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Abstract

:

To broaden the understanding of the epigenomic and chromatin regulation of cervical cancer, we examined the status and significance of a set of epigenomic and chromatin modifiers in cervical cancer using computational biology. We observed that 61 of 917 epigenomic and/or chromatin regulators are differentially upregulated in human cancer, including 25 upregulated in invasive squamous cell carcinomas and 29 in cervical intraepithelial neoplasia 3 (CIN3), of which 14 are upregulated in cervical intraepithelial neoplasia 2 (CIN2). Interestingly, 57 of such regulators are uniquely upregulated in cervical cancer, but not ovarian and endometrial cancers. The observed overexpression of 57 regulators was found to have a prognostic significance in cervical cancer. The collective overexpression of these regulators, as well as its subsets belonging to specific histone modifications and corresponding top ten positively co-overexpressed genes, correlated with reduced survival of patients with high expressions of the tested overexpressed regulators compared to cases with low expressions. Using cell-dependency datasets from human cervical cancer cells, we found that 20 out of 57 epigenomic and chromatin regulators studied here appeared to be essential genes, as the depletion of these genes was accompanied by the loss in cellular viability. In brief, the results presented here provide further insights into the role of epigenomic and chromatin regulators in the oncobiology of cervical cancer and broaden the list of new potential molecules of therapeutic importance.
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1. Introduction


Cervical cancer is the fourth most common gynecological cancer in the global incidence and mortality rates [1]. Despite an effective HPV vaccination program, cervical cancer remains a threat in most developing countries. The focus of cervical cancer research has thus shifted to better understanding regulatory genomic insights of the disease in search of superior therapeutic options. The core of genomic regulation of gene expression is the upstream epigenomic regulatory mechanisms and chromatin remodeling processes, leading to overlapping and distinctive genomic features of regulatory molecules, further leading to molecular functions. In general, these modifying mechanisms could add or remove functional chemical marks such as acetylation, methylation, and phosphorylation groups to histones, and confer dynamic alterations in the ratio of active and repressed chromatin.



The progression of human cancer, at-large, to invasive phenotypes is driven by extracellular- and intracellular-signaling -dependent cellular pathways, including, activation of enzymatic activities by kinases [2,3,4]. Dysregulation of epigenomic and chromatin regulators has emerged as a major regulatory layer in cancer cells, which could potentially connect the external and internal signals to most, if not all, of the cancerous phenotypes. For example, DNA methylation and histone modifications are involved in the development and progression of cervical cancer at many levels [5]. EZH2-mediated histone H3K27me3 leads to DNMT3A downregulation, which in turn promotes the expression of genes such as HAVCR2 and LGALS9 to encode Tim3 and galectin-9 [6]. Tim-3 and galectin-9 confer immune tolerance to tumors upon overexpression in cervical cancer tissue compared to the adjacent normal tissues [6]. In addition to dysregulated expression of DNMT3A, DNMT1 also increases in low-grade cervical intraepithelial neoplasia (CIN) and squamous cell carcinoma (SCC) [7]. In general, DNA methylation patterns of HPV-positive and -negative cervical cells are distinct and correlate well with the levels of DMNT3A [8]. Papillomavirus-derived E7 oncoprotein was shown to thwart the immune response in an HPV-positive mouse model due to the hypermethylation of the chemokine CxCL14 promoter. Interestingly, CxCL14 can capture the attention of natural killer cells and CD8+ cells at the tumor site and thwart the immune response [9]. Another epigenomic molecule, polycomb repressive complex 2 (PCR2), downregulates the expression of E-cadherin when in conjunction with the histone deacetylase 1 (HDAC1), [10,11]. In addition to regulating the pathobiology of cervical cancer, promoter hypermethylation of Septin-9 (SEPT9) is a potential biomarker for early detection of the disease [12]. Another excellent example of the role of epigenomic regulators in supporting the contribution of E7 oncogene in evading the immune mechanism is the recruitment of HDAC to the promoter region of interferon regulatory factor 1 (IRF), thereby inhibiting the transactivation of IFN-β [13].



In addition to regulating the expression of target genes, epigenomic and chromatin regulatory complexes also contribute to the progression of cervical cancer. For example, a transcriptional inhibitory chromatin modification complex composed of the estrogen receptor alpha (ERα), HDAC1, JARID1B, and NF-kB transcription factor represses the expression of toll-like receptor 9 (TLR9) in the presence of E7 oncoprotein in cervical cancer cells [14]. This, in turn, leads to disrupted immune regulation. In addition, there are examples wherein HPV integration in cervical cancer cells was shown to be accompanied by increased expression and activity of apolipoprotein B MRNA editing enzyme catalytic subunit 3 (APOBEC3) [15]. Increased activity of APOBEC3 triggers mutations in the host genome through an abnormal DNA editing mechanism [16]. Another master epigenomic regulator, UHRF1, is overexpressed in cervical cancer cells and promotes proliferation by suppressing apoptosis [17]. In addition to cellular genes, there are examples of epigenomic regulations of viral oncogenes. For example, cellular TIP60 and P300 participate in the expression of HPV18 E6/E7 genes via the acetylation of a local control region (LCR) in cervical cancer cells [18].



In recent years, epigenomic and chromatin remodeling modifiers [19,20] have emerged as molecules of choice to modulate the responsiveness of cancer cells to specific therapeutics. Numerous molecules targeting HDACs and Sirtuin are undergoing attempted development as anticancer agents in different clinical trials for the treatment of cancers, including cervical cancer [21]. Many such molecules exert their antitumor activity by reducing the methylation of target genes and/or inhibiting the HDAC enzymes and restoring the acetylated chromatin in the vicinity of the target genes [21]. HDAC inhibitors exhibit antitumor activity in neuroblastoma [22]. As the growth of certain cancer types is driven by the formation of fusion proteins with epigenomic regulators, there are also reports to target such fusion proteins [23]. For example, translocation of bromodomain-containing protein 4 (BRD4) and formation of BRD4-NUTM1 fusion protein leads to a gain-of-function in the context of reading the histone acetylation in NUT midline carcinoma, and targeting BRD4 found effectively therapeutic in use [24]. Despite these examples, there are only a handful of examples of antitumor activity of epigenomic inhibitors in cervical cancer [25]. Therefore, to broaden the understanding of epigenomic regulation of cervical cancer, we examined the status and significance of a set of epigenomic and chromatin modifiers in cervical cancer.




2. Materials and Methods


2.1. Curated Epigenomic Regulators


A list of epigenomic regulators was created from a public curation of epigenomic regulators from publicly available databases and literature. The public databases used included EpiFactors [26], dbEM [27], and CR2Cancer [28]. Collectively, we combined information about proteins modifying the histones, remodeling nucleosome, proteins modifying genetic material, and, in turn, affecting the expression of the gene, histone chaperone, histones, or histone variants. dbEM provides information on epigenomic regulators with roles in carcinogenesis, while CR2Cancer mainly focuses on the chromatin regulators. We removed the redundancy in epigenomic regulators and retained the epigenomic regulators with an approved gene symbol, corresponding functions.



Epitranscriptomic landscape for cervical cancer. The cervical cancer dataset (GSE63514) [29] was analyzed to derive the epitranscriptomic landscape. The analysis performed comparing Normal (n = 24) vs. CIN1 (n = 14), Normal (n = 24) vs. CIN2 (n = 22), Normal (n = 24) vs. CIN3 (n = 40), and Normal (n = 24) vs. Cancerous (n = 28). Expression of certain epigenomic regulators was absent. As we could not find another dataset of similar classification and similar platform to Affymetrix U133A and Affymetrix U133 Plus 2.0, we only validated the result in another cancer sample, GSE7803 [30], where Normal samples (n = 10) were compared with squamous clear cell carcinoma (n = 21) and we validated the expression of the epigenomic regulators.



Microarray data analysis was performed using R packages. For each group, the samples were loaded into R as CELL files, and samples were preprocessed [31]. The robust multichip average (RMA) [32] method was employed for the normalization of the samples. Expression values for each gene were then extracted using the exprs method and the differential expression analysis was performed using the limma [33] method between the two phenotypes for each study group. Genes with p-values less than 0.05 were removed from further analysis. About 20% of the differentially expressed genes could not map into proper HGNC symbols because of the lack of annotation. Later, we overlapped the differentially expressed epigenomic regulators from different cancer subtypes and performed further analysis. We also identified epigenomic regulators that are ubiquitously expressed despite the difference in cancer stage or cancer grade.



The total differentially expressed 73 epigenomic gene set was later mapped against ovarian and endometrial cancers to verify the status of those cancer types. Pan-cancer-normalized TCGA RNAseq data were downloaded from the XENA browser for TCGA Ovarian Cancer (OV) (n = 308) and TCGA Endometrioid Cancer (UCEC) (n = 201) [34]. To derive the status of 73 epigenomic regulators in these two cancer types, only expression profiles for epigenomic regulators were curated for the above-mentioned cancer types. For each cancer type, epigenomic regulators were classified into upregulated or downregulated based on the average expression across samples. Following classification, the epigenomic regulators were overlapped and validated the expression status. We removed the genes that are expressed in ovarian or endometrial cancer from our gene set and then performed functional classification of the final gene set to identify major dysregulated functional groups. The expression epigenomic regulator was also cross-referenced with the TCGA cervical cancer dataset [35,36].




2.2. Enrichment and Correlation Analysis


Two separate enrichment analyses were performed. First, we took the 57 gene test dataset and performed gene regulatory network analysis using Network Analyst [37]. The gene test dataset was searched against the Signor database [38]. A direct graph represented each relationship between genes. Each signaling between the genes was associated with an effect. Next, we shortlisted the top 4 upregulated genes from the final gene set and took them for correlation analysis. The correlated gene information was collected from the cBioPortal database. Later, we constructed a network using the top 4 upregulated genes and corresponding correlated genes having a correlation value greater than 0.4 using Cytoscape-version 3.8 [39]. The obtained cluster was subjected to functional analysis using ClueGO and CluePedia [40,41].




2.3. Prediction of Interaction among Cervical Focus Gene Set Its Functional Annotations


Genes/proteins create changes in the biology of the cells based on their interaction with other molecules. We therefore decided to better understand the role of epigenomic regulators by investigating protein–protein (PPI) interactions. These epigenomic regulators from the microarray results were subjected to string analysis [42]. Protein–protein interaction analysis was performed separately for each major functional classification, such as histone phosphorylation, other histone modifications, and chromatin remolding complex. Interaction between the genes (proteins) is visualized in the form of a network. Each protein we entered was represented as nodes and their connection as edges. The connections/edges between the proteins are of different widths, indicating different evidence of an interaction. The line indicates the existence of fusion, evidence for the existence of neighborhood, co-occurrence of proteins, experimental evidence of protein, interaction evidence curated from text mining, and interaction evidence from the database, while the black line indicates the existence of co-expression. We identified protein–protein interaction as a different category as this can indicate the connection between phenotype and the epigenomic regulator expression.




2.4. Prognostic Validation of Cervical Cancer Focus Set and Shared Gynecological Genes


SurvExpress, a web-based platform, was used to predict the prognostic possibility of epigenomic regulators for cervical cancer [43]. Only one dataset was available under the cancer type, selected cervical cancer. Hence, we selected CESC-TCGA cervical squamous cell carcinoma and endocervical adenocarcinoma in July 2016. The dataset contains 191 samples. Survival analyses of epigenomic regulators for each major dysregulated functional group were conducted separately. After entering the gene set, the symbols were mapped against the SurvExpress database. All the gene symbols were found to be mapped. The data were censored based on survival days and dividing the data into two risk groups: high and low risk.




2.5. Fitness Dependency Analysis of Epigenomic Regulators


The fitness score for 57 cervical-cancer-specific epigenomic regulators was curated from a CRISPR-Cas9-mediated knock-out study in 14 cervical cancer cell lines from the project score database [44]. We analyzed the functional loss of cell lines after the knock-down based on the score. The fitness score for each gene was plotted using R studio and classified the genes as essential and non-essential.





3. Results and Discussion


Epitranscriptomic Landscape of Cervical Cancer


We first curated 917 epigenomic regulators and chromatin modifiers with roles in DNA methylation, histone methylation, acetylation, phosphorylation, ubiquitination, histone variants, transcription factors, and chromatin remodeling regulatory steps (Table S1, Figure S1a). About 85% of curated molecules retained the functional information from the database or literature, while 117 molecules had no defined functions. This also included 93 molecules with roles in multiple cellular processes, including histone acetylation as the largest functional group.



To understand the general significance of epigenomic modifiers in cervical cancer, we used a cancer gene dataset to assess the status of epigenomic modifiers as cancer-associated genes. We found 61 of the epigenomic modifiers to be cancer genes, and these were distinctively upregulated in cervical cancer specimens compared to non-cancerous adjacent normal tissue (Figure 1a). Of the 61 genes, 5 were downregulated, while others were upregulated (Table S2). Interestingly, 25 epigenomic and chromatin modifiers were differentially expressed in invasive squamous cell carcinoma tissue (Figure 1b, Table S3). Next, we determined the status of differentially expressed genes (p-value < 0.05) in cervical intraepithelial neoplasia (CIN)-1, -2, and -3, and found that 29 epigenomic modifiers were differentially expressed in CIN3, of which 14 were shared in CIN2 (Figure 1c, Table S4). Interestingly, all 14 differentially expressed genes shared between CIN2 and CIN3 were upregulated. Only one gene (i.e., nucleosome assembly protein 1 like 2 (NAP1L2), [45]) was downregulated in CIN3. Further overlapping of differentially expressed epigenomic modifiers among CIN2, CIN3, SCC, and cancerous genes revealed a general overlap of molecules among all cervical cancer sub-types (Figure 1d).



To assess the generality of the noticed dysregulation of 73 dysregulated epigenomic regulators in cervical cancer, we examined the expression status of these genes in ovarian and endometrial cancers (Figure 2a). We found that 57 epigenomic modifiers are uniquely dysregulated in cervical cancer (Table S5). Among these 57 genes, the largest functional group was of molecules with a role in histone phosphorylation (n = 12), followed by other histone modifications (n = 12) and chromatin modifiers (n = 9) (Figure S1b). Interestingly, we found evidence of protein–protein interactions within each of these three classes of differentially expressed epigenomic modifiers in cervical cancer (Figure 2b), implying that many of these molecules might work and/or converge onto the same set of functions. Signaling network enrichment analysis revealed seed molecules, complexes formed, protein families, stimulus, and phenotypes. Genes such as CDK2, CHEK1, BRCA1, PRKDC, STK4, ATR, DNMT1, PAK2, DUSP1, and ASXL1 were identified as the seed molecules. The analysis also identified the proliferation, DNA repair, immortality, and cell cycle as potential phenotypic effects caused by the alterations in the shortlisted genes.



We next assessed the prognostic significance of the 57 upregulated epigenomic or chromatin modifiers in cervical cancer and noticed a clear distinction of the survival duration of patients expressing high versus low expressions of these modifiers (Figure 3a). Further, we determined the prognostic significance of the above upregulated molecules with a role in histone phosphorylation, histone modifications, or chromatin modification functional classes (Figure 3b–d). Like the collective analysis of 57 upregulated molecules, we found that molecules belonging to these functional groups also showed a positive correlation between the duration of survival and increased levels of expression of molecules within each functional group.



To further understand the relationship between the noticed upregulated regulators of epigenomic and chromatin modification, we selected four highly upregulated genes, two-fold or more, for network analysis, and their correlated genes for network analysis (Figure 4a). The potentially enriched KEGG pathways of top four upregulated epigenomic regulators and their correlated genes include both proliferative and genomic alteration pathways such as cell cycle, cellular senescence, DNA replication, p53 signaling pathway, mismatch repair, and homologous recombination (Figure 4b). To determine the relevance of the correlated genes in the context of the four selected functional classes of epigenomic modifiers, the data in Figure 4c illustrate the expression of such genes as heatmaps. To assess the significance of the levels of expression of these epigenomic and chromatin regulators and their top 10 positively correlated genes, we performed a survival analysis of cervical cancer patients from who these datasets were generated. We found that over-expression of co-expressed genes correlated well with shorter survival of patients compared to patients with low expression of these genes (Figure 4c, right panel). In brief, these observations suggested that many of the observed upregulated epigenomic and chromatin modifiers in cervical cancer may contribute to poor prognosis in conjunction with co-overexpressed cellular genes.



To understand the role of 57 differentially upregulated epigenomic modifiers molecules in cervical cancer cells’ viability, we assessed the fitness dependency of these molecules using a recently developed cell-dependency map of cancer genes [46,47,48]. The cancer gene dependency dataset involved cell viability data from CRISPR-Cas9-mediated depletion of about 7460 genes in well-characterized cell lines, including cervical cancer cell lines. We focused on a set of cervical cancer cell lines: Ca-Ski, HCS-2, HT-3, DoTc2-4510, C-4-II, C-33-A, BOKU, SISO, HCA1, SKG-II, SKG-I, SW756, SF767, and SiHa, as the cell models to assess our hypothesis (Figure 5a). Interestingly, the cell-dependency dataset contains fitness values of 55 out of 57 test molecules in cervical cancer cell lines (Table S6). We found that 20 of 57 epigenomic and chromatin regulators appear to be essential for the cellular fitness of cervical cancer cell lines; knocking down these genes affects the viability of cells, raising the possibility of developing some of these molecules as therapeutic targets. Examples of essential cell fitness genes include SRSF3, CHEK1, MASTL, ACTL6, SMC1A, ATR, and RBBP4 (Figure 5b). Interestingly, we found a higher rate of interconnection among these 20 fitness/essential genes (Figure 5c). About 75% of these molecules possess the property of heterocyclic compound binding, which targets anticancer drugs [49]. The cancerous relevance of these genes was evident by the observation that 17 essential genes were dysregulated at the cancerous stage. To assess the potential importance of these 20 genes, we performed a multivariant analysis of genes in the overall survival of patients with cervical cancer (Figure 5d). We found that collective overexpression of the noticed 20 essential genes correlates well with shorter survival of patients than patients with lower expression.



In brief, our analysis identified molecules commonly dysregulated in most sub-types of cervical cancer, raising the possibility of shared epigenomic mechanisms underlying the progression and invasion of distinct cervical cancer sub-types. Interestingly, we failed to notice a dysregulated expression pattern of epigenomic regulators in the earliest recognizable pathologic lesions in the cervical tumorigenesis spectrum, namely CIN1, as opposed to progressive dysregulation in lesions including CIN2 to CIN3. This may imply that dysregulated expression of epigenomic and chromatin regulators could be preferentially involved in cancer progression rather than in the initiation of cervical cancer as judged by our finding in CIN1. Our bio-informatics findings provide a set of new epigenomic and chromatin regulators of cervical cancer for subsequent validation in appropriate cellular models and raise new questions about the mechanisms of regulation and functional significance of the noticed upregulation of molecules that might be unique to cervical cancer.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cells10102665/s1, Figure S1: Functional classification of curated epigenomic regulator list; Figure S2: Distribution of 35 genes’ fitness dependency scores in cervical cancer cell lines that are not essential for the viability of the cell; Table S1: List of epigenomic regulators with its functional annotation; Table S2: Differentially expressed epigenomic regulators in cancerous cervical cancer dataset; Table S3: Differentially expressed epigenomic regulators in invasive squamous cell carcinoma; Table S4: Differentially expressed epigenomic regulators in CIN-2/-3 cervical cancer dataset; Table S5: 57 unique epigenomic regulars for cervical cancer when compared to Ovarian and endometrial cancer; Table S6: Fitness score for 55 epigenomic regulators in different cervical cancer cell lines.





Author Contributions


Conceptualization, design and direction of the study, R.K.; methodology, A.M.P., M.R.P. and R.K.; software A.M.P.; validation, A.M.P.; formal analysis, A.M.P., M.R.P. and R.K.; investigation, A.M.P., M.R.P. and R.K.; resources, R.K. and M.R.P.; data curation, A.M.P.; writing—original draft preparation, A.M.P.; M.R.P. and R.K.; review and editing, R.K., and M.R.P.; visualization, A.M.P., M.R.P. and R.K.; supervision, R.K. and M.R.P.; project administration, R.K.; lead author contact, R.K. All authors have read and agreed to the published version of the manuscript.




Funding


We acknowledge funding from the Department of Science & Technology, Government of India to M.R.P. (sanction number: VI-D&P/535/2015-16/TDT(G)).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the Supplementary Material.




Conflicts of Interest


The authors declare no competing financial interests.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Kumar, R.; Deivendran, S.; Santhoshkumar, T.R.; Pillai, M.R. Signaling coupled epigenomic regulation of gene expression. Oncogene 2017, 36, 5917–5926. [Google Scholar] [CrossRef]

	



Vadlamudi, R.K.; Kumar, R. p21-activated kinases in human cancer. Cancer Metastasis Rev. 2003, 22, 385–393. [Google Scholar] [CrossRef]

	



Barnes, C.J.; Li, F.; Mandal, M.; Yang, Z.; Sahin, A.A.; Kumar, R. Heregulin induces expression, ATPase activity, and nu-clear localization of G3BP, a Ras signaling component, in human breast tumors. Cancer Res. 2002, 62, 1251–1255. [Google Scholar]

	



Szalmás, A.; Kónya, J. Epigenomic alterations in cervical carcinogenesis. In Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2009. [Google Scholar]

	



Zhang, L.; Tian, S.; Pei, M.; Zhao, M.; Wang, L.; Jiang, Y.; Yang, T.; Zhao, J.; Song, L.; Yang, X. Crosstalk between histone modification and DNA methylation orchestrates the epigenomic regulation of the costimulatory factors, Tim-3 and galectin-9, in cervical cancer. Oncol. Rep. 2019, 42, 2655–2669. [Google Scholar] [CrossRef]

	



Sawada, M.; Kanai, Y.; Arai, E.; Ushijima, S.; Ojima, H.; Hirohashi, S. Increased expression of DNA methyltransferase 1 (DNMT1) protein in uterine cervix squamous cell carcinoma and its precursor lesion. Cancer Lett. 2007, 251, 211–219. [Google Scholar] [CrossRef]

	



Sartor, M.A.; Dolinoy, D.C.; Jones, T.R.; Colacino, J.A.; Prince, M.E.; Carey, T.E.; Rozek, L.S. Genome-wide methylation and expression differences in HPV(+) and HPV(-) squamous cell carcinoma cell lines are consistent with divergent mechanisms of carcinogenesis. Epigenetics 2011, 6, 777–787. [Google Scholar] [CrossRef] [PubMed]

	



Cicchini, L.; Westrich, J.A.; Xu, T.; Vermeer, D.W.; Berger, J.N.; Clambey, E.T.; Lee, D.; Song, J.I.; Lambert, P.F.; Greer, R.O.; et al. Suppression of Antitumor Immune Responses by Human Papillomavirus through Epigenetic Downregulation of CXCL14. mBio 2016, 7, e00270-16. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, K.; Leong, C.M.; Baxter, L.; Inglis, E.; Yun, K.; Bäckström, B.T.; Doorbar, J.; Hibma, M. Depletion of Langerhans Cells in Human Papillomavirus Type 16-Infected Skin Is Associated with E6-Mediated Down Regulation of E-Cadherin. J. Virol. 2003, 77, 8378–8385. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Liu, X.; Chen, Z.; Huang, H.; Jin, Y.; Kolokythas, A.; Wang, A.; Dai, Y.; Wong, D.T.; Zhou, X. Polycomb group protein EZH2-mediated E-cadherin repression promotes metastasis of oral tongue squamous cell carcinoma. Mol. Carcinog. 2013, 52, 229–236. [Google Scholar] [CrossRef]

	



Jiao, X.; Zhang, S.; Jiao, J.; Zhang, T.; Qu, W.; Muloye, G.M.; Kong, B.; Zhang, Q.; Cui, B. Promoter methylation of SEPT9 as a potential biomarker for early detection of cervical cancer and its overexpression predicts radioresistance. Clin. Epigenetics 2019, 11, 1–14. [Google Scholar] [CrossRef]

	



Park, J.-S.; Kim, E.-J.; Kwon, H.-J.; Hwang, E.S.; Namkoong, S.-E.; Um, S.-J. Inactivation of interferon regulatory factor-1 tumor suppressor protein by HPV E7 oncoprotein. Implication for the E7-mediated immune evasion mechanism in cervical carcinogenesis. J. Biol. Chem. 2000, 275, 6764–6769. [Google Scholar] [CrossRef]

	



Hasan, U.A.; Zannetti, C.; Parroche, P.; Goutagny, N.; Malfroy, M.; Roblot, G.; Carreira, C.; Hussain, I.; Müller, M.; Taylor-Papadimitriou, J.; et al. The Human papillomavirus type 16 E7 oncoprotein induces a transcriptional repressor complex on the Toll-like receptor 9 promoter. J. Exp. Med. 2013, 210, 1369–1387. [Google Scholar] [CrossRef] [PubMed]

	



Kondo, S.; Wakae, K.; Wakisaka, N.; Nakanishi, Y.; Ishikawa, K.; Komori, T.; Moriyama-Kita, M.; Endo, K.; Murono, S.; Wang, Z.; et al. APOBEC3A associates with human papillomavirus genome integration in oropharyngeal cancers. Oncogene 2017, 36, 1687–1697. [Google Scholar] [CrossRef] [PubMed]

	



Greenman, C.; Stephens, P.; Smith, R.; Dalgliesh, G.L.; Hunter, C.; Bignell, G.; Davies, H.; Teague, J.; Butler, A.; Stevens, C.; et al. Patterns of somatic mutation in human cancer genomes. Nature 2007, 446, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



Ge, T.-T.; Yang, M.; Chen, Z.; Lou, G.; Gu, T. UHRF1 gene silencing inhibits cell proliferation and promotes cell apoptosis in human cervical squamous cell carcinoma CaSki cells. J. Ovarian Res. 2016, 9, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Lai, Y.; He, Z.; Zhang, A.; Yan, Z.; Zhang, X.; Hu, S.; Wang, N.; He, H. Tip60 and p300 function antagonistically in the epigenomic regulation of HPV18 E6/E7 genes in cervical cancer HeLa cells. Genes Genom. 2020, 42, 691–698. [Google Scholar] [CrossRef]

	



Kumar, R.; Li, D.-Q.; Müller, S.; Knapp, S. Epigenomic regulation of oncogenesis by chromatin remodeling. Oncogene 2016, 35, 4423–4436. [Google Scholar] [CrossRef]

	



Nair, S.S.; Mishra, S.K.; Yang, Z.; Balasenthil, S.; Kumar, R.; Vadlamudi, R.K. Potential Role of a Novel Transcriptional Coactivator PELP1 in Histone H1 Displacement in Cancer Cells. Cancer Res. 2004, 64, 6416–6423. [Google Scholar] [CrossRef]

	



Cheng, Y.; He, C.; Wang, M.; Ma, X.; Mo, F.; Yang, S.; Han, J.; Wei, X. Targeting epigenomic regulators for cancer therapy: Mechanisms and advances in clinical trials. Signal Transduct. Target. Ther. 2019, 4, 62. [Google Scholar] [CrossRef] [PubMed]

	



Oehme, I.; Deubzer, H.E.; Wegener, D.; Pickert, D.; Linke, J.-P.; Hero, B.; Kopp-Schneider, A.; Westermann, F.; Ulrich, S.M.; von Deimling, A.; et al. Histone Deacetylase 8 in Neuroblastoma Tumorigenesis. Clin. Cancer Res. 2009, 15, 91–99. [Google Scholar] [CrossRef]

	



Brien, G.L.; Stegmaier, K.; Armstrong, S.A. Targeting chromatin complexes in fusion protein-driven malignancies. Nat. Rev. Cancer 2019, 19, 255–269. [Google Scholar] [CrossRef]

	



Filippakopoulos, P.; Qi, J.; Picaud, S.; Shen, Y.; Smith, W.B.; Fedorov, O.; Morse, E.M.; Keates, T.; Hickman, T.T.; Felletar, I.; et al. Selective inhibition of BET bromodomains. Nature 2010, 468, 1067–1073. [Google Scholar] [CrossRef]

	



Dueñas-González, A.; Lizano, M.; Candelaria, M.; Cetina, L.; Arce, C.; Cervera, E. Epigenomics of cervical cancer. An overview and therapeutic perspectives. Mol. Cancer 2005, 4, 1–38. [Google Scholar] [CrossRef]

	



Medvedeva, Y.A.; Lennartsson, A.; Ehsani, R.; Kulakovskiy, I.; Vorontsov, I.; Panahandeh, P.; Khimulya, G.; Kasukawa, T.; Drabløs, F. EpiFactors: A comprehensive database of human epigenomic factors and complexes. Database 2015, 2015, bav067. [Google Scholar] [CrossRef]

	



Nanda, J.S.; Kumar, R.; Raghava, G.P.S. dbEM: A database of epigenomic modifiers curated from cancerous and normal genomes. Sci. Rep. 2016, 6, srep19340. [Google Scholar] [CrossRef]

	



Ru, B.; Sun, J.; Tong, Y.; Wong, C.N.; Chandra, A.; Tang, A.T.S.; Chow, L.K.Y.; Wun, W.L.; Levitskaya, Z.; Zhang, J. CR2Cancer: A database for chromatin regulators in human cancer. Nucleic Acids Res. 2018, 46, D918–D924. [Google Scholar] [CrossRef] [PubMed]

	



Den Boon, J.A.; Pyeon, D.; Wang, S.S.; Horswill, M.; Schiffman, M.; Sherman, M.; Zuna, R.E.; Wang, Z.; Hewitt, S.; Pearson, R.; et al. Molecular transitions from papillomavirus infection to cervical precancer and cancer: Role of stromal estrogen receptor signaling. Proc. Natl. Acad. Sci. USA 2015, 112, E3255–E3264. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, Y.; Kuick, R.; Nan, B.; Ota, I.; Weiss, S.J.; Trimble, C.L.; Fearon, E.R.; Cho, K.R. Gene Expression Analysis of Preinvasive and Invasive Cervical Squamous Cell Carcinomas Identifies HOXC10 as a Key Mediator of Invasion. Cancer Res. 2007, 67, 10163–10172. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, B.S.; Irizarry, R.A. A framework for oligonucleotide microarray preprocessing. Bioinformatics 2010, 26, 2363–2367. [Google Scholar] [CrossRef]

	



Chang, K.M.; Harbron, C.; South, M.C. An Exploration of Extensions to the RMA Algorithm. Available online: http://www.bioconductor.org/packages//2.10/bioc/vignettes/RefPlus/inst/doc/An_Exploration_of_Extensions_to_the_RMA_Algorithm.pdf (accessed on 5 October 2021).

	



Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [Google Scholar] [CrossRef]

	



Goldman, M.J.; Craft, B.; Hastie, M.; Repečka, K.; McDade, F.; Kamath, A.; Banerjee, A.; Luo, Y.; Rogers, D.; Brooks, A.N.; et al. Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 2020, 38, 675–678. [Google Scholar] [CrossRef] [PubMed]

	



Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al. The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discov. 2012, 2, 401–404. [Google Scholar] [CrossRef] [PubMed]

	



Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al. Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, pl1. [Google Scholar] [CrossRef] [PubMed]

	



Xia, J.; Benner, M.J.; Hancock, R.E.W. NetworkAnalyst—Integrative approaches for protein–protein interaction network analysis and visual exploration. Nucleic Acids Res. 2014, 42, W167–W174. [Google Scholar] [CrossRef] [PubMed]

	



Licata, L.; Lo Surdo, P.; Iannuccelli, M.; Palma, A.; Micarelli, E.; Perfetto, L.; Peluso, D.; Calderone, A.; Castagnoli, L.; Cesareni, G. SIGNOR 2.0, the SIGnaling Network Open Resource 2.0: 2019 update. Nucleic Acids Res. 2020, 48, D504–D510. [Google Scholar] [CrossRef]

	



Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef]

	



Bindea, G.; Mlecnik, B.; Hackl, H.; Charoentong, P.; Tosolini, M.; Kirilovsky, A.; Fridman, W.-H.; Pagès, F.; Trajanoski, Z.; Galon, J. ClueGO: A Cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. Bioinformatics 2009, 25, 1091–1093. [Google Scholar] [CrossRef]

	



Bindea, G.; Galon, J.; Mlecnik, B. CluePedia Cytoscape plugin: Pathway insights using integrated experimental and in silico data. Bioinformatics 2013, 29, 661–663. [Google Scholar] [CrossRef] [PubMed]

	



Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.; Bork, P.; et al. STRING v11: Protein–protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607–D613. [Google Scholar] [CrossRef]

	



Aguirre-Gamboa, R.; Gomez-Rueda, H.; Martínez-Ledesma, E.; Martínez-Torteya, A.; Chacolla-Huaringa, R.; Rodriguez-Barrientos, A.; Tamez-Pena, J.; Treviño, V. SurvExpress: An Online Biomarker Validation Tool and Database for Cancer Gene Expression Data Using Survival Analysis. PLoS ONE 2013, 8, e74250. [Google Scholar] [CrossRef] [PubMed]

	



Dwane, L.; Behan, F.M.; Gonçalves, E.; Lightfoot, H.; Yang, W.; van der Meer, D.; Shepherd, R.; Pignatelli, M.; Iorio, F.; Garnett, M.J. Project Score database: A resource for investigating cancer cell dependencies and prioritizing therapeutic targets. Nucleic Acids Res 2021, 49, D1365–D1372. [Google Scholar] [CrossRef] [PubMed]

	



Attia, M.; Rachez, C.; De Pauw, A.; Avner, P.; Rogner, U.C. Nap1l2 Promotes Histone Acetylation Activity during Neuronal Differentiation. Mol. Cell. Biol. 2007, 27, 6093–6102. [Google Scholar] [CrossRef]

	



van der Meer, D.; Barthorpe, S.; Yang, W.; Lightfoot, H.; Hall, C.; Gilbert, J.; Francies, H.E.; Garnett, M.J. Cell Model Passports—a hub for clinical, genetic and functional datasets of preclinical cancer models. Nucleic Acids Res. 2019, 47, D923–D929. [Google Scholar] [CrossRef] [PubMed]

	



Behan, F.M.; Iorio, F.; Picco, G.; Gonçalves, E.; Beaver, C.M.; Migliardi, G.; Santos, R.; Rao, Y.; Sassi, F.; Pinnelli, M.; et al. Prioritization of cancer therapeutic targets using CRISPR–Cas9 screens. Nature 2019, 568, 511–516. [Google Scholar] [CrossRef]

	



George, B.; Pillai, P.M.; Paul, A.M.; Amjesh, R.; Leitzel, K.; Ali, S.M.; Sandiford, O.; Lipton, A.; Rameshwar, P.; Hortobagyi, G.N.; et al. Cellular Fitness Phenotypes of Cancer Target Genes from Oncobiology to Cancer Therapeutics. Cells 2021, 10, 433. [Google Scholar] [CrossRef]

	



Martins, P.; Jesus, J.; Santos, S.; Raposo, L.R.; Roma-Rodrigues, C.; Baptista, P.V.; Fernandes, A.R. Heterocyclic Anticancer Compounds: Recent Advances and the Paradigm Shift towards the Use of Nanomedicine’s Tool Box. Molecules 2015, 20, 16852–16891. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 02665 g001 550] 





Figure 1. Epigenomic and chromatin regulators in cervical cancer. The Venn diagrams show overlap among the epigenomic and chromatin regulators, and expression heatmaps between the normal and cancerous genes (a), squamous cell carcinoma (b), CINs (c), and overlap under different cancerous conditions (d). 
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Figure 2. Significance of cervical-cancer-specific epigenomic and chromatin regulators. (a) Venn diagram representing the intersection of differentially expressed epigenomic regulators in cervical cancer with ovarian and endometrial cancer. (b) Protein–protein interaction of functional clusters; the color of the edge represents the strength of interaction. (c) The concentric circle image represents signaling enrichment of 57 epigenomic and chromatin regulators. 
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Figure 3. Survival analysis of cervical cancer-specific epigenomic and chromatin genes. (a) Analysis using 57 epigenomic and chromatin modifiers genes. (b) Analysis using 9 chromatin remodeler genes. (c) Analysis using 12 histone phsphorylation genes. (d) Analysis using 12 histone modification genes. Numbers below the X-axis represent the number of patients not facing an event for a long time for each group. N represents the number of total cervical cancer samples. 
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Figure 4. Significance of highly upregulated epigenomic and chromatin regulators in cervical cancer. (a) Network of four epigenomic and/or chromatin modifiers, upregulated over 2-fold, and its correlated genes. Epigenomic regulators are represented with colored dots. (b) KEGG pathway enrichment analysis of epigenomic regulator and its correlated genes. Larger nodes, the enriched pathway, and smaller nodes represent the genes involved in the pathway. (c) Heatmap representation of mRNA expression of epigenomic regulator and top 10 correlated genes (right panel), and Kaplan–Meier curves of four top upregulated epigenomic regulators and their correlated genes in CESC-TCGA cervical squamous cell carcinoma. Red and green color represents high and low risk, respectively. The X-axis represents survival days. Numbers below the axis represent the number of patients not facing an event along time for each group. 
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Figure 5. Role of epigenomic and chromatin regulators as fitness targets. (a) Fitness dependency distribution of 57 test regulators in cervical cancer cell lines. (b) Twenty essential genes cause loss of function on depletion in cervical cancer cell lines. The red and blue numbers represent the number of dependent and not dependent cell lines for each gene, respectively. (c) Protein–protein interaction network and expression classification of 20 essential epigenomic regulators. (d) Kaplan–Meier curves for 20 essential genes. Red and green color represents high and low-risk patients, respectively (n = 191). The X-axis represents survival days. Numbers below the axis represent the number of patients not facing an event over time for each group. 
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