on CML cells. As a result, this combination therapy is likely to be a feasible way to treat TKI-resistant CML and improve treatment strategies with BC-CML (Table 4) (He et al., 2020).
TABLE 4 | The combination therapy for CML using TKIs with epigenetic drugs.
[image: Table 4]CONCLUSION AND FUTURE PROSPECTS
Today, one of the finest examples of effective targeted therapy in CML is that the survival rate of CML patients treated with TKIs seems to be relatively close to the healthy individuals. Since the development of first and second-line TKIs, substantial progress in CML therapy has been accomplished. Despite the TKI treatment’s excellent efficacy, some patients developed resistance owing to BCR-ABL kinase domain alterations, resulting in therapeutic failure. The development of CML and its resistance to treatments are both influenced by abnormal epigenetic control of key genes. Because epigenetic alterations may be controlled, novel medications that target distinct epigenetic pathways, such as demethylating agents and HDAC inhibitors, have been evaluated for CML treatment, particularly in individuals who have developed imatinib resistance. Finally, recent advances in biotechnology and bioinformatics have created new potential techniques for de novo epigenetic factor characterization and greater knowledge of epigenetic pathways, which can further develop tailored CML therapies in the future.
AUTHOR CONTRIBUTIONS
MA prepared the manuscript and SJ reviewed and edited the manuscript.
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.
ACKNOWLEDGMENTS
MA is thankful to UGC for providing fellowship.
REFERENCES
 Abaza, Y., Kantarjian, H., Alwash, Y., Borthakur, G., Champlin, R., Kadia, T., et al. (2020). Phase I/II Study of Dasatinib in Combination with Decitabine in Patients with Accelerated or Blast Phase Chronic Myeloid Leukemia. Am. J. Hematol. 95 (11), 1288–1295. doi:10.1002/ajh.25939
 Alfayez, M., Richard‐Carpentier, G., Jabbour, E., Vishnu, P., Naqvi, K., Sasaki, K., et al. (2019). Sudden Blastic Transformation in Treatment‐free Remission Chronic Myeloid Leukaemia. Br. J. Haematol. 187 (4), 543–545. doi:10.1111/bjh.16245
 Amir, M., Qureshi, M. A., and Javed, S. (2020). Biomolecular Interactions and Binding Dynamics of Tyrosine Kinase Inhibitor Erdafitinib, with Human Serum Albumin. J. Biomol. Struct. Dyn. 39 (11), 3934–3947. doi:10.1080/07391102.2020.1772880
 Arber, D. A., Orazi, A., Hasserjian, R., Thiele, J., Borowitz, M. J., Le Beau, M. M., et al. (2016). The 2016 Revision to the World Health Organization Classification of Myeloid Neoplasms and Acute Leukemia. Blood 127 (20), 2391–2405. doi:10.1182/blood-2016-03-643544
 Baccarani, M., Deininger, M. W., Rosti, G., Hochhaus, A., Soverini, S., Apperley, J. F., et al. (2013). European LeukemiaNet Recommendations for the Management of Chronic Myeloid Leukemia: 2013. Blood 122 (6), 872–884. doi:10.1182/blood-2013-05-501569
 Balabanov, S., Braig, M., and Brümmendorf, T. H. (2014). Current Aspects in Resistance against Tyrosine Kinase Inhibitors in Chronic Myelogenous Leukemia. Drug Discov. Today Tech. 11 (1), 89–99. doi:10.1016/j.ddtec.2014.03.003
 Başcı, S., Ata, N., Altuntaş, F., Yiğenoğlu, T. N., Dal, M. S., Korkmaz, S., et al. (2020). Outcome of COVID-19 in Patients with Chronic Myeloid Leukemia Receiving Tyrosine Kinase Inhibitors. J. Oncol. Pharm. Pract. 26 (7), 1676–1682. doi:10.1177/1078155220953198
 Blanchard, F., and Chipoy, C. (2005). Histone Deacetylase Inhibitors: New Drugs for the Treatment of Inflammatory Diseases?. Drug Discov. Today 10 (3), 197–204. doi:10.1016/S1359-6446(04)03309-4
 Bosulif (2017). Bosutinib. US FDA, 1–17. Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/203341s009lbl.pdf (Accessed September 10, 2021). 
 Bower, H., Björkholm, M., Dickman, P. W., Höglund, M., Lambert, P. C., and Andersson, T. M.-L. (2016). Life Expectancy of Patients with Chronic Myeloid Leukemia Approaches the Life Expectancy of the General Population. Jco 34 (24), 2851–2857. doi:10.1200/JCO.2015.66.2866
 Bugler, J., Kinstrie, R., Scott, M. T., and Vetrie, D. (2019). Epigenetic Reprogramming and Emerging Epigenetic Therapies in CML. Front. Cel Dev. Biol. 7 (July), 1–14. doi:10.3389/fcell.2019.00136
 Chen, W., and Bhatia, R. (2013). Roles of SIRT1 in Leukemogenesis. Curr. Opin. Hematol. 20 (Issue 4), 308308–313313. doi:10.1097/MOH.0b013e328360ab64
 Cilloni, D., and Saglio, G. (2012). Molecular Pathways: BCR-ABL. Clin. Cancer Res. 18 (Issue 4), 930–937. doi:10.1158/1078-0432.CCR-10-1613
 Crawford, L. J., Windrum, P., Magill, L., Melo, J. V., McCallum, L., McMullin, M. F., et al. (2009). Proteasome Proteolytic Profile is Linked to Bcr-Abl Expression. Exp. Hematol. 37, 357–366. doi:10.1016/j.exphem.2008.11.004
 Di Carlo, V., Mocavini, I., and Di Croce, L. (2019). Polycomb Complexes in normal and Malignant Hematopoiesis, Rockefeller University Press. J. Cel Biol. 218 (Issue 1), 55–69. doi:10.1083/jcb.201808028
 Duy, C., Hurtz, C., Shojaee, S., Cerchietti, L., Geng, H., Swaminathan, S., et al. (2011). BCL6 Enables Ph+ Acute Lymphoblastic Leukaemia Cells to Survive BCR-ABL1 Kinase Inhibition. Nature 473 (7347), 384–388. doi:10.1038/nature09883
 Elias, M. H., Baba, A. A., Husin, A., Sulong, S., Hassan, R., Sim, G. A., et al. (2013). HOXA4Gene Promoter Hypermethylation as an Epigenetic Mechanism Mediating Resistance to Imatinib Mesylate in Chronic Myeloid Leukemia Patients. Biomed. Res. Int. 2013, 1–7. doi:10.1155/2013/129715
 Feinberg, A. P., Ohlsson, R., and Henikoff, S. (2006). The Epigenetic Progenitor Origin of Human Cancer. Nat. Rev. Genet. 7 (Issue 1), 21–33. doi:10.1038/nrg1748
 Feinberg, A. P., and Vogelstein, B. (1983). Hypomethylation Distinguishes Genes of Some Human Cancers from Their normal Counterparts. Nature 301 (5895), 89–92. doi:10.1038/301089a0
 Fioravanti, R., Stazi, G., Zwergel, C., Valente, S., and Mai, A. (2018). Six Years (2012-2018) of Researches on Catalytic EZH2 Inhibitors: The Boom of the 2‐Pyridone Compounds, John Wiley and Sons Inc. Chem. Rec. 18 (Issue 12), 1818–1832. doi:10.1002/tcr.201800091
 Gleevec (2008). Gleevec (Imatinib Mesylate) FDA US. Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2008/021588s024lbl.pdf (Accessed September 10, 2021). 
 Gulati, N., Béguelin, W., and Giulino-Roth, L. (2018). Enhancer of Zeste Homolog 2 (EZH2) Inhibitors, Taylor and Francis Ltd. Leuk. Lymphoma. 59 (7), 1574–1585. doi:10.1080/10428194.2018.1430795
 Hatzi, K., Jiang, Y., Huang, C., Garrett-Bakelman, F., Gearhart, M. D., Giannopoulou, E. G., et al. (2013). A Hybrid Mechanism of Action for BCL6 in B Cells Defined by Formation of Functionally Distinct Complexes at Enhancers and Promoters. Cel Rep. 4 (3), 578–588. doi:10.1016/j.celrep.2013.06.016
 He, B., Wang, Q., Liu, X., Lu, Z., Han, J., Pan, C., et al. (2020). A Novel HDAC Inhibitor Chidamide Combined with Imatinib Synergistically Targets Tyrosine Kinase Inhibitor Resistant Chronic Myeloid Leukemia Cells. Biomed. Pharmacother. 129, 110390. doi:10.1016/j.biopha.2020.110390
 Hochhaus, A., Baccarani, M., Silver, R. T., Schiffer, C., Apperley, J. F., Cervantes, F., et al. (2020). European LeukemiaNet 2020 Recommendations for Treating Chronic Myeloid Leukemia, Springer Nature. Leukemia 34 (4), 966–984. doi:10.1038/s41375-020-0776-2
 Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre, M., Snyder, N., et al. (2014). Drug Resistance in Cancer: An Overview. CancersMDPI AG 6 (3), 1769–1792. doi:10.3390/cancers6031769
 Hughes, T. P., Saglio, G., Kantarjian, H. M., Guilhot, F., Niederwieser, D., Rosti, G., et al. (2014). Early Molecular Response Predicts Outcomes in Patients with Chronic Myeloid Leukemia in Chronic Phase Treated with Frontline Nilotinib or Imatinib. Blood 123 (9), 1353–1360. doi:10.1182/blood-2013-06-510396
 Hurtz, C., Hatzi, K., Cerchietti, L., Braig, M., Park, E., Kim, Y.-m., et al. (2011). BCL6-mediated Repression of P53 Is Critical for Leukemia Stem Cell Survival in Chronic Myeloid Leukemia. J. Exp. Med. 208 (11), 2163–2174. doi:10.1084/jem.20110304
 Iclusig (2016). Ponatinib. FDA US, 3. Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/203469lbl.pdf (Accessed September 10, 2021). 
 Issa, G. C., Kantarjian, H. M., Gonzalez, G. N., Borthakur, G., Tang, G., Wierda, W., et al. (2017). Clonal Chromosomal Abnormalities Appearing in Philadelphia Chromosome-Negative Metaphases during CML Treatment. Blood 130 (19), 2084–2091. doi:10.1182/blood-2017-07-792143
 Jabbour, E., and Kantarjian, H. (2020). Chronic Myeloid Leukemia: 2020 Update on Diagnosis, Therapy and Monitoring. Am. J. Hematol. 95 (6), 691–709. doi:10.1002/ajh.25792
 Jagannath, S., Dimopoulos, M. A., and Lonial, S. (2010). Combined Proteasome and Histone Deacetylase Inhibition: A Promising Synergy for Patients with Relapsed/refractory Multiple Myeloma. Leuk. Res. 34 (Issue 9), 1111–1118. doi:10.1016/j.leukres.2010.04.001
 Jain, P., Kantarjian, H., Alattar, M. L., Jabbour, E., Sasaki, K., Gonzalez, G. N., et al. (2015). Analysis of Long Term Responses and Their Impact on Outcomes in Patients with Chronic Phase CML Treated with Four Different TKI Modalities – Analysis of 5 Prospective Clinical Trials. Lancet Haematol. 2 (3), 118–128. doi:10.1016/S2352-3026(15)00021-6
 Jain, P., Kantarjian, H., Boddu, P. C., Nogueras-González, G. M., Verstovsek, S., Garcia-Manero, G., et al. (2019). Analysis of Cardiovascular and Arteriothrombotic Adverse Events in Chronic-phase CML Patients after Frontline TKIs. Blood Adv. 3 (6), 851–861. doi:10.1182/bloodadvances.2018025874
 Jain, P., Kantarjian, H. M., Ghorab, A., Sasaki, K., Jabbour, E. J., Nogueras Gonzalez, G., et al. (2017). Prognostic Factors and Survival Outcomes in Patients with Chronic Myeloid Leukemia in Blast Phase in the Tyrosine Kinase Inhibitor Era: Cohort Study of 477 Patients. Cancer 123 (22), 4391–4402. doi:10.1002/cncr.30864
 Jain, P., Kantarjian, H., Sasaki, K., Jabbour, E., Dasarathula, J., Nogueras Gonzalez, G., et al. (2016). Analysis of 2013 European LeukaemiaNet (ELN) Responses in Chronic Phase CML across Four Frontline TKI Modalities and Impact on Clinical Outcomes. Br. J. Haematol. 173 (1), 114–126. doi:10.1111/bjh.13936
 Jaiswal, S., Natarajan, P., Silver, A. J., Gibson, C. J., Bick, A. G., Shvartz, E., et al. (2017). Clonal Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N. Engl. J. Med. 377 (2), 111–121. doi:10.1056/nejmoa1701719
 Jelinek, J., Gharibyan, V., Estecio, M. R., Kondo, K., He, R., Chung, W., et al. (2011). Aberrant DNA Methylation is Associated with Disease Progression, Resistance to Imatinib and Shortened Survival in Chronic Myelogenous Leukemia. PLoS One 6 (7), 22110. doi:10.1371/journal.pone.0022110
 Kantarjian, H., Shah, N. P., Hochhaus, A., Cortes, J., Shah, S., Ayala, M., et al. (2010). Dasatinib versus Imatinib in Newly Diagnosed Chronic-phase Chronic Myeloid Leukemia. N. Engl. J. Med. 362 (24), 2260–2270. doi:10.1056/NEJMoa1002315
 Lernoux, M., Schnekenburger, M., Losson, H., Vermeulen, K., Hahn, H., Gérard, D., et al. (2020). Novel HDAC Inhibitor MAKV-8 and Imatinib Synergistically Kill Chronic Myeloid Leukemia Cells via Inhibition of BCR-ABL/MYC-signaling: Effect on Imatinib Resistance and Stem Cells. Clin. Epigenet. 12 (1), 1–26. doi:10.1186/s13148-020-00839-z
 Li, L., Wang, L., Li, L., Wang, Z., Ho, Y., McDonald, T., et al. (2012). Activation of P53 by SIRT1 Inhibition Enhances Elimination of CML Leukemia Stem Cells in Combination with Imatinib. Cancer Cell. 21 (2), 266–281. doi:10.1016/j.ccr.2011.12.020
 Li, Z., and Luo, J. (2018). Epigenetic Regulation of HOTAIR in Advanced Chronic Myeloid Leukemia. Cmar 10, 5349–5362. doi:10.2147/CMAR.S166859
 Liu, T.-C., Lin, S.-F., Chang, J.-G., Yang, M.-Y., Hung, S.-Y., and Chang, C.-S. (2003). Epigenetic Alteration of theSOCS1gene in Chronic Myeloid Leukaemia. Br. J. Haematol. 123 (4), 654–661. doi:10.1046/j.1365-2141.2003.04660.x
 Madapura, H. S., Nagy, N., Ujvari, D., Kallas, T., Kröhnke, M. C. L., Amu, S., et al. (2017). Interferon γ Is a STAT1-dependent Direct Inducer of BCL6 Expression in Imatinib-Treated Chronic Myeloid Leukemia Cells. Oncogene 36 (32), 4619–4628. doi:10.1038/onc.2017.85
 Maiti, A., Franquiz, M. J., Ravandi, F., Cortes, J. E., Jabbour, E. J., Sasaki, K., et al. (2020). Venetoclax and BCR-ABL Tyrosine Kinase Inhibitor Combinations: Outcome in Patients with Philadelphia Chromosome-Positive Advanced Myeloid Leukemias. Acta Haematol. 143 (6), 567–573. doi:10.1159/000506346
 Matsuda, Y., Yamauchi, T., Hosono, N., Uzui, K., Negoro, E., Morinaga, K., et al. (2016). Combination of Panobinostat with Ponatinib Synergistically Overcomes Imatinib‐resistant CML Cells. Cancer Sci. 107 (7), 1029–1038. doi:10.1111/cas.12965
 Miller, T. A., Witter, D. J., and Belvedere, S. (2003). Histone Deacetylase Inhibitors. J. Med. Chem. 46 (24), 5097–5116. doi:10.1021/jm0303094
 Millot, F., Baruchel, A., Guilhot, J., Petit, A., Leblanc, T., Bertrand, Y., et al. (2011). Imatinib Is Effective in Children with Previously Untreated Chronic Myelogenous Leukemia in Early Chronic Phase: Results of the French National Phase IV Trial. Jco 29 (20), 2827–2832. doi:10.1200/JCO.2010.32.7114
 Morita, K., Jabbour, E., Ravandi, F., Borthakur, G., Khoury, J. D., Hu, S., et al. (2021a). Clinical Outcomes of Patients with Chronic Myeloid Leukemia with Concurrent Core Binding Factor Rearrangement and Philadelphia Chromosome. Clin. Lymphoma Myeloma Leuk. 21 (5), 338–344. doi:10.1016/j.clml.2020.12.025
 Morita, K., Kantarjian, H. M., Sasaki, K., Issa, G. C., Jain, N., Konopleva, M., et al. (2021b). Outcome of Patients with Chronic Myeloid Leukemia in Lymphoid Blastic Phase and Philadelphia Chromosome-Positive Acute Lymphoblastic Leukemia Treated with hyper‐CVAD and Dasatinib. Cancer 127 (15), 2641–2647. doi:10.1002/cncr.33539
 Mwakwari, S. C., Patil, V., Guerrant, W., and Oyelere, A. K. (2010). Macrocyclic Histone Deacetylase Inhibitors. Curr. Top. Med. Chem. 10 (14), 1423–1440. doi:10.2174/156802610792232079
 Nteliopoulos, G., Bazeos, A., Claudiani, S., Gerrard, G., Curry, E., Szydlo, R., et al. (2019). Somatic Variants in Epigenetic Modifiers Can Predict Failure of Response to Imatinib but Not to Second-Generation Tyrosine Kinase Inhibitors. Haematologica 104 (12), 2400–2409. doi:10.3324/haematol.2018.200220
 O'Hare, T., Shakespeare, W. C., Zhu, X., Eide, C. A., Rivera, V. M., Wang, F., et al. (2009). AP24534, a Pan-BCR-ABL Inhibitor for Chronic Myeloid Leukemia, Potently Inhibits the T315I Mutant and Overcomes Mutation-Based Resistance. Cancer Cell. 16 (5), 401–412. doi:10.1016/j.ccr.2009.09.028
 Oki, Y., Kantarjian, H. M., Gharibyan, V., Jones, D., O'Brien, S., Verstovsek, S., et al. (2007). Phase II Study of Low-Dose Decitabine in Combination with Imatinib Mesylate in Patients with Accelerated or Myeloid Blastic Phase of Chronic Myelogenous Leukemia. Cancer 109 (5), 899–906. doi:10.1002/cncr.22470
 Özgür Yurttaş, N., and Eşkazan, A. E. (2020). Novel Therapeutic Approaches in Chronic Myeloid Leukemia. Leuk. Res. 91, 106337. doi:10.1016/J.LEUKRES.2020.106337
 Patil, V., Guerrant, W., Chen, P. C., Gryder, B., Benicewicz, D. B., Khan, S. I., et al. (2010). Antimalarial and Antileishmanial Activities of Histone Deacetylase Inhibitors with Triazole-Linked Cap Group. Bioorg. Med. Chem. 18 (1), 415–425. doi:10.1016/j.bmc.2009.10.042
 Reddy, E. P., and Aggarwal, A. K. (2012). The Ins and Outs of Bcr-Abl Inhibition. Genes. Cancer 3 (5–6), 447–454. doi:10.1177/1947601912462126
 Rohrbacher, M., and Hasford, J. (2009). Epidemiology of Chronic Myeloid Leukaemia (CML). Best Pract. Res. Clin. Haematol. 22 (3), 295–302. doi:10.1016/j.beha.2009.07.007
 Russo, D., Garcia-Gutierrez, J. V., Soverini, S., and Baccarani, M. (2020). Chronic Myeloid Leukemia Prognosis and Therapy: Criticisms and Perspectives. Jcm 9 (6), 1709. doi:10.3390/jcm9061709
 Saglio, G., Kim, D.-W., Issaragrisil, S., le Coutre, P., Etienne, G., Lobo, C., et al. (2010). Nilotinib versus Imatinib for Newly Diagnosed Chronic Myeloid Leukemia. New Engl. J. Med. 362 (24), 2251–2259. doi:10.1056/nejmoa0912614
 San José-Eneriz, E., Agirre, X., Jiménez-Velasco, A., Cordeu, L., Martín, V., Arqueros, V., et al. (2009). Epigenetic Down-Regulation of BIM Expression Is Associated with Reduced Optimal Responses to Imatinib Treatment in Chronic Myeloid Leukaemia. Eur. J. Cancer. 45 (10), 1877–1889. doi:10.1016/j.ejca.2009.04.005
 Sasaki, K., Kantarjian, H. M., Jain, P., Jabbour, E. J., Ravandi, F., Konopleva, M., et al. (2016). Conditional Survival in Patients with Chronic Myeloid Leukemia in Chronic Phase in the Era of Tyrosine Kinase Inhibitors. Cancer 122 (2), 238–248. doi:10.1002/cncr.29745
 Sasaki, K., Kantarjian, H. M., O’Brien, S., Ravandi, F., Konopleva, M., Borthakur, G., et al. (2019). Incidence of Second Malignancies in Patients with Chronic Myeloid Leukemia in the Era of Tyrosine Kinase Inhibitors. Int. J. Hematol. 109 (5), 545–552. doi:10.1007/s12185-019-02620-2
 Sasaki, K., Kantarjian, H., O’Brien, S., Ravandi, F., Konopleva, M., Borthakur, G., et al. (2018). Prediction for Sustained Deep Molecular Response of BCR-ABL1 Levels in Patients with Chronic Myeloid Leukemia in Chronic Phase. Cancer 124 (6), 1160–1168. doi:10.1002/cncr.31187
 Sasaki, K., Strom, S. S., O’brien, S., Jabbour, E., Ravandi, F., Konopleva, M., et al. (2015). Prospective Analysis: Relative Survival in Patients with Chronic Myeloid Leukemia in Chronic Phase in the Era of Tyrosine Kinase Inhibitors. Lancet Haematol. 2 (5), 186–193. doi:10.1016/S2352-3026(15)00048-4
 Saxena, K., Jabbour, E., Issa, G., Sasaki, K., Ravandi, F., Maiti, A., et al. (2021). Impact of Frontline Treatment Approach on Outcomes of Myeloid Blast Phase CML. J. Hematol. Oncol. 14 (1), 1–10. doi:10.1186/s13045-021-01106-1
 Scott, M. T., Korfi, K., Saffrey, P., Hopcroft, L. E. M., Kinstrie, R., Pellicano, F., et al. (2016). Epigenetic Reprogramming Sensitizes CML Stem Cells to Combined EZH2 and Tyrosine Kinase Inhibition. Cancer Discov. 6 (11), 1248–1257. doi:10.1158/2159-8290.CD-16-0263
 Soverini, S., Colarossi, S., Gnani, A., Rosti, G., Castagnetti, F., Poerio, A., et al. (2006). Contribution of ABL Kinase Domain Mutations to Imatinib Resistance in Different Subsets of Philadelphia-positive Patients: By the GIMEMA Working Party on Chronic Myeloid Leukemia. Clin. Cancer Res. 12 (24), 7374–7379. doi:10.1158/1078-0432.CCR-06-1516
 Soverini, S., Iacobucci, I., Baccarani, M., and Martinelli, G. (2007). Targeted Therapy and the T315I Mutation in Philadelphia-positive Leukemias. Haematologica 92 (4), 437–439. doi:10.3324/haematol.11248
 Sprycel (2010). Dasatinib. FDA US, 1–37. Available at: http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/021986s7s8lbl.pdf (Accessed September 10, 2021). 
 Tasigna (2017). Nilotinib. US FDA. Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/022068s004s005lbl.pdf (Accessed September 10, 2021). 
 Yang, A. S., Doshi, K. D., Choi, S. W., Mason, J. B., Mannari, R. K., Gharybian, V., et al. (2006). DNA Methylation Changes After 5-aza-2′-deoxycytidine Therapy in Patients with Leukemia. Cancer Res. 66 (10), 5495–5503. doi:10.1158/0008-5472.CAN-05-2385
 Yuan, H., Wang, Z., Li, L., Zhang, H., Modi, H., Horne, D., et al. (2012). Activation of Stress Response Gene SIRT1 by BCR-ABL Promotes Leukemogenesis. Blood 119 (8), 1904–1914. doi:10.1182/blood-2011-06-361691
 Zehtabcheh, S., Yousefi, A.-M., Salari, S., Safa, M., Momeny, M., Ghaffari, S. H., et al. (2021). Abrogation of Histone Deacetylases (HDACs) Decreases Survival of Chronic Myeloid Leukemia Cells: New Insight into Attenuating Effects of the PI3K/c-Myc axis on Panobinostat Cytotoxicity. Cel Biol. Int. 45 (5), 1111–1121. doi:10.1002/CBIN.11557
 Zhu, X.-Y., Liu, W., Liang, H.-T., Tang, L., Zou, P., You, Y., et al. (2020). AICAR and Decitabine Enhance the Sensitivity of K562 Cells to Imatinib by Promoting Mitochondrial Activity. Curr. Med. Sci. 40 (5), 2020. doi:10.1007/s11596-020-2266-1
GLOSSARY
ACAs Additional cytogenetic abnormalities
AE Adverse effects
AER Absolute excess risk
ALL Acute lymphoblastic leukemia
ALT Alanine transaminase
AML Acute myeloid leukemia
ANC Absolute neutrophil count
AP Accelerated phase
ASCT Allogeneic stem cell transplant
AST Aspartate aminotransferase
AUC Area under the curve that represents the total drug exposure across time
BC Blast crisis
BCR Breakpoint cluster region
BD Bis in die (two times daily)
BP Blast Phase
CBF Core binding factor
CCyR Complete cytogenetic response
CHR Complete hematologic remission
Cmax Maximum serum concentration that a drug achieves after administration
CML Chronic myeloid leukemia
COVID-19 Coronavirus Disease 2019
CP Chronic phase
DNMT DNA methylation
EFS Event-free survival
ELN European LeukemiaNet
EMR Major molecular remission
FDA Food and drug administration
FFS Failure-free survival
HDAC Histone deacetylase
HMA Hypomethylating agent
HOTAIR HOX transcript antisense RNA
IC Intensive chemotherapy
IC50 Half maximal inhibitory concentration
LSC Leukemic stem cell
MDS Myelodysplastic Syndrome
OD Omne in die (once a day)
OS Overall survival
PcG Polycomb-group
PCyR Partial cytogenetic response
PRC Polycomb repressive complex
QTc QT corrected for heart rate
SAHA Suberoylanilide hydroxamic acid
SARS CoV-2 Severe acute respiratory syndrome coronavirus 2
SIRT Sirtuin
SOCS Suppressor of cytokine signaling
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Background: Colorectal cancer (CRC) is a leading cause of cancer death, and early diagnosis of CRC could significantly reduce its mortality rate. Previous studies suggest that the DNA methylation status of zinc finger genes (ZFGs) could be of potential in CRC early diagnosis. However, the comprehensive evaluation of ZFGs in CRC is still lacking.

Methods: We first collected 1,426 public samples on genome-wide DNA methylation, including 1,104 cases of CRC tumors, 54 adenomas, and 268 para-tumors. Next, the most differentially methylated ZFGs were identified and validated in two replication cohorts comprising 218 CRC patients. Finally, we compared the prediction capabilities between the ZFGs and the SEPT9 in all CRC patients and the KRAS + and KRAS- subgroup.

Results: Five candidate ZFGs were selected: ESR1, ZNF132, ZNF229, ZNF542, and ZNF677. In particular, ESR1 [area under the curve (AUC) = 0.91] and ZNF132 (AUC = 0.93) showed equivalent or better diagnostic capability for CRC than SEPT9 (AUC = 0.91) in the validation dataset, suggesting that these two ZFGs might be of potential for CRC diagnosis in the future. Furthermore, we performed subgroup analysis and found a significantly higher diagnostic capability in KRAS + (AUC ranged from 0.97 to 1) than that in KRAS- patients (AUC ranged from 0.74 to 0.86) for all these five ZFGs, suggesting that these ZFGs could be ideal diagnostic markers for KRAS mutated CRC patients.

Conclusion: The methylation profiles of the candidate ZFGs could be potential biomarkers for the early diagnosis of CRC, especially for patients carrying KRAS mutations.

Keywords: colorectal cancer, DNA methylation, zinc finger family, KRAS, diagnosis


INTRODUCTION

Colorectal cancer (CRC) is the second most common cause of cancer in the United States and accounts for 10% of cancer incidences and 9.4% of cancer deaths worldwide in 2020 (Siegel et al., 2020; Sung et al., 2021). Previous studies have found that the accumulations of both genetic and epigenetic alterations lead to CRC carcinogenesis. The 5-year survival rate of CRC ranges from 90% in its early stages (when it is localized and regional), but it decreases significantly to about 14% when detected at a distant stage, highlighting the importance of early detection methods (Siegel et al., 2020).

Recently, the application of screening modalities, including colonoscopy and image-based detection, significantly decreased the mortality of CRC (Siegel et al., 2017). However, these screening methods are not widely used across populations due to abdominal pain, discomfort, and other contraindications. Thus, the development of non-invasive and precise diagnostic methods for CRC is needed.

DNA methylation is a crucial epigenetic modification in the human genome and plays vital roles in embryonic development, transcription regulation (He et al., 2011; Jiang et al., 2018), and genomic imprinting (Schubeler, 2015). Moreover, the dynamic changes of DNA methylation in different tissues and disease courses make it a promising tool to develop the tissue-of-origin test (Guo et al., 2017a) and disease prediction (Guo et al., 2015), especially for cancers (Koch et al., 2018) and immune diseases (Guo et al., 2017b; Ding et al., 2018). Till now, A series of DNA methylation-based biomarkers have been found in CRC, including SEPT9 (Barault et al., 2018; Freitas et al., 2018; Wills et al., 2018; Sun et al., 2019). However, the performance of SEPT9 is not as good as that of the stool DNA test (Ahlquist et al., 2012; Church et al., 2014; Song et al., 2017). Therefore, identifying better DNA-methylation-based biomarkers with high accuracy would be beneficial in liquid biopsy in CRC.

Zinc finger proteins (ZFPs) are a prominent component of transcriptional factors in eukaryotes. The ZFP family can be divided into eight categories according to their distinct motifs: Cys2His2 (C2H2)-like, Gag knuckle, Treble clef, Zinc ribbon, Zn2/Cys6, TAZ2 domain-like, zinc-binding loops, and metallothionein (Jen and Wang, 2016). The C2H2-type zinc finger motifs form the largest class. Currently, growing bodies of evidence suggest that ZFPs could contribute to tumor progression or suppress it via transcriptional regulation. The DNA methylation alterations of multiple ZFPs have been recognized as promising biomarkers for tumor diagnosis, prognosis, and drug response due to their vital roles in cancers. However, a comprehensive and systemic assessment of the DNA methylation profiles of zinc finger genes (ZFGs) in CRC is lacking.

In this study, we exhaustively searched and combined public microarray datasets on high-throughput DNA methylation for the first time, including 1,104 CRC tumors, 54 adenomas, and 268 para-tumors. We identified seven candidate zinc finger genes using comprehensive filtering procedures, and five of them were successfully validated in 104 CRC Han Chinese patients, especially in the CRC tumors carrying the KRAS mutation. To confirm the findings, we recruited another 114 CRC patients of Han Chinese descent and yielded consistent results. In particular, two of these ZFGs, ESR1, and ZNF132, showed a significantly higher diagnostic capability than SEPT9, suggesting that they might be promising biomarkers for CRC diagnosis, especially for KRAS mutated patients.



RESULTS


Five Zinc Finger Genes Were Identified as Candidate Colorectal Cancer Diagnostic Biomarkers

To identify robust DNA methylation-based biomarkers, we searched the public datasets for the DNA methylation status in CRC cases and collected 1,104 CRC tumors, 268 para-tumor samples, and 54 adenomas for further analysis (See section “Materials and Methods,” Supplementary Table 1). We also obtained the complete list of genes belonging to the ZFP family (Supplementary Table 2). Based on the feature selection procedures described in the section “Materials and Methods,” we finally identified five candidate genes: ESR1, ZNF132, ZNF229, ZNF542, and ZNF677 (Figure 1).
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FIGURE 1. Flow chart of the study design. We first integrated the high-throughput DNA methylation microarray datasets from GEO and TCGA databases and examined the methylation profiles of all the zinc finger genes. To identify the most significantly differentially methylated genes in CRC, we first defined the methylation region and selected the differentially methylated regions (DMRs). The methylation status of the candidate DMRs in the whole blood, peripheral blood mononuclear cells and peripheral blood leukocytes were also utilized for biomarker filtering. The correlations between the methylation and expression level of the candidates were also calculated for further filtering. Finally, the candidate zinc finger genes-based biomarkers were validated in two independent CRC cohorts of the Han Chinese population. In addition, the KRAS mutation status of the patients was also detected and assessed for subgroup analysis.


These five genes were significantly hypermethylated in both CRC and adenoma tissues compared to the para-tumors (Supplementary Figure 1). Consistently, the expression levels of these genes were also significantly down-regulated in CRC tumors compared to para-tumors in the TCGA dataset (Figure 2). To characterize the abilities of these biomarkers quantitatively in the combined discovery dataset, we constructed a univariate logistic regression model for each gene and obtained robust discrimination between CRC tumors and para-tumor tissues (sensitivity = 0.82–0.90, specificity = 0.88–0.97, AUC = 0.93–0.97).
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FIGURE 2. The methylation and expression profiles of the candidate biomarkers in the discovery datasets. Panels (A–E) represents the methylation profiles of the five candidates in the tumors, adenomas and para-tumors in the integrated dataset. Panel (F) represents the expression profiles of these five candidate zinc finger genes between CRC tumor and para-tumors in TCGA.




Targeted Bisulfite Sequencing in the Han Chinese Population Confirmed the Efficacy of the Candidate Zinc Finger Genes-Based Biomarkers

To further verify these DNA methylation-based biomarkers, we recruited 104 CRC patients of the Han Chinese population. The characteristics of these CRC patients (replication cohort 1) are shown in Table 1. The CRC tumors and their matched para-tumors were obtained for targeted bisulfite sequencing. The methylation profiles of the candidates and the known biomarker (SEPT9) were examined using targeted bisulfite sequencing (See section “Materials and Methods”). The bisulfite conversion rate (C to T) was high (>99%) in both tumors and para-tumors, and no significant difference in the read mapping rate was found between groups (Supplementary Figure 2). After quality control, 187 samples were retained for further analysis, including 98 CRC tumors and 89 para-tumors.


TABLE 1. Characteristics of the CRC patients included in this study.

[image: Table 1]
Based on the methylation profiles of these five ZFGs, we performed principal component analysis (PCA) and found a significant distinction between CRC tumors and para-tumors (Supplementary Figure 3). A differential methylation analysis was also conducted for these candidates, and we found that all candidate genes were significantly hypermethylated in CRC tumors (Figure 3 and Supplementary Figure 4). Furthermore, we performed a univariate logistic regression analysis without adjusting for covariates, and created the receiver operating characteristic (ROC) curve to reveal the diagnostic ability of each candidate gene. As shown in Supplementary Table 3, the area under the curve (AUCs) of these candidates ranged from 0.85 to 0.93. In particular, we found that the diagnostic capability of ZNF132 (AUC = 0.91) and ESR1 (AUC = 0.93) was equal to or better than that of SEPT9 (AUC = 0.91), indicating that these ZFGs might have great potential for CRC diagnosis.
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FIGURE 3. The methylation profiles of the five zinc finger genes and SEPT9 in the replication cohort 1. Panels (A–F) represents the mean methylation status of the CpG sites in regions covering ESR1, ZNF132, ZNF229, ZNF542, ZNF677, and SEPT9, respectively. The x-axis represents the genomic positions of the CpG sites in the targeted regions. The y-axis represents the mean methylation percentage in the CRC tumor tissues and paired normal tissues for each CpG site. The error bar of each CpG site represents the confidence interval of the methylation percentage.




The Diagnostic Abilities of the Candidates Were Significantly Affected by the KRAS Mutation Status of Colorectal Cancer Patients

In addition to the overall differential methylation analysis, we also evaluated the effects of age, gender, tumor stage, location of the tumor (colon or rectum), and the mutation status (KRAS + vs. KRAS-) of the CRC samples (Supplementary Tables 4–8). No significant differences were found in the diagnostic capability between CRC patients in the young/old, male/female, early/late stage, and colon/rectum subgroups (Supplementary Table 9, see section “Materials and Methods”). However, the diagnostic capability for CRC patients carrying the KRAS mutation (KRAS +) was significantly better than that for KRAS- samples (Supplementary Tables 8, 9). In the KRAS + group, the sensitivity of each gene ranged from 0.86 to 0.98, the specificity range was 0.89 to 1.00, and the AUC range was 0.97 to 1.00, which is significantly higher than the sensitivity (0.52 to 0.82), specificity (0.80 to 0.98) and AUC (0.74 to 0.86) in the KRAS- group (Supplementary Table 8). Moreover, the hierarchical clustering analysis revealed that all CRC tumors misclassified into the control group were KRAS- samples (Figure 4). In addition, we further examined if other factors may be associated with these misclassified CRC tumors (n = 17). However, none of the age, gender, tumor stage, and tumor locations showed significant differences in our study’s overall CRC tumors. Furthermore, we examined the diagnostic abilities of the ZFGs in the KRAS + and KRAS- subgroup from the TCGA dataset for verification. Consistently, the diagnostic capability of the ZFGs in the KRAS + subgroup (AUC = 0.96–1) was significantly higher than in the KRAS- subgroup (AUC = 0.93–0.97), suggesting the significant methylation changes between KRAS + and KRAS- subgroup (Supplementary Table 10).
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FIGURE 4. Differential methylation profiles of these candidate biomarkers in KRAS + and KRAS- subgroup in replication cohort 1. Panel (A) represents the heatmap of the methylation levels of these five candidate genes. The tumor and para-tumors tissues were differently colored. The KRAS mutation status of the CRC tumors is also differently colored. Panels (B–G) represents the methylation profiles of the five zinc finger genes and SEPT9. The mean methylation percentage of each CpG site is shown for KRAS +, KRAS- and control groups.




An Independent Replication Cohort Validated the Association Between KRAS Mutation and Diagnostic Capabilities of the Zinc Finger Genes

Due to the limited sample size in replication cohort 1, we recruited another sample group (replication cohort 2), including 114 CRC tumors and matched para-tumors from patients of Han Chinese descent (Table 1) for further validation. The methylation profiles of these ZFGs were measured in replication cohort 2 (Supplementary Figures 5, 6). Consistently, we found that ESR1 (AUC = 0.90) and ZNF132 (AUC = 0.94) still showed the best diagnostic capability for CRC (Supplementary Table 11).

Furthermore, the significant differences of methylation profiles between the KRAS + and KRAS- subgroups were also validated (Supplementary Figure 7). In the KRAS + subgroup, the sensitivity (0.90 to 1.00), specificity (0.91 to 0.98), and the AUC (0.92 to 1.00) of each gene was significantly higher than that in the KRAS- subgroup (sensitivity: 0.58 to 0.85, specificity: 0.78 to 0.96, AUC: 0.71 to 0.88) (Supplementary Table 12). Similarly, the CRC tumors misclassified as the para-tumors were in the KRAS- subgroup, confirming that the KRAS + CRC samples were more epigenetically homogeneous than the KRAS- CRC samples (Figure 5).
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FIGURE 5. Differential methylation profiles of these candidate biomarkers in KRAS + and KRAS- subgroup in replication cohort 2. Panel (A) represents the heatmap of the methylation levels of these five candidate genes. The tumor and para-tumors were differently colored. The KRAS mutation status of the CRC tumors is also differently colored. Panels (B–G) represents the methylation profiles of the five zinc finger genes and SEPT9. The mean methylation percentage of each CpG site is shown for KRAS +, KRAS- and control groups.




The Diagnostic Abilities of Zinc Finger Genes Could Achieve Superior Performance Than That of SEPT9 for Colorectal Cancer Diagnosis Using All Replication Samples

To further identify the robust diagnostic biomarker for CRC diagnosis, we combined the datasets from replication cohort 1 and replication cohort 2. As shown in Figure 6, ZNF132 had the highest diagnostic capability (sensitivity = 0.83, specificity = 0.97, AUC = 0.93) than other genes, including SEPT9 (sensitivity = 0.83, specificity = 0.87, AUC = 0.91). In addition, ESR1 also achieved comparable diagnostic capability (sensitivity = 0.78, specificity = 0.97, AUC = 0.91) to SETP9 (Table 2), suggesting that these two genes have great potential in the liquid biopsy of CRC. Simultaneously, we assessed the diagnostic abilities of these ZFGs in the KRAS + subgroups and KRAS- group using all samples. Concordantly, all candidate biomarkers achieved better performance (AUC ≥ 0.95) in the KRAS + group than that in the KRAS- group, further indicating that KRAS- CRC patients are more epigenetically homogeneous.


TABLE 2. The mean methylation status of the five genomic regions in the KRAS + and KRAS- samples of replication cohort 1 and cohort 2.
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FIGURE 6. The diagnostic abilities for the candidate biomarkers and ZFGx model in the combined replication cohort. Panels (A–F) represents the diagnostic ability of ESR1, ZNF132, ZNF229, ZNF542, ZNF677, SEPT9 individually. Panel (G) represents the ROC curve of the diagnostic model using all five candidate zinc finger genes (ESR1, ZNF132, ZNF229, ZNF542, ZNF677). Panel (H) represents the ROC curve of the ZFGx model using only ESR1 and ZNF132 as variables. The diagnostic ability of each model for the overall samples, KRAS + and KRAS- subgroups are shown.


To further improve the robustness of the diagnostic abilities of these ZFGs, we performed multiple machine-learning algorithms following the fivefold cross-validation method, which split the dataset into training and validation dataset randomly to obtain an unbiased estimation (see section “Materials and Methods,” Supplementary Table 13). As shown in Supplementary Table 13, the random forest (RF) model achieved the best accuracy (accuracy = 0.89) in the test dataset. In the KRAS + subgroup, the Naïve Bayes algorithm performed best on the test dataset (sensitivity = 0.99, specificity = 0.97, accuracy = 0.98), while the Neural Network model had the best performance in the KRAS- subgroup (sensitivity = 0.75, specificity = 0.89, accuracy = 0.82). Therefore, we suggested that the diagnostic abilities of these ZFGs are reliable for CRC diagnosis in test dataset.




DISCUSSION

To our knowledge, few studies have extensively explored the methylation alterations of ZFGs in CRC. Herein, we integrated datasets from TCGA and GEO databases to identify robust and statistically powerful biomarkers. In total, we identified five hyper-methylated ZFGs as candidate biomarkers and validated them using Han Chinese CRC patients. Two ZFGs, ZNF132, and ESR1, were recognized as promising diagnostic biomarkers for CRC. Moreover, we found significantly higher diagnostic abilities of these ZFGs in the KRAS + group than the KRAS- group, suggesting the significant association between somatic mutations and DNA methylation alterations. Our results highlighted the importance of combining genetic mutations and epigenetic alterations for CRC diagnosis in further studies.

The interaction between genetic mutations and epigenetic alterations in the tumorigenesis of CRC has been reported previously. Gazin et al. (2007) performed a genome-wide RNA interference (RNAi) screening of K-ras-transformed NIH 3T3 cells and identified 28 genes that are required for Ras-mediated epigenetic silencing of the pro-apoptotic Fas gene. It was suggested that Ras-mediated epigenetic silencing could lead to CRC oncogenesis through the epigenetic inactivation of key genes. Nagasaka et al. also found that both KRAS and BRAF mutation could contribute to the global hypermethylation phenotype of CIMP genes in colon cancer. Furthermore, Serra et al. (2014) revealed that KRAS mutation could result in the hypermethylation and transcriptional silencing of CIMP genes through ZNF304, indicating the importance of ZFPs in the carcinogenesis of CRC. In our study, the methylation profiles of the five ZFGs were significantly associated with the KRAS mutation status, suggesting that KRAS mutation may alter the downstream pathways through the epigenetic regulation of these ZFGs and required further verification.

Among the five ZFGs, ZNF132 was identified as the most promising biomarker for CRC diagnosis in our analysis. ZNF132 is located at 19q13.4 and belongs to the C2H2 ZFP family (Tommerup and Vissing, 1995). Previous studies have identified the DNA methylation alterations of ZNF132 in breast cancer, esophageal squamous cell carcinoma (ESCC), oropharyngeal squamous cell carcinoma, and prostate cancer (Lleras et al., 2011; Abildgaard et al., 2012; Stefansson et al., 2015; Jiang et al., 2018). It is reported that ZNF132 hypermethylation could reduce the Sp1 transcript factor activity and decrease the growth, migration, invasion, and tumorigenicity capabilities of cells in a nude mouse model of ESCC (Jiang et al., 2018). Our study identified the hypermethylation and down-regulation of ZNF132 in CRC, especially in KRAS-mutated samples, suggesting its biological implications in CRC tumorigenesis.

ESR1 (estrogen receptor alpha 1) has been recognized as a tumor-suppressor gene and an estrogen receptor gene. It encodes the main mediator of estrogen effects in breast epithelial cells and has also been shown to be activated by epidermal growth factor (EGF). The hyper-methylation status of ESR1 has been reported previously in lung adenocarcinoma, breast cancer, prostate cancer, squamous cell cervical cancer, and CRC (Li et al., 2004; Lin et al., 2009; Kim et al., 2010; Elliott et al., 2013; Kirn et al., 2014; Martinez-Galan et al., 2014). ESR1 hypermethylation is also correlated with poor prognosis and drug response in breast cancer (Ramos et al., 2010; Mastoraki et al., 2018). Additionally, the ESR1 promoter hypermethylation has been associated with KRAS mutation, which is consistent with our results (Horii et al., 2009).

ZNF229 is a protein-coding gene, and few studies have suggested the hypermethylation status of ZNF229 in cancer diagnosis. The biological functions and their role in CRC tumorigenesis should be explored further. ZNF542 may involve in the epigenetic regulation of puberty through transcriptional repression (Lomniczi et al., 2015). Moreover, a CpG site located at ZNF542 has been found to be a promising biomarker for ESCC (Pu et al., 2017). A pan-cancer study revealed that ZNF542 was significantly hypermethylated in 10 kinds of cancers (Gevaert et al., 2015). ZNF677 is located at chromosomal region 19q13 and was found to regulate the putative tumor cell growth suppressor in non-small cell lung cancers through hypermethylation (Heller et al., 2015). In addition, ZNF677 is frequently down-regulated by promoter methylation in primary papillary thyroid cancers (PTC), and the decreased expression of ZNF677 is significantly correlated with poor survival (Li et al., 2018).

Currently, most CRC patients are still diagnosed at later stages, especially in developing countries, and there is an urgent need for better diagnostic biomarkers. DNA methylation alterations may occur before mRNA and protein changes and could thus be ideal for early diagnosis. SEPT9 has been approved as a DNA methylation-based diagnostic biomarker for CRC. The first release of the cfDNA SEPT9 DNA methylation assay achieved considerable sensitivity (72%) and specificity (86%) in CRC detection using plasma (deVos et al., 2009). Since then, an updated version of the assay (Epi proColon 2.0) has shown better sensitivities (68–95%) and specificities (80–99%) in CRC diagnosis (Payne, 2010). However, the significant heterogeneity of CRC makes it challenging to use a single DNA methylation-based biomarker to diagnose CRC accurately. Therefore, the present study showed that ZNF132 and ESR1 have comparable or even better diagnostic capability than SEPT9, suggesting that the panel integrating ZNF132, ESR1, and SEPT9 may better serve as a robust non-invasive diagnostic tool for CRC. In addition, the diagnostic ability of our model and the SEPT9 model were both significantly affected by the KRAS mutation status in patients, and none of them achieved satisfactory sensitivities and specificities in the diagnosis of KRAS- CRC patients, suggesting that the mutation landscape of the patients should be taken into account to diagnose CRC accurately.

We acknowledge that our study has several limitations. First, our study’s sample size and patient diversity are limited, and studies with larger sample size and diverse populations are required to identify better CRC diagnostic markers. Second, we identified the candidate ZFGs by analyzing public DNA methylation datasets using Illumina HumanMethylation 450K microarray, which only covered a small proportion of the genome while a large amount of the genome remains undetected. Further studies using whole-genome bisulfite sequencing may be required to identify better DNA methylation-based biomarkers for CRC. Finally, our study only detected the methylation profiles of these ZFGs in tumor or para-tumor tissues, while the efficacy of these ZFGs for CRC non-invasive diagnosis using plasma or stool is elusive. We will try to validate the diagnostic abilities of these ZFGs in our future studies.



MATERIALS AND METHODS


Integration of Public Datasets and Biomarker Discovery

Public high-throughput DNA methylation microarray datasets (Illumina HumanMethylation 450K) were searched exhaustively from TCGA and GEO databases. Two datasets from TCGA and nine datasets from GEO were included, yielding a total of 1,104 CRC tumor samples, 268 control samples, and 54 adenoma samples (Supplementary Table 1). The comprehensive list of genes in the zinc finger family (n = 1,594) was obtained from HGNC (Supplementary Table 2).

As shown in a previous study, the methylation linkage equilibrium decreased significantly when the block was longer than 1,000 bp (Guo et al., 2017a). Therefore, we defined the methylation region (MR) to have at least 6 CpG sites with less than 1,000 bp. We then arranged all the CpG sites in the high-throughput microarray according to their genomic coordinates and applied the sliding window method to identify all MRs. In total, we identified 6,166 MRs and performed differential methylation analyses (Supplementary Table 14). The 85 DMRs (McaM > 0.50, MadM > 0.50 and McoM < 0.30) were found for further analysis. To correct the noise from DNA originating from mixed-in peripheral blood, we suggested that the methylation rate of the DMRs need to be extremely low in the peripheral blood. Thus, we integrated the public high-throughput microarray datasets of the whole blood (WB, n = 1438), peripheral blood mononuclear cells (PBMC, n = 111), and peripheral blood leukocytes (PBL, n = 529) as references for DMR identification (Supplementary Table 15). The 32 DMRs were retained due to their low methylation rates in WB, PBMC, or PBL (mean methylation rate < 0.10).

Several DMRs were located at the same gene, and we selected the DMR with the most significant differences between CRC and control tissues for each gene (N = 10). To obtain the DMRs that may regulate the expression of neighboring genes, we further selected the DMRs with transcription factor binding sites (TFBSs) that correlate significantly with the expression of neighboring genes (Supplementary Tables 16, 17). In total, seven out of the ten candidate DMRs were selected for validation. However, due to the difficulties in the primer design due to CG percent, PolyT, and the number of SNPs, two candidate DMRs were removed (SALL1 and ZSCAN23). Finally, we obtained the top five candidate DMRs for further validation (ESR1, ZNF132, ZNF229, ZNF542, and ZNF677).



Patients, Samples, and DNA

Colorectal cancer patients in both replication cohort 1 and cohort 2 were recruited from the Affiliated Hospital of Nantong University between 2016 and 2018. The earlier recruited samples (N = 104) were included in replication cohort 1, while the others belonged to replication cohort 2. The recruited patients with available CRC tumors and matched para-tumors (the corresponding adjacent normal tissue at least 5 cm distant from the tumor tissue) were selected in this study. The patients recruited had not been treated with any neoadjuvant therapy before. Tumors were classified according to TNM (Tumor Node Metastasis)/UICC (Union for International Cancer Control) criteria following the histopathological examination. At least two professional pathologists evaluated all tumor samples carefully. All procedures performed in this study were in accordance with the ethical standards of the institutional research committee, as well as the 1964 Declaration of Helsinki and its later amendments. The study was approved by the institutional review boards of the Affiliated Hospital of Nantong University. Written informed consent was obtained from each participant of the study. All tumors and para-tumors were immediately frozen at −80°C after surgical resection.



Targeted Bisulfite Sequencing Assay and Detection of KRAS, NRAS, and BRAF Mutation Status

DNA extraction was performed using the AIIperp DNA/RNA Mini Kit (Qiagen, Duesseldorf, Germany) according to the manufacturer’s protocols. The EpiTect Fast DNA Bisulfite Kit (Qiagen, Duesseldorf, Germany) was further used for bisulfite conversion. After carefully evaluating CG percent, PolyT, and the occurrence of SNPs in the targeted regions of the candidate DMRs, we designed primers to detect them in a panel for NGS sequencing (Supplementary Table 18). The PCR amplicons were then diluted and amplified using these primers, and the products (170–270 bp) were further separated and purified by QIAquick Gel Extraction kit (Qiagen, Duesseldorf, Germany). Finally, the sequencing libraries from different samples were pooled together and sequenced using the Illumina Hiseq 2000 platform according to the manufacturer’s protocols.

The BSseeker2 was applied for read mapping and methylation calling. After that, we removed the samples with a bisulfite conversion rate < 98%. The methylation level of each CpG site for each sample has been provided in Supplementary Tables 19, 20. The average coverage and missing rate for each CpG site were calculated and utilized for quality control (average coverage > 20X, missing rate < 20%). In addition, the sample whose missing rate > 30% were also filtered out. FastTarget next-generation sequencing was used to detect tumor DNA for the mutations in codons 12, 13, 59, 61, 117, and 146 of the KRAS and NRAS genes, as well as the mutation in codon 600 of the BRAF gene (Liao et al., 2019).



Statistical Analysis and Machine Learning Methods

The Wilcoxon rank-sum test was performed in the discovery stage to identify the differential methylation sites and regions between CRC tumors, adenomas, and para-tumors. Moreover, the differential methylation status (odds ratios) between tumors and para-tumors of the DMRs were calculated with logistic regression. Benjamini-Hochburg correction was utilized for multiple test correction.

To identify the factors that may affect the diagnostic abilities of these ZFGs in CRC, we first split the dataset based on these covariates, including young (age ≤ median age) vs. old (age > median age), male vs. female, early (Stage I/II) vs. late (Stage III/IV), colon vs. rectum and KRAS + vs. KRAS- subgroups. Second, we performed the univariate logistic regression model using each gene in these subgroups separately. The cut-off value was determined as the value which maximized the sum of both sensitivity and specificity of the model. After that, the predicted sample type for each sample was obtained, and was used to calculate the number of accurate predictions (true positive + true negative) and inaccurate predictions (false positive + false negative) of the logistic model. Finally, we utilized the Fisher exact test to explore if there are significant differences between the prediction outcomes between these subgroups.

To further give an unbiased estimation of the diagnostic ability of these ZFGs, we performed fivefold cross-validation of our dataset using the logistic regression (Package stats), support vector machine (SVM, Package e1071), random forest (Package randomForest), Naïve Bayes (Package e1071), neural network (Package nnet), linear discriminant analysis (LDA, Package mda), mixture discriminant analysis (MDA, Package mda), flexible discriminant analysis (FDA, Package mda), gradient boosting machine (Package gbm), catboost (Package catboost), and XGBoost (Package xgboost) methods. We randomly selected 80% of our samples as the training dataset, and the remaining 20% of samples were used as the test dataset. After that, we optimized these machine learning methods using the training dataset and validate these optimized models in the test dataset. We repeated these procedures 1,000 times, and obtained the sensitivities, specificities and accuracies for both training and test datasets. The averaged sensitivities, specificities and accuracies for both training and test datasets were calculated and shown in Supplementary Table 13. All statistical analyses were conducted using R (v3.4.3).
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Supplementary Figure 1 | The Mean methylation rate of the candidate zinc finger genes in the CRC tumors, adenomas and control tissues. The y-axis represents the mean methylation percentage in the CRC tumor tissues and paired normal tissues for each CpG site. The error bar of each CpG site represents the confidence interval of the methylation percentage.

Supplementary Figure 2 | Bisulfite conversion rate and mapping rate between CRC tumors and para-tumors. Panels (A,B) represent the bisulfite conversion rate and the reads mapping rate of the samples in replication cohort 1, respectively.

Supplementary Figure 3 | Principal Component Analysis of the methylation profiles of the samples in replication cohort 1. All of the CpG sites were preprocessed and simplified into the two-variable space through principal component analysis. The green and red dots represented the CRC tumors and paired controls in replication cohort 1.

Supplementary Figure 4 | Boxplot of the methylation rate of the KRAS +, KRAS- and control samples in replication cohort 1. The mean methylation rate of all the CpG sites in each candidate gene of each sample was depicted as one dot in the boxplot.

Supplementary Figure 5 | Bisulfite conversion rate and mapping rate between CRC tumors and para-tumors. Panels (A,B) represent the bisulfite conversion rate and the reads mapping rate of the samples in replication cohort 2, respectively.

Supplementary Figure 6 | Principal Component Analysis of the methylation profiles of the samples in replication cohort 1. All of the CpG sites were preprocessed and simplified into the two-variable space through principal component analysis. The green and red dots represented the CRC tumors and paired controls in replication cohort 2.

Supplementary Figure 7 | Boxplot of the methylation rate of the KRAS +, KRAS- and control samples in replication cohort 2. The mean methylation rate of all the CpG sites in each candidate gene of each sample was depicted as one dot in the boxplot.
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Background: Hepatocellular carcinoma (HCC) is the most frequent fatal malignancy, and it has a poor prognosis. Apolipoprotein 1 (APOA-1), the main protein component of high-density lipoproteins, is involved in numerous biological processes. Thus, this study was performed to detect the clinical significance of APOA-1 mRNA, APOA-1 expression, and APOA-1DNA methylation in patients with HCC.
Methods: Data mining was performed using clinical and survival data from the Cancer Genome Atlas (TCGA) and Oncomine databases. The serum concentration of APOA-1 was measured in 316 patients with HCC and 100 healthy individuals at Renmin Hospital of Wuhan University, and the intact clinical information was reviewed and determined using univariate and multivariate Cox hazard models.
Results: Bioinformatic analysis revealed that APOA-1 mRNA was present at lower levels in the serum of patients with HCC than in that of healthy individuals, and there was a strong negative correlation between levels of APOA-1 mRNA and APOA-1 DNA methylation. High expression of APOA-1 transcription correlated with better overall survival (p = 0.003), and APOA-1 hypermethylation correlated with progress-free survival (p = 0.045) in HCC sufferers. Next, the clinical data analysis demonstrated that APOA-1 protein levels in the serum were significantly lower in patients with HCC than in healthy controls. Furthermore, the expression of APOA-1 was significantly associated with some significant clinical indexes, and elevated APOA-1 expression was significantly associated with favorable (OS; HR:1.693, 95% CI: 1.194–2.401, p = 0.003) and better progression-free survival (PFS; HR = 1.33, 95% CI = 1.194–2.401, p = 0.045). Finally, enrichment analysis suggested that co-expressed genes of APOA-1 were involved in lipoprotein metabolism and FOXA2/3 transcription factor networks.
Conclusion: APOA-1 mRNA expression is negatively regulated by DNA methylation in HCC. Low expression of APOA-1 might be a potential risk biomarker to predict survival in patients with HCC.
Keywords: apolipoprotein A1 (APOA-1), hepatocellular carcinoma (HCC), DNA-methylation, prognosis, bioinformatic analysis
INTRODUCTION
Hepatocellular carcinoma (HCC) is the largest primary liver cancer subtype (80–90%) and one of the most common clinical malignancies (Villanueva, 2019). It has the third-highest cancer mortality rate among all malignant tumors and has limited therapeutic options (Sharma, 2020). In the past few decades, although the diagnostic methods and treatment schedules of HCC have progressed, the long-term survival of patients has not significantly improved owing to delayed diagnosis, easy metastasis, and common relapse (Tellapuri et al., 2018; Pinto Marques et al., 2020). Therefore, the search for a novel and reliable biomarker for predicting the prognosis of patients with HCC is of great importance.
Recent studies have pointed out that abnormal lipid metabolism plays an important role in tumor progression (Cine et al., 2014; Guo et al., 2019). Apolipoprotein A1 (APOA-1) is the main protein component of high-density lipoproteins; it has been reported to be involved in numerous biological processes, inhibiting the formation of tumor blood vessels and inducing tumor immune microenvironment to prevent malignant tumor development (Borgquist et al., 2016). In this regard, Gao et al. suggested that APOA-1 may be used as a potential therapeutic target for cancer treatment (Gao et al., 2011; Zamanian-Daryoush et al., 2013).
With the development of high-throughput sequencing technology, epigenetic regulation has become a research focus in recent years. One of the epigenetic regulators, DNA methylation, may disrupt the regulation of specific promoters in cancer and play a vital role in tumorigenesis (Skvortsova et al., 2019). Additionally, aberrant DNA methylation has been perceived as a biomarker of HCC (Cancer Genome Atlas Research Network et al., 2017; C.; Zhang et al., 2016). Long et al.(Long et al., 2019) established a diagnostic, prognostic, and recurrence model for distinguishing HCC, including two DNA methylation-driven genes. Hence, identification of the correlation between mRNA expression and DNA methylation will provide crucial insights into the molecular mechanisms of HCC and may offer novel research directions for individualized treatment of patients with HCC.
Several studies have explored the association between APOA-1 and survival, but the available data on APOA-1 in HCC are limited. For example, MA et al. (Ma et al., 2016) found that the concentration of serum APOA-1 is associated with tumor-free survival and overall survival (OS) in HCC after curative resection. However, no study has specifically investigated the correlation between APOA-1 transcription and APOA-1 DNA methylation. Hence, whether APOA-1 DNA methylation can affect the prognosis of patients with HCC is currently unknown. Thus, in this study based on data mining, we first attempted to investigate the association between the differential expression of APOA-1 transcription between HCC specimens and correspondingly normal tissues across all available datasets. We then also explored the prognostic role of APOA-1 mRNA and APOA-1 DNA methylation in patients with HCC in a public database. Finally, we retrospectively collected clinicopathological data of 316 patients with HCC undergoing surgical treatment and 100 healthy controls from the Renmin Hospital of Wuhan University; this data was used to explore the importance of serum APOA-1 protein in evaluating the prognosis of patients with HCC to provide new indicators for the diagnosis and prognostic assessment of HCC.
MATERIALS AND METHODS
Bioinformatics Analysis in Public Databases
To evaluate the level of APOA-1 expression across all human cancers, we examined the transcription level of APOA-1 from the Oncomine database (Tian et al., 2020) (https://www.oncomine.org/resource/login.html). Expression profiles of APOA-1 mRNA in different cancer types were further verified using the Tumor IMune Estimation Resource (TIMER) (T. Li et al., 2017). To further explore the correlation between APOA-1 mRNA expression, APOA-1 DNA methylation and OS/PFS, the corresponding clinical information of 365 patients with HCC was examined by data mining in TCGA (up to September 1, 2020) using the UCSC Xena Browser (https://xenabrowser.net) (Liang et al., 2020) (T. Liang et al., 2020). Besides, the GSE54503 microarray dataset, in current research were acquired from the Gene Expression Omnibus (GEO) database (Y. Li et al., 2018), including gene DNA-methylation profiles (66 HCC samples and 66 nontumor samples) to detect the APOA-1 DNA methylation statues in HCC tumor tissues and normal sample.
We utilized the Co-expression module from Cbioportal website (http://www.cbioportal.org/) to identify the most correlated gens with APOA-1, and we also adopted STRING (https://www.string-db.org/) to search for the Protein-Protein Interaction (PPI) network of APOA-1 in HCC. FunRich software (Benito-Martin and Peinado, 2015) was employed to take functional enrichment analysis and investigate the mechanisms related to APOA-1 expression in HCC tissues. We considered that the differences were statistically significant in p-value < 0.05 and false discovery rate <25%.
In this analysis, the median value of APOA-1 transcription in TCGA was used to divided HCC patients into low and high APOA-1 groups. Similarly, the median value of APOA-1 DNA methylation in TCGA was set to divided HCC patients into hypomethylation and hypomethylation groups. All data were analyzed according to relevant regulations and guidelines.
Collection of Serum APOA-1 Protein of Patients with HCC and Healthy Control Individuals.
The intact clinicopathological parameters of 316 patients with HCC and 100 healthy individuals from Renmin Hospital of Wuhan University from January 2015 to January 2017 were retrospectively collected and reviewed. The criteria used to recruit patients with HCC were: 1) patients without radiotherapy, chemotherapy, or targeted therapy before enrollment; 2) patients diagnosed with HCC after histological examination; 3) patient complete clinical data available; 4) patient informed consent provided.
Individuals were excluded from the study based on 1) patients combined with other malignancies; 2) patients with metabolic diseases (history of diabetes, dyslipidemia, hyperuricemia, Non-alcoholic fatty liver disease and related Lipid modifying drug use); and 3) patients with missing information. In addition, all healthy individuals were recruited from the Health Examination Center; all had received complete health checks, and none of them had a history of malignant tumors. The study was approved by the Ethics Committee of Renmin Hospital of Wuhan University, Hubei Province (No. WDRY2019-K104). All participants provided written informed consent after the study protocol was fully explained, and this study was performed in accordance with the Helsinki Declaration.
Follow-Up
Survival analysis started from the day of surgery and consisted of the survival time. The patients were approached by telephone and outpatient follow-up. To record the survival status of the patients, follow-ups were conducted every 3 months within half a year after the operation and then every 6 months. OS was defined as the time from diagnosis to death due to any reason or the last follow-up. Progression-free survival (PFS) was calculated as the interval between the first diagnosis and the date of recurrence. The last follow-up date was December 31, 2019.
Statistical Analysis
Statistical analyses were performed using SPSS version 21.0 (IBM Corporation) and GraphPad Prism 5 (San Diego, CA) software. The experimental values for continuous variables are expressed as the mean ± standard error of the mean. The chi-squared test, Fisher’s exact probability test, and Student’s t-test were used to determine the significance of the differences in the data between groups. Receiver operating characteristic (ROC) analysis was used to assess the diagnostic value of APOA-1 mRNA in differentiating HCC tissues from normal tissues. Survival analyses were performed using Kaplan–Meier curves and the log-rank test. Univariate and multivariate Cox regression proportional hazards analyses were used to assess significant prognostic factors among the clinicopathological features. All p-values were determined from two-tailed tests. Differences with a p-value < 0.05 were considered to be statistically significant.
RESULTS
APOA-1 Expression in HCC and Normal Tissues
The differential expression of APOA-1 in various types of tumors and normal individuals was explored using the Oncmine database. APOA-1 was lowly expressed in HCC, lung cancer, esophageal cancer, and sarcoma and highly expressed in breast, kidney, and ovarian cancers (Figure 1A). Moreover, this differential expression of APOA-1 was also verified with data from the TIMER database (Figure 1B). The results revealed that the expression of APOA-1 is varied with different types of cancer.
[image: Figure 1]FIGURE 1 | Expression of APOA-1 in human cancers. (A) Disease summary for APOA-1. Red: high expression, blue: low expression. The threshold was set as follows: p-value < 0.05, fold change: 2, gene rank: 10%; (B) Bar plot of APOA-1 expression profile in various cancers and normal specimens. All data were derived from the Oncomine database and the Tumor IMune Estimation Resource (TIMER).
The expression of APOA-1 in HCC was further analyzed in specific datasets. Next, we used related HCC datasets from the Oncomine and GEO databases to explore APOA-1 transcription in HCC and corresponding normal tissues. As shown in Figure 2, APOA-1 mRNA levels were significantly downregulated in HCC tissues than in normal tissues. Significant differences were observed (p < 0.001) in the Chen liver (Figure 2A), Roessier liver 2 (Figure2B), TCGA-LIHC (Figure 2C), GSE14520 (Figure 2D), GSE63898 (Figure 2E), and GSE6764 (Figure 2F) HCC datasets.
[image: Figure 2]FIGURE 2 | Expression of APOA-1mRNA expression in patients with HCC. Levels of serum APOA-1 are higher in healthy controls than in patients with HCC. Differential expression of APOA-1 in (A) Chen liver; (B) Roessler liver 2; (C) TCGA-LIHC; (D) GSE14520; (E) GSE63898; and (F) GSE6764.
We then used ROC curves to determine the ability of circulating APOA-1 protein to discriminate between individuals with and without HCC. The result indicated that circulating APOA-1 protein was a good discriminator with good diagnostic efficiency (Figures 3A–F). Serum APOA-1 protein showed the highest diagnostic potential to discriminate HCC tissues from normal tissues in the GSE14520 dataset, as reflected by an area under the curve (AUC) of 0.902 (Figure 3D).
[image: Figure 3]FIGURE 3 | Receiver operating characteristics (ROC) curve for APOA-1 mRNA expression in predicting HCC. ROC curve of APOA-1 in (A) Chen liver, (B) Roessler liver 2, (C) TCGA-LIHC, (D) GSE14520, (E) GSE63898, and (F) GSE6764.
APOA-1 mRNA Transcription Is Negatively Regulated by DNA Methylation
A comparable heatmap (Figure 4A) was generated using the UCSC Xena website, which included APOA-1 mRNA expression and APOA-1 DNA methylation in the TCGA-LIHC dataset. The results demonstrated that the expression levels of APOA-1 were significantly related to DNA methylation. As illustrated in Figure 4, APOA-1 mRNA expression was significantly negatively regulated by DNA methylation (Spearman, r = −0.679, p < 0.0001). In addition, the association between APOA-1 mRNA expression and APOA-1 DNA methylation levels of specific CpG sites was also studied using Spearman correlation analysis (Supplementary Table S1). Both the heatmap and the regression analysis showed that APOA-1 mRNA expression was negatively correlated with the 15 CpG sites of APOA-1 DNA methylation (Figure 5). Additionally, we also mined a HCC dataset related to DNA methylation (GSE54503). As illustrated in Supplementary Figure S1A, we found that average methylation levels of APOA-1 were significantly higher in healthy individuals than in patients with HCC from TCGA dataset (p < 0.005). We then analyzed the GSE54503 database, and the results show average methylation levels of APOA-1 were also significantly higher in healthy individuals than in patients with HCC (Supplementary Figure S1B,C).
[image: Figure 4]FIGURE 4 | The epigenetic mechanism underlying aberrant expression of APOA-1 in HCC revealed by bioinformatic analysis. (A) Heatmap of the association between expression of APOA-1 mRNA and the methylation of APOA-1 DNA CpG sites; (B) a negative correlation is observed between APOA-1 mRNA and APOA-1 DNA methylation.
[image: Figure 5]FIGURE 5 | Correlation analysis of the relationship between APOA-1 mRNA expression and methylation of APOA-1 DNA CpG sites in TCGA dataset. (A) cg00142925; (B) cg24984312; (C) cg03044513; (D) cg26734040; (E) cg10753889; (F) cg03044513; (G) cg14795231; (H) cg19299755; (I) cg19324627; (J) cg00142925; (K) cg20200605; (L) cg23193059; (M) cg20200605; (N) cg03856801; and (O) cg26734040.
Prognostic Value of APOA-1 mRNA and DNA Methylation in Patients With HCC in TCGA Database
The associations between APOA-1 mRNA expression and clinical parameters among the 365 patients with HCC were statistically analyzed. As demonstrated in Supplementary Table S2, high APOA-1 mRNA levels were significantly correlated with advanced race (p = 0.010), α-fetoprotein (AFP) (p < 0.001), BMI (p = 0.033), and methylation status (p < 0.001), whereas no correlations were observed with age (p = 0.238), gender (p = 0.316), G stage (p = 0.110), or M stage (p = 0.841). The Kaplan–Meier curves were then used to explore the prognostic value of APOA-1 mRNA in the 365 patients with HCC. As illustrated in Figure 6, high APOA-1 mRNA expression was significantly associated with good OS (p = 0.003, Figure 6A). However, PFS showed no correlation with the level of APOA-1 mRNA expression (p = 0.18, Figure 6B). Kaplan-Meier survival analysis was used to descriptively show the association between APOA-1 mRNA and OS based on the GSE14520 dataset as validation. The results also indicate that the low APOA-1 group patients have a worse prognosis (Supplementary Figure S2).
[image: Figure 6]FIGURE 6 | Kaplan–Meier curves of OS and PFS in patients with HCC in the TCGA database. (A) High expression APOA-1 is associated with better OS in patients with HCC; (B) but not associated with PFS. (C)APOA-1 hypermethylation is not correlated with OS in patients with HCC; (D) but correlated with favorable PFS.
Additionally, based on the 365 cases of HCC with corporate clinical information and APOA-1 methylation data, the chi-squared test or Fisher’s exact test was used to assess the correlations between APOA-1 DNA methylation and clinical features. As shown in Supplementary Table S2, the APOA-1 DNA methylation status was influenced by race (p = 0.034), BMI (p < 0.001), and APOA-1 mRNA expression levels (p < 0.001). As exhibited in the Kaplan–Meier curves, the OS showed no correlation with low or high APOA-1 DNA methylation (p = 0.77, Figure 6C), while APOA-1 DNA hypermethylation was significantly associated with favorable PFS (p = 0.045, Figure 6D).
Multivariate Cox regression analyses were performed to identify independent risk factors for the prognosis of patients with HCC. Table 1 demonstrates that the serum level of APOA-1 was an independent prognostic factor for OS among patients with HCC (HR = 0.594, 95% CI = 0.419–0.842, p = 0.007). T stage (HR = 22.649,95% CI = 1.605–3.022, p < 0.001) and TNM staging (HR = 2.222, 95% CI = 1.603–3.081, p < 0.001) were independent prognostic factors for PFS among patients with HCC.
TABLE 1 | Multivariate Cox regression analyses of independent prognostic factors for overall survival and Progression-free survival in patients with HCC from TCGA cohort.
[image: Table 1]Correlation Between Serum APOA-1 Protein and Clinical Features
As shown in Figure 7A, serum APOA-1 levels of healthy individuals was significantly higher than that in patients with HCC (1.46 ± 0.21 vs. 1.20 ± 0.21 g/L, p < 0.001). Next, ROC analysis was used to evaluate the measurement accuracy of serum APOA-1 in differentiating patients with HCC from healthy controls. The AUC of serum APOA-1 for identifying patients with HCC from healthy controls was 0.714, the cutoff value of APOA-1 was 1.18 ug/mL, and the sensitivity and specificity were 50.5 and 81.3%, respectively (Figure 7B).
[image: Figure 7]FIGURE 7 | Circulating serum APOA-1 protein in patients with HCC. (A) serum APOA-1 protein is higher in healthy controls than in HCC; (B) AUC for APOA-1. High expression APOA-1 is associated with better (C) OS and (D) PFS in 316 patients with HCC.
Furthermore, the correlation between serum APOA-1 protein levels and clinical features has been detected and summarized in Table 2. Specifically, serum APOA-1 levels were significantly correlated with differences in hs-CRP (p = 0.003), HBsAg (p < 0.001), tumor number (p < 0.001), Child-Pugh score (p = 0.027), and BCLC stage (p = 0.041). However, no statistical significance was observed with age (p = 0.580), gender (p = 0.359), or AFP (p = 0.732).
TABLE 2 | Correlation between serum APOA-1 levels and clinicopathologic characteristics of 316 patients with HCC.
[image: Table 2]APOA-1 Was an Independent Prognostic Marker for HCC
We further performed survival analysis to explore the correlation between serum APOA-1 levels and survival outcomes in the 316 of patients with HCC. Kaplan–Meier survival curves were constructed to determine the prognostic significance of circulating APOA-1 protein levels in HCC. High serum APOA-1 protein levels were significantly associated with good OS (p = 0.021, Figure 7C) and PFS (p = 0.023, Figure 7D).
Intact clinical information was included in the univariate and multivariate analyses to detect the association between serum APOA-1 protein levels and HCC patient prognosis. Multivariate analyses were performed to identify the factors that were identified in the univariate analyses. As shown in Table 3, hs-CRP (HR = 1.698, 95% CI = 1.010–2.853, p = 0.046), BCLC stage (HR = 1.285, 95% CI = 1.132–1.770, p = 0.023), and APOA-1 (HR = 0.831, 95% CI = 0.482–0.940, p < 0.001) were identified as significant independent predictors of OS in patients with HCC. Besides, hs-CRP (HR = 1.632, 95% CI = 1.353–2.782, p = 0.018), NLR (HR = 2.546, 95% CI = 1.415–4.579, p = 0.002), tumor size (HR = 1.828, 95% CI = 1.059–3.156, p = 0.030), tumor differentiation (HR = 1.605, 95% CI = 1.059–2.433, p = 0.026) and APOA-1 (HR = 0.682, 95% CI = 0.390–0.912, p < 0.001) were independent prognostic indicators of PFS (Table 4).
TABLE 3 | Univariate and multivariate cox hazards analysis for Overall survival in 316 patients with HCC.
[image: Table 3]TABLE 4 | Univariate and multivariate cox hazards analysis for Progression-free survival in 316 patients with HCC.
[image: Table 4]Enrichment Analysis of Genes Co-expressed With APOA-1
To further clarify the potential role of APOA-1 in HCC, we first selected genes that were co-expressed with APOA-1 in LIHC dataset. We then used STRING database to investigate the PPI network of APOA1 in HCC by setting p-value < 0.05 and false discovery rate <25% as threshold, and we found that APOA1 is the hub gene in HCC (Figure 8A). Finally, we applied enrichment analysis using FunRich software, implicating that co-expressed genes were significantly enriched in lipoprotein metabolism and FOXA2 and FOXA3 transcription factor networks (Figure 8B).
[image: Figure 8]FIGURE 8 | Gene set enrichment analysis of PCR-array. (A) The network of APOA-1 and its co-expressed genes in various cells; (B) gene set enrichment analysis of biological processes.
DISCUSSION
As one of the leading causes of cancer-related deaths, HCC is a significant public health burden (Sartoris et al., 2021). Therefore, it is of great importance to detect indicators for optimizing early diagnosis and improving the prognosis of HCC (Mustafa et al., 2013). In our study, according to the univariate and multivariate analysis results, the clinical value of traditional HCC diagnosis and prognostic indicators such as tumor size/number (Yim et al., 2016; Tzartzeva and Singal, 2018), degree of differentiation, and inflammatory factors (CRP, NLR) (Greten and Grivennikov, 2019; Huang et al., 2019; Chan et al., 2020; Rogovskii, 2020) have been verified. Moreover, public gene expression and DNA methylation data are easily available, presenting a valuable opportunity to study diseases at the gene level (Yang et al., 2020). Hence, we found that the lipid metabolism biomarker APOA-1 is closely related to the prognosis of patients with HCC. To our knowledge, this is the first study to combine data mining and clinicopathological variables to explore the relationships between APOA-1 mRNA/DNA-methylation/protein expression levels and prognosis.
In our study, we identified a potential tumor suppressor gene (TSG; APOA-1), which is commonly suppressed by DNA CpG methylation in HCC. Our study elucidated that both APOA-1 mRNA and DNA methylation are innovative prognostic biomarkers in patients with HCC using comprehensive database analysis. Furthermore, we analyzed the differential expression of APOA-1 at the protein level and found that serum APOA-1 protein levels were much lower in patients with HCC than in healthy control groups, which further indicated that APOA-1 might be a tumor suppressor protein in HCC. Taken together, our findings strongly suggest that APOA-1 is a critical tumor suppressor and APOA-1 hypomethylation could serve as an independent prognostic factor in HCC.
Recent studies have reported that abnormal lipid metabolism is closely correlated with the development of malignant tumors (Estirado et al., 2018). These results demonstrate that abnormal lipid metabolism increases the risk of colorectal cancer (X. Zhang et al., 2014), ovarian cancer (D. Zhang et al., 2020), breast cancer (Kumar et al., 2015), and other cancers. Jiang et al. (Jiang et al., 2016) found that low levels of high-density lipoprotein cholesterol (HDL-C) and cholesterol (CHO) are preoperative risk factors for PFS and OS in patients with HCC. The reduction in CHO levels was associated with a reduction in OS (p = 0.003) and a reduction in PFS (p = 0.012). These results clarify that abnormal lipid metabolism is involved in the progression of HCC. Currently, only two studies (Ma et al., 2016; M.; Mao et al., 2018) have investigated the prognostic role of APOA-1 mRNA in patients with HCC. These studies have ascertained that the low APOA-1 expression group has a higher risk of recurrence and a poor survival outcome which is consistent with the results of our study.
DNA methylation, one of the most common epigenetic processes, can alter gene expression without changing the DNA sequence (Skvortsova et al., 2019). CpG sites can accumulate in CpG islands, and the CpG islands in gene promoter regions are generally unmethylated under normal conditions. However, the amount of methylation in a CpG island can change because of gene regulation processes in the pathologic process (Greenberg and Bourc’his, 2019; Grosser and Metzler, 2020). In some types of malignant tumors, DNA hypermethylation in the promoter region can induce deregulated silencing of some TSGs (Jones, 2012). Previous studies have demonstrated that APOA-1 gene expression is related to DNA methylation. Wang et al. (Wang et al., 2016) revealed that APOA-1 mRNA expression was downregulated by hypermethylation of CpG islands for hepatitis B virus (HBV) infection, which may contribute to the development of cirrhosis, liver failure, and HCC. Unlike previous studies, our study revealed that APOA-1 DNA methylation levels in HCC tissues were lower than those in non-tumor tissues. This may be due to the complexity of the regulatory mechanism of mRNA expression. Thus, further research is needed to clarify this point. Furthermore, Kaplan–Meier survival curves demonstrated that the PFS time of patients with HCC with APOA-1 DNA hypermethylation was significantly longer than that of patients with APOA-1 DNA hypomethylation. Our study suggests that APOA-1 DNA hypermethylation may serve as a unique prognostic indicator for patients with HCC.
Additionally, APOA-1 protein, as a member of the apolipoprotein A1/A4/E family encoded by the APOA-1 gene, plays a vital role in the formation of lipoprotein complexes of low-density and high-density lipoproteins (Chyu and Shah, 2015). From this perspective, APOA-1 has been implicated in the progression and recurrence of many metabolic and cardiovascular diseases (Dufresne et al., 2019; C.; Li et al., 2019). Nonetheless, some investigators have increasingly turned their attention to the interaction between serum APOA-1 protein and cancer. Kim et al. (Kim et al., 2020) collected blood samples from 180 patients with pancreatic ductal adenocarcinoma (PDAC) and 573 healthy controls to determine whether APOA-1 is a new biomarker for early diagnosis of PDAC. Peng et al. (Peng et al., 2019) found that high-grade bladder cancer (BC) patients have significantly higher APOA-1 levels than do low-grade BC patients, indicating that circulating APOA-1 protein may be a novel biomarker for BC diagnosis and prognosis monitoring. In our study, we specifically observed that the expression of APOA-1 protein was significantly associated with hs-CRP, HBsAg, tumor number, Child-Pugh score, and BCLC stage. In addition, our results demonstrated that low APOA-1 levels were strongly correlated with inferior OS and PFS.
The exact mechanism of action of APOA-1 in tumorigenesis is unclear. Recent studies have reported that APOA-1 may be implicated in the involvement of tumor microenvironment, tumor growth, immune cells, and tumor cell proliferation (M. Mao et al., 2018). Moreover, Cristina et al. (Aguirre-Portoles et al., 2018) observed that APOA1 can reverse the malignant phenotypes displayed by cells overexpressing a cholesterol transport regulator (RCT). Thus, intracellular cholesterol metabolism and APOA-1 emerge as new relevant players in CRC progression to metastasis by modulating intracellular cholesterol metabolism. Mao et al. (J. Mao et al., 2014) demonstrated that APOA-1 overexpression is associated with the inhibition of COX-2 expression in hepatocytes. Besides, APOA-1 overexpression can reduce steatosis by decreasing reactive oxygen species (ROS) levels and suppressing COX-2-induced inflammation in hepatocytes. In addition, Fessler et al. found that APOA-1 can affect the response of immune cells to tumors by regulating the cholesterol content in membrane lipid rafts (Fessler and Parks, 2011). It can also inhibit the proliferation of tumor cells by promoting cell cycle arrest and promote apoptosis by regulating the mitogen-activated protein kinase pathway (Ma et al., 2016). At the genetic level, some studies (W. C. Liang et al., 2018; Liu et al., 2018) have shown that the Forkhead transcription family member FOXA2 plays a critical role in HCC progression and metastasis, which is consistent with our gene enrichment analysis results. This may be related to the mechanism of APOA-1 in tumorigenesis. Although further validation is required before the intact mechanism is clarified, the clinical use of APOA-1 has potential implications.
However, there were several limitations to our study. First, some recognized factors, such as tumor size, AFP, and vascular invasion, are not independent risk factors for OS and PFS in patients with HCC. This might be due to the relatively short follow-up time and the limitations of the small cohort size. It should be noted that most patients with HCC in China have been infected with HBV. However, abnormal levels of lipid metabolism variables may be associated with non-alcoholic fatty liver disease. Hence, a large-cohort, multi-center, long-term, and etiology-clear study including patients from different backgrounds is warranted in the future.
CONCLUSION
Our study demonstrated that the expression of APOA-1 protein is significantly downregulated in HCC than in healthy individuals. APOA-1 DNA methylation, mRNA expression, and protein expression may act as vital predictors of the prognosis of patients with HCC undergoing surgical resection. APOA-1 hypermethylation is an independent protective factor for improved survival in patients with HCC. Additionally, further studies should aim to clarify the molecular mechanism that may facilitate the identification of new drug targets for HCC.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics Committee of Renmin Hospital of Wuhan University in the Hubei Province (No. WDRY2019-K104). The patients/participants provided their written informed consent to participate in the study.
AUTHOR CONTRIBUTIONS
Study conception and design: YG and ST. Data collection: YG. Statistical analysis: ST, BH, and YG. Manuscript draft: YG, RL, and ST. Manuscript review and editing: CP, WD, and JL.
FUNDING
This work was supported by a special scientific research project for the cultivation of scientific and technological talents of Wuhan fourth hospital-Macheng Renmin Hospital (N0. KY-Y-202012).
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.
ACKNOWLEDGMENTS
The authors thank the participating patients for the source of clinical blood samples.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.760744/full#supplementary-material
ABBREVIATIONS
APOA-1, Apolipoprotein A1; AFP, α-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; BP, biological process; BC, bladder cancer; CEA, carcinoembryonic antigen; CA199, Carbohydrate antigen199; CA125, Carbohydrate antigen125; CHO, cholesterol; HDL-C, high-density lipoprotein; HCC, hepatocellular carcinoma; HBV, Hepatitis B virus; OMAPK, mitogen-activated protein kinase; NAFLD, non-alcoholic fatty liver disease; OS, Overall survival; PDAC, pancreatic ductal adenocarcinoma; PFS,Progree-free survival; ROC, receiver operating characteristics; RCT, cholesterol transport regulator; ROS, reactive oxygen species; TSGs, tumor suppressor gene.
REFERENCES
 Aguirre‐Portolés, C., Feliu, J., Reglero, G., and Ramírez de Molina, A. (2018). ABCA1 Overexpression Worsens Colorectal Cancer Prognosis by Facilitating Tumour Growth and Caveolin‐1‐dependent Invasiveness, and These Effects Can Be Ameliorated Using the BET Inhibitor Apabetalone. Mol. Oncol. 12 (10), 1735–1752. doi:10.1002/1878-0261.12367
 Benito-Martin, A., and Peinado, H. (2015). FunRich Proteomics Software Analysis, Let the Fun Begin!. Proteomics 15 (15), 2555–2556. doi:10.1002/pmic.201500260
 Borgquist, S., Butt, T., Almgren, P., Shiffman, D., Stocks, T., Orho-Melander, M., et al. (2016). Apolipoproteins, Lipids and Risk of Cancer. Int. J. Cancer 138 (11), 2648–2656. doi:10.1002/ijc.30013
 Cancer Genome Atlas Research NetworkElectronic address w. b. e.Cancer Genome Atlas Research Network. (2017). Comprehensive and Integrative Genomic Characterization of Hepatocellular Carcinoma. Cell 169 (7), 1327–1341.23. doi:10.1016/j.cell.2017.05.046
 Chan, S. L., Wong, L.-L., Chan, K.-C. A., Chow, C., Tong, J. H.-M., Yip, T. C.-F., et al. (2020). Development of a Novel Inflammation-Based Index for Hepatocellular Carcinoma. Liver Cancer 9 (2), 167–181. doi:10.1159/000504252
 Chyu, K.-Y., and Shah, P. K. (2015). HDL/ApoA-1 Infusion and ApoA-1 Gene Therapy in Atherosclerosis. Front. Pharmacol. 6, 187. doi:10.3389/fphar.2015.00187
 Cine, N., Baykal, A. T., Sunnetci, D., Canturk, Z., Serhatli, M., and Savli, H. (2014). Identification of ApoA1, HPX and POTEE Genes by Omic Analysis in Breast Cancer. Oncol. Rep. 32 (3), 1078–1086. doi:10.3892/or.2014.3277
 Dufresne, J., Bowden, P., Thavarajah, T., Florentinus-Mefailoski, A., Chen, Z. Z., Tucholska, M., et al. (2019). The Plasma Peptides of Breast versus Ovarian Cancer. Clin. Proteom. 16, 43. doi:10.1186/s12014-019-9262-0
 Estirado, C., Ceccato, A., Guerrero, M., Huerta, A., Cilloniz, C., Vilaró, O., et al. (2018). Microorganisms Resistant to Conventional Antimicrobials in Acute Exacerbations of Chronic Obstructive Pulmonary Disease. Respir. Res. 19 (1), 119. doi:10.1186/s12931-018-0820-1
 Fessler, M. B., and Parks, J. S. (2011). Intracellular Lipid Flux and Membrane Microdomains as Organizing Principles in Inflammatory Cell Signaling.J Immunol. 187 (4), 1529–1535. doi:10.4049/jimmunol.1100253
 Gao, F., Vasquez, S. X., Su, F., Roberts, S., Shah, N., Grijalva, V., et al. (2011). L-5F, an Apolipoprotein A-I Mimetic, Inhibits Tumor Angiogenesis by Suppressing VEGF/basic FGF Signaling Pathways. Integr. Biol. 3 (4), 479–489. doi:10.1039/c0ib00147c
 Greenberg, M. V. C., and Bourc’his, D. (2019). The Diverse Roles of DNA Methylation in Mammalian Development and Disease. Nat. Rev. Mol. Cel Biol. 20 (10), 590–607. doi:10.1038/s41580-019-0159-6
 Greten, F. R., and Grivennikov, S. I. (2019). Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity 51 (1), 27–41. doi:10.1016/j.immuni.2019.06.025
 Grosser, K., and Metzler, D. (2020). Modeling Methylation Dynamics with Simultaneous Changes in CpG Islands. BMC Bioinf. 21 (1), 115. doi:10.1186/s12859-020-3438-5
 Guo, G., Wang, Y., Zhou, Y., Quan, Q., Zhang, Y., Wang, H., et al. (2019). Immune Cell Concentrations Among the Primary Tumor Microenvironment in Colorectal Cancer Patients Predicted by Clinicopathologic Characteristics and Blood Indexes. J. Immunother. Cancer 7 (1), 179. doi:10.1186/s40425-019-0656-3
 Huang, P.-Y., Wang, C.-C., Lin, C.-C., Lu, S.-N., Wang, J.-H., Hung, C.-H., et al. (2019). Predictive Effects of Inflammatory Scores in Patients with BCLC 0-A Hepatocellular Carcinoma after Hepatectomy. Jcm 8 (10), 1676. doi:10.3390/jcm8101676
 Jiang, S.-S., Weng, D.-S., Jiang, L., Zhang, Y.-J., Pan, K., Pan, Q.-Z., et al. (2016). The Clinical Significance of Preoperative Serum Cholesterol and High-Density Lipoprotein-Cholesterol Levels in Hepatocellular Carcinoma. J. Cancer 7 (6), 626–632. doi:10.7150/jca.13837
 Jones, P. A. (2012). Functions of DNA Methylation: Islands, Start Sites, Gene Bodies and beyond. Nat. Rev. Genet. 13 (7), 484–492. doi:10.1038/nrg3230
 Kim, H., Kang, K. N., Shin, Y. S., Byun, Y., Han, Y., Kwon, W., et al. (2020). Biomarker Panel for the Diagnosis of Pancreatic Ductal Adenocarcinoma. Cancers 12 (6), 1443. doi:10.3390/cancers12061443
 Kumar, V., Singh, A., Sidhu, D. S., and Panag, K. M. (2015). A Comparitive Study to Evaluate the Role of Serum Lipid Levels in Aetiology of Carcinoma Breast. J. Clin. Diagn. Res. 9 (2), PC01–03. doi:10.7860/JCDR/2015/12273.5563
 Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q., Liu, J. S., et al. (2017). TIMER: A Web Server for Comprehensive Analysis of Tumor-Infiltrating Immune Cells. Cancer Res. 77 (21), e108–e110. doi:10.1158/0008-5472.CAN-17-0307
 Li, Y., Gu, J., Xu, F., Zhu, Q., Ge, D., and Lu, C. (2018). Transcriptomic and Functional Network Features of Lung Squamous Cell Carcinoma through Integrative Analysis of GEO and TCGA Data. Sci. Rep. 8 (1), 15834. doi:10.1038/s41598-018-34160-w
 Li, C., Zhou, Y., Liu, J., Su, X., Qin, H., Huang, S., et al. (2019). Potential Markers from Serum-Purified Exosomes for Detecting Oral Squamous Cell Carcinoma Metastasis. Cancer Epidemiol. Biomark. Prev. 28 (10), 1668–1681. doi:10.1158/1055-9965.EPI-18-1122
 Liang, W.-C., Ren, J.-L., Wong, C.-W., Chan, S.-O., Waye, M. M.-Y., Fu, W.-M., et al. (2018). LncRNA-NEF Antagonized Epithelial to Mesenchymal Transition and Cancer Metastasis via Cis-Regulating FOXA2 and Inactivating Wnt/β-Catenin Signaling. Oncogene 37 (11), 1445–1456. doi:10.1038/s41388-017-0041-y
 Liang, T., Sang, S., Shao, Q., Chen, C., Deng, Z., Wang, T., et al. (2020). Abnormal Expression and Prognostic Significance of EPB41L1 in Kidney Renal clear Cell Carcinoma Based on Data Mining. Cancer Cel Int. 20, 356. doi:10.1186/s12935-020-01449-8
 Liu, J., Yu, Z., Xiao, Y., Meng, Q., Wang, Y., and Chang, W. (2018). Coordination of FOXA2 and SIRT6 Suppresses the Hepatocellular Carcinoma Progression through ZEB2 Inhibition. Cancer Manag. Res. 10, 391–402. doi:10.2147/CMAR.S150552
 Long, J., Chen, P., Lin, J., Bai, Y., Yang, X., Bian, J., et al. (2019). DNA Methylation-Driven Genes for Constructing Diagnostic, Prognostic, and Recurrence Models for Hepatocellular Carcinoma. Theranostics 9 (24), 7251–7267. doi:10.7150/thno.31155
 Ma, X.-L., Gao, X.-H., Gong, Z.-J., Wu, J., Tian, L., Zhang, C.-Y., et al. (2016). Apolipoprotein A1: a Novel Serum Biomarker for Predicting the Prognosis of Hepatocellular Carcinoma after Curative Resection. Oncotarget 7 (43), 70654–70668. doi:10.18632/oncotarget.12203
 Mao, J., Liu, W., and Wang, Y. (2014). Apolipoprotein A-I Expression Suppresses COX-2 Expression by Reducing Reactive Oxygen Species in Hepatocytes. Biochem. Biophys. Res. Commun. 454 (3), 359–363. doi:10.1016/j.bbrc.2014.10.094
 Mao, M., Wang, X., Sheng, H., Liu, Y., Zhang, L., Dai, S., et al. (2018). A Novel Score Based on Serum Apolipoprotein A-1 and C-Reactive Protein Is a Prognostic Biomarker in Hepatocellular Carcinoma Patients. BMC Cancer 18 (1), 1178. doi:10.1186/s12885-018-5028-8
 Mustafa, M. G., Petersen, J. R., Ju, H., Cicalese, L., Snyder, N., Haidacher, S. J., et al. (2013). Biomarker Discovery for Early Detection of Hepatocellular Carcinoma in Hepatitis C-Infected Patients. Mol. Cell Proteomics 12 (12), 3640–3652. doi:10.1074/mcp.M113.031252
 Peng, C., Hua, M.-Y., Li, N.-S., Hsu, Y.-P., Chen, Y.-T., Chuang, C.-K., et al. (2019). A Colorimetric Immunosensor Based on Self-Linkable Dual-Nanozyme for Ultrasensitive Bladder Cancer Diagnosis and Prognosis Monitoring. Biosens. Bioelectron. 126, 581–589. doi:10.1016/j.bios.2018.11.022
 Pinto Marques, H., Gomes da Silva, S., De Martin, E., Agopian, V. G., and Martins, P. N. (2020). Emerging Biomarkers in HCC Patients: Current Status. Int. J. Surg. 82, 70–76. doi:10.1016/j.ijsu.2020.04.043
 Rogovskii, V. (2020). Modulation of Inflammation-Induced Tolerance in Cancer. Front. Immunol. 11, 1180. doi:10.3389/fimmu.2020.01180
 Sartoris, R., Gregory, J., Dioguardi Burgio, M., Ronot, M., and Vilgrain, V. (2021). HCC Advances in Diagnosis and Prognosis: Digital and Imaging. Liver Int. 41 (Suppl. 1), 73–77. doi:10.1111/liv.14865
 Sharma, R. (2020). Descriptive Epidemiology of Incidence and Mortality of Primary Liver Cancer in 185 Countries: Evidence from GLOBOCAN 2018. Jpn. J. Clin. Oncol. 50, 1370–1379. doi:10.1093/jjco/hyaa130
 Skvortsova, K., Stirzaker, C., and Taberlay, P. (2019). The DNA Methylation Landscape in Cancer. Essays Biochem. 63 (6), 797–811. doi:10.1042/EBC20190037
 Tellapuri, S., Sutphin, P. D., Beg, M. S., Singal, A. G., and Kalva, S. P. (2018). Staging Systems of Hepatocellular Carcinoma: A Review. Indian J. Gastroenterol. 37 (6), 481–491. doi:10.1007/s12664-018-0915-0
 Tian, Z., He, W., Tang, J., Liao, X., Yang, Q., Wu, Y., et al. (2020). Identification of Important Modules and Biomarkers in Breast Cancer Based on WGCNA. Onco. Targets Ther. 13, 6805–6817. doi:10.2147/OTT.S258439
 Tzartzeva, K., and Singal, A. G. (2018). Testing for AFP in Combination with Ultrasound Improves Early Liver Cancer Detection. Expert Rev. Gastroenterol. Hepatol. 12 (10), 947–949. doi:10.1080/17474124.2018.1512855
 Villanueva, A. (2019). Hepatocellular Carcinoma. N. Engl. J. Med. 380 (15), 1450–1462. doi:10.1056/NEJMra1713263
 Wang, Y., Hao, J., Liu, X., Wang, H., Zeng, X., Yang, J., et al. (2016). The Mechanism of Apoliprotein A1 Down-Regulated by Hepatitis B Virus. Lipids Health Dis. 15, 64. doi:10.1186/s12944-016-0232-5
 Yang, J., Li, Y., Liu, Q., Li, L., Feng, A., Wang, T., et al. (2020). Brief Introduction of Medical Database and Data Mining Technology in Big Data Era. J. Evid. Based Med. 13 (1), 57–69. doi:10.1111/jebm.12373
 Yim, W.-w., Kwan, S. W., and Yetisgen, M. (2016). Tumor Reference Resolution and Characteristic Extraction in Radiology Reports for Liver Cancer Stage Prediction. J. Biomed. Inform. 64, 179–191. doi:10.1016/j.jbi.2016.10.005
 Zamanian-Daryoush, M., Lindner, D., Tallant, T. C., Wang, Z., Buffa, J., Klipfell, E., et al. (2013). The Cardioprotective Protein Apolipoprotein A1 Promotes Potent Anti-tumorigenic Effects. J. Biol. Chem. 288 (29), 21237–21252. doi:10.1074/jbc.M113.468967
 Zhang, X., Zhao, X. W., Liu, D. B., Han, C. Z., Du, L. L., Jing, J. X., et al. (2014). Lipid Levels in Serum and Cancerous Tissues of Colorectal Cancer Patients. World J. Gastroenterol. 20 (26), 8646–8652. doi:10.3748/wjg.v20.i26.8646
 Zhang, C., Li, J., Huang, T., Duan, S., Dai, D., Jiang, D., et al. (2016). Meta-analysis of DNA Methylation Biomarkers in Hepatocellular Carcinoma. Oncotarget 7 (49), 81255–81267. doi:10.18632/oncotarget.13221
 Zhang, D., Xi, Y., and Feng, Y. (2020). Ovarian Cancer Risk in Relation to Blood Lipid Levels and Hyperlipidemia: a Systematic Review and Meta-Analysis of Observational Epidemiologic Studies. Eur. J. Cancer Prev. 30, 161–170. doi:10.1097/CEJ.0000000000000597
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.
Copyright © 2021 Guo, Huang, Li, Li, Tian, Peng and Dong. 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.
		REVIEW
published: 09 November 2021
doi: 10.3389/fgene.2021.758733


[image: image2]
Role of Flavonoids as Epigenetic Modulators in Cancer Prevention and Therapy
Nishat Fatima1, Syed Shabihe Raza Baqri2, Atrayee Bhattacharya3, Nii Koney-Kwaku Koney4, Kazim Husain5, Ata Abbas6,7 and Rais A. Ansari8*
1Department of Chemistry, Shia Postgraduate College, Lucknow, India
2Department of Zoology, Shia Postgraduate College, Lucknow, India
3Department of Medical Oncology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA, United States
4Department of Anatomy, University of Ghana Medical School, College of Health Sciences, University of Ghana, Accra, Ghana
5Department of Molecular Medicine, University of South Florida, Tampa, FL, United States
6Division of Hematology and Oncology, Department of Medicine, Case Western Reserve University, Cleveland, OH, United States
7Case Comprehensive Cancer Center, Case Western Reserve University School of Medicine, Cleveland, OH, United States
8Department of Pharmaceutical Sciences, Nova Southeastern University, Fort Lauderdale, FL, United States
Edited by:
Kai Tang, Purdue University, United States
Reviewed by:
Nabab Khan, University of North Dakota, United States
Yao Xu, Wuhan University of Science and Technology, China
* Correspondence: Rais A. Ansari, ra557@nova.edu
Specialty section: This article was submitted to Epigenomics and Epigenetics, a section of the journal Frontiers in Genetics
Received: 14 August 2021
Accepted: 26 October 2021
Published: 09 November 2021
Citation: Fatima N, Baqri SSR, Bhattacharya A, Koney NK-, Husain K, Abbas A and Ansari RA (2021) Role of Flavonoids as Epigenetic Modulators in Cancer Prevention and Therapy. Front. Genet. 12:758733. doi: 10.3389/fgene.2021.758733

Epigenetic regulation involves reversible changes in histones and DNA modifications that can be inherited without any changes in the DNA sequence. Dysregulation of normal epigenetic processes can lead to aberrant gene expression as observed in many diseases, notably cancer. Recent insights into the mechanisms of DNA methylation, histone modifications, and non-coding RNAs involved in altered gene expression profiles of tumor cells have caused a paradigm shift in the diagnostic and therapeutic approaches towards cancer. There has been a surge in search for compounds that could modulate the altered epigenetic landscape of tumor cells, and to exploit their therapeutic potential against cancers. Flavonoids are naturally occurring phenol compounds which are abundantly found among phytochemicals and have potentials to modulate epigenetic processes. Knowledge of the precise flavonoid-mediated epigenetic alterations is needed for the development of epigenetics drugs and combinatorial therapeutic approaches against cancers. This review is aimed to comprehensively explore the epigenetic modulations of flavonoids and their anti-tumor activities.
Keywords: cancer, flavonoids, epigenetics, DNA methylation, histone modifications, non-coding RNAs
INTRODUCTION
Epigenetics can be defined as the study of heritable changes in gene expression without involving any changes in the DNA sequence (Weinhold, 2006). Epigenetic changes are established during early differentiation of cells and stably inherited through multiple cell divisions resulting in distinct cellular phenotypes without any changes in the underlying DNA sequence (Cheedipudi et al., 2014). The process of epigenetic regulation of gene expression involves chromatin remodeling mediated by events like DNA methylation, histone modifications and effects of non-coding RNAs as shown in Figure 1. These epigenetic changes are essential for normal development of cells, but their deregulation can lead to certain disease states including cancer (Egger et al., 2004).
[image: Figure 1]FIGURE 1 | Epigenetic Mechanisms involved in gene expression: DNA methylation, Histone Modifications and Non-Coding RNAs constitute the three mechanisms involved in epigenetic regulation of gene expression. Methylation of DNA occurs at gene promoters and hypermethylation represses gene expression. Histone modifications include acetylation and methylation of histones which can either activate or repress gene expression. Non-coding RNAs which consist of short chain non-coding RNAs ( <200 nt) and long non-coding RNAs ( >200 nt) also play a significant role in regulation of gene expression. (Created with BioRender.com). Ac, acetylated histone; Me, methylated histone; miRNA, micro RNA; siRNA, small interfering RNA; snRNA, small nuclear RNA; lncRNA, long non-coding RNA.
There is a consensus among biologists that cancer can be considered as a genetic inevitability. DNA mutations accumulate in the cells as we age. The mutations can be either spontaneous due to errors of DNA replication or may be caused by physical or chemical mutagens. Hence, 90–95% of cancers involve mutations due to environmental or lifestyle factors and in the remaining 10% of cases, the genetic cause of cancer is hereditary (Anand et al., 2008). Interestingly, many of the gene defects in cancers are not due to changes in sequences but are a result of epigenetic changes that affect the expression profile of these genes (Taby and Issa, 2010; Cavalli and Heard, 2019). Recent advances in the field of epigenetics have highlighted global epigenetic abnormalities in cancer cells which can occur during the early stages of tumor development. Due to their reversible nature and early occurrence in the process of malignant transformation of normal cells, epigenetic modifications can serve as novel drug targets for the treatment of cancer (Dawson and Kouzarides, 2012; Bennett and Licht, 2018).
Even though, in 2020, the global estimate of new cancer cases was 19.3 million which resulted in almost 10 million deaths, cancer related deaths have been declining since 1991 leading to a decrease of 31% in 2018 (Siegel et al., 2021). This improvement in patient’s survival rate is a result of advancement in cancer treatments. Cancer treatments usually involve chemotherapeutic agents, radiotherapy, and immunotherapy, and these treatments have shown a lot of promise (Yu et al., 2019). Epigenetic modulators (e.g., histone deacetylases inhibitors) have been used to treat aberrant epigenetic modifications in cancer along with some novel approaches such as chimeric antigen receptor-engineered T cells (CAR-T cells) which have proven very efficient in treating malignancies of B-cells (Wang et al., 2020b). However, most of the cancer therapies including immunotherapy are associated with numerous side effects (Lacouture and Sibaud, 2018).
Thus, considering the adverse effects of radiation and chemotherapeutic agents on patients, there is an increased quest for alternative therapies without extreme side effects. Phytochemicals fit best in this criterion and are hence explored for their anticancer properties. Anticarcinogenic factors in plant-based foods are known to inhibit cancer by a variety of mechanisms ranging from antioxidant effects to immunomodulatory properties. Interestingly, it has been reported that phytochemicals can modulate epigenetic processes through DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) (Shukla et al., 2014). Flavonoids which constitute an important class of phytochemicals are implicated in modulation of gene expression patterns underlying cancer (Busch et al., 2015). In this review we first discuss the role of epigenetic aberrations in cancer and then present an overview of the usefulness of flavonoids as epigenetic modulators having chemotherapeutic and chemo-preventive properties.
Cancer Epigenetics
In eukaryotic cells, DNA is wrapped around a core of histone proteins to form nucleosomes which may wrap over themselves to adopt a condensed state temporarily or permanently. The degree to which a gene is expressed in each cell is controlled by a range of gene regulatory mechanisms, most of which interfere with chromatin condensation. The condensation of chromatin involves a compact packing of nucleosomes which renders the genes hetero-chromatinzed and hence inactive. On the contrary, decondensation of chromatin opens the nucleosomes and increased expression of genes. The transformation of normal cells into cancer cells involves epigenetic alterations and in most cases is preceded by genetic mutations (Brower, 2011). Amongst the key mechanisms involved in epigenetic regulation are DNA modifications (e.g., methylation), histone modifications (e.g., deacetylation, phosphorylation, and ubiquitination, etc.), nucleosome positioning, and non-coding RNAs (e.g., miRNA, siRNA, lncRNA, etc.) (Figure 1). These mechanisms have a significant impact on cellular homeostasis (Zhang et al., 2020).
DNA Methylation
The methylation or hydroxymethylation of DNA is an important epigenetic mechanism of gene regulation in cells (Gao and Das, 2014) and DNA methylation patterns contribute in establishing epigenetic memory (Bird, 2002). The methylation of DNA is usually negatively correlated with gene expression, but it also depends on the location of methylated bases in relation to coding regions of the genes being regulated (Blake et al., 2020). Cytosine methylation most commonly occurs at CpG sites which are widely distributed through the genome (Jones, 2012). The specific regions of CpG sites are designated as CpG islands when they have a length of more than 200 bp, a GC content of more than 55% and a >60% observed-to-expected CpG ratio (Takai and Jones, 2002). CpG islands are particularly abundant at promoter region of the gene, and are present in around 70% of human promoters (Deaton and Bird, 2011). When CpG sites are present in the promoter or enhancer regions of genes their methylation represses gene expression whereas it induces transcriptional activity if the CpG sites are present in the coding regions of genes (Greenberg and Bourc’his, 2019). The pattern of CpG methylation in cancer cells is different to that of normal cells (Esteller, 2007). In normal cells, whereas the CpG islands preceding promoters are unmethylated allowing active transcription while other CpG sites in the genome remain methylated. In cancer cells, the CpG dinucleotides have up to 50% less methylation than normal cells and CpG islands are also generally hypomethylated (Herman and Baylin, 2003). In general, promoters of tumor suppressor genes become hypermethylated thereby inhibiting their expression while those of oncogenes get hypomethylated and activated in cancer. Genes involved in DNA repair, cell cycle, migration and apoptosis are dysregulated due to aberrant DNA methylation in cancer cells (Cheung et al., 2009). This process of de novo DNA methylation is carried out by DNMTs and include three isoenzymes: DNMT1, DNMT3a and DNMT3b.
Histone Modifications
Histones are positively charged proteins that play a role in condensing and packaging the DNA into chromatin inside the nucleus. Open chromatin structure (euchromatin) is associated with transcriptional activation and closed chromatin structure (heterochromatin) is associated with repression of transcription. Histone modifications especially acetylation, phosphorylation, and methylation regulate structural changes in the chromatin influencing gene expression (Karlic et al., 2010; Bannister and Kouzarides, 2011).
Histone acetylation is defined as the addition of an acetyl group to lysine residues present at the histone tail by histone acetyl transferases (HATs). This modification weakens the DNA-histone interaction eventually leading to decondensation of chromatin and increased gene expression. On the contrary, HDACs constitute an important class of enzymes and are responsible for deacetylation of e-amino groups of lysine residues leading to condensation of chromatin and decreased gene expression. (Milazzo et al., 2020). The pattern of histone acetylation has been found to be remarkably different between normal and cancerous cells (Di Cerbo and Schneider, 2013). Histone H4 exhibits a decrease in monoacetylation of Lys20 and trimethylation of Lys16 in malignant cells (Fraga et al., 2005). Besides, decreased acetylation of histones H3 and H4 has also been observed in cancer progression (Audia and Campbell, 2016).
Histone methylation is another epigenetic modification that plays a role in regulating gene expression in cancer. These modifications are catalyzed by Histone Methyltransferases (HMTs) and Histone Demethylases (HDMs) of the specific amino acids in histones. Cancer specific gene transcription profiles are often related to the regulation of histone methylation (Varier and Timmers, 2011). For instance, there is a cancer-associated decrease in trimethylation on Lysine 4 of histone H3 (H3K4me3) along with a simultaneous increase of monomethylation on Lysine 9 of histone H3 that affects gene expression (Richon et al., 2000).
Phosphorylation is another histone posttranslational modification mediated by cell-cycle related kinases (Rossetto et al., 2014). The phosphorylation of serine at the C-terminus of a DNA double-strand break marker H2A histone family member X (H2AX), eventually contributes to genomic instability leading to cancer (Bonner et al., 2008).
Non-Coding RNAs
The next important epigenetic mechanism controlling cell function involves non-coding RNAs which are being shown to regulate gene expression to a great extent (Kurokawa et al., 2014; Statello et al., 2020). Small non-coding RNAs composed of 18–25 nucleotides are called MicroRNAs (miRNAs) which usually interacts with the 3’ region of the mRNA affecting mRNA stability and translation. One miRNA can regulate the expression of several genes or multiple miRNAs can affect the expression of the same gene (Mohr and Mott, 2015). Transcriptional activity of up to 60% of mammalian protein coding genes has been found to be controlled by miRNAs (Friedman et al., 2009). Several miRNAs have been associated with the regulation of oncogenes and tumor suppressor genes thereby having a role in cancer (Peng and Croce, 2016). The most common cancer associated miRNAs (onco-miRNAs) that are promising candidates for cancer treatment are let-7, miR-15, and miR-16 (Esquela-Kerscher and Slack, 2006). Also, miR-125b1 has been shown to act as a tumor suppressor as its decrease is associated with ovarian and prostate cancers (Soto-Reyes et al., 2012). The roles of micro RNAs in cancer progression are contributing to a great bulk of emerging knowledge about cancer (Ali Syeda et al., 2020). Events like genetic alterations, promoter hypermethylation, or other epigenetic modifications regulate the expression of miRNAs and promotes cellular transformation and cancer progression (Baer et al., 2013; Liu et al., 2013; Cammaerts et al., 2015).
Long non-coding RNAs (lncRNAs) are polyadenylated RNAs with a length of more than 200 nucleotides that can bind to DNA, RNA, and proteins. Epigenetic modulation is the most common method of lncRNAs based regulation of gene expression and is often associated with gene repression. Studies have reported that lncRNAs can function as oncogenes or tumor suppressors through a wide range of activities, including interaction with Polycomb Repressive Compex (PRC) regulating transcript stability, processing and translation; interaction with miRNAs, gene enhancers and repressors; and interaction with transcription factors affecting transcript production and transport (Marín-Béjar et al., 2013; Vance and Ponting, 2014; Marchese et al., 2017; Zhang et al., 2019b; Hou et al., 2019). LncRNAs like MALAT1 and HOTAIR which are associated with metastasis are over expressed in cancer and MEG3 and PTENP1 which inhibit cell proliferation and migration are downregulated in cancer (Huarte, 2015).
Flavonoids as Epigenetic Modulators
Flavonoids belong to an important class of natural low-molecular-weight polyphenolic compounds having basic benzo-[image: image]-pyrone structure (Panche et al., 2016). These plant secondary metabolites are widely found in various vegetables, fruits, cereal, nuts and specially in certain beverages (tea, coffee). Flavonoids are linked with a wide spectrum of health-promoting goods and are an important constituent in a range of pharmaceutical, nutraceutical, cosmetic and medicinal applications. Flavonoids have several subgroups based on their chemical structures, which comprise flavan-3-ols, flavonols, flavones, flavanones, isoflavones, and anthocyanidins (Kumar and Pandey, 2013). Furthermore, flavonoids possess a wide array of beneficial pharmacological activities including antiviral, hepatoprotective, antibacterial, analgesic, cytostatic, antiallergic, anti-oestrogenic, oestrogenic and apoptotic (Kumar and Pandey, 2013). These assorted pharmacological activities of flavonoids have been accredited to several molecular mechanisms including direct and indirect antioxidant task, modulation of the activities of phase I and II detoxification enzymes, inhibition of protein kinases, modulation of gene transcription, consequence on cell cycle and epigenetic mechanisms (Pietta, 2000; Woo et al., 2005; Kumar and Pandey, 2013; Miron et al., 2017; Jucá et al., 2018; Khan et al., 2021). There are recent reports indicating that flavonoids may reinstate the standard epigenetic marks which are changed during carcinogenesis (Carlos-Reyes et al., 2019; Jiang et al., 2021; Khan et al., 2021). Generally, these photochemical agents block the progress of tumors by targeting key signaling transducers resulting in the reinstatement of tumor suppressor genes, and blocking of oncogenes expression. These alterations and resulting anti-tumor activities often come from epigenetic modulatory activities of flavonoids by altering epigenetic enzymes such as DNMTs, HDACs and HATs (Pandey et al., 2012; Abbas et al., 2013; Abbas et al., 2016; Jiang et al., 2021; Khan et al., 2021). It was also documented that flavonoids are proficient in modulating of miRNA and lncRNA expression that is changed during ailments (Izzo et al., 2020).
Despite the lifesaving role of chemotherapeutic agents in treating cancer, a disadvantage of these drugs is their potential cytotoxic effects on normal cells. Thus, there is a need for better substitutes without undesirable side-effects. In this regard, flavonoids show promising results as many of the anticarcinogenic flavonoids have relatively less toxicity towards normal cells (Galati and O'Brien, 2004); however, more in-depth toxicity studies are needed to evaluate their safety and side-effects. It is also documented that on normal cells they may act as pro-oxidants that generate free radicals, mutagens and act as inhibitors of key enzymes involved in hormone metabolism when consumed at higher doses (Skibola and Smith, 2000). Nonetheless, flavonoids having epigenetic modifying potential can be an attractive choice for potential cancer therapies, including combinatorial therapy (Figure 2; Table 1).
[image: Figure 2]FIGURE 2 | Flavonoids as epigenetic modulators in cancer: (A) Flavonoids are polyhydroxy compounds found in various plants and generally consist of two phenyl rings and a heterocyclic ring. Flavonoids are reported to exhibit inhibitory activity for HDACs, HMTs, HATs, and DNMTs. They can also either inhibit or activate miRNA and lncRNA. (B) Illustration showing various mechanisms of histone modifications associated with carcinogenesis. Flavonoids can block the aberrant expression of HMTs, HATs, and HDACs, and activate tumor suppressor genes and block the expression of oncogenes. (C) Flavonoids can either activate or repress non-coding RNAs which regulates chromatin structure and aberrant gene expression in cancer. (D) Promoter hypermethylation and genome-wide hypomethylation are associated with cancer. Flavonoids can inhibit DNA Methyl Transferases (DNMTs) and thus prevent hypermethylation of gene promoters like tumor suppressor genes thereby reactivating their expression. (Created with BioRender.com).
TABLE 1 | Epigenetic modulations by some potent flavonoids (↑ increase, ↓ decrease).
[image: Table 1]Cancer Prevention and Therapy by Epigenetically Active Flavonoids
Flavan-3-Ols/ Flavanols/ Catechins
Epigallocatechin gallate (EGCG) is a powerful polyphenolic, chemo-preventive compound isolated from green tea belongs to the catechin class of flavonoids (Singh et al., 2011). The other components of green tea consist of epigallocatechin, epicatechin-3-gallate and epicatechin. There are numerous in vitro, in vivo, and clinical studies that showed potential anti-proliferative, anti-angiogenic, pro-apoptotic and anti-invasive properties of EGCG (Singh et al., 2011). There are significant literatures demonstrating the impact of green tea components in involved in epigenetic modulations in cancer (Henning et al., 2013; Giudice et al., 2018; Jiang et al., 2021). Fang et al., first time revealed that EGCG act as inhibitor of DNA hypermethylation of CpG islands by acting on DNMT (Fang et al., 2003). Another study has shown the profound effects of EGCG on human prostate cancer cells (Paschka et al., 1998). Green tea causes an accumulation of acetylated histone H3 in total cellular chromatin resulting in epigenetically reactivation of p21/waf1 and Bax in prostate cancer cells that leads to cell cycle arrest and apoptosis (Thakur et al., 2012).
Lee et al., examined the regulation of androgen receptor acetylation by measuring histone acetyltransferase activity in androgen-dependent prostate cancer cells treated with green tea catechins (epicatechin, epigallocatechin and epigallocatechin-3-gallate). These catechins induce prostate cancer cell death, suppressed agonist-dependent androgen receptor (AR) activation and AR-regulated gene transcription (Lee et al., 2012). Another report showed that the combinatorial exposures of clofarabine and EGCG or genistein synergistically inhibited the growth of breast cancer cells (MCF7 and MDA-MB-231 cells) and induces apoptosis followed by RARB hypomethylation with consequent manifold increase in RARB, CDKN1A, and PTEN transcript levels. This combination promotes apoptosis and reactivates DNA methylation-silenced tumor suppressor genes in human breast cancer cells with unusual invasive prospective (Lubecka et al., 2018).
EGCG alters the expression of various tumor-suppressor genes by inhibiting DNA methyltransferases and histone deacetylases in human cervical cancer HeLa cells (Khan et al., 2015). Moreover, time-dependent exposure to EGCG resulted in reactivation of well-known tumor-suppressor genes (TSGs) in these cells due to marked transformations in the methylation of the promoter area of these genes (Khan et al., 2015). Recently Ciesielski et al., 2020 studied the impact of EGCG on the histone posttranslational modifications machinery along with chromatin remodeling in human endothelial cells (HMEC-1 and HUVECs origin). Results showed that EGCG increases methylation of both active (H3K4me3) and repressive (H3K9me3) chromatin marks and histone acetylation (H3K9/14ac, H3ac). These results indicated the broad epigenetic potential of EGCG concerning expression and action of epigenome modulators including HDAC5, and HDAC7, CREBP, KMT2A, p300 and LSD1 (Ciesielski et al., 2020).
Another study reported the anticancer mechanism of EGCG via synchronized transcriptional modification of numerous molecular targets through different signaling pathways in Hela cells (Kedhari Sundaram et al., 2020). In this study, transcriptional modulation of several epigenetic modifiers including histone modifiers and DNA methyltransferases (DNMT1, DNMT3A, DNMT3B, AURKA, AURKB, AURKC, PRMT6, PRMT7, KDM4A, KDM5C, HDAC5, HDAC6, HDAC7, HDAC11 and UBE2B) were observed. Downregulation of key signaling moieties of PI3K, Wnt and MAPK pathways, metastasis regulators, cell cycle regulators and pro-inflammatory moieties including CCNB1, CCNB2, TERT, PIK3C2B, PIK3CA, IL6, MMP2, MMP7 and MAPK8 were also detected (Kedhari Sundaram et al., 2020).
Kang et al., demonstrated that EGCG may hamper efficiently IR-induced injury to mouse normal hepatic cells (AML-12), and improve noticeably the radio-sensitivity of mouse hepatoma cells H22 to 60Coγ. They also revealed that EGCG played the key task of radio-sensitization on H22 cells because it activates the miR-34a/Sirt1/p53 signaling pathway (Kang et al., 2019). Deb et al., reported that treatment of human prostate cancer cell lines (DUPro and LNCaP) with green tea polyphenols (GTPs) and their major constituent, epigallocatechin-3-gallate (EGCG) induced TIMP3 expression by epigenetic mechanisms (Deb et al., 2019). Furthermore, a clinical study on patients undergoing prostatectomy consuming EGCG showed an increase in plasma TIMP3 levels (Deb et al., 2019).
Dietary flavonoids have potential to modulate non-coding RNAs, including miRNAs in cancer (Ahmed et al., 2020; Yang et al., 2020; Singh et al., 2021). In a recent in vivo study by Kang et al., revealed that oral administration of EGCG suppresses miR483–3p induced metastasis of hepatocellular carcinoma (Kang et al., 2021). EGCG modulate non-coding RNAs and inhibit tumor growth by targeting LINC00511/miR-29b/KDM2A axis in gastric cancer (Zhao et al., 2020). EGCG-capped gold nanoparticle significantly increased expression of tumor suppressor let-7a and miR-34a miRNAs (Mostafa et al., 2020).
Flavonols
Flavonols (3-hydroxylavones) are most prevalent flavonoids in food. Quercetin, myricetin, kaempferol and fisetin are the most common plant flavonols found in many vegetables and fruits, e.g., onions, apples, strawberries etc. The defensive impacts of quercetin on human health are facilitated by multidimensional, pleiotropic action still from an epigenetic perspective (Russo and Ungaro, 2019).
Quercetin modulates the expression of various chromatin modifiers and declines the activity of HDACs, DNMTs and HMTs in a dose-dependent manner in human cervical cancer (HeLa) cells (Kedhari Sundaram et al., 2019). It also downregulated global DNA methylation concentrations in a dose- and time-dependent manner and tested tumor suppressor genes showed steep dose-dependent decrease in promoter methylation with the restoration of their expression. Quercetin along with BET inhibitors promoted apoptosis and decreases the cell proliferation and sphere-forming ability by pancreatic cancer cells. It was also evidenced that quercetin also mediates some anti-tumor effects with the help of hnRNPA1 which is a nuclear protein well-known to monitor mRNA export and mRNA translation of anti-apoptotic proteins (Pham et al., 2019). Quercetin also induced let-7c which decreased pancreatic tumor growth by posttranscriptional activation of Numbl and indirect inhibition of Notch (Nwaeburu et al., 2016); Zheng et al. (2014) reported that nanoliposomal quercetin combined with butyrate modulated aberrant epigenetic alteration in Eca9706 cells via epigenetic-NF-κB signaling. In this study reverse expressions of global DNMT1, HDAC1, NF-κB p65 and Cyclin D1 were down-regulated, although expressions of p16INK4α and caspase-3 were up-regulated. Furthermore, quercetin modulate miR-1-3p/TAGLN2 (Wang et al., 2021b), miR-197/IGFBP5 (Hu et al., 2020), miR-16–5p/WEE1 (Wang et al., 2020a), miR-22/WNT1/β-catenin (Zhang et al., 2019a), miR-16/HOXA10 (Zhao et al., 2019), TP53/miR-15/miR-16 (Ahmed Youness et al., 2018) axes as well as miR15a/16 (Ramos et al., 2021), miR-200b-3p (Nwaeburu et al., 2017), miR-145 (Zhou et al., 2015), and miR-146a (Tao et al., 2015) in various cancers.
Kaempferol (3,4′,5,7-tetrahydroxyflavone) is a potential HDAC inhibitor and an anti-cancer agent against many types of cancers (Imran et al., 2019). Berger et al., reported first time that kaempferol has a distinctive epigenetic activity by inhibition of HDACs (Berger et al., 2013). The in-silico docking analysis fits kaempferol into binding pocket of HDAC2, 4, 7 or 8 and in vitro profiling of all conserved human HDACs of class I, II and IV demonstrated that it inhibited all tested HDACs. Furthermore, kaempferol stimulates hyperacetylation of histone H3 in HepG2 and Hep3B (hepatoma cancer cell lines) as well as on HCT-116 (colon cancer cell line) (Berger et al., 2013). Kaempferol induces autophagic cell death via IRE1-JNK-CHOP signaling and inhibiting HDAC/G9a axis in gastric cancer cells (Kim et al., 2018). In lung cancer A549 cell, kaempferol induces miR-340 expression (Han et al., 2018) which is known to induce apoptosis and inhibit cell proliferation in NSCLC (Fernandez et al., 2014).
Flavonol, fisetin is also a powerful anticancer agent, used to inhibit different stages of cancer cells, induce apoptosis, inhibit cell growth, prevent cell cycle progression, cause PARP cleavage, and modulate the expressions of Bcl-2 family proteins in various cancer cell lines (Imran et al., 2020). It also suppresses the activation of the ROS/ PKCα/ p38 MAPK and ERK1/2 signaling pathways, down-regulates the level of the oncoprotein securin and lowers the NF-κB activation (Pal et al., 2016). Recently, Ding et al., revealed that fisetin inhibits proliferation of pancreatic adenocarcinoma by inducing DNA damage via RFXAP/KDM4A-dependent histone H3K36 demethylation (Ding et al., 2020).
Flavones
Flavones are a group of flavonoids that contain the backbone of 2-phenylchromen-4-one (2-phenyl-1-benzopyran-4-one) having diverse pharmacological properties and are commonly found in herbs such as celery, parsley and in almost all edible cereal species. Apigenin, luteolin, tangeretin, chrysin, Tricin, baicalein, rhoifolin and 6-hydroxyflavone are some common flavones (Barreca et al., 2020).
Pandey et al. (2012) reported first time that apigenin inhibits class I HDACs, particularly HDAC1 and HDAC3, alters chromatin to induce growth arrest and apoptosis in human prostate cancer cells. Apigenin inhibited MDA-MB-231 breast cancer cell proliferation and tumor growth by induction of G2/M arrest and histone H3 acetylation-mediated p21 expression (Tseng et al., 2017). Apigenin enhances miR-16 (Chen et al., 2016) and miRNA215–5p (Cheng et al., 2021) expression to inhibits glioma and colon cancer growth respectively, as well as chemo-sensitize doxorubicin-resistant liver cancer cells by targeting miR-520b/ATG7 axis (Gao et al., 2018).
Recently Wu et al. (2021) discovered that luteolin inhibited the proliferation and metastasis of androgen receptor-positive triple-negative breast cancer cell by epigenetic regulation of MMP9 expression through a reduction in the levels of AKT/mTOR-inducing H3K56Ac and H3K27Ac. Earlier it was also revealed that luteolin suppresses the metastasis of triple-negative breast cancer, downregulates the ß-catenin expression for reversing epithelial-to-mesenchymal transition (Lin et al., 2017). In colorectal cancer cells Luteolin induces apoptosis by the downregulations of UHRF1, calpain, and DNMT1 expressions. This research further suggests that calpain might be involved in the epigenetic code inheritance by regulating the epigenetic integrator UHRF1(Krifa et al., 2014). In human prostate cancer (PC-3) cells, Luteolin and gefitinib regulate cell cycle pathway genes (CCNA2, CCNE2, CDC25A, CDKN1B, and PLK-1) through a mutual mechanism involving EGFR-associated tyrosine kinase (Markaverich et al., 2010). Authors suggested that these phytochemicals likely modulate the epigenetic control of gene expression as previously shown by their group that luteolin interacts with type II binding sites on histone H4 (Shoulars et al., 2010). Recently, Farooqi et al. and Mishan et al. have systematically reviewed the potent ability of luteolin to modulate miRNA expression in various cancers (Farooqi et al., 2020; Mishan et al., 2021). A derivative of tangeretin prevents the progress of human prostate cancer cells by epigenetically restoring p21 gene expression and inhibits cancer stem-like cell proliferation (Wei et al., 2019).
Baicalein (5,6,7-trihydroxyflavone) suppresses cancer cell proliferation, cell cycle arrest and induces apoptosis in human prostate, breast, T24 bladder and myeloma cancer cells (Gao et al., 2016). Lai et al., studied the epigenetic role of baicalin hydrate in nasopharyngeal carcinoma (NPC) and identified that it inhibits NPC cell growth both in vivo and in vitro. Furthermore, instead of DNA methylation, baicalin hydrate increased of m6A RNA methylation and promoted Suv39H1 gene splicing. (Lai et al., 2018). It is also documented that baicalin improves the developmental proficiency of in vitro cultured mouse embryos through reticence of cellular apoptosis and HSP70 expression and enhancement of DNA methylation (Qi et al., 2016). Several recent studies have shown that baicalein modulate the expression of miR-183 (Lei et al., 2021), miR-139–3p and miR-196b-5p (Ma et al., 2021), and miR-25 (Örenlil Yaylagül and Ülger, 2020) in various cancers.
Flavanones
Flavanones are aromatic, colourless ketones mainly present in citrus fruits (Barreca et al., 2017). Hesperetin, isosakuranetin, naringin, naringenin, isosakuranetin and eriodictyol and their particular glycosides are some main flavanones (Khan et al., 2013). Hesperetin is a common citrus flavanone that endorses DOT1L degradation and decreases histone H3K79 methylation to prevent gastric cancer metastasis, showing its epigenetic effect (Wang et al., 2021a). Natural flavonolignan, silibinin is the most effective phytochemical of silymarin. It is active both alone and in combination with other chemotherapeutic and epigenetic agents, substantially inhibit the growth of different cancer cells. It synergizes with DNA methyltransferase and histone deacetylase inhibitors in upregulating e-cadherin expression, also inhibits the invasion and migration of human non-small cell lung cancer cells. These results are highly substantial since failure of E-cadherin and metastatic dispersed of the illness via epithelial-to-mesenchymal transition is associated with poor prognosis and high mortalities in this type of cancer cells (Mateen et al., 2013). In human prostate cancer (DU145 and PC3) cells, silibinin reduces gene expression levels of EZH2 accompanied by an increase in H3K27me3 levels (Anestopoulos et al., 2016). Such responses were dependent on decreased expression levels of phosphorylated EZH2 (ser21) and phosphorylated Akt (ser473). Moreover, it also exerted other epigenetic impacts involving, decrease histone deacetylases 1–2 (HDACs1-2) expression levels while it increases total DNA methyltransferase (DNMT) activity, proving that it induces epigenetic alterations in human prostate cancer cells. (Anestopoulos et al., 2016). Hossainzadeh et al. reported that silibinin encapsulated in polymersome nanoparticles supress the expression of oncogenic miRNAs miR-125b and miR-182 (Hossainzadeh et al., 2019).
Naringenin (4,5,7 trihydroxyflavanone) is an aglycone form of naringin found in citrus fruits. When it combined with suberoylanilide hydroxamic acid (HDAC inhibitor), synergistically improved transamidation activity and suberoylanilide hydroxamic acid induced cytotoxicity in neuroblastoma cells which showed no cytotoxicity on normal non-malignant cells (Ling et al., 2012). This suggest that naringenin possesses effective histone deacetylase inhibitory activity; however, more comprehensive studies are needed understand its epigenetic potential.
Isoflavones
Isoflavones are naturally occurring isoflavonoids, mainly found in legumes, soy beans, and soy foods. They have several potent pharmacological activities like anti-inflammatory, antioxidant, antimicrobial, and anticancer (Panche et al., 2016). It is also well evidential that they exert estrogenic and/or antiestrogenic impacts. Isoflavones are considered as chemoprotective in nature and used in various type of alternative therapies for a broad range of hormonal ailments including several types of cancers, osteoporosis, menopausal problems and cardiovascular diseases (Taku et al., 2011; Vitale et al., 2012; Qin et al., 2013; Sathyapalan et al., 2018; Nakai et al., 2020). There are conflicting reports that isoflavones disrupt endocrine function; however, it appears the most common harmful effect is mild and appears at the gastrointestinal level (Křížová et al., 2019; Gómez-Zorita et al., 2020). Some common examples of isoflavones are Daidzein, Genistein, Genistin and Glycitein.
Among all isoflavones, genistein is the most potent and biologically active phytochemical, demonstrating different in vivo and in vitro anticancer and anti-proliferative effects on numerous types of human cancers (Spagnuolo et al., 2015). Prostate cell lines (DU-145 and PC-3) when treated with soy phytoestrogens, genistein and daidzein, cause decrease in DNA methylation at EPHB2, BRCA1 and GSTP1 promoters (Adjakly et al., 2011). Karsli-Ceppioglu et al., reported that phytoestrogens (genistein and daidzein) modulate genome-wide DNA methylation status in prostate cancer. They found that methylation profiles of 58 genes have been modified by genistein and daidzein treatments in prostate cancer DU-145 and LNCaP cell lines (Karsli-Ceppioglu et al., 2015). Notably, the methylation frequencies of the hTERT, MAD1L1, KDM4B and TRAF7 genes were remarkably altered by genistein treatment. Genistein regulates miRNAs expression in pan cancer (Javed et al., 2021). In head and neck cancer, genistein activate miR-34a/RTCB axis that results in ROS-associated apoptosis, decrease in stemness properties, and inhibition of EMT (Hsieh et al., 2020). Recently, Imai-Sumida et al., reported that genistein suppress kidney cancer by repressing HOTAIR/chromatin remodeling pathways (Imai-Sumida et al., 2020). Conversely, Allred et al., reported that dietary genistin as well as genistein can stimulates estrogen-dependent breast cancer cell growth in vivo (Allred et al., 2001). These conflicting reports compel a need for in-depth mechanistic studies to understand the biological effects of these dietary compounds, including their epigenetic modifying potentials, cytotoxicity, and anticancer properties.
Anthocyanidins
Anthocyanidins are the sugar-free counterparts of anthocyanins and are highly important water-soluble pigments found in plants. Among all anthocyanidins, delphinidin is the most potent and abundant flavonoid found in pigmented fruits (especially blueberry) and vegetables (Khoo et al., 2017).
Kuo et al., reported that delphinidin epigenetically re-activates Nrf2-ARE pathway and prevents neoplastic transformation of mouse skin JB6 P+ cells (Kuo et al., 2019). The Nrf2-ARE pathway activation was associated with demethylation of 15 CpG sites in the mouse Nrf2 promoter region between nucleotide -1,226 and -863 from the transcription start site. The decreased CpG methylation proportion in the Nrf2 promoter region was consistent with detected declines in the protein expression of DNA methyltransferases 1 (DNMT1), DNMT3a, and class I/II histone deacetylases (HDACs) (Kuo et al., 2019). Jeong et al., identified the epigenetic modulators that mediate the apoptotic effect of delphinidin (major anthocyanidin compound) in human prostate cancer cells (Jeong et al., 2016). They treated these cancer cells with delphinidin and observed an increase in caspase-3, -7, and -8 activity along with an increased histone deacetylase activity. Amongst all class I HDACs, the activity of HDAC3 was exclusively prevented by delphinidin. Moreover, the apoptosis induced by delphinidin was reliant on caspase-mediated cleavage of HDAC3, resulting in the stabilization and acetylation of p53. They also observed that this anthocyanidin effectively upregulated pro-apoptotic genes that are definitely regulated by p53 and also downregulated numerous anti-apoptotic genes (Jeong et al., 2016). Delphinidin targets HOTAIR/miR-34a axis to suppress the breast carcinogenesis (Han et al., 2019) and inhibits colorectal cancer metastasis by inducing miR-204–3p expression (Huang et al., 2019).
CONCLUSION
The existing literatures on cancer pathobiology has established that genetics and epigenetics play a central role in cancer initiation and progression. The reversible nature of epigenetic changes can be exploit for a better therapeutic intervention. Epigenetic modifiers such as DNMTs, HATs, HMTs, HDACs, and others can be modulated or inhibited by naturally occurring substances such as phytochemicals (Figure 2). In this review, several flavonoids (e.g., flavones, flavanones, flavonols) were described along with their epigenetic modulation, therapeutic, and chemo-preventive potentials in cancer (Table 1). Various plant-based drugs, including vinca alkaloids (e.g., vinblastine and vincristine), taxanes (e.g., paclitaxel and docetaxel), camptothecins, and others are routinely used for cancer treatment. There are numerous phytochemicals, including flavonoids with potent anticancer activity are in various preclinical and clinical trial stages. However, there are some limitations, including their low water solubility, poor bioavailability, rapid uptake by normal cells, poor therapeutic index and adverse effects on liver. Developing novel strategies such as nanocarriers can overcome these drawbacks.
The emerging role of phytochemicals in cancer therapy and prevention is enormous. Their potential to rectify epigenetic alterations of cancer cells add substantial armaments in fight against cancer. Combinatorial therapies using plant-based epigenetic modifiers with existing chemo and targeted therapies can help manage the disease better and reduce the side effects. However, an extensive research is needed into identification and characterization of anticarcinogenic phytochemicals and their respective mechanisms of actions. Given the fast pace of technological developments, this seems to be a promising pursuit in our battle against cancer.
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Background: Chemoresistance is a major barrier to the treatment of human cancers. Circular RNAs (circRNAs) are implicated in drug resistance in cancers, including gastric cancer (GC). In this study, we aimed to explore the functions of circRNA Armadillo Repeat gene deleted in Velo-Cardio-Facial syndrome (circARVCF) in cisplatin (DDP) resistance in GC.
Methods: The expression of circARVCF, microRNA-1205 (miR-1205) and fibroblast growth factor receptor 1 (FGFR1) was detected by quantitative real-time polymerase chain reaction (qRT-PCR), western blot assay or immunohistochemistry (IHC) assay. Cell Counting Kit-8 (CCK-8) assay and colony formation assay were performed to evaluate DDP resistance and cell colony formation ability. Transwell assay was conducted to assess cell migration and invasion. Flow cytometry analysis was done to analyze cell apoptosis. Dual-luciferase reporter assay and RNA immunoprecipitation (RIP) assay were manipulated to analyze the relationships of circARVCF, miR-1205 and FGFR1. Murine xenograft model was constructed to explore DDP resistance in vivo.
Results: CircARVCF level was increased in DDP-resistant GC tissues and cells. CircARVCF silencing inhibited DDP resistance, colony formation and metastasis and induced apoptosis in DDP-resistant GC cells. CircARVCF directly interacted with miR-1205 and miR-1205 inhibition reversed circARVCF silencing-mediated effect on DDP resistance in DDP-resistant GC cells. FGFR1 served as the target gene of miR-1205. MiR-1205 overexpression restrained the resistance of DDP-resistant GC cells to DDP, but FGFR1 elevation abated the effect. In addition, circARVCF knockdown repressed DDP resistance in vivo.
Conclusion: CircARVCF enhanced DDP resistance in GC by elevating FGFR1 through sponging miR-1205.
Keywords: GC, DDP, resistance, circARVCF, miR-1205, FGFR1
HIGHLIGHTS

1. CircARVCF is upregulated in DDP-resistant GC tissues and cells.
2. CircARVCF knockdown suppresses DDP resistance in DDP-resistant GC cells.
3. CircARVCF directly interacts with miR-1205 to regulate FGFR1 expression.
4. CircARVCF promotes DDP resistance in DDP-resistant GC cells by miR-1205/FGFR1 axis.
5. CircARVCF enhances DDP resistance of GC in vivo.
INTRODUCTION
Gastric cancer (GC) is a worldwide life-threatening malignant tumor with strong a ability of metastasis and proliferation (Guggenheim and Shah, 2013; Bray et al., 2018). The patients are often diagnosed at the late stage for lacking specific symptoms and diagnostic indicators in early GC, and then lead to poor prognosis (Song et al., 2017). Surgery and adjuvant chemotherapy are the major treatment methods for GC, although molecular targeted therapy has been developed. Cisplatin (DDP) is the main first-line drug for GC treatment (Wang et al., 2019a). However, drug resistance impedes the effectiveness of chemotherapy (Galluzzi et al., 2012; Marin et al., 2016). Based on the above reasons, studying the mechanism of chemoresistance is necessary for improving the survival of GC.
Circular RNAs (circRNAs) are newly discovered non-coding RNAs (ncRNAs) that are distinguished by signal-stranded closed loop (Chen and Yang, 2015). CircRNAs are dysregulated and play vital roles in the biological and pathological processes in human cancers (Wang et al., 2017). Moreover, circRNAs can act as the competitive endogenous sponge for microRNAs (miRNAs), which then directly targeted related mRNAs to alter gene expression (Zhong et al., 2018). CircRNAs are linked to the development of chemoresistance in GC (Cui et al., 2020). For instance, circ_0000144 restrained oxaliplatin (OXA) resistance of GC via altering miR-502-5p and ADAM9 (Gao et al., 2021). CircFN1 promoted the malignancy and DDP resistance of GC via decoying miR-182-5p (Huang et al., 2020). CircARVCF (hsa_circ_0092330) was formed by the exons of ARVCF gene and was found to be upregulated in GC (Ouyang et al., 2019). However, the functions of circARVCF in the carcinogenesis and drug resistance of GC are unclear.
The involvement of miRNAs in tumor progression and chemoresistance is widely characterized (Taheri et al., 2021). For example, miR-149 facilitated 5-FU resistance in GC through binding to TREM2 (Wang et al., 2020a). MiR-127-5p impeded the resistance of GC to Apatinib (Yu et al., 2021). MiR-1205 functioned as a tumor inhibitor in diverse cancers, such as colorectal cancer (Han et al., 2021), glioma (Wang et al., 2021), ovarian cancer (Wang et al., 2020b) as well as GC (Lin et al., 2020). Even so, it remains unclear whether miR-1205 is related to the drug resistance of GC. Moreover, fibroblast growth factor receptor 1 (FGFR1) was found to contain miR-1205 binding sites, but their relationship is still unknown.
In this paper, we elucidated the functions and relationships of circARVCF, miR-1205, and FGFR1 in regulating the chemoresistance of GC, attempting to find a novel target to relieve chemoresistance in GC.
MATERIALS AND METHODS
Tissue Collection
The GC and matched adjacent non-tumor tissues were collected from 37 GC patients (20 males and 17 females, aged 25–71) at Huai’an First People’s hospital. The enrolled patients received DDP-based chemotherapy before this surgery. According to the resistance of GC patients to DDP (Bagrodia et al., 2016), the patients were divided into two groups: chemoresistant group (n = 20; tumor relapse during DDP-based chemotherapy) and chemosensitive group (n = 17; no tumor recurrence during DDP-based therapy). All patients provided the written informed consents. The research granted approval by the Ethics Committee of Huai’an First People’s Hospital.
Cell Culture
Human normal gastric mucosa cells (GES-1) and GC cells (N87, HGC-27, MKN-45, and AGS) were acquired from Procell (Wuhan, China). All cells were cultured in RPMI1640 (Procell) added with 1% penicillin/streptomycin (Procell) and 10% FBS (Procell) at 37°C and 5% CO2.
The DDP-resistant GC cells (MKN-45/DDP and AGS/DDP) were generated by continuous gradient exposing MKN-45 and AGS cells to increasing doses of DDP (Sigma-Aldrich, St. Louis, MO, United States) from 0.03 μg/ml until the cells acquired resistance to 1 μg/ml (0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6 0.7, 0.8, 0.9, 1 μg/ml) for about 12 months. The DDP-resistant cells were cultured in cisplatin (1 μM)-contained RPMI1640 (Procell) and cultured in cisplatin-free RPMI1640 (Procell) for 1 week before further use.
Quantitative Real-Time Polymerase Chain Reaction
RNA isolation was manipulated with RNAiso Plus (Takara, Dalian, China). Then M-MLV Reverse Transcriptase reagent (Promega, Madison, WI, United States) or All-in-One™ miRNA Detection reagent (GeneCopoeia, FulenGen, China) was employed on total RNA for the synthesis of cDNAs. Afterward, SYBR Green qPCR mix (Takara) was used for the reaction on an ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, United States). The expression was computed by the 2−ΔΔCt way. β-actin and U6 served as the internal controls. The primers were listed in Table 1.
TABLE 1 | Primers sequences used for qRT-PCR.
[image: Table 1]Cell Counting Kit-8 Assay
To determine DDP resistance, MKN-45/DDP and AGS/DDP cells (1 × 104 cells/well) were cultured in 96-well plates. On the next day, the cells were treated with varying doses of DDP (0.01, 0.1, 1, 10, and 100 μM) for 48 h. 10 μL CCK-8 (Sigma-Aldrich) was then supplemented into the well and incubated for 4 h. Finally, the absorption at 450 nm was examined by a microplate reader and the 50% inhibitory concentration (IC50) of DDP was analyzed.
Actinomycin D and RNase R Treatment
For the cyclization analysis of circARVCF, MKN-45/DDP, and AGS/DDP cells were interacted with Actinomycin D (Sigma-Aldrich) for indicated times. Total RNA was managed with RNase R (3 U/μg; Epicenter, Madison, WI, United States) at 37°C for 20 min. Afterward, the levels of circARVCF and ARVCF were detected via qRT-PCR.
Cell Transfection
Specific small interfering RNAs targeting circARVCF (si-circARVCF#1, si-circARVCF#2, and si-circARVCF#3) and scramble control si-NC, miR-1205 mimics (miR-1205), inhibitors (in-miR-1205) and related controls miR-NC and in-miR-NC, FGFR1 overexpression vector (FGFR1) and empty control pcDNA, short hairpin RNA targeting circARVCF (sh-circARVCF) and sh-NC were synthesized by GeneCopoeia (Guangzhou, China). Then MKN-45/DDP and AGS/DDP cells were seeded into 24-well plates and transfected with the oligonucleotides or vectors through Lipofectamine 3,000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturers’ instructions.
Colony Formation Assay
MKN-45/DDP and AGS/DDP cells (300 cells/well) were planted into 6-well plates and maintained for 2 weeks. The medium was changed every 3 days. The colonies were fixed with 4% paraformaldehyde (Sigma-Aldrich) and then dyed with 0.1% crystal violet solution (Sigma-Aldrich). After that, the colonies were calculated.
Transwell Assay
By using the transwell insert chambers (Corning, Corning, NY, United States) with or without Matrigel (Corning) coverage, cell invasion and migration were assessed. In short, MKN-45/DDP and AGS/DDP cells (1 × 104) were resuspended in 200 μL serum-free medium was added into the top chamber. The 600 μL complete medium was filled into the lower chamber. Following 24 h of incubation, the migrated or invaded cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) anddyed with 0.1% crystal violet (Sigma-Aldrich). Next, the number of migrated or invaded cells was counted via a microscope (100×; Olympus, Tokyo, Japan) through the five random areas.
Flow Cytometry Analysis
After indicated transfection, MKN-45/DDP and AGS/DDP cells were resuspended in binding buffer and double-dyed with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) for 15 min without light based on the instructions of the Apoptosis Detection Kit (Beyotime, Shanghai, China). The apoptotic cells were detected using flow cytometry.
Western Blot Assay
After being extracted from tissues and cells with RIPA buffer (Beyotime), the proteins (20 μg) were separated through 10% SDS-PAGE electrophoresis. Then the proteins were transferred onto PVDF membranes, followed by blockage in 5% skim milk for 2 h. Subsequently, the membranes were maintained overnight with primary antibodies at 4°C and corresponding secondary antibody (bs-0293G-HRP; 1:10,000; Bioss, Beijing, China) for 2 h at room temperature. The protein blots were subjected to ECL kit (Beyotime) for visualization. The signal intensity of the proteins was determined by ImageJ software. The antibodies included multidrug resistance protein 1 (MRP1; bs-24241R; 1:2000; Bioss), p-glycoprotein (MDR1; bs-0563R; 1:2000; Bioss), B-cell lymphoma-2 (Bcl-2; bs-20351R; 1:2000; Bioss), BCL2-Associated X (Bax; bs-28034R; 1:2000; Bioss), FGFR1 (bs-0230R; 1:2000; Bioss) and β-actin (bs-0061R; 1:10,000; Bioss).
Dual-Luciferase Reporter Assay
CircARVCF-wide type (WT), circARVCF-mutant (MUT), -FGFR1 3′UTR WT and FGFR1 3′UTR MUT were designed by cloning the fragments of WT circARVCF, WT FGFR1 3′UTR, as well as related mutant (lacking miR-1205 binding sites) into pGL3 vector (Promega). Then the designed vectors and miR-NC/miR-1205 were introduced into MKN-45/DDP and AGS/DDP cells. The luciferase signal was analyzing utilizing Dual-Luciferase Reporter Assay kit (Promega) after 48 h. Renilla luciferase activity was normalized to firefly luciferase activity.
RNA Immunoprecipitation Analysis
The Magna RIP™ reagent (Millipore, Bedford, MA, United States) was used for this analysis. In brief, MKN-45/DDP and AGS/DDP cells were lysed in RIP buffer and then cell lysates were incubated with Anti-AGO2 or Anti-IgG coupled with magnetic beads. Then the immunoprecipitated RNA was extracted and qRT-PCR was used for circARVCF and miR-1205 levels.
Murine Xenograft Model
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) provided the male BALB/c nude mice (5-week-old). Lentivirus vectors embracing harboring sh-NC or sh-circARVCF were constructed. Then AGS/DDP cells (1 × 107) with Lenti-sh-NC or Lenti-sh-circARVCF transfection were subcutaneously injected into the flank of the mice. After 7 days, the mice were intraperitoneally administrated with 6 mg/kg of DDP (Sigma-Aldrich) or PBS every 3 days (Zhi et al., 2015). The xenograft tumors were monitored every 7 days and tumor volume (0.5 × length × width2) was calculated. After 28 days, the mice were euthanized and tumors were weighed and preserved at −80°C for further use. This animal experiment was permitted by the Ethics Committee of Animal Research of Huai’an First People’s Hospital.
Immunohistochemistry Assay
The xenograft tumors were sectioned at 5 μm, fixed with 4% formalin (Sigma-Aldrich) and embedded with paraffin (Sigma-Aldrich). Next, the slides were incubated with anti-FGFR1 (bs-0230R; Bioss) overnight and secondary antibody (bs-0293G-HRP) for 1 h. After that, the signal was developed with DAB solution and counterstained with hematoxylin (Sigma-Aldrich) as previously described (Wang et al., 2019b).
Statistical Analysis
Data analysis was conducted using GraphPad Prism 7. The experiments were repeated three times. The data were exhibited as mean ± SD. Differences were compared through Student’s t-test or one-way ANOVA. It was defined as significant when p < 0.05.
RESULTS
CircARVCF Was Upregulated in DDP-Resistant GC Tissues and Cells
As exhibited in Figures 1A,B, circARVCF was overexpressed in GC tissues and cell lines compared to normal tissues and cell lines. To explore the functions of circARVCF in the chemoresistance of GC, the expression of circARVCF in DDP-resistant GC tissues and cells was detected by qRT-PCR. The results showed that circARVCF was upregulated in DDP-resistant GC tissues compared to DDP-sensitive GC tissues (Figure 1C). Compared to MKN-45 and AGS cells, circARVCF was increased in MKN-45/DDP and AGS/DDP cells (Figure 1D). CCK-8 assay showed that the cisplatin resistance of MKN-45/DDP and AGS/DDP cells was enhanced for the elevation of IC50 of cisplatin (Figures 1E,F). Moreover, Actinomycin D assay indicated that circARVCF possessed a longer half-life than linear ARVCF after Actinomycin D exposure (Figures 1G,H). RNase R assay indicated that circARVCF was resistant to RNase R digestion, while linear ARVCF was digested by RNase R (Figures 1I,J).
[image: Figure 1]FIGURE 1 | CircARVCF was overexpressed in DDP-resistant GC tissues and cells. (A) CircARVCF expression in GC tissues and normal tissues was detected via qRT-PCR. (B) CircARVCF expression in GES-1, N87, HGC-27, MKN-45, and AGS cells was detected by qRT-PCR. (C) CircARVCF expression in DDP-resistant GC tissues and DDP-sensitive GC tissues was detected by qRT-PCR. (D) CircARVCF expression in MKN-45, MKN-45/DDP, AGS, and AGS/DDP cells was detected by qRT-PCR. (E,F) IC50 of cisplatin in MKN-45, MKN-45/DDP, AGS, and AGS/DDP cells was assessed by CCK-8 assay. (G,H) The levels of circARVCF and ARVCF in MKN-45/DDP and AGS/DDP cells treated with Actinomycin D were examined by qRT-PCR. (I,J) Total RNA in MKN-45/DDP and AGS/DDP cells was treated with RNase R and then circARVCF and linear ARVCF levels were detected by qRT-PCR. *p < 0.05.
CircARVCF Knockdown Repressed the Resistance of DDP-Resistant GC Cells to DDP
To explore the exact roles of circARVCF in DDP resistance in GC, si-circARVCF#1, si-circARVCF#2, or si-circARVCF#3 was transfected into MKN-45/DDP and AGS/DDP cells to silence circARVCF expression. As presented in Figure 2A, the transfection of si-circARVCF#1, si-circARVCF#2, or si-circARVCF#3 markedly reduced circARVCF expression in MKN-45/DDP and AGS/DDP cells compared to si-NC transfected cells. Then CCK-8 assay showed that circARVCF knockdown suppressed DDP resistance in MKN-45/DDP and AGS/DDP cells compared to si-NC control groups (Figures 2B,C). Colony formation assay showed that circARVCF silencing suppressed the colony formation capacity of MKN-45/DDP and AGS/DDP cells compared to si-NC control groups (Figure 2D). The results of transwell assay indicated that circARVCF knockdown repressed the migration and invasion of MKN-45/DDP and AGS/DDP cells in comparison with si-NC control groups (Figures 2E,F). Flow cytometry analysis exhibited that circARVCF deficiency led to a marked promotion in the apoptosis of MKN-45/DDP and AGS/DDP cells (Figure 2G). In addition, our results showed that circARVCF interference decreased the levels of drug resistance-related genes (MRP1 and MDR1) and anti-apoptotic protein Bcl-2 and increased pro-apoptotic protein Bax in MKN-45/DDP and AGS/DDP cells (Figures 2H,I). Collectively, circARVCF promoted DDP resistance in DDP-resistant GC cells.
[image: Figure 2]FIGURE 2 | CircARVCF knockdown suppressed DDP resistance in DDP-resistant GC cells. (A) The expression of circARVCF in MKN-45/DDP and AGS/DDP cells transfected with si-circARVCF#1, si-circARVCF#2, si-circARVCF#3, or si-NC was detected by qRT-PCR. (B–I) MKN-45/DDP and AGS/DDP cells were transfected with si-NC or si-circARVCF#1. (B,C) IC50 of cisplatin in MKN-45/DDP and AGS/DDP cells was examined with CCK-8 assay. (D) The colony formation of MKN-45/DDP and AGS/DDP cells was evaluated by colony formation assay. (E,F) The migration and invasion of MKN-45/DDP and AGS/DDP cells were tested by transwell assay. (G) The apoptosis of MKN-45/DDP and AGS/DDP cells was analyzed by flow cytometry analysis. (H,I) The protein levels of MRP1, MDR1, Bcl-2 and Bax in MKN-45/DDP and AGS/DDP cells were measured via western blot assay. *p < 0.05.
CircARVCF Directly Targeted miR-1205 to Regulate miR-1205 Expression
It was widely documented that circRNAs can act as the sponge for miRNAs (Zhong et al., 2018). Thus, we further explored the underlying mechanism of circARVCF in the chemoresistance of GC through searching circinteractome (https://circinteractome.nia.nih.gov/api/v2/mirnasearch?circular_rna_query=hsa_circ_0092330&mirna_query=&submit=miRNA+Target+Search) and found that miR-1205 was the target of circARVCF (Figure 3A). MiR-1205 mimic transfection apparently increased miR-1205 expression and miR-1205 inhibitor (in-miR-1205) transfection markedly reduced miR-1205 expression in MKN-45/DDP and AGS/DDP cells (Figure 3B). Then dual-luciferase reporter assay and RIP assay were performed to analyze the relationship between circARVCF and miR-1206. The results showed that miR-1205 overexpression restrained the luciferase activity of circARVCF WT in MKN-45/DDP and AGS/DDP cells, but had no effect on circARVCF MUT luciferase activity (Figures 3C,D). RIP assay showed that circARVCF and miR-1205 enrichment was increased by Anti-AGO2 RIP compared to Anti-IgG and Input control groups (Figures 3E,F). As expected, miR-1205 was lowly expressed in GC tissues and cells compared to normal tissues and cells (Figures 3G,H). Furthermore, miR-1205 was downregulated in DDP-resistant GC tissues and cells in comparison with DDP-sensitive GC tissues and cells (Figures 3I,J). In addition, it was found that circARVCF knockdown significantly increased miR-1205 expression in MKN-45/DDP and AGS/DDP cells, while in-miR-1205 transfection reversed the effect (Figure 3K). To summarize, circARVCF directly targeted miR-1205 to regulate miR-1205 expression.
[image: Figure 3]FIGURE 3 | MiR-1205 was the target of circARVCF. (A) The complementary sequences between circARVCF and miR-1205. (B) The expression of miR-1205 in MKN-45/DDP and AGS/DDP cells transfected with miR-NC, miR-1205, in-miR-NC or in-miR-1205 was detected by qRT-PCR. (C–F) The interaction between miR-1205 and circARVCF was demonstrated by dual-luciferase reporter assay and RIP assay. (G,H) The expression of miR-1205 in GC tissues, normal tissues, GC cells and normal cells was detected by qRT-PCR. (I,J) The expression of miR-1205 in DDP-resistant GC tissues and cells was examined with qRT-PCR. (K) The expression of miR-1205 in MKN-45/DDP and AGS/DDP cells with si-NC, si-circARVCF#1, si-circARVCF#1+in-miR-NC, or si-circARVCF#1+in-miR-1205 was detected by qRT-PCR. *p < 0.05.
CircARVCF Knockdown Inhibited DDP Resistance in DDP-Resistant GC Cells by Targeting miR-1205
Thereafter, whether circARVCF could regulate DDP resistance by targeting miR-1205 was clarified by transfecting MKN-45/DDP and AGS/DDP cells with si-NC, si-circARVCF#1, si-circARVCF#1+in-miR-NC, or si-circARVCF#1+in-miR-1205. CCK-8 assay showed that the inhibitory effect of circARVCF knockdown on the resistance of MKN-45/DDP and AGS/DDP cells to DDP was recovered by miR-1205 inhibition (Figures 4A,B). Colony formation assay showed that circARVCF silencing repressed MKN-45/DDP and AGS/DDP cell colony formation ability, while miR-1205 inhibition reversed the effect (Figure 4C). As illustrated by transwell assay, circARVCF deficiency hampered MKN-45/DDP and AGS/DDP cells to migrate and invade, whereas these impacts were weakened by reducing miR-1205 (Figures 4D,E). Flow cytometry analysis indicated that circARVCF silencing facilitated the apoptosis of MKN-45/DDP and AGS/DDP cells, with miR-1205 inhibition abated the impact (Figure 4F). In addition, circARVCF silencing reduced the levels of MRP1, MDR1 and Bcl-2 and elevated the level of Bax in MKN-45/DDP and AGS/DDP cells, while miR-1205 downregulation reversed the effects (Figures 4G,H). These findings suggested that circARVCF inhibited DDP resistance in DDP-resistant GC cells by binding to miR-1205.
[image: Figure 4]FIGURE 4 | Inhibition of miR-1205 reversed the effects of circARVCF knockdown on DDP resistance, cell colony formation, migration, invasion, and apoptosis in DDP-resistant GC cells. MKN-45/DDP and AGS/DDP cells were transfected with si-NC, si-circARVCF#1, si-circARVCF#1+in-miR-NC, or si-circARVCF#1+in-miR-1205. (A,B) IC50 of cisplatin was estimated by CCK-8 assay. (C) The colony formation of MKN-45/DDP and AGS/DDP cells was examined with colony formation assay. (D,E) The migration and invasion of MKN-45/DDP and AGS/DDP cells were assessed by transwell assay. (F) The apoptosis of MKN-45/DDP and AGS/DDP cells was analyzed by flow cytometry analysis. (G,H) The protein levels of MRP1, MDR1, Bcl-2 and Bax in MKN-45/DDP and AGS/DDP cells were measured via western blot assay. *p < 0.05.
FGFR1 Was the Target Gene of miR-1205
Subsequently, the potential target genes of miR-1205 wwere analyzed by Targetscan (http://www.targetscan.org/cgi-bin/targetscan/vert_71/view_gene.cgi?rs=ENST00000397091.5&taxid=9606&members=miR-1205&showcnc=1&shownc=1&shownc_nc=1&showncf1=1&showncf2=1&subset=1). As a result, FGFR1 was found to contain the binding sites of miR-1205 (Figure 5A). Then dual-luciferase reporter assay further demonstrated the interaction between miR-1205 and FGFR1 for the luciferase activity of FGFR1 3′UTR WT in MKN-45/DDP and AGS/DDP cells was inhibited after miR-1205 overexpression (Figures 5B,C). Indeed, the mRNA and protein levels of FGFR1 were upregulated in GC tissues compared to adjacent normal tissues (Figures 5D,E). Compared to GES-1 cells, FGFR1 protein level was increased in MKN-45 and AGS cells (Figure 5F). Moreover, FGFR1 mRNA and protein levels were increased in DDP-resistant GC tissues compared to DDP-sensitive GC tissues (Figures 5G,H). The protein level of FGFR1 was higher in MKN-45/DDP and AGS/DDP cells than MKN-45 and AGS cells (Figure 5I). Besides, miR-1205 overexpression reduced FGFR1 protein level in MKN-45/DDP and AGS/DDP cells, while the effect was rescued by elevating FGFR1 (Figure 5J). Remarkably, circARVCF interference decreased the protein level of FGFR1 in MKN-45/DDP and AGS/DDP cells, whereas miR-1205 inhibition restored the impact (Figure 5K). Taken together, circARVCF directly targeted miR-1205 to positively regulate FGFR1 expression.
[image: Figure 5]FIGURE 5 | CircARVCF regulated FGFR1 expression by targeting miR-1205. (A) The complementary sequences between FGFR1 and miR-1205 were exhibited. (B,C) The relationship between FGFR1 and miR-1205 was analyzed by dual-luciferase reporter assay. (D,E) The mRNA and protein levels of FGFR1 in GC tissues and normal tissues were measured by qRT-PCR or western blot assay. (F) The protein level of FGFR1 in GES-1, MKN-45 and AGS cells was measured via western blot assay. (G,H) The mRNA and protein levels of FGFR1 in DDP-resistant and DDP-sensitive GC tissues were quantified by qRT-PCR or western blot. (I) The protein level of FGFR1 in MKN-45, MKN-45/DDP, AGS and AGS/DDP cells was measured via western blot assay. (J) The protein level of FGFR1 in MKN-45/DDP and AGS/DDP cells transfected with miR-NC, miR-1205, miR-1205 + pcDNA or miR-1205 + FGFR1 was measured via western blot assay. (K) The protein level of FGFR1 in MKN-45/DDP and AGS/DDP cells transfected with si-NC, si-circARVCF#1, si-circARVCF#1+in-miR-NC or si-circARVCF#1+in-miE-1205 was measured through western blot assay. *p < 0.05.
MiR-1205 Overexpression Suppressed DDP Resistance in DDP-Resistant GC Cells via Regulating FGFR1 Expression
To explore whether miR-1205 could regulate the resistance of DDP-resistant GC cells to DDP, MKN-45/DDP, and AGS/DDP cells were introduced with miR-NC, miR-1205, miR-1205 + pcDNA or miR-1205 + FGFR1. As indicated by CCK-8 assay, miR-1205 overexpression inhibited DDP resistance in MKN-45/DDP and AGS/DDP cells, while FGFR1 elevation ameliorated the effect (Figures 6A,B). The results of colony formation assay, transwell assay and flow cytometry analysis exhibited that miR-1205 overexpression restrained cell colony formation, migration and invasion and promoted apoptosis in MKN-45/DDP and AGS/DDP cells, while these impacts were abrogated by increasing FGFR1 expression (Figures 6C–F). Additionally, miR-1205 overexpression reduced MRP1, MDR1 and Bcl-2 levels and elevated Bax level in MKN-45/DDP and AGS/DDP cells, with FGFR1 enhancement ameliorated the effects (Figures 6G,H). To sum up, miR-1205 overexpression inhibited the resistance of DDP-resistant GC cells to DDP through interacting with FGFR1.
[image: Figure 6]FIGURE 6 | MiR-1205 regulated the DDP resistance and malignant behaviors of DDP-resistant GC cells by targeting FGFR1. MKN-45/DDP and AGS/DDP cells were transfected with miR-NC, miR-1205, miR-1205 + pcDNA or miR-1205 + FGFR1. (A,B) DDP resistance was analyzed by CCK-8 assay. (C–F) The colony formation, migration, invasion and apoptosis of MKN-45/DDP and AGS/DDP cells were evaluated by colony formation assay, transwell assay and flow cytometry analysis, respectively. (G,H) The protein levels of MRP1, MDR1, Bcl-2 and Bax in MKN-45/DDP and AGS/DDP cells were measured via western blot assay. *p < 0.05.
CircARVCF Knockdown Suppressed DDP Resistance in Vivo
Finally, the role of circARVCF in DDP resistance in vivo was investigated. Our results showed that circARVCF knockdown and DDP treatment repressed tumor growth (including tumor volume and tumor weight) (Figures 7A,B). As determined by qRT-PCR, western blot assay and IHC assay, the levels of circARVCF and FGFR1 were decreased and the level of miR-1205 was increased in the tumors in sh-circARVCF + PBS and sh-circARVCF + DDP groups compared to sh-NC + PBS and sh-NC + DDP groups (Figures 7C–F). These results suggested the suppressive role of circARVCF knockdown on DDP resistance in GC in vivo.
[image: Figure 7]FIGURE 7 | CircARVCF enhanced DDP resistance in GC in vivo. (A,B) Tumor volume and tumor weight were examined. (C,D) The levels of circARVCF and miR-1205 in the tumors were examined by qRT-PCR. (E,F) The level of FGFR1 in the tumors was examined by western blot assay and IHC assay. *p < 0.05.
DISCUSSION
Chemoresistance is the main obstacle in the process of human cancer therapy (Marin et al., 2016). CircRNAs have been disclosed to play vital roles in tumor advancement and therapeutic resistance (Wei et al., 2020). Even so, there are still large amounts of circRNAs that have not been identified. In this study, the functions of circARVCF in DDP resistance were clarified. As a result, circARVCF inhibited the sensitivity of GC to DDP through a new regulatory axis of circARVCF/miR-1205/FGFR1.
Currently, the involvement of circRNAs and miRNAs in regulating GC chemoresistance has been reported. For example, Zhong et al. declared that circ_0032821 facilitated OXA resistance and malignant cell behaviors in GC partially via influencing miR-515-5p/SOX9 axis (Zhong et al., 2021). Zhang et al. demonstrated the suppressive role of circ_0026359/miR-1200/POLD4 axis in DDP sensitivity of GC (Zhang et al., 2020). Circ-PVT1 enhanced the resistance of GC cells to paclitaxel by increasing ZEB1 via sponging miR-124-3p (Liu et al., 2019). Circ_0110805 aggravated the cisplatin resistance of GC by sponging miR-299-3p and elevating ENDOPDI (Yang et al., 2020a). CircAKT3/miR-198/PIK3RI played a promotional effect on cisplatin resistance of GC (Huang et al., 2019). These reports all indicated that chemoresistance could be modulated by circRNAs. In the present study, circARVCF was increased in DDP-resistant GC tissues and cells. Next, we performed experiments to explore the functions of circARVCF in DDP resistance of GC. It was found that circARVCF silencing inhibited IC50 of DDP, cell colony formation and metastasis and triggered apoptosis in DDP-resistant GC cells. Moreover, the in vivo experiments demonstrated the promotional effect of circARVCF knockdown on DDP sensitivity in vivo. These findings suggested that circARVCF boosted the resistance of GC to DDP.
CircRNAs can be involved in the chemoresistance of cancers by binding to miRNAs and then alter miRNA target gene expression (Hansen et al., 2013). Herein, circARVCF could interact with miR-1205, which then targeted FGFR1 to alter FGFR1 expression. MiR-1205 has been reported to repress the metastasis and proliferation of GC cells via circCYFIP2/miR-1205/E2F1 pathway (Lin et al., 2020). Moreover, miR-1205 was associated with sorafenib resistance in hepatocellular carcinoma by interacting with circFN1 and E2F1 (Yang et al., 2020b). Nonetheless, we firstly explored the functions of miR-1205 in DDP sensitivity of GC. It was found that miR-1205 was reduced in DDP-resistant GC. Inhibition of miR-1205 restored circARVCF knockdown-mediated inhibitory influence on DDP sensitivity of chemo-resistant GC cells. Overexpression of miR-1205 enhanced DDP sensitivity and restrained malignant cell phenotypes in DDP-resistant GC cells.
FGFR1 can be activated to influence the proliferation, survival, migration and differentiation of tumor cells (Neal et al., 1985; Guo et al., 2017). FGFR1 could serve as the target for diverse miRNAs, such as miR-198 (Gu et al., 2019), miR-497 (Xie et al., 2018), and miR-133b (Wen et al., 2013). However, FGFR1 was verified to be the target gene of miR-1205 for the first time. Moreover, FGFR1 participated in the regulation of chemosensitivity in several cancers (Hong et al., 2020; Kong et al., 2020). In the research, FGFR1 could combine with miR-1205 to alter DDP resistance in GC. In addtion, FGFR1 has been reported to regulate the biologocal processess, including wound repair, tissue regeneration, inflammation and angiogenesis, which are implcated in cancer progression and drug resistance (Liang et al., 2021; Yang et al., 2021). However, whether circARVCF/miR-1205/FGFR1 axis is involved in these biological processes to regulate DDP resistance is still unclear.
Taken together, circARVCF contributed to DDP resistance and promoted tumor cell proliferation, migration, and invasion in GC by regulating miR-1205 and FGFR1 expression (Figure 8). This study deepened our understanding of the progression of chemoresistance and provided a novel insight to resist drug resistance in GC.
[image: Figure 8]FIGURE 8 | The frame diagram of circARVCF/miR-1205/FGFR1 axis in regulating DDP resistance and cell progression in GC.
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Chrysin Modulates Aberrant Epigenetic Variations and Hampers Migratory Behavior of Human Cervical (HeLa) Cells
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Purpose: Plant-derived phytochemicals have shown epigenetic modulatory effect in different types of cancer by reversing the pattern of DNA methylation and chromatin modulation, thereby restoring the function of silenced tumor-suppressor genes. In the present study, attempts have been made to explore chrysin-mediated epigenetic alterations in HeLa cells.
Methods: Colony formation and migration assays followed by methylation-specific PCR for examining the methylation status of CpG promoters of various tumor-suppressor genes (TSGs) and the expression of these TSGs at the transcript and protein levels were performed. Furthermore, global DNA methylation; biochemical activities of DNA methyltransferases (DNMTs), histone methyl transferases (HMTs), histone deacetylases (HDACs), and histone acetyl transferases (HATs) along with the expression analysis of chromatin-modifying enzymes; and H3 and H4 histone modification marks analyses were performed after chrysin treatment.
Results: The experimental analyses revealed that chrysin treatment encourages cytostatic behavior as well as inhibits the migration capacity of HeLa cells in a time- and dose-dependent manner. Chrysin reduces the methylation of various tumor-suppressor genes, leading to their reactivation at mRNA and protein levels. The expression levels of various chromatin-modifying enzymes viz DNMTs, HMTs, HDACs, and HATS were found to be decreased, and H3 and H4 histone modification marks were modulated too. Also, reduced global DNA methylation was observed following the treatment of chrysin.
Conclusion: This study concludes that chrysin can be used as a potential epigenetic modifier for cancer treatment and warrants for further experimental validation.
Keywords: phytochemicals, epigenetic modification, DNA methylation, epigenome, chrysin
INTRODUCTION
Regular cell functions are modifiable by different epigenetic modifications, and these alterations play a crucial role during cellular growth and development (Rahman et al., 2016; Shankar et al., 2016). The epigenetic modifications occur by the way of regulatory mechanisms involving histone modifications, DNA methylation, microRNAs, and chromatin remodeling that modulates gene expression and disturbs cellular machinery and homeostasis in cancer cells (Huang et al., 2011; Ong et al., 2011; You and Jones, 2012; Ho et al., 2013; Aggarwal et al., 2015; Busch et al., 2015; Shankar et al., 2016). DNA methylation at CpG residues of the promoters of tumor suppressor genes (TSGs) causes repression of tumor-suppressor genes (Hatzimichael and Crook, 2013; Shankar et al., 2016), which is considered as a key regulatory mechanism of gene silencing and is correlated with the overexpression of DNA methyltransferases (DNMTs) (Kogan et al., 2017; Li and Wang, 2017; Piyathilake et al., 2017). Similarly, the modification of histone proteins by epigenetic enzymes, that is, HDAC (histone deacetylase), HMT (histone methyltransferase), HATs (histone acetyltransferase), and phosphorylases, leads to the repression or activation of gene activity. The equilibrium between the erasers and the writers of histone modifications is crucial for normal expression of genes, and their dysregulation may lead to cancer development (Sharma et al., 2009).
Methylation of histones at H3 and H4 lysine residues is catalyzed by histone methyl transferases (HMTs) (Ho et al., 2013; Shankar et al., 2016). Methylation marks at H3K79, H3K36, and H3K4 are supposed to be active marks, whereas H4K20, H3K27, and H3K9 methylation marks are related with transcriptional suppression (Sharma et al., 2009; Ho et al., 2013; Shankar et al., 2016). In the past, aberrant expression of both HMTs and HDMs has been reported in cancer (McLaughlin–Drubin et al., 2011; Busch et al., 2015). Histone acetylation is another important histone modification state, and hyper-acetylation leads to the stimulation of suppressed genes. Aberrant expression of HDAC has been found in cancer and is linked with gene repression and tumorigenesis (Sharma et al., 2009; Kogan et al., 2017; Andrijauskaite et al., 2019). Likewise, aberrant expressions of HATs and HDACs as well as HMTs and HDMs have been reported in various types of cancer in the past (Lin et al., 2009; Chen et al., 2017).
In the recent times, epigenetic-based cancer treatment is gaining more interest due to its reversible nature. Several FDA-approved drugs, for example, azacytidine and decitabine (DNMT inhibitors), and vorinostat and romidepsin (HDAC inhibitors), have shown promising results in solid malignancies and myelodysplastic syndrome (Herranz and Esteller, 2007a; Ong et al., 2011; Hatzimichael and Crook, 2013; Ho et al., 2013; Guo et al., 2015; Shankar et al., 2016). The combinational cancer treatment strategy in which both HDAC inhibitors and DNMT inhibitors are being used together has proven to be more effective (Herranz and Esteller, 2007a; Herranz and Esteller, 2007b; Ho et al., 2013; Shankar et al., 2016). However, low specificity and high systemic toxicity have limited their use (Paredes-Gonzalez et al., 2014). Hence, plant-derived chemopreventive agents are the main focus of scientific scope. Earlier studies have reported that dietary agents like EGCG, quercetin, genistein, curcumin, resveratrol, luteolin, and apigenin modulate the activity of DNMT and HDAC, and can lead to re-expression of silenced TSGs (Kai et al., 2010; Kim and Kim, 2013; Aggarwal et al., 2015; Guo et al., 2015; Mocanu et al., 2015; Chang and Yu, 2016a; Kanwal et al., 2016; Loh et al., 2019; Yan et al., 2020; Ganai et al., 2021a).
Chrysin (5-dihydroxyflavone), a flavone found in honey, bee propolis, and blue passion flower (Passiflora caerulea) extract, has gained importance as an antioxidant, antiviral, and anticancer compound (Pal-Bhadra et al., 2012; Yang et al., 2014; Kanwal et al., 2016). It induces cell cycle arrest, inhibits cell adhesion and tumor cell–induced angiogenesis, and induces apoptosis in various types of cancer, and also downregulates pathways including AKT (Khoo et al., 2010; Kasala et al., 2015; Ryu et al., 2017; Lim et al., 2018). Earlier, antiproliferative and apoptosis-inducing effects of chrysin on HeLa cells (Raina et al., 2021) have been observed. However, the role and mechanistic action of chrysin in the modulation of epigenome is not fully explored, except scanty reports wherein the role of chrysin in the modulation of epigenetic enzymes has been studied. Chrysin was found to decrease the expression of HDAC two and HDAC eight, and increase the expression of H4acK16, H3acK14, and H4acK12. It decreases H3me2K9 in (melanoma cell) A375 cells and restores the transcriptional activity of the tumor-suppressor gene p21WAFI. Chrysin is capable enough to modify DNMT and HMT expressions in prostate cancer cells, and behaves as an epigenetic modifier (Pal-Bhadra et al., 2012; Kanwal et al., 2016; Ganai et al., 2021b). The precise mechanism of modulation of epigenome is not well explored and documented. Keeping the abovesaid facts in view, this study was performed to evaluate the significance of chrysin treatment on cell migration, DNA methylation, and histone modifications in human cervical cancer (HeLa) cells.
MATERIALS AND METHODS
Maintenance of Cervical Cancer (HeLa) Cells and Drug Dilution
Human cervical cancer (HeLa) cells were used as an in vitro cancer model during this study. HeLa cells were maintained in complete Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich; Merck, KGaA) containing 10% FBS (Sigma-Aldrich; Merck KGaA) and penicillin (100U/mL) (Sigma-Aldrich; Merck KGaA), and incubated at 37 °C with 5% CO2.
Chrysin (powdered, mol wt. 254.241 g/mol) was procured from Sigma-Aldrich (Merck, KGaA), and stock solution was prepared with DMSO (78.67 mM) using DMSO (stock solution). Furthermore, sub-stock (1 mM) and concentrations (5, 10, and 15 µM) of chrysin were prepared using the complete media as a diluent.
Colony-Forming Assay
The colony-forming assay was performed following the protocol used by Crowley et al. (2016) and Sundaram et al. (2019), with minor modifications (Crowley et al., 2016; Kedhari Sundaram et al., 2019a). Briefly, ∼2.5 × 105 (Ho et al., 2013) cells were dispensed in six-well plates and incubated overnight followed by the treatment with increasing doses of chrysin (5, 10, and 15 µM) for 48 h. DMSO control (i.e., solvent control) and treated cells were collected after 48 h and plated at approximately 500 cells/well, and allowed to grow. The medium was changed time to time as per the requirement. After 14 days, the colonies formed were fixed by using absolute CH3OH and stained with crystal violet. Olympus inverted microscope (Labomed, United States) was used to obtain the images of the colonies formed. ImageJ software program was used to count the colonies in treated and DMSO control wells.
Scratch-Wound Assay
The scratch-aound assay was performed to examine the inhibitory effect of chrysin on cell migration (Yang et al., 2014; Kedhari Sundaram et al., 2019a). Approximately 2 × 105 (Ho et al., 2013) cells were plated in a six-well plate and incubated at 37°C overnight. On the next day, a “wound” or a “cell-free” line was created on a confluent monolayer of the cells by scratching the monolayer with a pipette tip. The cells were incubated in the presence of different chrysin dilutions (10 and 15 µM) and “healing” of wounds, which ensues through cell migration, and growth toward the cell-free zone was monitored on a regular basis. An inverted microscope was used for capturing the wound images in each well prior and after 24–48 h of the treatment.
Trans-Well Chamber Assay
The invasion assay was performed to evaluate the migratory and invasive capability of chrysin-treated HeLa cells and DMSO control using the Boyden chamber (Yang et al., 2014). Briefly, 5.0 × 103 (Aggarwal et al., 2015) cells/well were seeded on the upper side of the insert in separate inserts, and below it in the well of a 24-well plate, the medium with FBS was kept. After 48 h, absolute methanol was used to fix the cells, and 0.1% crystal violet was used for staining purposes. The cells present inside of the chamber were cleared using an ear bud. The assessment of complete migration was performed under the microscope, and any of the five fields were scanned (five fields per filter). The images were captured for each treatment and control using ×200 magnification with an inverted microscope (Olympus Corporation). ImageJ program was used for counting the colonies. The experiment was repeated three times, and mean ± SD was used to plot the graphs considering p-value ≤0.05.
DNMT Activity Assay
Nuclear extracts from the untreated HeLa cells were prepared using the EpiQuikTM Nuclear Extraction Kit (Catalog No. OP-0002, Epigentek, United States) following the manufacturer’s protocol. The EpiQuik DNMT Activity Assay Kit (Catalog No. #P-3009, Epigentek, USA) was used to check the effect of chrysin on the DNMT activity. Briefly, chrysin (@ conc. 5, 10 and 15 µM) was added to the untreated nuclear extract, buffer, and Adomet (methyl group donor) to the cytosine-rich DNA substrate–coated assay plate and incubated for 1.5 h at 37 °C. It was followed by incubation with capture and detection antibody. After signal development, the absorbance was read on an ELISA reader at 450 nm. DNMT activity inhibition was calculated by comparing with DMSO controls. The experiment was repeated three times, and the mean ± SD was used to plot the graph. The statistical significance level was calculated using one-way ANOVA, and the p-value was maintained at ≤ 0.05.
HDAC Activity Assay
The EpiQuik HDAC Activity Assay Kit (Catalog Number P-4002, Epigentek, United States) was used for evaluating the effect of chrysin on the HDAC activity. The acetylated histone substrate–coated assay plate was prepared by adding 50 μL of the biotinylated HDAC substrate diluted in wash buffer to all wells. The assay plate was incubated at room temperature for 45 min and washed with wash buffer. HDAC assay buffer was dispensed to the wells in chrysin (5, 10, and 15 µM) treated and untreated nuclear extract placed. The plate was kept at 37°C for an hour followed by incubation with capture and detection antibody. Developing solution was used to develop the signal, stop solution stopped the reaction, and OD was read at 450 nm. The percentage inhibition of the HDAC activity against chrysin treatment was calculated by comparing with DMSO control. The experiment was repeated three times, and mean ± SD was used to plot a graph. One-way ANOVA was used to check the statistical significance at the p-value ≤ 0.05.
HMT H3K9 Activity Assay
The assay was done by using the EpiQuik HMT H3K9 Activity Assay Kit (Catalog No. P-3003, Epigentek, USA) following the protocol given by the manufacturer. Briefly, to the histone three lysine substrate–coated assay plate, chrysin (@ conc. of 5, 10, and 15 µM) was added in separate wells, with untreated nuclear extract, buffer biotinylated substrate, and Adomet (methyl group donor), and incubated at 37 °C for 1.5 h. Following this step, capture antibody and detection antibody were added to the wells, and incubated at room temp for 30 min. Finally, a color was developed, and absorbance was measured using an ELISA reader at 450 nm. The percentage inhibition was calculated by comparing with DMSO control. The experiment was repeated three times, and the mean ± SD was calculated to plot a graph. One-way ANOVA was used for checking the statistical significance, and the p-value was maintained as ≤ 0.05.
HAT Activity
The assay was done using the EpiQuik™ HAT Activity Assay Kit (Catalog No. P-4003 Epigenetek, United States) following the manufacturer’s protocol. Briefly, the nuclear extract and the substrate for HAT were incubated for 1 h followed by washing with the wash buffer. An inhibitor was added in the test samples, and signals were captured and detected by the capture and detection antibody, respectively. After color development, the plate was read at 450 nm using the ELISA plate reader. HAT activity and percentage inhibition were calculated by comparing with DMSO control samples. A graph was plotted by taking the mean of three experiments ± SD. One-way ANOVA was used to check the statistical significance at fixed p-value ≤ 0.05.
Global DNA Methylation Assay
DNA isolation was done by using GenElute Mammalian Genomic DNA Miniprep Kit (Catalog No. G1N70, Sigma-Aldrich, Merck, KGaA) following the manufacturer’s protocol. About 1.5 × 106 cells were treated with chrysin (@ conc. 5, 10, and 15 µM for 48 h) and DMSO control. DNA was isolated from chrysin treated and the DMSO control samples, and its quality was checked by gel electrophoresis using 1% agarose gel (Catalog No. A9539, Sigma-Aldrich, Merck, KGaA) in 0.5XTBE buffer with ethidium bromide. The quantitation of DNA samples was completed by spectrophotometry using NanoDrop 2000 (Thermo Scientific™, USA) and stored at-80°C.
MethylFlash™ Methylated DNA Quantification Kit (Catalog No. P-1034, Epigentek, USA) was used to analyze the methylated DNA in treated cells (@ chrysin conc. 5, 10, and 15 µm for 48 h) and DMSO controls. The kit was used for the detection of methylated DNA using antibodies against 5-mC (cytosine) that can be analyzed calorimetrically. Optical density was measured using the ELISA reader at 450 nm wavelength. As established, the extent of methylation on the gene is directly related to the optical density. The levels of methylation were calculated in comparison with the DMSO control. The experiment was performed three times at a significance level of p-value ≤0.05.
Methylation-Specific PCR (MSRE–PCR)
CpG island DNA methylation quantification was conducted for estimating the percentage of methylated DNA in the total DNA content of HeLa cells by using the EpiTect Methyl II PCR System (Catalog No. 335452, Qiagen, United States). The method employed calculates the methylation of promoter regions in the input DNA after cleavage with methylation-dependent restriction enzymes and methylation-sensitive restriction enzymes that digest methylated and unmethylated DNA, respectively. Following restriction digestion, the cleaved DNA from each reaction was computed by using it as a template for Human Tumor Suppressor Genes EpiTect Methyl II Signature PCR Array (Qiagen, United States) real-time PCR in an assay plate with primers that border the promoter region of the anticipated genes. The relative amounts of unmethylated and methylated DNA were calculated by comparing the amounts of each reaction with that of a control (no enzymes added) reaction using the ∆∆CT method. The gene panel (with predesigned primers) consisted of tumor-suppressor genes comprising TP73, MGMT, APC, CDKN2A, BRCA1, PTEN, CDH1, DAPK1, CDH13, SOC51, RARB, ESR1, FHIT, RASSF1, WIF1, GSTP1, RUNX3, MLH1, NEUROG1, VHL, PDLIM4, and TIMP3.
The amount of DNA left after the restriction digestion was calculated by using qPCR array results. This was used for constructing the methylation profile of each gene with the ∆ΔCT method. The methylation and unmethylation fraction of the promoter of tested tumor-suppressor genes in chrysin-treated and untreated HeLa cells was estimated as per the protocol available with the kit. The levels of methylation were presented in the form of a graph. Statistical significance was calculated by taking the mean of three experiments by one-way ANOVA using the SPSS program with p-value ≤ 0.05.
qRT‐PCR–Based Expression Analysis of Tumor-Suppressor, Migration, and Inflammation-Related Genes
The RNA from chrysin-treated (conc. 10 and 15 µM for 48 h) and DMSO control HeLa cells were extracted by using the GenElute Mammalian Genomic Total RNA Kit (Catalog No. RTN70 Sigma-Aldrich, Merck KGaA) and further quantified with the help of NanoDrop. The RNA (2 μg was used as a template) was then subjected to cDNA synthesis by using Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Catalog No. 4368814, ABI-Thermo Fisher, United States). This kit supports random primers’ scheme for initiating the synthesis of cDNA. The expression of genes related to various pathways of migration, inflammation, and TSGs was analyzed with the help of TaqMan-based custom array (4391524 and 4369514 master mix). The PCR array was run on QuantStudio3 and analyzed with the ΔΔCT method using the DataAssist™ program (Thermo Fisher, United States). GAPDH (housekeeping gene) was used for normalizing the data. Relative expression was calculated in comparison with the DMSO control. The statistical significance was calculated by maintaining p-value <0.05.
Protein Expression by Proteome Profiler Array
The expression analysis of TSGs, migration, and inflammation-related proteins was performed by the Proteome Profiler Array (Catalog No. ARY026, R&D, USA). The relative expression levels of 84 oncogenes were investigated with the help of this array. Briefly, 1.5×106 HeLa cells were plated in 25 cm2 flasks, and four such flasks were treated with 10 and 15 µM of chrysin for 48 h. The treated and DMSO control cells were collected and suspended in lysis buffer 17 (1 ml per 107 cells) containing 10 μg/ml each of aprotinin (Catalog No. A6279; Sigma, USA), Leupeptin (Catalog No. 1167/25, Tocris, USA), and pepstatin (Catalog No. 1190/10, Tocris, United States) and shaken gently at 2–8°C for 30 min. The lysate produced was quantitated by the Pierce BCA Assay Kit (Catalog No. 23225; Thermo-Fisher Scientific, United States) following the manufacturer’s protocol. For this assay, 400 µg of a protein in 250 µL volume of the diluted cell lysate treated with chrysin (10 and 15 µM for 48 h) and the DMSO control was used for each membrane. The signal produced was then quantified by the chemiluminescent detector gel-doc system (Bio-Rad Laboratories, United States). The expression of proteins was analyzed by the intensity of proteins in the blot using Image Lab software (version 6.1). The fold change after normalization with the reference spot was calculated by comparing the treated (chrysin) values with the DMSO control values (mean of three experiments ±SD at p-value ≤ 0.05).
Expression Analysis of Epigenetic Enzymes Involved in Chromatin Modification
Chromatin-modifying enzymes like writers—DNA and histone methyl transferases, histone acetyl transferases, and erasers like histone deacetylases and histone demethylases—help in dynamically sustaining cell metabolism and controlling processes such as cell growth propagation and gene expression by recognition of specific “marks” on histone proteins and DNA (Kouzarides, 2007). RNA was extracted from the DMSO control and chrysin-treated HeLa cells (10 and 15 µM for 48 h). RT2 Profiler™ PCR Array Human Epigenetic Chromatin Modification Enzymes (Catalog No. PAHS-085Z, Qiagen, United States) were used to check the expression of genes responsible for the modulation of DNA and histones including DNA methyl transferases, histone methyl transferases, histone acetyl transferases, and demethylases. RNA at a concentration of 1 µg was used to synthesize cDNA, and it was diluted to 1,350 µL with nuclease-free water and an equal amount of RT2 SYBR® Green qPCR Master mix (Catalog No. 330504; Qiagen, United States) was added to this. From this mixture, 25 µL was poured into each well of the array plate having predefined primers, and the plate was run on ABI Quant Studio 3. The normalization was performed using GAPDH housekeeping gene and the fold change was calculated by comparing the chrysin-treated samples with the DMSO control. The statistical significance was calculated at p-value ≤ 0.5.
H3 and H4 Histone Modification Marks
In order to understand the role of chrysin as an epigenetic modifier, the Histone Extraction kit (Catalog No. ab113476, Abcam, Cambridge, UK), and Histone H3 and H4 Modification Multiplex Assay kits (Catalog Nos. ab185910 and ab185914) were procured from Abcam, Cambridge, UK. Following the extraction of histone using the Histone Extraction Kit, ∼100 ng of histone protein was used per well, and the protocol given by the manufacturer was followed. OD was measured at 405 nm, and graphs were plotted for reflecting the effect of chrysin compared to the DMSO control. The experiments were performed in triplicates, one-way ANOVA was used to determine the significance of the experiments, and p-value was maintained at ≤0.05.
Statistical Analysis
Statistical analysis was performed by SPSS program (version 21). The data were examined by using one-way ANOVA followed by Tukey’s HSD post hoc analysis. All experiments were performed in triplicate. The results are expressed as the mean ± SD of three distinct experimentations. The statistical significance was set at p-value ≤0.05.
RESULTS
Chrysin-Inhibited Colony Formation and Migration of HeLa Cells
The colony-forming assay was performed to understand the long-term effect of chrysin on the growth and division of HeLa cells. After calculating the survival factor (SF), it was observed that the DMSO control had plating efficiency (PE) of 95%, whereas the survival factor for 5 and 10 µM of chrysin showed only 120 and 30 colonies, respectively. At 15 µM chrysin conc., very few colonies were formed. Hence, it can be inferred that chrysin restrained the capability of cells to form colonies. These results suggest that chrysin is not only capable of causing cell death but also leads to cytostatic state (Figure 1A and Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Chrysin inhibits colony formation in a dose-dependent manner with almost no colonies at 15 µM chrysin treatment for 48 h. (B) Graphical representation of inhibition of colony formation.
Likewise, chrysin decreased the migration capacity of HeLa cells as demonstrated by scratch-wound and invasion assay using trans-well. Chrysin increased the wound width by 8 and 14% at 10 µM conc. treatment for 24 and 48 h and 17 and 25% at 15 µM conc. treatment for 24 and 48 h, respectively, whereas in DMSO control cells, there was almost complete wound closure after 48 h (Figure 2A and Figure 2B). This was further corroborated by significant decrease in the number of migrating cells after chrysin treatment using the trans-well assay. Only 15 and 2.5% migration at 10 and 15 µM chrysin treatment for 48 h was observed, respectively, in comparison with the DMSO control cells (Figure 2C and Figure 2D).
[image: Figure 2]FIGURE 2 | (A) Chrysin treatment prevented migration of HeLa cells, as compared to the DMSO control wells, the chrysin treatment showed increase in wound width after 10–15 µM treatment. (B) Graphical representation of increase in wound width after chrysin treatment at 10–15 µM concentrations for 24–48 h. (C) The chrysin-treated HeLa cells depicted significant decrease in cell migration using trans-well inserts. (D) Graphical representation of inhibition of cell migration by chrysin.
Chrysin Reexpresses Tumor-Suppressor Genes (TSGs) and Downregulates Genes Related to Migration and Inflammation
qPCR was done to understand the effect of decreased methylation of various tumor-suppressor genes following the treatment of chrysin. It was observed that chrysin treatment increased the expression of various TSGs (such as TIMP3, TIMP4, RARB, RASIF1, TP53, PTEN, CDH1, and SOCS1) and reduced the expression of genes responsible for metastasis (viz. MMP 2, MMP 9, MMP 14, SNAIL1, SMAD3, SMAD4, and MTA1, 2) and the genes involved in the inflammatory process (viz. IL2, IL1A, IL6, and CxCL8). Chrysin treatment also decreased the expression of oncogenes like FOS, JUN, MYC, ESR1, and TWIST1 (Figure 3A and Table 1). Relative quantification (RQ) derived from the 2–∆∆Ct method specifies the fold change in gene expression against the DMSO control after normalization with the selected endogenous gene (GAPDH). The upregulation is documented at RQ ≥ 1.5 and downregulation at RQ ≤ 0.5.
[image: Figure 3]FIGURE 3 | (A) Chrysin modulated the expression of various TSGs and migration related genes in a dose-dependent manner. The TSGs were reactivated, whereas inflammatory- and migration-related genes were downregulated. (B) The nitrocellulose membranes depicting the expression of different proteins. (C) Chrysin treatment modulates the proteins related to migration and inflammation in a dose-dependent manner.
TABLE 1 | Relative expression of TSGs and genes related to migration and metastasis. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 1]Chrysin Modulates the Protein Expression of Genes Involved in Migration, Inflammation, and Tumor Suppression
Proteome profiler–based quantitation of proteins that are involved in proliferation and migration and other cellular events revealed chrysin-supported modulation was consistent with mRNA expression. The treatment of HeLa cells with 10 and 15 µM of chrysin resulted in the downregulation of the expression of various proteins related to migration viz MMP2, MMP9, and MMP3, mesothelin, MUC1, leptin, and M_CSF; inflammatory proteins like CCL8/MCP-2, CCL7/MCP-3, IL-18 BPa, CXCL8/IL-8, and IL-2 Rα; and oncogenes like HER1, 2, 3, and 4, and ICAM-1/CD54. Proteins related to cell proliferation, growth, and apoptosis like BCL-X, HIF-1α, HNF-3β, and HO-1/HMOX1 were also downregulated, that is, related to tumor progression, whereas upregulation of E-cadherin (CDH1) was observed after chrysin treatment (Figure 3B, Figure 3C and Table 2). Fold changes in protein expression were calculated by comparing the treated cells with those of the DMSO control. The upregulation was fixed at ≥1.5 fold and downregulation at ≤0.5 fold.
TABLE 2 | Expression of proteins involved in migration and inflammation. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 2]Chrysin Inhibits DNMT Activity in HeLa Cells
Chrysin inhibited DNMT activity in HeLa cells in a dose-dependent manner. The incubation of the nuclear extract with 5, 10, and 15 µM of chrysin resulted in the inhibition of DNMT activity by 35, 54, and 61%, respectively, compared to the DMSO control (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) Chrysin decreased DNMT activity in HeLa cells irrespective of their location on the genome in a concentration-dependent manner. (B) Chrysin inhibited HDAC activity in HeLa cells in a concentration-dependent manner. The activity decreased with increase in the dose of chrysin (C) Chrysin decreased the activity of HAT in a dose-dependent manner. As the concentration of chrysin increased, the inhibition percentage increased. (D) Chrysin decreased HMT H3K9 enzyme activity in HeLa cells, irrespective of their location on the genome in a concentration-dependent way.
Chrysin Inhibits HDAC Activity
Nuclear extracts were incubated with increasing concentrations (5, 10, and 15 µM) of chrysin; it was found that it inhibited the activity of HDACs by 30, 36, and 42% in a dose-dependent response compared with the DMSO control (Figure 4B).
Chrysin Decreases HAT Activity in a Dose-Dependent Manner
Histone acetyl transferases cause acetylation at N-terminal tails of histone proteins. The incubation of nuclear extract with varying concentrations of chrysin (5, 10, and 15 µM) showed decline in HAT activity in the treated cells compared to the DMSO control. A decrease of 22, 34, and 52% was observed at 5, 10, and 15 µM conc. of chrysin treatment, respectively (Figure 4C).
Chrysin Reduces HMT H3K9 Enzyme
HMT H3K9 can add methyl groups at histone three and lysine 9. All the methylation marks—mono, di, and trimethylation—are repressive marks. The incubation of HeLa cell nuclear extracts with 5, 10, and 15 µM conc. of chrysin reduced the activity of the enzyme by 25, 38, and 45%, respectively (Figure 4D).
Chrysin Modifies the Expression of Chromatin-Modifying Genes
RT (Rahman et al., 2016) Profiler™ PCR Array Human Epigenetic Chromatin Modification Enzymes (Catalog No. PAHS-085Z; Qiagen, USA) were used to check the expression of various chromatin-modifying enzymes following the treatment of chrysin (@ conc. 10 and 15 µM) for 48 h compared to the DMSO control. Chrysin treatment down-regulated the expression of DNA methyltransferases like DNMT1, 3A, and 3B significantly. HDAC1, 2, 3, 4, and 11 also showed a steep decline after the above-stated chrysin treatment. Remarkably, downregulation of WHSC1, AURKA, AURKB, and AURKX. EHM2, PRMT8, and HAT1 were also observed after 10 and 15 µM of chrysin treatment. However, enhanced expression of SETD2, ESC O 2, and CIITA was found after the same chrysin treatment (RQ in Figure 5A and Table 3).
[image: Figure 5]FIGURE 5 | (A) Treatment of HeLa cells with chrysin at 10 and 15 µM for 48 h modulated the expression of epigenetic enzymes (HDACs, DNMTs, HATs, HMTs etc.) in a dose-dependent manner. (B) Chrysin modulates the H3 acetylation and methylation histone marks at 15–48 h. (C) H4 histone marks modulated by chrysin as compared to the DMSO controls.
TABLE 3 | RQ values of chromatin-modifying enzymes after chrysin treatment. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 3]Chrysin Modulates H3 and H4 Histone Marks
Chrysin modulated the expression of methylation, acetylation, and phosphorylation H3 and H4 marks. H3K9me1, H3K9me2, H3K9me3, H3K27me1, H3K27me2, H3K27me3, H3K36me1, H3K36me3, H3K79me1, H3K79me2, and H3K79me3 marks were reduced after the treatment of HeLa cells with 15 µM of chrysin for 48 h; similarly, H3 acetylation marks were diminished after treatment with 15 µM of chrysin (Figure 5B). The expression of H3K9ac, H3K18ac, H3K14ac, and H3K56ac was reduced after chrysin treatment. Likewise, the acetylation marks at H4 were also modulated against chrysin treatment including H4K5ac, H4K8ac, H4K12ac, and H4K16ac. H4 methylation marks, like H4K20me1, H4K20me2, and H4K20me3, showed decreased expression after chrysin treatment (Figure 5C). Phosphorylation marks of H3ser28p, H4ser10 p, H4R3m2a, and H4Rm2s were also decreasingly expressed after 15 µM chrysin treatment of HeLa cells for 48 h (Figure 5B and 5C).
Chrysin Diminishes Global DNA Methylation of HeLa Cells
An obvious decrease in global methylation was observed after 48 h treatment of 5, 10, and 15 µM of chrysin against HeLa cells. Global DNA methylation was studied by comparing with the DMSO control. This was reduced to 61, 44, and 30% against 5, 10, and 15 µM chrysin treatment of HeLa cells, respectively (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) Chrysin treatment at 5, 10, and 15 µM–48 h decreased the global DNA methylation in a dose-dependent manner. (B) Chrysin treatment of HeLa cells at 10 and 15 µM for 48 h demonstrated profound decrease in percent methylation in 5′ CpG promoter regions of TSGs as compared to the DMSO controls in a dose-dependent manner.
Chrysin Reduces Methylation of the Promoter Region of Various Tumor-Suppressor Genes
Methylation-sensitive restriction enzyme PCR revealed that chrysin decreased the promoter methylation of crucial tumor-suppressor genes of HeLa cells. These TSGs included APC, BRCA1, CDH1, PTEN, GSTP1, FHIT, DAPK1, CDH13, CDKN2A, MGMT, MLH1, RARB, RASSF1, SOCS1, VHL, WIFI, and TIMP3. The methylation percentage of the abovesaid genes decreased significantly as APC (8%, 3%), BRCA1 (18%, 2%), CDH1 (55%, 43%), CDH13 (39%, 3%), CDKN2A (14%, 4%), DAPK1 (17%, 11%), FHIT (5%, 3%), GSTP1 (7%, 3%), MGMT (14%, 4%) MLH1 (22%, 15%), PTEN (14%, 11%), RARB (22%, 11%), RASSF1 (19%, 15%), SOCS1 (73%, 56%), TIMP3 (13%, 3%), VHL (15%, 12%), and WIFI (82%, 61%) at 10 and 15 µM chrysin, respectively, compared to the DMSO control, wherein the methylation percentage was much higher (Figure 6B and Table 4).
TABLE 4 | Percentage of CpG promoter methylation after chrysin treatment as compared to untreated control. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 4]DISCUSSION
Epigenetic alterations are commonly associated with carcinogenesis and metastasis (Wang et al., 2018a). Cancer metastasis is the major cause of treatment failure and mortality in women detected with cervical cancer. This suggests that the inhibition of metastasis serves a pivotal role in survival improvement, and hence can be exploited as a potential target for cancer treatment and prevention (Chatterjee et al., 2018). Additionally, epigenetic alteration in key metastatic genes is one of the reasons of metastasis (Chatterjee et al., 2018). The modifiable nature of epigenetics makes the epigenetic regulation an attractive target for cancer prevention and treatment (Busch et al., 2015; Kanwal et al., 2015). Currently available synthetic drugs direct at crucial epigenetic signature enzymes, for example, HDACs and DNMTs. Nevertheless, these synthetic drugs have shown many adverse side effects (Ho et al., 2013; Heerboth et al., 2014); therefore, it is crucial to probe the natural agents which are derived from plants that can regulate all cell processes including epigenetic mechanisms and can potentially reverse malignancy-associated epigenetic patterns (Shankar et al., 2016).
Earlier, studies on flavonoids targeting various types of cancer have demonstrated their anticancer effect by modulation of various molecular pathways involved in migration and epigenetics (Pal-Bhadra et al., 2012; Kanwal et al., 2016; Liskova et al., 2020). Considering the anticancer potential of plant flavonoids in view, the present study was carried out to explore the antiproliferative, antimigratory, and modulatory effects of chrysin on DNA methylation and histone modification on human cervical cancer (HeLa) cells. Previously, it was reported from the lab that chrysin inhibits the proliferation of HeLa cells in a dose- and time-dependent manner, induces apoptosis, and modulates various signaling pathways (Raina et al., 2021).
In the present study, 5 and 10 µM chrysin-treated HeLa cells showed reduced colony formation as 120 and 30 colonies were formed, respectively, after 48 h, whereas at 15 µM chrysin, there was no noticeable colony formation (Figure 1A and 1B). To understand chrysin-mediated antimigratory effects, the scratch-wound assay that depicted significant inhibition of cell migration was carried out. Chrysin treatment of HeLa cells at a conc. of 10 and 15 µM showed wound width increment by 8 and 17%, respectively, after 24 h incubation, whereas the wound width was increased by 14 and 25% after 48 h compared to the DMSO control, where complete wound closure was found after 48 h (Figure 2A and 2B). The trans-well assay also depicted the inhibition of migration at varying concentrations of chrysin (Figure 2C and Figure 2D). Hence, it can be inferred that chrysin at 10 and 15 μM at 48 h is a strong inhibitor of migration. Earlier studies from various research groups have also reported that chrysin bears antiproliferative and cytostatic effects and inhibits migration and invasion in various cancer cell lines (Kasala et al., 2015; Wang et al., 2018b).
Matrix metalloproteinases are important proteolytic enzymes involved in the cancer cell invasion process. Epithelial mesenchymal transition (EMT) increases cell migration, and the transforming growth factor pathway has an important role to play in epithelial mesenchymal transition; it induces EMT either by transforming growth factor-β (TGF-β)/SMAD pathway or via the non-SMAD pathway by activating the AKT/PI3K pathway, thus triggering migration (Wu et al., 2021; Xue et al., 2012). The downregulation of TGF-β/SMAD mediates reduction in the expression of MMPS and TWIST1 (Wu et al., 2021; Xue et al., 2012; Baruah et al., 2016). Cadherins are a class of type-1 transmembrane proteins that maintain the adhesion between cells, their loss lead to invasion and metastasis, and snails are their inhibitors. MTA1 and MTA2 are metastasis promoters, and their reduction leads to the inhibition of metastasis (Wu et al., 2021; Xue et al., 2012; Baruah et al., 2016). In the study, chrysin-mediated inhibition of migration was found to be well correlated with the downregulation of metalloproteases MMP 9, MMP 2, and MMP 14 and their co-operators like SMAD3, SMAD4, SNAIL1, SNAIL2, MTA1, and MTA2, and upregulation of their inhibitors like TIMP3, TIMP4, and CDH1, hence endorsing the inhibitory effect of chrysin on migration. In addition, the downregulation of genes related to inflammation like IL2, IL1A, and IL6 and oncogenes like Fos, Jun, Myc, WNT1, and FOSL1 (Figure 3A and Table 1) was observed. Inflammation subsequent to viral infection is a power tool that accelerates cancer progression; hence, downregulation of inflammatory proteins aids in cancer prevention and treatment (Deivendran et al., 2014).
In the study, gene expression studies at mRNA levels were found to be consistent with their protein level expression, and various genes involved in inflammation and migration such as HER1, HER2, Her3, and Her4, and MMPs like MMP 9, MMP 2, MMP 3, FOXC2, IL-2 Rα, IL-18 BPa, CXCL8/IL-8, CCL2/MCP-1, CL8/MCP-2, CCL7/MCP-3, Mesothelin, ICAM-1/CD54, MUC1, Leptin, M-CSF, H O-1/HMOX1, Kallikrein 5, MSP/MST1, Kallikrein 6, HIF-1α, and HNF-3β were significantly downregulated against chrysin treatment, while upregulation of E-cadherins was observed at different chrysin concentrations (Figure 3B, 3C and Table 2). Our current findings are in line with the available reports wherein in vitro/in vivo models have shown that chrysin inhibits tumor metastasis by decreasing the expression of MMP9 and MMP2 as well as COX-2 and i-NOS, and modulates the PI3K/AKT signaling pathway (Yang et al., 2014; Xia et al., 2015; Koosha et al., 2016; Zam and Khadour, 2017).
Furthermore, epigenetic modulations induced by chrysin were also analyzed in this study. Epigenetic modifications including aberrant DNA methylation and histone modifications interactions are crucial for controlling the operational activities of the genome by changing the chromatin structure, thereby leading to silencing of various tumor-suppressor genes (Guo et al., 2015; Chistiakov et al., 2017). DNMTs catalyze the transfer of the acetyl group onto 5′cytosine at promoter CpG island of TSGs. Hypermethylation of CpG islands in the promoter region of TSGs leads to silencing of these genes (Ali Khan et al., 2015). DNMTs are found to be upregulated in cervical cancer cells, and their expression levels are correlated to disease progression (Piyathilake et al., 2017; Charostad et al., 2019). The analysis of biochemical activity of DNMTs after chrysin treatment was performed, and it was observed that chrysin decreased the biochemical activity of DNMTs in a dose-dependent manner, and it was reduced by 35, 53.5, and 61.2% at 5, 10, and 15 µM chrysin treatment, respectively (Figure 4A).
Furthermore, the downregulation of DNMT activity against chrysin treatment was verified by downregulation of DNMT1, DNMT3A, and DNMT3B in a dose-dependent manner at transcript levels (Figure 5A and Table 3). Various flavonoids have attracted attention because of their chemopreventive and antitumor effects including chrysin, luteolin, and apigenin, and are known to inhibit DNMTs and histone methyl transferases (Busch et al., 2015; Kanwal et al., 2016). The decrease in DNMT expression after chrysin treatment was well correlated with the decrease in global DNA methylation (Figure 6A) and modulation pattern of CpG promoter methylation of TSGs (APC, BRCA1, FHIT, CDH1, CDH13, MGMT, MLH1, GSTP1, TIMP3, RARB, RASSIF1, SOCS1, PTEN, VHL, and WIFI) (Figure 6B) after chrysin treatment of 10 and 15 µM for 48 h. This study revealed that chrysin treatment downregulated global DNA methylation levels by decreasing to 61, 44, and 30% at 5, 10, and 15 µM chrysin treatment, respectively, for 48 h compared to DMSO controls (Figure 6A). Hypermethylation of TSGs leads to silencing of these genes and has been found to be well correlated with the overexpression of various DNMTs in cervical cancer (Guo et al., 2015; Jiménez–wences et al., 2014). Interestingly, this is the very first time it has been reported that chrysin treatment significantly decreases the methylation levels at the promoter region of several TSGs viz APC, CDH1, CDH13, BRCA1, CDKN2A, DAPK1, FHIT, GSTP1, MGMT, MLH1, PTEN, RARB, RASSF1, SOCS1, TIMP3, and WIFI (Figure 6B and Table 4), which are found to be hypermethylated in many cancers and have critical roles to play in various cellular processes (Mukherjee et al., 2015). Hypermethylation of PTEN and RASSIF1 is a common feature in cervical cancers. PTEN has an important role in cell migration and proliferation, and inhibits migration by being the antagonist of MMPs (Salimi Sartakhti et al., 2017), whereas reduced RASSIF1 quenches cell death by the receptor mode. VHL is important for stabilization of HIF1 and HIF2, and methylation of other TSGs like RARB and FHIT leads to uncontrolled proliferation; GSTP1 is involved in detoxification of harmful compounds, and MGMT is important for DNA repair (Mukherjee et al., 2015). A reduction of CpG methylation at the abovementioned gene loci can be correlated to reactivation of these genes at the transcription level; chrysin treatment upregulated the expression of PTEN, CDH1, TP53, FHIT, RASSIFI, SOCS1, RARB, TIMP3, and TIMP4 (Figure 3A) in our study. Several polyphenols including chrysin and luteolin have shown modulation of methylation, and thus reactivation of the silenced TSGs (Aggarwal et al., 2015; Ali Khan et al., 2015; Busch et al., 2015; Kanwal et al., 2016; Carlos-Reyes et al., 2019).
Apart from DNA modification, histone modifications like histone acetylation and histone methylation influence the expression of various genes that have an important role in cancer cell proliferation and migration (Chakravarthy et al., 2005; Dueñas–González et al., 2005; Soto et al., 2017). HDACs deacetylate histone and non-histone proteins such as TP53, rendering them non-functional (Chakrabarti et al., 2015). Overexpression of HDAC1, HDAC2, HDAC3, and HDAC6 has been reported in different cancers (Kogan et al., 2017; Lin et al., 2009; Huang et al., 2005; Zhang et al., 2016; Ahn and Yoon, 2017). HDAC overexpression together with DNA methylation and other histone modifications silences tumor-suppressor genes (Rose and Klose, 2014; Jenuwein and Allis, 2001). In our study, chrysin was found to decrease the expression of various HDACs (1, 2, 3, 11, and 4), HAT1, EHM2, AURKA, AURKB, PRMT 8, ASH1l, USP21, and USP22 at the transcript level, and increased the expression of ESCO2 and CIITA in a dose-dependent manner (RQs are given in Table 3 and Figure 5A). Chrysin treatment decreased the HDAC activity in a dose-dependent manner; HDAC activity decreased by 30, 36, and 42% after 5, 10, and 15 µM chrysin treatment, respectively (Figure 4B). This was further endorsed by decrease in the expression at the transcript level of HDACs 1, 2, 3, 4, and 11 in a significant manner at 10 and 15 µM chrysin treatment for 48 h (Figure 5A). HAT1 is upregulated in cervical cancer and is responsible for the induction of colony formation (Kedhari Sundaram et al., 2019b). Chrysin downregulated the activity of HAT by 22, 34, and 52% at 5, 10, and 15 µM chrysin, respectively (Figure 4C). It also reduced the expression of HAT in a dose-dependent manner at the transcript level with RQ of 0.31 at 15 µM (Figure 5A) and thus correlated with complete inhibition of colony formation. Similar results were reported by other researchers who observed inhibition of HDAC two and eight and upregulation of H3acK14, H4acK12, and H4acK16, and decrease in H3me2K9 methylation in different cell lines (Pal-Bhadra et al., 2012; Sun et al., 2012).
CIITA and ESCO2 were up-regulated after chrysin treatment (Figure 5A). CIITA positively regulates the expression of class II major histocompatibility complex and is often found to be methylated in cancer cells (Ramia et al., 2019). ESCO2 histone acetyltransferase curbs MMP2 and also encourages apoptosis in cancer cells (Guo et al., 2018). Trimethylation of lysine 9 and 27 of histone 3 (H3K9 and H3K27) at the promoter region is related to reduced TSG expression (Trievel, 2004; Daniel et al., 2005; Lachner et al., 2001). These marks are found to be overactive in cervical cancer (Chen et al., 2017). Remarkably, in the current study, chrysin downregulated all mono, di, and trimethylation marks at H3K9 (Figure 5B), and this was further verified by the assessment of H3K9 methyltransferase activity after incubation of HeLa cells with chrysin. Also, it was found that H3K9 HMT activity was significantly reduced by 25, 38, and 45% against 5, 10, and 15 µM chrysin treatment (Figure 4D). Moreover, chrysin also downregulated EHM2 expression (Figure 5A), which is responsible for methylation of H3K9. All the methylation marks at H3K27, H3K36, H3K79, and H3K4 were downregulated after chrysin treatment (Figure 5B). H3K4 mono and demethylation are related to transcription activation (Chang and Yu, 2016b). H4 acetylation marks such as H4K5, H4K8, H4K12, and H4k16 were also reduced by chrysin (Figure 5C). This is in line with the previously published report on a flavone luteolin, wherein it blocks the acetylation of histone H4 and controls the activity of c-FOS, p21, and other genes related to cell cycle control (Izzo et al., 2020). Thus, it can be suggested that chrysin is a potent inhibitor of DNA methyl transferases and histone methyltransferases, and thus modulates the methylation of TSGs.
The overexpression of any one of the EMT inducers such as Twist TGF-β1 or Snail upregulates FOXC2 expression and can lead to the initiation of EMT (Mani et al., 2007). In fact, a significant cadherin switch from E-cadherin to N-cadherin is expressed in cancer progression (Kouzarides, 2007). VE-cadherin, another cadherin, mediates cell-to-cell bonding by holding the catenin in between, which in turn connects the actin cytoskeleton of the cells. Both E cadherin and VE-cadherin are down-regulated in cancer progression (Ramis-Conde et al., 2009). It was observed that chrysin (10 and 15 µM for 48 h) decreased the expression of SNAIL, TWIST (Figure 3A), and FOXC2 (Figure 3B and 3C), and increased the expression of E cadherin (Figure 3B). The suppressor of cytokine signaling 1 (SOCS1) is a tumor-suppressor gene and suppresses cytokine signaling and destroys the HPV E7 protein. SOCS1 is hypermethylated in cervical cancer and renewal of its expression upsurges Rb protein thereby inhibits cell proliferation (Kamio et al., 2004; Sobti et al., 2011). A decrease in E cadherin can be linked to WNT signaling which prevents phosphorylation of SNAIL, allowing it to accumulate and repress cadherin (Loh et al., 2019). Based upon the findings from the present study, it can be proposed that the restoration of transcription in the tumor-suppressor genes plays a crucial role in the anticancer potential of chrysin against HeLa cells, as it can directly influence cell proliferation and cell migration. Our current results are based on the chrysin efficacy on HeLa cells, but can further be extrapolated on other cell lines and animal models.
CONCLUSION
Chrysin appears to be a promising natural chemopreventive agent which is cytotoxic to cancer cells and inhibits migration, diminishes CpG promoter methylation of TSG modulates, and causes re-expression of TSG, and downregulation of genes related to migration and inflammation. Hence, chrysin can be exploited for further use at a clinical setup after experimental validation and checking its pharmacokinetic properties involving human subjects.
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Variables Total Mean + SD

FGFR1 p-value GLI-1 p-value
Samples 1,091 6.69 + 1.21 0.0001° —-0.11+£1.57 0.0001°
Stage-wise distribution
Stage I/l 910 6.68 + 1.21 - —0.13+1.56 0.0001P
Stage IlIl/IV 177 6.73 £1.22 —0.001 £1.63
Nodal Involvement
NO (none) 874 6.66 + 1.24 0.002° —0.12 +1.56 0.044°
Nodal metastasis 196 6.81 £1.04 —0.04 £ 1.62
Metastasis involvement
MO 907 6.66 £ 1.22 = —0.17 £ 1.55 0.022
M1 22 6.77 % .27 —0.96 £+ 1.99
Age group
Above 50 760 6.69 + 1.10 - 0.23 + 1.54 0.00012
Below 50 329 6.73 £1.25 —0.26 £ 1.57

aMann-Whitney test.
bKruskal-Wallis test.

CWilcoxon signed-rank test.
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miR-151a ™Z Exosome XRCC4 Up Development of acquired Zengetal,
resistance to TMZ 2018a
miR-301a lonizing radiation Exosome Whnt/b-catenin/TCEAL7 Up Depresses radiation sensitivity Yue et al., 2019
miR-221 ™Z Exosome DNM3 Down Inhibit cell proliferation, Yang J. K.
migration, and TMZ resistance et al., 2017
miR-34a ™Z Exosome MYCN Up Inhibit cell proliferation, Wang B. et al.,
migration, invasion and TMZ 2019
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miR-124 ™Z Exosome CDK6 Up Development of acquired Sharifet al.,
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decreases the migration of
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miR-603 lonizing radiation EV IGF1, IGF1R, and Up Promotes the CSC state and Ramakrishnan
MGMT up-regulated DNA repair to et al., 2020
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Therapeutic platforms hold
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miR-93 and ™Z Exosome Cyclin D1 Up Decreases cell cycling Munoz et al.,
miR-193 quiescence and contribute to 2019
TMZ resistance
miR-1238 ™Z Exosome CAV1/EGFR Down Inhibit to TMZ resistance Yin et al., 2019
miR-21-5p Pacritinib + TMZ Exosome STAT3/PDCD4 Down Inhibit to drug resistance Chuang et al.,
2019
miR-27a-3p, lonizing radiation EV CHD7 Up Promote PMT in GSCs. Inhibit Zhang Z. et al.,
miR-22-3p and radioresistance 2020
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XRCCA4, X-ray repair cross-complementing protein 4; TCEAL7, transcription elongation factor A protein-like 7; DNM3, dynamin 3; CDK®, cyclin-dependent kinase 6; IGF1,
insulin-like growth factor 1; IGF1R, insulin-like growth factor 1 receptor; MGMT, O(6)-Methylguanine-DNA methyltransferase; CAV1, caveolin 1; EGFR, epidermal growth
factor receptor; STATS, signal transducer and activator of transcription 3; PDCD4, programmed cell death protein 4; CHD7, chromodomain-helicase-DNA-binding protein

7; miR, microRNA; TMZ, Temozolomide; PMT, proneural-to-mesenchymal transition; GSCs, glioma stem cells.
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wingless-type MMTV integration site family, member 2; HDACT1, histone deacetylase 1, IF4E3, eukaryotic translation initiation factor 4E type 3.
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S.No. TKis Epigenetic drug Response

1 Imatinio Decitabine Well tolerated and effective

2 Dasatinb Decitabine Safe, innovative and effective

3 Imatinib/Dasatinib/Niotinib/Ponatinib Venetoclax Beneficient and effective

4 Imatinib/Dasatinib/Niotinib/Ponatinib IC/HMA, Hyper-CVAD Extremely successful and improved survival rate

5 Imatinib MAKV-8 BCR-ABL expression and phosphorylation inhibited

6 Imatinio Panobinostat Synergistic antileukermic effects

7 Ponatinib Panobinostat Significantly greater inhibitory growth impact on all cell lines
8 Imatinio Chidamide Induce synergetic fatalty
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CRC datasets from GEO (N = 994) CRC datasets from TCGA (N = 432)
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Tumors Adenomas Controls Colon Cancer Rectal Cancer
(N=717) (N = 54) (N = 223) (N =330) (N =102)

Identify the most differentially

Select all of the zinc finger genes
ko methylated regions

Step1l Define the methylation region(MR) Select the best DMR for each gene
.p (N = 6166) (N =10)
Candidate lr
gene.s Identity the Differential MRs (DMR) Select the DMRs correlated with the
selection (N =85) expression level (N = 7)
Select DMRs with hypo-methylation Primer design filtering based on
status in peripheral blood multiplex PCR reaction system
(N =32) (N =5)

\

Candidate biomarkers :
ESR1, ZNF132, ZNF229, ZNF542, ZNF677

CRC tumors and paired adjacent normal tissues for validation
® © o ® & o
Cohort 1 Cohort 2
Step2 N = 104 'n"n"n' N=114 'N"m
Biomarker
validation * *

and B .
diagnostic Targeted bisulfite sequencing (f(;:ztlf“;:;:ra;:::)

model
evaluation \/
Evaluation of the biomarkers and diagnostic model in the overall and
subgroup analysis (KRAS+ and KRAS-)
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Parameters Dasatinib Nilotinib Bosutinib Ponatinib

Generation second second second third

FDA approval 2001 2006 2007 2012 2012

Molecuiar formula CagHaiN,O C22H26CIN7025 C28H22F3N70 C26H29CI2N503 C29H27F3N6O

Dosage cP 400 mg OD 100 mg OD 300 mg BD 500 mg OD 45 mg OD
AP/BC 600 mg OD 140 mg OD 400 mg BD

Plasma bound 95% 96% 98% 94% 99%

Metabolism They are primarily metabolized by CYP3A4

T (hOUTS) 2-4 05-6 3 3-6 6

Ty/2 (hours) 18 35 17 22-27 22

Eiimination The major route of drug elimination is through feces and a small amount of urine

CYP3A4 inducers When coadministered, drug exposure (AUC and Cmax values) gets decreased

CYP3A4 inhibitors When coadministered, rug exposure (AUC and Cmax values) gets increased

Sensitivity for T3151 >6,400 >200 >2,000 1,890 "

mutation®

Potency against BCR-ABL 1-fold 325-folds 30-folds 100-folds 400-folds

T3151 Resistant Yes Yes Yes Yes No

“Sensitivity of BCR-ABL T315! mutation against TKls (Cx, in nM), in vitro (Balabanov et al., 2014).
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TKis

Imatinib

Dasatinib

Nilotinib

Bosutinio
Ponatinio

CP CML

AP/
BC CML
CP CML

AP/
BC CML

TKI drug response

ANG <1.0 x 10°/L and/or Platelets <50 x
109
ANG <0.5 x 10°/L and/or Platelets <10 x
109
ANC <0.5 x 10°/L and/or Platelets <50 x
1090
ANC <0.5 x 10°%L and/or Platelets <10 x
109

ANC <1.0 x 10%Land/or Platelets <50 x 10%/L

ECG with QTC >480 msec

Increased serum lipase/amylase, bilirubin, hepatic
transaminases > Grade 3 and other hepatic impairment
ANC <1.0 x 10%L and/or Platelets <50 x 10°L

ANC <1.0 x 10%L and/or Platelets <50 x 10°/L
Elevated AST/ALT (Grade >2), Elevated serum lipase
(Grade 3/4), Grade 3 pancreatitis

Elevated AST/ALT (Grade 22) concurrent with Elevated
Bilirubin and ALP (Grade >1), Grade 4 pancreatitis

Action to be taken

Withhold until ANC 1.6 x 10%L and platelets >75 x 10%/L; then resume at a lower dose
Withhold until ANC 1 x 10%L and platelets >20 x 10%/L; then resume at a lower dose

Withhold until ANC >1.0 x 10%L and platelets =50 x 10%/L; then resume at alower dose. Permanently
discontinue if AE persists
Withhold until ANG >1 x 10%L and platelets >20 x 10%L; then resume at a lower dose

Withhold until ANC >1.0 x 10%L and platelets >50 x 10%L; then resume at a lower dose
Withhold until GTC <450 msec, then resume with the initial dose
Withhold until AE disappears then resume with a lower dose. Siowly escalates to initial dose if tolerable

Withhold until ANG 21.5 x 10°/L and platelets >75 x 10°L; then resume at a lower dose
Withhold until ANC >1.5 x 10°/L and platelets >75 x 10°%L; then resume at a lower dose
Withhold until AE disappears then resume at a lower dose. Permanently discontinue if AE persists

Permanently discontinue





OPS/images/fgene-12-742802/fgene-12-742802-t003.jpg
Drug/s

Ponatinib
Panobinostat
Combination

CML cell lines (ICso values in M)

K562

50
0.7

K562/IM-R1

3
51
1.3

Ba/F3

5
40
37

Ba/F3/T315I

30
47
10
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Variables Total Mean + SD

FGFR1 p-value GLI-1 p-value
Tumor 150 18.6 +£ 26 0.00012 20.5 + 28.96 0.00012
Control 150 1+1.41 - 1+£1.95 -
Grade-wise distribution
Grade | 14 22.71 + 34.69 = 9.27 £ 11.65 0.05P
Grade I 90 15.65 +£ 19.3 20.11 £ 29.76
Grade lll 46 23.12 + 33.41 24.74 £+ 30.48
Stage-wise distribution
Stage I/l 111 16.12 + 21.31 0.004° 17.29 + 24.22 0.011°
Stage II/IV 39 25.65 + 35.69 29.71 + 38.38
Nodal involvement
NO (none) 48 16.86 + 23.49 - 20.06 + 32.80 -
Nodal metastasis 102 19.42 + 27.23 20.73 £ 27.14
Metastasis involvement
MO 145 17.97 + 26 0.040° 19.67 + 28.88 0.006°
M1 5 36.66 + 22.39 4517 £20.9

aWilcoxon Signed-ranks test.

b Mann-Whitney test.
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ID Clinical trial Epigenetic Compound
target
NCT02899715 Panobinostat in treating younger patients with progressive diffuse intrinsic pontine glioma HDAC Panobinostat
NCT02717455 Trial of panobinostat in children with diffuse intrinsic pontine glioma HDAC Panobinostat
NCT03566199 MTX110 by convection-enhanced delivery in treating participants with newly diagnosed diffuse intrinsic HDAC MTX110
pontine glioma (panobinostat
nanoparticle
formulation
MTX110)
NCT01189266 Vorinostat and radiation therapy followed by maintenance therapy with vorinostat in treating younger HDAC Vorinostat
patients with newly diagnosed diffuse intrinsic pontine glioma
NCT02420613 Vorinostat and temsirolimus with or without radiation therapy in treating younger patients with newly HDAC and Vorinostat,
diagnosed or progressive diffuse intrinsic pontine glioma mTOR Temsirolimus
NCT00879437 Valproic acid and radiation followed by maintenance valproic acid and bevacizumab in children with HDAC Valproic acid
high-grade gliomas or diffuse intrinsic pontine glioma
NCT03893487 Fimepinostat in treating brain tumors in children and young adults HDAC and Fimepinostat
PIBK
NCT03605550 A Phase 1b study of PTC596 in children with newly diagnosed diffuse intrinsic pontine glioma and BMI1 PTC596
high-grade glioma
NCT02960230 H3.3K27M peptide vaccine with nivolumab for children with newly diagnosed DIPG and other gliomas H3K27M H3.3K27M Peptide,
epitope and Nivolumab

PD-1
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Characteristics TCGA ICGC: PACA-AU ICGC: PACA-AU

Sex
Female 80 88 43
Male 97 109 47
NA 0 a7 1

Age
260 123 115 67
<60 54 53 22

Status
Dead % 152 58
Aive 85 45 32

NA ) 37 1
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Regulators Hazard ratio Lower 0.95% CI Upper 0.95% CI Id

YTHDC2 0.945573 0.804418 1.111497 0.501143
METTL14 0.87198 0.759141 1.001591 0.057076
IGF2BP1 1.102124 0.987532 1.230014 0.095858
RBM15 1.165283 0.893101 1520415 0.256693
RBM15B8 0.895478 0.794545 1.009233 0.06896
ELAVL1 0.745107 0.685853 0.947651 0.020395
YTHDC1 1.034719 0.880397 1.21609 0.677174
ALKBHS 0.755901 0.631814 0.904358 0.002477
FMR1 1.111698 0.934534 1.322447 0.222156
CBLL1 0.943543 0.786501 1.131941 0.634774
ZC3H13 0.992526 0.822421 1.197816 0.937711
LRPPRC 1.066698 0.898443 1.266463 0.456897
FTO 0.938485 0.838581 1.050291 0.276089
WTAP 0.984003 0.784578 1.234117 0.889144
YTHDF1 0.882007 0.721275 1.078557 0.229438
KIAA1429 1.326562 1.066612 1.649864 0.010711
METTL3 0.820477 0.65659 1.026272 0.083879
YTHDF3 1.087143 0.909575 1.299375 0.351575
YTHDF2 0.988164 0.777414 1.256047 0.922556
HNRNPC 1.147295 0.943431 1.395212 0.155486

HNRNPA2B1 1.120765 0.946279 1.348829 0.166181
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Cancer
types

Breast

Liver

Colon

Pancreas

Thyroid

Glioma

Stomach

Prostate

Lymph

Main
pathway of
participation

Wnt pathway

Wnt pathway

PIBK/AKT

Hippo pathway
AKT—NF-
KB—miR-21
INKda/ARF

INK4a/ARF

Effect

Inhibit DKK-1 genomic protein deacetylation

Bind to the CCNE1 promoter with HDAC2

Combine SFRP4 promoter to methylate to
slence genes

Recruit P300 to promote the activation of
PTEN

Regulate the expression of E-cadherin and
osteopontin

Down-regulate the decrease in E-cadherin
caused by CTGF

Promote the activation of AKT and ERK

Epigenetic suppression of tumor
suppressor gene

Epigenetic suppression of tumor
suppressor gene

Result

Inhibit the self-renewal ability of breast cancer
cells

Inhibit cell proliferation and migration

Promote cancer cell proliferation

Induce apoptosis

Maintain epithelial characteristics and regulate cell
migration

Prevent the invasion and migration of gioma cells

Actively regulate the stem cell characteristics of
gastric cancer cells

Maintain cell prolferation and growth

Enhance the replication potential of cancer stem
cells

References

Kim et al. (2015)

Forzati et al. (2012)
Liu et al. (2020)

Ni et al. (2017)
Federico et al. (2009);
et al. (2015)

Nawaz et al. (2016)
Niet . (2018)

Bernard et . (2006)

Scott et al. (2007)

Sepe
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Genomic Region? Gene®  McaM® McoM¢ P value® FDR OR 95% Cle Sensf Specf AUCf

KRAS +  6:152129591-152129791 ESR1 0.49 0.06 8.00 x 10727 9.60 x 102 11.00 7.53-15.60  0.96 0.98 0.97
19:58951599-58951728  ZNF132 0.51 0.03 210x 1072®  120x 10728 2900 17.6-47.90 0.98 0.99 1.00
19:44952604-44952808  ZNF229 0.47 0.11 170 x 1072* 170 x 107%* 1020 7.19-1400  0.90 0.93 0.95
19:56879613-56879735  ZNF542 0.57 0.13 400 x 10729 120x 1028 1430 9.60-21.50  0.99 0.95 0.99
19:53758048-53758164  ZNF677 0.63 0.25 340 x 10727 510x107%  10.90 7.64-1530  0.90 0.95 0.98
17:75369456-75369630  SEPT-9 0.58 0.08 240 x 10727 470x 107" 785 555-11.00  0.91 0.96 0.98

KRAS- 6:152129591-152129791 ESR1 0.31 0.08 260 x 10718 790x 10718 463 3.21-6.39 0.75 0.83 0.85
19:58951599-58951728  ZNF132 0.28 0.04 1.30 x 10719 770 x 1019 6.10 4.09-8.73 0.70 0.97 0.87
19:44952604-44952808  ZNF229 0.29 0.12 6.90 x 10-1©  820x 10-10  3.30 2.20-4.60 0.54 0.94 0.75
19:56879613-56879735  ZNF542 0.33 0.15 150 x 10710 230 x 10-10 2,78 1.87-3.84 0.50 0.96 0.76
10:53758048-53758164  ZNF677 0.46 0.27 1.80 x 10799 180 x 1079 238 1.62-3.25 0.71 0.73 0.74
17:75369456-75369630  SEPT-9 0.41 0.1 230 x 1017 470x10-17 294 2.11-3.92 0.77 0.80 0.84

Total 6:152129591-152129791 ESR1 0.39 0.07 120 x 107%% 350 x 107%®  6.06 4.81-7.52 0.78 0.95 0.91
19:58951599-58951728  ZNF132 0.39 0.04 6.30 x 10749 380x10-% 867 6.60-11.20 0.83 0.97 0.93
19:44952604-44952808  ZNF229 0.37 0.11 350 x 10738 350x 10" 504 3.99-6.24 0.70 0.94 0.85
19:56879613-56879735  ZNF542 0.44 0.14 1.00 x 10737 150 x 10757 4.42 3.56-5.39 0.79 0.90 0.87
19:53758048-53758164  ZNF677 0.54 0.26 1.60 x 1073% 1,90 x 10-3%  3.85 3.11-4.67 0.73 0.90 0.86
17:75369456-75369630  SEPT-9 0.49 0.10 550 x 1074 110x 107% 4,02 3.27-4.02 0.83 0.87 0.91

aGenomic region represents the genomic coverage of the reads with targeted bisulfite sequencing, and the genomic coordinates shown here is based on the hg19
version of the genome.

bThe gene name of the genomic region.

®McaM represents the mean methylation percentage of the cases in each region, which consisting of several CpG sites, while the McoM represents the mean methylation
percentage of the controls in each region.

dP value is calculated through the wilcoxon rank-sum test following with FDR (false discovery rate) adjustment for multiple corrections.

®OR and 95% Cl were conducted through logistic regression.

eSens, sensitivity; while Spec, specificity; AUC, area under curve.

The sensitivity, specificity, and the AUC were calculated through a logistic regression prediction model without adjustment for gender, age and smoking status and alcohol
status.
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Characteristics Patient distribution Patient distribution

Cohort 1 (N = 104) Cohort 2 (N = 114)

Age 66 (IQR = 62 to 74) 68 (IQR = 60 to 75)
Gender
Male 71 75
Female 33 39
Subtype?
Colon 55 68
Rectum 49 45
UICC Stage®
| 18 28
Il 35 38
1 40 38
\ 11 9
Tumor invasion depth®
T 5 7
T2 21 22
T3 70 69
T4 6 15
Tx 2 1
Lymph node involvement®
NO 57 72
N1 29 25
N2 1 15
N3 5 2
Nx 2
Distant metastasis®
MO 93 105
M1 11 9
KRAS mutationd
Positive 50 52
Negative 52 62

aThe tumors were classified into colon or rectum based on the location of the
tumor.

bThe UICC stage was determined after surgical intervention and histological
examination of the specimen.

CTNM Stages were assessed by the seventh edition of the TNM classification
criteria.

dThe KRAS mutation status was examined using the FastTarget next-generation
sequencing method.
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<1.18 vs.>1.18
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98 (86.0%)
16 (14.0%)
102 (89.5%)
12 (10.5%)
42 (36.8%)
72 (63.2%)
66 (57.9%)
48 (42.1%)
78 (68.4%)
36 (31.6%)
30 (26.3%)
84 (73.7%)
54 (47.4%)
60 (52.6%)
50 (43.9%)
64 (56.1%)
62 (54.4%)
52 (45.6%)
84 (73.7%)
30 (26.3%)
62 (54.4%)
52 (45.6%)
32 (28.1%)
54 (47.4%)
28 (24.6%)
76 (66.7%)
38 (33.3%)
72 (63.2%)
42 (36.8%)

High APOA-1 (>1.18,
N =202)

52 (25.7%)
150 (74.3%)
166 (82.2%)
122 (60.4%)
80 (39.6%)
180 (89.1%)
22 (10.9%)
170 (84.2%)
32 (15.8%)
109 (54.0%)
93 (46.0%)
98 (48.5%)
104 (51.5%)
154 (76.2%)
48 (23.8%)
152 (75.2%)
50 (24.8%)
92 (45.5%)
110 (64.5%)
96 (47.5%)
106 (52.5%)
166 (82.2%)
36 (17.8%)
172 (85.1%)
30 (14.9%)
130 (64.4%)
72 (35.6%)
66 (32.7%)
106 (62.5%)
30 (14.9%)
166 (82.2%)
36 (17.8%)
158 (78.2%)
44 218%)

0.580

0.359
0.732

0.560

0.354

0.003

0.257

0.466

<0.001

0.755

0.632

<0.001

0.078

0218

0315

0.027

0.041





OPS/images/fgene-12-760744/fgene-12-760744-t001.jpg
Variables

Age

G stage
M stage
N stage
T stage

Race

Radiation Therapy
Sex
AFP ng/mL

BMI

APOA-1
APOA-1 methylation

TNM staging

<55
>55
G1+G2
G3+G4
Mo
M1+Mx
NO
NT+Nx
T14T2
T3+T4
White
Asia
Black or African American
American Indian or Alaska Native
No

Yes
female
male
<400
>400
<185
18.5-24
>24
<1712
>17.12
<0.3147
>0.3147
1+ 1l
I+ NV

os

PFS

HR (95% CI)

1.173 (0.807-1.706)

1.114 (0.776-1.599)
1.176 (1.211-2.519)
1.519 (1.052-2.193)
2.483 (1.746-8.531)
0911 (0.395-2.100)
0.673 (0.286-1.583)
0929 (0.295-2.926)
0.805 (0.565-1.148)
0.787 (0.495-1.252)
1.296 (0.793-2.119)
0.799 (0.544-1.174)
0504 (0.419-0.842)
1.063 (0.745-1.488)

2.373 (1.639-3.435)

0.408

0.559

0.003

0.026

<0.001

0.828

0.364

0.900

0.232

0.312

0.301

0.263

0.003

0.769

<0.001

HR (95% CI)

0.968 (0.709-1.32)
1.166 (0.859-1.582)
1.258 (0.912-1.734)
1.222 (0.889-1.681)

22,649 (1.605-3.022)

0.77 (0.566-1.048)
0.583 (0.256-1.33)
1.557 (0.688-3.524)
0.939 (0.688-1.283)

0.956 (0.647-1.413)
1.227 (0.788-1.909)

0.903 (0.654-1.246)
0.818 (0.609-1.008)
0.752 (0.559-1.011)

2202 (1.603-3.081)

0.836

0.325

0.162

0216

<0.001

0.097

0.200

0.288

0.694

0.823
0.365

0.533

0.181

0.059

<0.001





OPS/images/fgene-12-760744/fgene-12-760744-g008.gif
i
1 .
e

/7/// Py






OPS/images/fgene-12-760744/fgene-12-760744-g007.gif
RN





OPS/images/fgene-12-760744/fgene-12-760744-g006.gif
>
@

o — LowAPOA1 expression(N=182) 100N — LowAPOAT expression(N=182)
4 ogrank P=0.003 H Logrank =018
i
< 2 2 20

. .
JCT: S T -
B o,

o — APOA1 hypomethylation(N=182) — APOA1 hypomethylation(N=182)
& 0] NG APOA! bpmramaaton-185) 5 801\ APOA! mparmttane162)
£ Logrank P=0.77 g Logrank P=0.045
{ o £
2 i,

.

Overstt Survival (Monthe) Progress Free Survival (Months)





OPS/images/fgene-12-760744/fgene-12-760744-g005.gif





OPS/images/fgene-12-760744/fgene-12-760744-g004.gif





OPS/images/fgene-12-760744/fgene-12-760744-g003.gif





OPS/images/fcell-09-671202/fcell-09-671202-g004.jpg
TCGA GBMLGG

CGGA

RABI13 mRNA Experssion (log2)

RAB13 mRNA Experssion (log2)

Probability of Survival

Enrichment plot: HALLMARK_IL2_STAT5_SIGNALING

MO0 OO Lo

saset

Ranimy et 3

Rankin rdurodDatast

Enrichment plot: HALLMARK_TGF_BETA_SIGNALING
06

02
o1
00

WL nl

ct 5
HALLMARK_TNFA_SIGNALING_VIA_NFKB
s

Raokin OndursaDatast

Enrichment plot:
HALLMARK _IL6_JAK_STAT3_SIGNALING

B TN

Enrichment plot:
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

Rankin Odated Datasot

GRADE IDH1 1p19q
14+ kKK & 149 *kokk ] 147 *kkk
—_— T R S ——
) S
= =
124 2 12+ 2 124
4 4
3 3
2 2
= =
104 = 10 = 10
< <
z z
& &
8 E g £ g
2 ]
2 )
6 . ; 9 2
LGG (N=226)  HGG (N=394)
dkokok
Fokkok
10 a 10 f?':n 104
=2 K
8- s gd <
£ RS
6 2 6 2
5 Hf
& a 64
= =
4 = 44 =
z 5 o
24 & 2+ &
g £
- ] - ] 24
o 2 O 2
= T T é T T § v T T
LGG(N=291)  HGG (N=722) Wildtype (N=435) Mutant (N=531) Codel (N=212)  Non-codel (N=728)
TCGA GBMLGG CGGA
= 100 —— High expression of RABI3 (N~495)
100 —— Low expression of RABI3 (N-330) H
. B —— Low expression of RABI3 (N-494)
—— High expression of RABI3 (N-331) 3
06086 s P<0.0001
z
50 £ 50
2
H
2
S
£
~
L | T T T T 1 01 T T 1
0 50 100 150 200 250 0 100 150 200
MONTHS MONTHS





OPS/images/fcell-09-671202/fcell-09-671202-t001.jpg
Characteristics

Age, y
Grade
|
I
Il
v
Gender
Male
Female
Survival Time (Month)
Location of Glioma
Frontal
Temporal
Parietal
Occipital
Infratentorial
Extent of Surgery
Complete resection
Biopsy or partial resection

n=124

50.7 +14.1

54 (43.5)
70 (56.5)
13.18 £11.30

66 (53.2)

40(32.9)
10 (8.1)
5 (4.0)
3(2.4)





OPS/images/fcell-09-671202/fcell-09-671202-t002.jpg
Univariable analysis OR 95% ClI P-value

Relative expression 0.334 0.204-0.548 <0.01
of miR-2276-5p






OPS/images/fcell-09-671202/cross.jpg
3,

i





OPS/images/fcell-09-671202/fcell-09-671202-g001.jpg
CD9 Cc
(25kDa)

CD 63
(26kDa)

w
&

30

20

Number (Percent)

Size (d. nm)





OPS/images/fcell-09-671202/fcell-09-671202-g002.jpg
A

GSE 113486 GSE 113740

GSE 112246 GSE 139031

xR

&

Relative expression of
miRNA-2276-5p (Log)

T T
Normal Glioma

Relative expression of
miR-2276-5p (Log)

hsa-miR-2276 expression

hsa-miR-2276 expression

Sensitivity %

GSE 112246
(s —
L
H ¥
; :;
.
ot o

GSE 113486

=T
omai Tacr

g

Z

£

i

i

g

AUC = 0.8107 H

N B B |
0 20 40 60 80 100

100% - Specificity%

GSE 113486

R
|
& -
o

Normal Tumor

GSE 139031

§
i
8
g
g
% o
5
Normal Tumor
100 — mR2T6Sp low Ned2
o mR276.5p bigh N-62
Pe0007s
50

) T T T 1
10 20 30 40
Months





OPS/images/fcell-09-671202/fcell-09-671202-g003.jpg
A

Relative expression of

mirDIP

mirtargetbase

TargetScan
Us7 LN229
RABI3
S S . 231Da)
GAPDH
- - gy G (36KDz)
S S
& @\Q & ¢
» »
207 P=0.0221
15
d
2 °
2 10
&
5-" .
4 3
. ¢ .-
v T T
0 2 4

Relative Expression of miR-2276-5p

Relative expression

Em NC
B 2276-5p mimics

EE 2 2

13.5 il
- 19
13.0 l £ —I—
g 17
12.5 Rk z
15 o
£ 15 —_—
1.0+ oo — £ 15
0.5 o 2 104 °go ogo
) 05
0.0 0.0
miR-2276-5p RABI13 miR-2276-5p RABI13
LN229 Us7
LN229

OD 490
T

14

—e— mimics

J

=

0 24 48 72
Hours
us7
57 = mimics
4 -= NC
sk
3
§
a
O 24
1-
0. 1 1
24 48 72
Hours





OPS/images/fcell-09-679544/fcell-09-679544-g007.jpg
Cluster 1

el ClUster:2

Cluster 4

Cluster 11

D E
100 Cluster 19 15| Cluster 15
7.5+ 10-/
5.0-
5-|
2.5- i

Cluster 10 100 Cluster 16

20-

15-

Cluster 42
40-

20-

Cluster 24

154






OPS/images/fcell-09-679544/fcell-09-679544-t001.jpg
Gene target

USP16_ex4-5_F
USP16_ex4-5_R
USP16_ex15-16_F
USP16_ex15-16_R
USP16_ex17-18_F
USP16_ex17-18_R
ACTB_F

ACTB_R

GAPDH

Sequence 5 -3’

TGCCAAGACTGTAAGACTGACA
TGGCGTCAGATAGTGCTTCA
AGTATGCACACGGAGACAGT

AGAGTAAGAACAGGAGGAGCA

CCTACGCAAAGTTAACAAACACA
GTGTAATGCCCCGACCTCAT
ATTGCCGACAGGATGCAGAA

GCTGATCCACATCTGCTGGAA
Qiagen

Slope value

—3.543

—3.528

—3.014

—3.398

—3.498






OPS/images/fcell-09-679544/fcell-09-679544-t002.jpg
P (Hom 1vs. P (Hom 2-4vs. P (all homozygotes

Gene Time point Wild type Hom 1 Hom 2-4 All homozygotes
wild type) (2-tailed wild type) (2 tailed vs. wild type)
Z-test) T-test) (2-tailed T-test)

USP3 Day 0 7.40 +1.66 6.42 8.78 £ 0.71 8.19+0.78 0.56 0.47 0.68

Day 1 20.08 +1.14 17.98 12.99 + 0.16 1423+ 1.25 0.07
UsP12 Day 0 28.50 + 5.27 65.80 5029+575  5417+562 [IHBsES 2 0.04 _

Day 1 62.96 + 7.84 63.96 51.33 £ 2.81 54.49 £+ 3.73 0.90 0.24 0.38
UsP21 Day 0 17.78 £1.89 42.68 24.73 £ 2.14 20.22 +4.74 0 0.06 0.09

Day 1 22.65 +1.92 34.43 25.85 +£ 2.39 28.00 £2.73 0.35 0.17
USp22 Day O 93.16 + 6.95 67.78 79.80 £ 5.83 76.80 £ 5.10 - 0.19 0.09

Day 1 82.15 £ 8.37 67.74 63.93 + 5.47 64.88 + 3.98 0.09 0.13 0.13
USP46 Day O 5.38 £ 0.76 5.10 5.50 + 0.61 540+ 0.44 0.71 0.91 0.99

Day 1 3.83 +£ 0.31 3.60 4.40 +0.82 4.20 + 0.61 0.47 0.56 0.61
BAP1 Day O 9.31 £ 0.62 24.84 20.37 £ 0.92 21.49 +£1.29

Day 1 9.84 +£ 2.32 18.63 156.88 + 2.80 16.57 £ 2.10 017 0.08
MYSM1 Day O 40.41 £ 5.93 55.91 59.49 £+ 3.55 58.59 £+ 2.67 0.03 0.03

Day 1 66.55 + 7.45 61.59 64.66 + 3.10 63.89 +2.32 0.50 0.83 0.75

Data were taken from expression levels derived from CAGE analysis. Results for homozygotes are a single replicate for Hom1 and the average of the three lines for Hom?2,
Hom3, and Hom4. Results for wild type are the average of six experiments for day 0 and four experiments for day 1. Results are shown as mean =+ standard error. Cells
are colored by significance level: deep orange P < 0.001; mid orange 0.001 < P < 0.01, light orange 0.01 < P < 0.05. Two-tailed tests were used.





OPS/images/fgene-12-768130/fgene-12-768130-t004.jpg
Target name

APC
BRCA1
CDH1
CDH13
CDKN2A
DAPK1
FHIT
GSTP1
MGMT
MLH1
PTEN
RARB
RASSF1
SOC51
TIMP3
VHL
WIF1

Gene name

Adenomatous polyposis 1

Breast cancer gene 1

E-cacherin

H-cadherin

Cyclin-dependent inhibitor 2A
Death-associated protein kinase 1
Fragie histidine triad protein

Glutathione S-transferase Pi 1
0-6-Methylguanine-dna methyltransferase
Mut homolog 1

Phosphatase and tensin homolog
Retinoic acid receptor beta

Ras association domain family member 1
Suppressor of cytokine signaiing 1
Metalloproteinase inhibitor 3

Von Hippel-Lindau tumor suppressor
Wt inhibitory factor 1

Untreated control

24.20
79.49
76.91
68.56
27.74
36.49
19.36
30.80
34.38
28.49
25.43
45.47
30.71
86.82
24.44
31.10
98.14

Chrysin 10 uM

7.88
18.12
55.01
38.89
1443
17.06

504

6.88
13.99
21.88
14.11
21.88
19.24
7350
1349
14.59
82.56

Chrysin 15 uM

272
2.1
43.25
2.60
4.19
11.46
2.94
3an
4.29
14.50
11.30
11.22
15.27
56.97
332
11.78
60.68





OPS/images/fgene-12-768130/fgene-12-768130-t003.jpg
Gene information

Class Il major histocompatibilty complex transactivator
SET domain containing

Establishment of sister chromatid cohesion N-acetyltransferase 2
Histone deacetylase IV

Wolt-Hirschhorn syndrome candidate 1 gene
A member of NF2/ERM/4.1 superfamily
Histone deacetylase 2

Histone deacetylase 1

Aurora kinase C

DNA methyl transferase 1

DNA methyl transferase 3A

DNA methyl transferase 38

Aurora kinase B

Aurora kinase A

Protein Arginine methyltransferase 8

Histone deacetylase 11

Histone deacetylase 4

A SH1-like histone lysine methyltransferase
Ubiquitin-specific peptidase 22

Histone deacetylase 3

Ubiquitin-specific peptidase 21

Genes

CITA
SETD2
ESCO2
HAT 1
WHSC1
EHM2
HDAC 2
HDAC 1
AURKC
DNMT1
DNMT3A
DNMT3B
AURKB
AURKA
PRMT8
HDAC 11
HDAC 4
ASH1L
uspP22
HDAC 3
usP21

RQ chrysin 10 yM

2.80
270
220
0.50
0.49
0.44
0.42
0.41
0.40
0.39
0.38
0.37
0.36
0.34
0.34
0.26
0.25
0.23
0.14
0.52
0.09

RQ chrysin 15 uM

780
4.90
7.80
0.32
0.17
0.02
0.15
0.13
0.30
0.09
0.34
0.03
0.08
0.1
0.20
0.03
0.12
0.02
0.06
0.1
0.01





OPS/xhtml/Nav.xhtml




Contents





		Cover



		EPIGENETIC AND TRANSCRIPTIONAL DYSREGULATIONS IN CANCER AND THERAPEUTIC OPPORTUNITIES



		Editorial: Epigenetic and Transcriptional Dysregulations in Cancer and Therapeutic Opportunities



		Author Contributions



		Publisher’s Note



		References









		CRISPR-Cas9 Editing of Human Histone Deubiquitinase Gene USP16 in Human Monocytic Leukemia Cell Line THP-1



		INTRODUCTION



		MATERIALS AND METHODS



		THP-1 Cell Line and Differentiation Assay



		CRISPR-Cas9 Editing of USP16 in THP-1 Cells



		Nucleofection of CRISPR-Cas9 Plasmids Into THP-1 Cells



		Validation of Knockout Cell Lines



		Gene Expression Analysis



		CAGE (Cap Analysis Gene Expression)



		Western Blot



		Analysis of Edited Cells



		Statistical Analysis









		RESULTS



		Editing of the USP16 Gene in THP-1 Cells



		Impact of USP16 Frame Shift on Gene Expression



		Cellular Impact in USP16 Knockout Cells



		Transcriptomic Analysis of Wild Type THP-1 and USP16 Knockout Clones



		Network Analysis of USP16 Edited Clones









		DISCUSSION



		‡ORCID:



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Exosomal miR-2276-5p in Plasma Is a Potential Diagnostic and Prognostic Biomarker in Glioma



		INTRODUCTION



		MATERIALS AND METHODS



		Patients and Sample Preparation



		Cell Lines and Transfections



		Exosome Isolation From Plasma



		Transmission Electron Microscope



		Protein Extraction and Western Blot



		MTT



		RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction



		Bioinformatic Tools



		Statistical Analyses









		RESULTS



		Identification of Plasma Exosomes



		Exosomal miR-2276-5p Is Unconventionally Expressing in Glioma Patients and Could Be a Potential Diagnostic Biomarker in Glioma



		Exosomal miR-2276-5p in Plasma Could Be a Potential Prognostic Biomarker in Glioma



		RAB13 May Be the Target Gene of the Plasma Exosomal miR-2276-5p Which Also Predicts the Glioma Patients’ Survival









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Epigenetic Reprogramming Mediated by Maternal Diet Rich in Omega-3 Fatty Acids Protects From Breast Cancer Development in F1 Offspring



		INTRODUCTION



		RESULTS



		Maternal Diet Induces Genome-Wide Epigenetic Changes in the Mammary Tissue of F1 Generation Mice



		Maternal Diets Modulate Global Gene Expression Patterns in F1 Offspring



		Maternal ω-3 FA Diet Induces Epigenetic Changes in Nucleosomes Around TSS of Differentially Expressed Genes



		Maternal Diets Modulate the Carcinogenic Effects of DMBA on Offspring Mammary Glands









		DISCUSSION



		MATERIALS AND METHODS



		Animal Experiments



		Microarray for Gene Expression



		ChIP-Sequencing and Analysis



		Western Blot



		Statistics









		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Analysis of Ferroptosis-Mediated Modification Patterns and Tumor Immune Microenvironment Characterization in Uveal Melanoma



		INTRODUCTION



		MATERIALS AND METHODS



		Data Processing of UVM Dataset



		Selection of Potential Ferroptosis-Related Genes



		Clustering of Ferroptosis-Related Regulators



		Identification of Signaling Pathways in Ferroptosis-Related Patterns



		Estimation of Immune Cell Infiltration in Ferroptosis-Related Patterns



		Construction of Prognostic Ferroptosis Signatures and Validation



		Building of ceRNA Network Based on Key Genes



		Statistical Analysis









		RESULTS



		Selection of Prognostic Ferroptosis-Related Regulators



		Clustering of Ferroptosis-Related Genes With Prognostic Value of Clinical Outcomes



		Interaction of Ferroptosis-Related Regulators in Two Patterns



		Characteristics of Tumor Immune Microenvironment in UVM Patients



		Prognostic Analysis of Risk Model and Ferroptosis-Related Genes



		Verification of Ferroptosis Regulators–Based Risk Model



		Construction of ceRNA Based on Key Genes



		Evaluation of Key Genes in Immune Landscape and Pan-Cancer









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		The Emerging Role of Non-coding RNAs in Drug Resistance of Ovarian Cancer



		BACKGROUND



		MIRNAS AND DRUG RESISTANCE



		MIRNAS AND RESISTANCE TO PLATINUM



		MIRNAS AND PTX RESISTANCE



		MIRNAS AND PARPI RESISTANCE



		LNCRNAS AND THERAPY RESISTANCE



		CIRCRNAS AND CHEMORESISTANCE IN OVARIAN CANCER



		CONCLUSION AND FUTURE PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Characterization of the Potential Role of NTPCR in Epithelial Ovarian Cancer by Integrating Transcriptomic and Metabolomic Analysis



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Lines and Culture Conditions



		Samples



		RT-PCR Analysis



		Cell Transfection



		Cell Viability



		5-Ethynyl-2′-deoxyuridine (EdU)



		Flow Cytometry Analysis



		Transwell Assay



		Western Blotting



		Transcriptomic Sequencing



		Metabolomics Sequencing



		Integrated Transcriptomic Analysis and Metabolomics Analysis



		Statistical Analysis









		RESULTS



		NTPCR Was Upregulated in EOC Tissues



		NTPCR Inhibits Cell Proliferation, Cell Cycle, and Cell Migration and Invasion in the EOC Cell Line



		Transcriptomic Analysis on the Effect of NTPCR Expression in EOC



		PPI Network Analysis



		Prediction of miRNA and TFs Associated With EOC



		Differential Metabolites Between NTPCR and Normal Samples



		Integrated Transcriptomic and Metabolomic Analysis









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Targeting the Transcriptome Through Globally Acting Components



		Introduction



		Pervasive Uncertainty in Targeting Cellular Components



		Targeting the Transcription Machinery: Knocking on the Black Box



		Ambiguous Roles of Transcription Factors



		Epigenetic Marks – A Knot Around Transcription



		Multiple Sides of the Cellular Context









		A Common Framework of Transcriptome Organization



		The Transcriptome Rests on DNA



		Pol II Pausing – A Common Step in Complex Organisms









		Regulation by Globally Acting Factors



		Encoding the Change in the Static Genome



		Transcriptional Responses Expose the Transcriptome



		Regulation of the Transcriptome at the Level of Pol II Pausing









		Discussion



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Characterization of Modification Patterns, Biological Function, Clinical Implication, and Immune Microenvironment Association of m6A Regulators in Pancreatic Cancer



		Introduction



		Materials and Methods



		Data Acquisition and Preprocessing



		Unsupervised Clustering Analysis



		Gene Set Variation Analysis



		Single Sample Gene Set Enrichment Analysis



		Development of m6A Score System



		Association Between m6A Score and Biological Pathways



		Copy Number Variation Analysis



		Assessment of T Cell Dysfunction and Exclusion



		Statistical Analysis









		Results



		Landscape of Genetic Mutation and Expression of m6A Regulators in Pancreatic Cancer



		Characterization of Two m6A Methylation Modification Patterns in Pancreatic Cancer



		Two m6A Methylation Modification Patterns Characterized by Distinct Immune Cell Infiltration, Biological Functions, and Genetic Mutations



		Construction of m6A Gene Clusters in Pancreatic Cancer



		Development of a m6A Scoring System in Pancreatic Cancer



		m6A Scores as a Prognostic Factor of Pancreatic Cancer



		Assessment of Genetic Mutation Characteristics of High and Low m6A Scores



		m6A Score as a Predictive Tool of Immunotherapy Response









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Publisher’s Note



		Supplementary Material



		Abbreviations



		References









		Emerging Advances in Combinatorial Treatments of Epigenetically Altered Pediatric High-Grade H3K27M Gliomas



		INTRODUCTION



		EPIGENETIC ALTERATIONS IN H3K27M pHGGs



		Methylation of Lysine 27 in Histone H3



		Acetylation of Lysine 27 in Histone H3









		MOLECULAR AND PHENOTYPIC DIFFERENCES IN pHGGs EXPRESSING EITHER H3.1K27M OR H3.3K27M



		A SEARCH FOR SPECIFIC EPIGENETIC VULNERABILITIES OF H3K27M pHGGs



		Targeting Modifiers of H3K27me3



		Interfering With H3K27ac and Transcriptional Activity in H3K27M pHGGs









		COMBINATORIAL EPIGENETIC TREATMENTS



		Targeting HDACs and Histone Demethylases



		Targeting HDACs and Transcription



		Targeting HDACs and DNA Methylation



		Targeting HDACs and FACT Complex



		Targeting HDACs and Proteasome



		Targeting HDACs and AXL



		Targeting BET Bromodomains and PRC2



		Targeting BET Bromodomains and CBP



		Targeting BMI1 and Anti-apoptotic Pathway









		CLINICAL TRIALS INCLUDING TARGETING EPIGENETIC MODIFIERS IN pHGGs



		SUMMARY AND FUTURE PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		CBX7 is Dualistic in Cancer Progression Based on its Function and Molecular Interactions



		Introduction



		Abnormal Expression of CBX7 in Cancer Progression



		Low Expression of CBX7 in Cancer Progression



		High Expression of CBX7 in Cancer Progression









		CBX7 Interacts With Different RNAs in Different Cancer Environments



		Interaction of CBX7 With microRNAs



		Interaction of CBX7 With Long Noncoding RNAs



		Interaction of CBX7 With Circular RNAs









		The Relationship Between the Physiological Function of CBX7 and Cancer



		CBX7 and the Immune Response



		CBX7 and DNA Damage









		Discussion



		Conclusion



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		The Role of MicroRNAs in Therapeutic Resistance of Malignant Primary Brain Tumors



		INTRODUCTION



		MICRORNAS DYSREGULATION IN MALIGNANT PRIMARY BRAIN TUMORS



		MICRORNAS IN RESISTANCE TO CHEMORADIOTHERAPY AND PHARMACOLOGICAL TREATMENT



		Glioblastoma



		Medulloblastoma



		Pituitary Adenomas With Aggressive Behavior



		High-Grade Meningiomas









		EXTRACELLULAR MICRORNAS IN TUMOR RESISTANCE



		Glioblastoma



		Pituitary Adenomas With Aggressive Behavior



		High-Grade Meningiomas and Medulloblastoma



		Discussion and Implications









		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Targeted Inhibition of Fibroblast Growth Factor Receptor 1-GLI Through AZD4547 and GANT61 Modulates Breast Cancer Progression



		INTRODUCTION



		MATERIALS AND METHODS



		Data Collection and Processing



		Validation Cohort



		RNA Extraction and cDNA Synthesis



		Primer Designing and Quantitative Real-Time PCR



		Breast Cancer Cell Line Used in the Study



		Exposure of GANT61 and AZD4547 Inhibitors Against SHH and GLI1



		Protein Estimation Using Western Blot



		Wound Healing Assay



		Cell Invasion Assay



		Statistical Analysis









		RESULTS



		Expression Analysis of Fibroblast Growth Factor Receptor 1 Gene Expression (Discovery Cohorts)



		Fibroblast Growth Factor Receptor 1-Expression-Based Gene Set Enrichment Analysis



		Clinicopathological Relevance of SHH Pathway Genes



		In vitro Validation of Fibroblast Growth Factor Receptor 1 and GLI1 Association in 150 Breast Cancer Patients



		Effect of GANT61 and AZD4547 Treatment on Fibroblast Growth Factor Receptor 1-GLI1 Expression in MDA-MB231



		Synergistic Effect of Fibroblast Growth Factor Receptor 1 and Hedgehog Signaling



		Combined Treatment of GANT61 and AZD4547 Reduces Cell Motility and Invasion









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		A Review on the Therapeutic Role of TKIs in Case of CML in Combination With Epigenetic Drugs



		Chronic Myeloid Leukemia



		Targeted Therapy for CML Using Tyrosine Kinase Inhibitors



		Current Use of TKIs for CML Treatment



		The Survival Rate and Long Term Response in CML Patients in the Era of TKI Therapy



		CML Patients Receiving TKIs and COVID-19



		Adverse Events Associated With TKI Therapy









		Challenges and Resistance to TKI Treatment in CML



		An Epigenetic Mechanism of Imatinib Resistance Associated With HOXA4 Gene Promotor



		Second Malignancies Incidence in CML Patients



		The Epigenetic Mutation Associated With Cardiovascular Events in CML Patients



		Role of Cytogenetic Abnormalities in Prognosis









		Epigenetic Emerging Therapies for CML in Combination With TKIs: Efficacy and Challenges



		Combination Therapy Using TKI With Other Drugs/Inhibitors: An Epigenetic Reprogramming



		Concomitant Use of TKI and DNMT Inhibitor (a Class of Epigenetic Drugs)



		Concomitant Use of TKI and IC/HMA in Myeloid BP-CML Patients



		Concomitant Use of TKI and HDAC Inhibitor (a Class of Epigenetic Drugs)









		Conclusion and Future Prospects



		Author Contributions



		Publisher’s Note



		Acknowledgments



		References



		Glossary









		Targeted Bisulfite Sequencing Reveals DNA Methylation Changes in Zinc Finger Family Genes Associated With KRAS Mutated Colorectal Cancer



		INTRODUCTION



		RESULTS



		Five Zinc Finger Genes Were Identified as Candidate Colorectal Cancer Diagnostic Biomarkers



		Targeted Bisulfite Sequencing in the Han Chinese Population Confirmed the Efficacy of the Candidate Zinc Finger Genes-Based Biomarkers



		The Diagnostic Abilities of the Candidates Were Significantly Affected by the KRAS Mutation Status of Colorectal Cancer Patients



		An Independent Replication Cohort Validated the Association Between KRAS Mutation and Diagnostic Capabilities of the Zinc Finger Genes



		The Diagnostic Abilities of Zinc Finger Genes Could Achieve Superior Performance Than That of SEPT9 for Colorectal Cancer Diagnosis Using All Replication Samples









		DISCUSSION



		MATERIALS AND METHODS



		Integration of Public Datasets and Biomarker Discovery



		Patients, Samples, and DNA



		Targeted Bisulfite Sequencing Assay and Detection of KRAS, NRAS, and BRAF Mutation Status



		Statistical Analysis and Machine Learning Methods









		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Low APOA-1 Expression in Hepatocellular Carcinoma Patients Is Associated With DNA Methylation and Poor Overall Survival



		Introduction



		Materials and Methods



		Bioinformatics Analysis in Public Databases



		Collection of Serum APOA-1 Protein of Patients with HCC and Healthy Control Individuals.



		Follow-Up



		Statistical Analysis









		Results



		APOA-1 Expression in HCC and Normal Tissues



		APOA-1 mRNA Transcription Is Negatively Regulated by DNA Methylation



		Prognostic Value of APOA-1 mRNA and DNA Methylation in Patients With HCC in TCGA Database



		Correlation Between Serum APOA-1 Protein and Clinical Features



		APOA-1 Was an Independent Prognostic Marker for HCC



		Enrichment Analysis of Genes Co-expressed With APOA-1









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Role of Flavonoids as Epigenetic Modulators in Cancer Prevention and Therapy



		Introduction



		Cancer Epigenetics



		DNA Methylation



		Histone Modifications



		Non-Coding RNAs



		Flavonoids as Epigenetic Modulators



		Cancer Prevention and Therapy by Epigenetically Active Flavonoids









		Conclusion



		Author Contributions



		Publisher’s Note



		References



		Glossary









		CircARVCF Contributes to Cisplatin Resistance in Gastric Cancer by Altering miR-1205 and FGFR1



		Highlights



		Introduction



		Materials and Methods



		Tissue Collection



		Cell Culture



		Quantitative Real-Time Polymerase Chain Reaction



		Cell Counting Kit-8 Assay



		Actinomycin D and RNase R Treatment



		Cell Transfection



		Colony Formation Assay



		Transwell Assay



		Flow Cytometry Analysis



		Western Blot Assay



		Dual-Luciferase Reporter Assay



		RNA Immunoprecipitation Analysis



		Murine Xenograft Model



		Immunohistochemistry Assay



		Statistical Analysis









		Results



		CircARVCF Was Upregulated in DDP-Resistant GC Tissues and Cells



		CircARVCF Knockdown Repressed the Resistance of DDP-Resistant GC Cells to DDP



		CircARVCF Directly Targeted miR-1205 to Regulate miR-1205 Expression



		CircARVCF Knockdown Inhibited DDP Resistance in DDP-Resistant GC Cells by Targeting miR-1205



		FGFR1 Was the Target Gene of miR-1205



		MiR-1205 Overexpression Suppressed DDP Resistance in DDP-Resistant GC Cells via Regulating FGFR1 Expression



		CircARVCF Knockdown Suppressed DDP Resistance in Vivo









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Publisher’s Note



		Supplementary Material



		References









		Chrysin Modulates Aberrant Epigenetic Variations and Hampers Migratory Behavior of Human Cervical (HeLa) Cells



		Introduction



		Materials and Methods



		Maintenance of Cervical Cancer (HeLa) Cells and Drug Dilution



		Colony-Forming Assay



		Scratch-Wound Assay



		Trans-Well Chamber Assay



		DNMT Activity Assay



		HDAC Activity Assay



		HMT H3K9 Activity Assay



		HAT Activity



		Global DNA Methylation Assay



		Methylation-Specific PCR (MSRE–PCR)



		qRT‐PCR–Based Expression Analysis of Tumor-Suppressor, Migration, and Inflammation-Related Genes



		Protein Expression by Proteome Profiler Array



		Expression Analysis of Epigenetic Enzymes Involved in Chromatin Modification



		H3 and H4 Histone Modification Marks



		Statistical Analysis









		Results



		Chrysin-Inhibited Colony Formation and Migration of HeLa Cells



		Chrysin Reexpresses Tumor-Suppressor Genes (TSGs) and Downregulates Genes Related to Migration and Inflammation



		Chrysin Modulates the Protein Expression of Genes Involved in Migration, Inflammation, and Tumor Suppression



		Chrysin Inhibits DNMT Activity in HeLa Cells



		Chrysin Inhibits HDAC Activity



		Chrysin Decreases HAT Activity in a Dose-Dependent Manner



		Chrysin Reduces HMT H3K9 Enzyme



		Chrysin Modifies the Expression of Chromatin-Modifying Genes



		Chrysin Modulates H3 and H4 Histone Marks



		Chrysin Diminishes Global DNA Methylation of HeLa Cells



		Chrysin Reduces Methylation of the Promoter Region of Various Tumor-Suppressor Genes









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Publisher’s Note



		Acknowledgments



		References























OPS/images/fgene-12-768130/fgene-12-768130-t002.jpg
Oncogene proteins Fold Fold
change chrysin 10uM  change chrysin 15 M

E-cadherin 3.07 827
Mesothelin 056 027
Her1 054 043
ICAM-1/CD54 0.51 045
MUC1 0.48 0.24
CCL8/MCP-2 0.48 0.32
Leptin 0.46 0.32
M-CSF 053 0.30
MMp2 053 041
Herd 0.69 043
CCL7/MCP-3 0.69 0.39
MMP-3 0.69 0.50
HO-1/HMOX1 0.68 041
MMP-9 067 035
IL-2 Ra 0.66 0.36
Kallikrein 5 0.65 0.44
FOXC2 065 050
MSP/MST1 063 042
Kallikrein 6 059 043
Her3 059 0.34
CCL2/MCP-1 059 0.56
BCL-X 048 0.18
HIF-1a 048 028
HNF-38 048 0.32
ErbB2 (HER2) 0.39 025
CXCL8/IL-8 0356 029
IL-18 BPa 031 025

VE-cadherin 028 0.16





OPS/images/fgene-12-768130/fgene-12-768130-t001.jpg
Genes

L2
MMP9
WNT1
FOS
MYC
JUN
MTAT
MTA2
MMP14
SNAIL1
SMAD4
SNAIL2
CXCL8
L6
SMAD3
TGFp1
L1A
ESR1
TWIST1
MVP2
FOSL1
PTEN
CDH1
P53
FHIT
RASSF1
SOCS1
TIMP4
RARB
TIMP3

Gene ensemble no.

Hs00174114_m1
Hs00234579_m1
Hs00180529_m1
Hs00170630_m1
Hs99999003_m1
Hs99999141_s1

Hs00183042_m1
Hs00191018_m1
Hs01037009_g1

Hs00195691_m1
Hs00232068_m1
Hs00161904_mi
Hs99999034_m1
Hs00174131_mt1
Hs00969210_m1
Hs00998133_m1
Hs00174092_m1
Hs01046816_m1
Hs00361186_m1
Hs00234422_mt
Hs04187685_m1
Hs01920652_s1

Hs00170423_m1
Hs01034249_m1
Hs00896860_m1
Hs00945255_g1

Hs00705164_s1

Hs00162784_m1
Hs00977140_m1
Hs00165949_m1

Gene information

Interleukin 2

Matrix metallopeptidase 9

Wt family member 1

Fos proto-oncogene

Myelocytomatosis viral oncogene homolog
Jun proto-oncogene

Metastasis associated 1

metastasis associated 2

matrix metallopeptidase 14

Snail family transcriptional repressort
SMAD family member 4

Snail family transcriptional repressor2
C-X-C molif chemokine ligand 8
Interleukin 6

SMAD family member 3

Transforming growth factor beta 1
Interleukin 1 alpha

Estrogen receptor 1 metastasis associated 2
Twist family bHLH transcription factor 1
Matrix metallopeptidase 2

1FOS-like 1

Phosphatase and tensin homolog
Cadherin 1

Tumor protein p53

Fragile histidine triad

Ras association domain famiy member 1
Suppressor of cytokine signaling 1

TIMP metallopeptidase inhibitor 4
Retinoic acid receptor beta

TIMP metallopeptidase inhibitor 3

RQ chrysin 10 uM

0.04
0.07
o1
0.20
0.20
0.20
0.26
0.28
0.31
0.35
0.36
0.38
0.41
0.42
0.43
0.44
0.46
0.47
0.49
0.55
0.58
1.48
1.50
1.60
1.70
208
220
250
2.80
3.70

RQ chrysin 15 uM

002
0.06
007
0.18
0.10
017
0.14
0.14
025
027
0.12
023
0.12
0.10
0.15
0.16
0.10
003
024
022
036
441
2.40
250
3.60
420
450
320
6.70
4.40





OPS/images/fgene-12-768130/fgene-12-768130-g006.gif
u.JlJll |mn e Ll hhhlﬁmm

COISE I IEII 8





OPS/images/fgene-12-768130/fgene-12-768130-g005.gif
Ry Y

sy

o PESAIESS





OPS/images/fcell-09-679544/fcell-09-679544-g001.jpg
A 0 100 200 300 400 500 600 700 800

I I I i i 0 i I i Residue number
ZnF UBP USP domain USP domain
domain
B lLeu Lys His Tyr Leu Thr Pro Arg Ser Glu
Wild type l
Heterozygote l
gl AN W

leu Lys Ala Leu Ser Asp Ala Lys lle stop

Homozygote l

MetGKKRTKGKTVPIDDSSETLEPVCRHIRKGLE
QGNLKKALVNVEWNICQDCKTDNKVKDKAEEE
TEEKPSVWLCLKCGHQGCGRNSQEQHALKALS
DAKIStopTSLSGSStopFGQLECMetVL

R Met Stop Stop Stop GPVLStopFKPVGSSGStopLCQK
TSQHYNSKASRERStopWKY Stop T Stop KStopKIRK
REStopEStop TRERKEGKHGStopRESSHEFSLPN
NRERTQStopFGKHMetFLQCSYAELVTNTS
AStOpRTTKRSENVWNNCKNStopTTStopFGINRT |
RNKPStopASRPSYFSHEPVSStopStopDARDQK G
GCDTERTLFSGLStopKSSAVStopRLSAARQPGA
ASLLIGWDESRRTPKSEStopRNT StopSIW Stop F
Y StopKVGStopRTKK Stop SStop RLStopEEKINAKF
CStopPHLWWStop TNStopYDHV StopSMetQNCLLG
SStop | FPStopFVPPSFRStopSEWStopEKC

KStop StopKSEKDS G G Stop RS R Stop Stop GRK





OPS/images/fcell-09-679544/fcell-09-679544-g002.jpg
A USP16 expression based on g-PCR

Expression relative to ACTN

Expression relative to ACTN

Expression relative to ACTN

0.8
0.6
0.4
0.2

0.7
0.6

0.4
0.5
0.2
0.1

0.8

0.6

0.4

0.2

0

Exon 4-5

*

N

o &

N O D M
@@@f

Exon 15-16

\2@’ Q&

&&&&

Exon 17-18

¥ Q\é

&&&&

Expression (TPM)
O P N W B U1 OO N 00 O

[N
o

C

WT_O

USP16 expression based on CAGE

o -_ -_rrreE
o | | N | | | | N o~
I_I B%Ulml EE‘EEHINIMI
= £ % © B S 6 6 o £ E E
i I ] i & T T (@] e} (@]
T - - A I
Western blot of USP16
& & L & 8 & .
SO SIS SRV ¥
250
130
100
70
55
Actin control
35
25

Hom4 24 |





OPS/images/fgene-13-857380/fgene-13-857380-g001.gif





OPS/images/fcell-09-679544/cross.jpg
3,

i





OPS/images/fcell-09-679544/fcell-09-679544-g005.jpg
CSFIR

1800

1600

1400

1200

o
o O O
o
i

(Id1) uoissaidx3

¢ yWoH
¢ E€WOH
¢ TWoH
¢ TWOH
0 yWoH
0 €WwoH
0 CwoH

0 TWoH

¢ 3IP1SH
7 D19H
0 3pIeH

0 D¥°H

vZ LMW

MYB

200

o
N
i

A

-
o
i

INdL) uoissaidx]

50

0

¥ yWoH
¢ €WoOH
¢ TWoH
¢ TWOH
0 yWoH
0 E€WOH
0 CWwoH

0 TWoH

vZ 3PIsH
2 D18H
0 3IpP1aH

0 DJ19H

vZ 1M

0 IM





OPS/images/fcell-09-679544/fcell-09-679544-g006.jpg
USP21

USP12

USP3

vZ ¥-gWoH

TI vZ t-CWOH
TI 0 v-CcWOH 0 -ZWOH
. vTwoy TG
- |
I 0 TWOH Q s
< 0 TWOH
(a4
HH vT LM YZTLM
- 0w LM
m % m m e % % m ﬁ m LN o
(I d1) uoissaidx3 n T
-— <t
=3
vT LM - v 1M
o — I o
(@) (@) o (@) (@)
o0 (o) < o N O N < on N +1 O
(IdL1) uoissaidx3 W (INdL) uoissaidxy

7 p-CWOH s Ve FCERH vZ y-guieH
HI 0 v-zwoH - o v-cwoH 0 ¥-ZWoH
DO ek - v Twor
- N M _
owow 5 I oo
> S
i 7 LM — Vi — vZ LM
S o oL o
o o o o o o
X & 8 8 ¥ ° & = ¥ §¥ W 8 8 § & °

(INdL) uoissaidx3 o (INd 1) uoissaudx3 o (INdL) uoissaidxg





OPS/images/fcell-09-679544/fcell-09-679544-g003.jpg
B 35

Change in metabolic activity

w

f
U

N

-
w

o
w

HetC

(@

0.

co

0.6

0.4

0.2

Proportion of cells in phase

Proportion of cells in phase
© o o o
N D (0)] (00]

o

]

HetD HetdE

Day 0 of differentiation

Day 2 of differentiation

WT Het C Hom 1 Hom 2 Hom 3 Hom 4
Gl mS mG2

Homl Hom2 Hom3 Hom4






OPS/images/fcell-09-679544/fcell-09-679544-g004.jpg
A WT3 24 hr

O
WT2 24 hr
WT4 24 hr O
Hom3 24 hr ‘
Hom?2 24 hr QO O
&) @ Hetc24hr
WT7 24 hr
OHoml 24 hr
) HetdE 24 hr
Hom2 0 hr @
.. - 7 Hom4 24 hr
" Hom30 hr
wriohr @
.. | HetCO hr
Hom1 0 hr WT2 0 hr . . HetdE O hr
WT6 O hr .. .Hom40hr
wTsohr @~ @wT40hr
WT3 24 hr
3 O
WT2 24 hr
o hWT4 24 hr O
om r
Hom2 24 hr OO O ‘P
& () HetC24 hr
WT7 24 hr
OHoml 24 hr
® HetdE 24 hr

Hom2 0 hr
. - Hom4 24 hr

"~ 'Hom3 0 hr

WT10 hr | .

. ‘ HetCO hr
Hom1 O hr WTZ‘ S Hr . . HetdE O hr
WT6 O hr “ .Hom40hr

wizohr @ @wraohr






OPS/images/fgene-13-857380/crossmark.jpg
©

|





OPS/images/fgene-12-768130/fgene-12-768130-g004.gif
all JII






OPS/images/fgene-12-768130/fgene-12-768130-g003.gif
R PR TR L

,y v?f /// f o /,33{‘7 /w’r)’/’{/





OPS/images/fgene-12-768130/fgene-12-768130-g002.gif





OPS/images/fgene-12-768130/fgene-12-768130-g001.gif
" 4 ™
o | Jo0
H
Jou|
S8 |
LM W . -
oo sw om o
foee]





OPS/images/fgene-12-768130/crossmark.jpg
©

|





OPS/images/fgene-12-767590/fgene-12-767590-t001.jpg
Name

CircARVCF
ARVCF
miR-1205
FGFR1
p-actin

uée

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primers for PCR (5'-3')

TGAGGACTCCCTGTTCCTTTG
TTGGTATGAGGCTGTGACCG
CTATTGTCACATCCGAAGATGGC
CGTACTGTCCGAGTGGTCAC
ACACTCCAGCTGGGTCTGCAGGGTTTGC
TGGTGTCGTGGAGTCG
CCCGTAGCTCCATATTGGACA
TTTGCCATTTTTCAACCAGCG
ATCAAGATCATTGCTCCTCCTGAG
CTGCTTGCTGATCCACATCTG
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT





OPS/images/fgene-12-767590/fgene-12-767590-g008.gif





OPS/images/fgene-12-767590/fgene-12-767590-g007.gif





OPS/images/fgene-12-767590/fgene-12-767590-g006.gif





OPS/images/fgene-12-767590/fgene-12-767590-g005.gif





OPS/images/fgene-12-695245/fgene-12-695245-g003.jpg
Descroption

%)
=
=z
(@)
-

Terpenoid backbone biosynthesis -
Systemic lupus erythematosus -
RIG-I-like receptor signaling pathway -
Rheumatoid arthritis -

Protein digestion and absorption -
NOD-like receptor signaling pathway -
Measles -

MAPK signaling pathway -

Leukocyte transendothelial migration -
Legionellosis -

Influenza A -

IL-17 signaling pathway -

Herpes simplex infection -

Hepatitis C -

Estrogen signaling pathway -
Cytokine-cytokine receptor interaction -
Complement and coagulation cascades -
Cholesterol metabolism -

Arachidonic acid metabolism -

AGE-RAGE signaling pathway in diabetic complications -

Z dOd1Nus

Al

L dOdLNus

'
Down

Group

€ dOd1INuUs

1

r T 1 [ T 1 .
e = condition

ple
condition

NC
NTPCR

sample

shNC_1
shNC_2
shNC_3
ShNTPCR_1
shNTPCR_2
shNTPCR_3

~logso(pvalue)
6

Gene number
® 5
@® 10
@ s
@ »
@ =

-log10 (FDR)

Volcano picture of DEG
I I
I 1
| i
104
threshold
= Down
Not
- Up
5 -
0+ . i
i i
-10 %5 0 5 10
log?2 (fold change)
6 of
g 1
5]
B
= Ill-llllllu—— —
o
4
-34
0.2
[¢]
1S
Q
o)
g 0.1
IS
£
]
5
o 0.07
£
c
c
i
&
-0.71+

0 5000

10000 15
Position in the Ranked List of Genes

000 20000





OPS/images/fgene-12-695245/fgene-12-695245-g004.jpg
® @ @

® o @ © o o o e o 0 ¢

@

Descroption

*
®
§

TNF signaling pathway -

RIG-I-like receptor signaling pathway -
Pertussis -

NOD-like receptor signaling pathway -
Neuroactive ligand-receptor interaction =
Measles -

Legionellosis -

Kaposi sarcoma-associated herpesvirus infection -
Influenza A -

IL-17 signaling pathway -

Human papillomavirus infection -

Herpes simplex infection -

Hepatitis C -

Hepatitis B -

Epstein-Barr virus infection -

Cytosolic DNA-sensing pathway -
Cytokine-cytokine receptor interaction =
Complement and coagulation cascades -
Chemokine signaling pathway -

Calcium signaling pathway -

!
cluster1

cx@en

®* & @& & 6 O °o o o

'
cluster2

Gene number
° 2
® 4
® s
@

~logyg(pvalue)

10

hsa-mi

140-5p

——

@

=IQ‘;\‘ "’,/!{‘/_14\\\\\

g
S

N4






OPS/images/fgene-12-695245/fgene-12-695245-g005.jpg
I — Group

D-alpha-aminobutyric acid

Group
NT

NC
Pyruvaldehyde 2
Taurine
Isoleucyl-Lysine .
Tyrosyl-Alanine
LysoPE(16:0/0:0)
3-Hydroxybenzoate 0
iethylcarbamazine
Histidinyl-Glycine
MG(16:0) =
1-St 1-2-oleoyl I |
Y Y gly )
PC(16:0/16:0) 2
L-Threonine
Arginyl-Threonine
Argininosuccinic acid
Isoleucyl-Tyrosine
2-Pyrrolidineacetic acid
Maltotriose
Desipramine
D-Fructose 1,6-bisphosphate
Creatine
Alanyl-Isoleucine
Isoleucyl-Alanine
Allopurinol riboside
Adenylsuccinic acid
Prolyl-Asparagine
8oo808c00000000000000
N v A
Z2zzzzzZZZZZZ2ZZZZZZZZ2Z
dFEIaNAEIIR2R82Q38R22
POS NTvsNC Volcano neg NTvsNC Volcano
Cei & S -
o5
A
Lol
<
N
+ Down-Regulated
* Up-Regulated Ll
Not Significant o = i
o = PN
3 o 5 T a
> ¥ @ o5 > i
g 8 . ®
2 .. @ T
-
.1‘5 N [ ¥
7 st
o*
o
N
v
N ]
~N
IS S
-4 2 0 4 4 0
log2 FC log2 FC

+ Down-Regulated
+ Up-Regulated
Not Significant

@ o5
@0
‘1.5

Pathway name

Group 3 Group
Dihydroxyacetone phosphate zl
Uridine 5'-monophosphate (UMP)

Cytidine 5'-monophosphate (CMP)

Argininosuccinic acid

Suberylglycine

O-Succinyl-L-homoserine

Creatine o
D-Fructose 1,6-bisphosphate

Chenodeoxycholate
LysoPE(16:0/0:0)

Cholesteryl sulfate
N-Acetylaspartylglutamate (NAAG)
O-Phosphoethanolamine

Ribitol

5-Hydroxyindoleacetate

Taurine

Pathway enrichment

Pyruvate metabolism 4

Primary bile acid biosynthesis

Pentose and glucuronate interconversions -
Metabolic pathways 4

Glycine, serine and threonine metabolism o
Glycerophospholipid metabolism

Fatty acid biosynthesis

Carbon fixation in photosynthetic organisms 4
Biosynthesis of unsaturated fatty acids
Arginine and proline metabolism -

Alanine, aspartate and glutamate metabolism 4

ABC transporters

10
Rich factor

p —value

0.04
0.03
0.02
0.01

Metabolites Ratio
® 02
@ o4
@ os





OPS/images/fgene-12-695245/fgene-12-695245-g006.jpg
Pathway

Protein digestion and absorption - Homo sapiens (human) -

Primary bile acid biosynthesis - Homo sapiens (human) -

Pentose and glucuronate interconversions - Homo sapiens (human) -

Mineral absorption - Homo sapiens (human) -

Glycolysis / Gluconeogenesis - Homo sapiens (human) -

Glycerophospholipid metabolism - Homo sapiens (human) A

Fructose and mannose metabolism - Homo sapiens (human) -

ABC transporters - Homo sapiens (human) 5

10

P_joint
0.04
0.03
0.02
0.01

Num

o /





OPS/images/fgene-12-693259/fgene-12-693259-t006.jpg
CircRNAs Expression! Genes and pathways Drugs References

circTNPO3 1 miR-1299/NEK2 Paclitaxel Xia et al., 2020
circNRIP1 i miR-211-5p/HOXC8 Paclitaxel Li M. et al., 2020
Hsa_circ_00007 14 4 miR-370-3p/RAB17 Paclitaxel Guo et al., 2020
CELSR1 4 miR-1252/FOXR2 Paclitaxel Zhang S. et al., 2020
circEXOC6B 1 miR-376¢-3p/FOXO3 Paclitaxel Zheng et al., 2020
Cdrias R miR-1270/SCAI Cisplatin Zhao et al., 2019
circFoxp1 1 miR-22/CEBPG, miR-150-3p/FMNL3 Cisplatin Luo and Gui, 2020

1CircRNAs either up-regulated (1) or down-regulated (|,) in chemo-resistant ovarian cancer cells. This table shows seven circRNAs whose expression levels and underlying
pathways in chemoresistance of ovarian cancer.
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LncRNAs Expression' Genes and Drugs References
pathways
UCA1 4 miR-143/FOSL2 Cisplatin  LiZ. etal., 2019
HOTAIR 1 Wnt/B-catenin Cisplatin  LiJ. etal, 2016
pathway
NF-kB pathway Cisplatin ~ Ozes et al., 2016
ATG7 Cisplatin ~ Yu et al., 2018
H18 4 EMT Cisplatin ~ Liu et al., 2015
GSH metabolism  Cisplatin ~ Zheng et al.,
2016
EZH2/p21/PTEN Cisplatin ~ Sajadpoor et al.,
pathway 2018
NEATH 4 miR-770- Cisplatin ~ Zhu et al., 2020
5p/PARP1
CCATH 1 miR-454/survivin Cisplatin ~ Wang D. Y. et al.,
2020
MALATA 4 NOTCH1 Cisplatin  Baietal., 2018
4 miR-1271- Cisplatin ~ Wang Y. et al,,
5p/E2F5 2020
LincO0161 4 miR-128/MAPK1 Cisplatin ~ Xu et al., 2019
CHRF e EMT and STAT3 Cisplatin ~ Tan et al., 2020
pathway
ANRIL i miR-324-5p/Ran  Cisplatin ~ Wang K. et al.,
axis 2021
SNHG22 4 miR-2467/Gal-1 Cisplatin ~ Zhang P. F. et al.,
2019
GAS5 { E2F4/PARP1/ Cisplatin  Long et al., 2019
MAPK
PANDAR & SFRS2-p53 Cisplatin ~ Wang H. et al.,
2018
LINCO1125 4 miR-1972 Cisplatin ~ Guo and Pan,
2019
MEG3 & miR-214 Cisplatin ~ Zhang et al.,
2017

1LncRNAs either up-regulated (1) or down-regulated (|) in platinum resistant
ovarian cancer cells. This table shows 14 IncRNAs whose expression levels and
potential targets in platinum resistance of ovarian cancer.
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References

LiZ. Y. etal, 2020
Wang J. et al., 2018
Anetal., 2017

Shi and Wang, 2018
Zhao and Hong, 2021
Zhang P. F. et al., 2019
Liu S. etal., 2018

Lin et al., 2020

1LncRNAs either up-regulated (1) or down-regulated (|) in paclitaxel resistant
ovarian cancer cells. This table shows seven IncRNAs whose expression levels
and potential targets in paclitaxel resistance of ovarian cancer.
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Gene Degree Gene Betweenness Gene Closeness

STAT1 43 TP53 30206.2 TP53 0.015058
OAS2 36 STATH 14016.98 STATH 0.015041
OASH 36 SPP1 9019.094 ICAM1 0.01504

IFIT3 36 IL1B 8083.106 CCL2 0.015017
OASL 36 ICAM1 7465.445 PTGS2 0.015003
MX1 36 TGB2 65637.538 SPP1 0.015002
OAS3 35 CMPK2 6499.484 IL1B 0.014997
TP53 34 NME1-NME2 5982 CXCR4 0.014997
IRF7 34 CYP1A1 5829.825 TLR3 0.014992

RSAD2 33 TIMP2 5323.395 EGRA1 0.014985
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Hazard ratio P-value Hazard ratio P-value

(95% Cl) (95% Cl)

Relative expression 0.619 0.024 0.573 0.023

of miR-2276-5p (0.408-0.940) (0.354-0.926)

Grade 4.379 <0.001 3.987 <0.001
(3.066-6.252) (2.738-5.806)

Age 1.047 <0.001 1.021 0.014
(1.031-1.063) (1.004-1.037)

Gender (VS Female) 0.791 0.268 0.895 0.613
(0.523-1.197) (0.584-1.374)

Total cut 0.813 0.345 0.907 0.669

(0.530-1.249) (0.579-1.420)
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MiRNAs Expression’ Genes and References

pathways
miR-493-5p 1 RNASEH2A, Meghani et al., 2018
FEN1, SSRP1
miR-622 1 Ku Choi et al., 2016
miR-506-3p i EZH2/B-catenin Sun et al., 2021
miR-200c J NRP1 Vescarelli et al., 2020

"MIiRNAs either up-regulated (1) or down-regulated (|) in paclitaxel resistant
ovarian cancer cells. This table shows four miRNAs whose expression levels and
potential targets in PARPI resistance of ovarian cancer.
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Genes and pathways

PTEN/Akt

PTEN

PKC-alpha

PRKCD

MYPT1

MST1, SAV1

SFRP1

BRCA2

KCNMA1

CDKN1A, Dicer1

FOXO3, TRIM31

Vimentin, E-cadherin, N-cadherin
ABCG2

ABCB1

ABCA1, ABCA10, ABCF2
E-cadherin, N-cadherin, ATG5, Beclin1
E-cadherin, N-cadherin, a-SMA
ZEB1

Snail

Vimentin, ZEB1, cyclin D1

XIAP, BIRCS, BCL2, BCL2L2, MCL1
BCL2L2

XIAP, BCL2L2, BIRC5

XIAP, EZH2

IGF2BP1/Akt

PI3K/Akt

PTPNS3

[TGB8, DDR1

HMGA1

BRCA1, Rad51
DNMT3A/DNMT3B/DNMTH

AXL

ABC transporters, HIF-1, RAS, ErbB
AREG-EGFR-ERK

Drugs

Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Cisplatin
Oxaliplatin
Carboplatin
Carboplatin

References

Jinetal., 2018

Shiet al., 2018

Arrighetti et al., 2016

Zhao et al., 2014
Munoz-Galvan et al., 2020
Xu M. et al., 2018

Gu et al., 2019

Meghani et al., 2018
Samuel et al., 2016

Wang Y. et al., 2018; Guo et al., 2019
Wei et al., 2016

Liuetal., 2017

Chen et al., 2018

Wu et al., 2016

Xiao et al., 2018

Yu and Gao, 2020

Chen . et al., 2019

Zou et al., 2017

Cao et al.,, 2018

Yan et al., 2018

Li X etal, 2019

Lietal., 2017a

Lietal, 2017b

LiuR. et al., 2018; Sun et al., 2019
Qinetal., 2017

Wu et al., 2018

Li S. etal., 2016

Deng et al., 2017; Cui et al., 2018
Chen Y. N. et al., 2019
Xiao et al., 2017

Liuetal., 2019

Hisamatsu et al., 2019
Garcia-Vazquez et al., 2018
Tung et al., 2017

1 MIRNAs either up-regulated (1) or down-regulated () in platinum resistant ovarian cancer cells. This table shows 34 miRNAs whose expression levels and potential

targets in platinum resistance of ovarian cancer.
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MiRNAs Expression’ Genes and References

pathways
miR-21 1 APAF1 Au Yeung et al.,
2016
miR-630 1 APAF1 Eoh et al., 2018
miR-1307 1 CIC, ING5 ChenW. T. et al.,
2017; Zhou et al.,
2019
miR-181a & E-cadherin, LiL. etal., 2016
N-cadherin
miR-215 N XIAP Geetal, 2016
miR-200bc/141 1 EMT Duran et al., 2017
miR-92 1 DKK1 Chen M. W. et al,,
2017
miR-503-5p { CDho7 Park and Kim, 2019
miR-136 1 NOTCH3 Jeong et al,, 2017
miR-383-5p J: TRIM27 Jiang et al., 2019
miR-874 & SIK2 Xia et al., 2018

"MIiRNAs either up-regulated (1) or down-regulated (|) in paclitaxel resistant
ovarian cancer cells. This table shows 11 miRNAs whose expression levels and
potential targets in paclitaxel resistance of ovarian cancer.
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