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Abstract

:

Simple Summary


Beckwith–Wiedemann Spectrum (BWSp) is a disorder predisposing to tumors of embryonic origin arising during childhood. Little is known concerning tumor risk and histotype prevalence in adult BWSp patients. However, some reports of co-occurrence of BWSp and tumors in early adulthood suggest that the cancer risk in this syndrome may also be relevant later than childhood. Here, we report for the first time a case of co-occurrence of BWSp and early-onset colorectal cancer (EO-CRC). The results demonstrate genetic and epigenetic molecular lesions at both somatic and germline levels, providing support to the hypothesis that epigenetic changes contribute to cancer initiation in tissues where a genetic insult is already present, thus acting in a cooperative manner to stimulate tumorigenesis. This study adds further evidence to the need for tumor surveillance beyond childhood in patients with BWSp.




Abstract


CRC is an adult-onset carcinoma representing the third most common cancer and the second leading cause of cancer-related deaths in the world. EO-CRC (<45 years of age) accounts for 5% of the CRC cases and is associated with cancer-predisposing genetic factors in half of them. Here, we describe the case of a woman affected by BWSp who developed EO-CRC at age 27. To look for a possible molecular link between BWSp and EO-CRC, we analysed her whole-genome genetic and epigenetic profiles in blood, and peri-neoplastic and neoplastic colon tissues. The results revealed a general instability of the tumor genome, including copy number and methylation changes affecting genes of the WNT signaling pathway, CRC biomarkers and imprinted loci. At the germline level, two missense mutations predicted to be likely pathogenic were found in compound heterozygosity affecting the Cystic Fibrosis (CF) gene CFTR that has been recently classified as a tumor suppressor gene, whose dysregulation represents a severe risk factor for developing CRC. We also detected constitutional loss of methylation of the KCNQ1OT1:TSS-DMR that leads to bi-allelic expression of the lncRNA KCNQ1OT1 and BWSp. Our results support the hypothesis that the inherited CFTR mutations, together with constitutional loss of methylation of the KCNQ1OT1:TSS-DMR, initiate the tumorigenesis process. Further somatic genetic and epigenetic changes enhancing the activation of the WNT/beta-catenin pathway likely contributed to increase the growth advantage of cancer cells. Although this study does not provide any conclusive cause–effect relationship between BWSp and CRC, it is tempting to speculate that the imprinting defect of BWSp might accelerate tumorigenesis in adult cancer in the presence of predisposing genetic variants.
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1. Introduction


Beckwith–Wiedemann spectrum (BWSp, OMIM: 130650) is a congenital imprinting disorder (ID) characterized by a wide spectrum of clinical features, including overgrowth, macroglossia, abdominal wall defects, lateralized overgrowth, hypoglycemia and a susceptibility to develop embryonal tumors [1]. At the molecular level, it is caused by defects affecting the imprinted gene cluster located on chromosome 11p15.5. Imprinted genes are characterized by mono-allelic and parent-of-origin-dependent expression that is controlled by regulatory elements displaying differential DNA methylation on the maternal and paternal chromosomes and known as imprinted differentially methylated regions (iDMRs). The 11p15.5 cluster is organized into two regulatory domains: the telomeric domain, including the H19 and IGF2 genes, which is controlled by the paternally methylated H19/IGF2:IG-DMR (here referred to as IC1); and the centromeric domain, including the KCNQ1OT1 and CDKN1C genes, that is controlled by the maternally methylated KCNQ1OT1:TSS-DMR (here referred as IC2) [2]. A molecular diagnosis can be reached for approximately 80% of the BWSp patients. The most common molecular defect of BWSp is a loss of methylation (LoM) at IC2, detected in 50% of cases, followed by mosaic paternal uni-parental disomy (upd) of 11p15 (20%), gain of methylation (GoM) at IC1 (5–10%), intragenic CDKN1C mutations (5%) and chromosomal abnormalities in 11p15.5 (less than 5%) [1,3]. Moreover, one-third of the patients with IC2 LoM display multi-locus imprinting disturbances (MLID) affecting more than two imprinted loci on different chromosomes [1].



Up to 8% of all BWSp patients develop an embryonal tumor during childhood [4]. The risk and type of tumor depend on the molecular defect. The highest risk is associated with IC1 GoM, as 28% of cases develop malignancies, mostly nephroblastoma (also known as Wilms tumor). The tumor risk is 16% for the upd (11) subgroup, and nephroblastoma (7.9%), hepatoblastoma (3.5%), neuroblastoma (1.4%) and adrenocortical carcinoma (1.1%) represent the most frequent histotypes. The lowest risk (2.6%) is associated with IC2 LoM, and the related histotypes are hepatoblastoma (0.7%), rhabdomyosarcoma (0.5%) and neuroblastoma (0.5%). Furthermore, in the subset of BWSp patients with MLID, to date, no specific tumor-risk estimates have been defined [5].



Despite the link with embryonal neoplasia, there is no reported association between BWSp and common adult-onset carcinomas, as only rare endocrine tumors have been described in adults with BWSp [1,6,7,8,9,10]. However, a recent study on a small cohort of BWSp patients indicates that the malignancy rate observed in early adulthood reaches that observed in the first decade of life, cumulatively raising the tumor rate to about 20% [11]. Moreover, alterations in imprinted gene expression, methylation or both are frequently found in human cancers, including those of the adult age, such as colorectal cancer (CRC) [12,13,14,15].



CRC has never been reported to be associated with BWSp. A particular case of BWSp who had developed multiple tumors (Wilms tumor, thyroid cancer, and breast cancer) and six colonic polyps has been reported by Fleisher et al., in 2000 [16]. CRC is a common adult-onset carcinoma that accounts for approximately 10% of all annually diagnosed cancers and cancer-related deaths worldwide [17]. Depending on the origin of the mutation, colorectal carcinomas can be classified as sporadic (70%), inherited (5%) and familial (25%). Well characterized molecular mechanisms of CRC are chromosomal instability (CIN), microsatellite instability (MSI) and the CpG island methylator phenotype (CIMP). Within each of these subtypes of CRC, single nucleotide variants (SNVs), copy number variants (CNVs) and chromosomal translocations have been reported to affect critical growth-controlling pathways (e.g., WNT, MAPK/PI3K, TGF-β, TP53), and mutations in genes such as c-MYC, KRAS, BRAF, PIK3CA, PTEN, SMAD2 and SMAD4 can be used as predictive markers for patient outcomes. In addition to genetic variants, alterations in the expression of ncRNAs, such as lncRNA or miRNA, can also contribute to different steps of the carcinogenesis process and have a predictive value when used as biomarkers [18]. At diagnosis, the median age of patients with CRC is 68 and 72 years in men and women, respectively [19]. However, around 5% of all CRCs are diagnosed in patients < 45 years old [20]. Among EO-CRC cases, approximately 30% of patients are affected by tumors harboring mutations causing hereditary-cancer-predisposing syndromes, and 20% have familial CRC. The remaining 50% of EO-CRC patients have neither hereditary syndromes nor familial CRC and are classified as sporadic [20].



Here, we report on a young woman affected by BWSp who developed CRC at age 27. Genome-wide epigenetic and genetic analyses were performed to look for a possible link between these two rare pathologic events.




2. Material and Methods


2.1. Ethics


Genetic analyses were performed after written informed consent was obtained from the patient. The research work was carried out according to ethical principles and the Italian legislation. The study was approved by the Ethical Committee of the University of Campania “Luigi Vanvitelli” (Naples, Italy. Approval Number:1135, 13 October 2016).




2.2. Tumor Diagnostics


The expression of the mismatch repair (MMR) proteins (MLH1, MSH2, MSH6 and PMS2) associated with microsatellite instability of CRC was evaluated by immunohistochemistry using monoclonal antibodies on formalin-fixed and paraffin-embedded (FFPE) tumor samples. Mutation analysis of KRAS, NRAS and BRAF genes was performed by using the “Oncomine solid tumor” panel on the NGS-Ion Torrent platform (after DNA extraction from FFPE tumor samples and according to the protocols of manufacture (ThermoFisher Scientific, Monza, Italy).




2.3. Genetic and Epigenetic Analysis of Blood, Neoplastic and Perineoplastic Tissues


DNA extraction. Genomic DNA was extracted from peripheral blood leukocytes (PBL), neoplastic tissue and peri-neoplastic tissue by the salting-out procedure, and its concentration was determined using a NanoDrop spectrophotometer (ThermoFisher Scientific, Italy).




2.4. DNA Methylation Analysis


Methylation-Specific Multiple-Ligation-Dependent Probe Amplification (MS-MLPA) was performed on 50 ng of PBL genomic DNA of the patient and three non-affected individuals, in order to analyze DNA methylation and CNVs of several iDMRs using the SALSA MS-MLPA Kit ME034-B1 (MRC-Holland, Amsterdam, The Netherlands). The amplified products were separated by capillary electrophoresis using ABI 3500 Genetic Analyzer (Applied Biosystems, CA, USA). Data were processed by Coffalyser software (MRC-Holland, Amsterdam, The Netherlands).



Pyrosequencing analysis was carried out as previously reported [21]. The primers for the pyrosequencing assays are reported in Table S1.



Genome-wide methylation analysis was performed by the Illumina Infinium methylation Epic array on bisulfite-converted DNA extracted from the three tissues of the patient. Data were analyzed using R version 4.1.0. Beta values (Bvalues) were derived from “idat” files by the “champ.load” module of the “ChAMP” R package (v.2.22.0), with quality control options set as default and array type as “EPIC.” To adjust the Bvalues of type 2 probes, we applied BMIQ normalization with the default options for array type as “EPIC.” The iDMR coordinates were found on the web site http://www.humanimprints.net/ (accessed on 7 November 2022). The methylation profile of each iDMR was calculated as the average of the CpG methylation levels within the iDMR. PBL methylation values of the patient were compared with those of 8 age-matched controls of the same batch downloaded from GSE195873 (C5 to C12) [22]. The values, deviating ± 3 s.d. and differing at least 10% from the mean of the controls, were classified as abnormal. The pathways analysis of the tumor tissue was performed using gProfiler2 package (v0.2.0) on the DMGs (differentially methylated genes), defined as genes with at least one CpG with +/−30% methylation compared to the peri-neoplastic tissue. We used the CpG island coordinates downloaded by the UCSC genome browser to calculate the mean methylation value of both the enriched genes pathway and the methylation-based biomarkers with a Dbeta of +/−20%. The raw and processed files are deposited in GEO under the accession GSE224222.




2.5. Copy Number Analysis


Whole-genome copy number variants (CNVs) were analysed by single nucleotide polymorphism (SNP)-array that was carried out as previously reported [22,23].




2.6. DNA Sequencing


Whole-genome single nucleotide variants were analysed by Whole Exome Sequencing (WES) as previously described [22,24]. In silico prediction of variant pathogenicity on the CFTR protein was studied by Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/ (accessed on 11 January 2023) and following the guidelines of the American College Medical Genetics (ACMG) reported in [25].



Primers for PCR amplification and Sanger sequencing of CFTR variants segregation analysis are reported in Table S2.




2.7. Expression Analysis


RNA was extracted from neoplastic and peri-neoplastic tissues using TRIZOL reagent (Invitrogen, ThermoFisher Scientific, Italy) according to manufacturer’s protocol. The concentration was determined using a NanoDrop spectrophotometer (ThermoFisher Scientific, Italy). About 1.5 µg of RNA was treated with RNase-free DNase (Sigma-Aldrich, St. Louis, Missouri, Stati Uniti), and first-strand complementary DNA (cDNA) was synthesized using QuantiTect Reverse Transcription Kit (Qiagen-Italia, Milan, Italy) following the manufacturer’s protocol.



Quantitative PCR (qPCR) analysis was performed in a StepOnePlus RT-qPCR system (Applied Biosystem). Each reaction was carried out in duplicate in a 20 µL final volume with 10 µL of SYBR-Green supermix, 0.5 µM of each primer and 5µL of cDNA. The initial denaturation for each run was for 10 min at 95 °C. This was followed by 40 amplification cycles of 95 °C for 15 s, and for 1 min at 60° followed by 30 s at 72 °C. Relative expression levels were normalized using GAPDH as a reference gene. Primers are listed in Table S3. Allele-specific expression analysis of KCNQ1OT1 was performed by amplifying about 100 ng of cDNA. Sequencing of the SNP rs1076621 allowed us to distinguish the two alleles. PCR primers used were the same as those for Real Time-qPC (RT-qPCR).





3. Results


The young woman described in this study was referred to the epigenetic laboratory of Vanvitelli University at the age of 15 years with suspected clinical diagnosis of BWSp for the presence of ear pits and heterometry of the upper and lower limbs (clinical score for BWSp = 3). The clinical diagnosis of BWSp was confirmed by the finding of IC2 LoM in PBL DNA by bisulphite treatment, followed by amplification and pyrosequencing (Figure S1). At the age of 27 years, the patient developed a rectal carcinoma that was treated surgically and analysed at the pathology department of Fondazione Pascale hospital, in Naples. The reported histological diagnosis was: rectal mucosa showing neoplastic proliferation with features of invasive adenocarcinoma composed of 60% tumor cells. Immunohistochemical analysis demonstrated normal expression of the mismatch repair (MMR) proteins MLH1, MSH2, MSH6, and PMS2 in the nuclei of the neoplastic cells. Moreover, mutational analysis of the KRAS, NRAS and BRAF genes did not reveal any pathogenic variant in the neoplastic tissue. The proband’s parents and siblings did not show any sign of BWSp nor did they report any history of CRC.



Due to the extremely rare co-occurrence of BWSp and CRC in a young individual, further molecular analyses were performed to identify a possible link between the etiologies of these two diseases. First, a molecular test for MLID was performed on PBL DNA by MS-MLPA to detect methylation and copy number changes at 10 disease-associated imprinted loci. No further methylation alteration other than IC2 LoM and no CNV were detected at any of the tested imprinted loci with this assay (Figure 1a). To extend the methylation analysis to additional iDMRs, a whole-genome approach was employed by using the Illumina Infinium methylation EPIC array, and the results were compared with the methylation profiles of 8 age-matched controls (Figure 1b). Among the newly analysed DMRs, the ERLIN2:Int6-DMR and MKRN3:TSS-DMR were found to be hypomethylated as their methylation level was 22% and 24% lower than the mean of controls, respectively (Figure 1b and Table S4).



According to the recently proposed definition considering MLID as only those cases with imprinting defects at (a) ≥ 1 clinically relevant loci and (b) ≥ 2 additional (germline) ICs [26], we conclude that our patient has mild MLID in her PBL DNA.



Because of the possible link between IC2 LoM and EO-CRC, we analysed the expression of KCNQ1OT1, KCNQ1 and CDKN1C in the neoplastic and peri-neoplastic tissues (Figure 2). We found that the total RNA level of all the three genes as determined by RT-qPCR was increased in the neoplastic tissue if compared to the peri-neoplastic tissue, although their expression was relatively low (Figure 2a). We then tested the allelic expression of KCNQ1OT1 by using a SNP present in the transcribed region and found that this gene was transcribed on both parental alleles with a similar ratio in the neoplastic and peri-neoplastic tissues (Figure 2b). Thus, IC2 methylation and KCNQ1OT1 imprinting were similarly relaxed in the neoplastic and peri-neoplastic tissues and KCNQ1 was increased in the tumor of our patient.



Genome-wide methylation analysis was then performed on the neoplastic and peri-neoplastic colon tissues. Only the CpGs showing methylation values in cancer that were at least 30% lower or higher than those of the peri-neoplastic tissue were considered. Furthermore, by filtering for the probes of the CpG islands overlapping promoter regions, 1042 genes were identified as differentially methylated genes (DMGs). These genes were annotated, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was calculated by g:profiler tool (biit.cs.ut.ee/gprofiler). The KEGG pathway analysis revealed four main biologically significant and enriched processes in the cancer tissue: the Neuro ligand–receptor interaction, the Cell adhesion molecules, the Calcium signaling and the WNT signaling pathways (Table 1).



Term size: number of the genes involved in each pathway; intersection size: number of the hypo/hyper DMGs significantly enriched in each pathway.



We then focused on the DMGs whose CpG island overlapping the promoter region had a +/−20% fold change of mean methylation values in the tumor with respect to the peri-neoplastic tissue. Interestingly, all these DMGs were hypermethylated including the methylation-based CRC biomarkers SFPR1, SFPR2 and WIF1 (Figure 3a and Table S4). We then looked at the methylation of further CRC biomarker candidates [27] and found that the promoters of the BMP3, CMTM3, CNRIP1 and MDF genes were hypermethylated as well (Figure 3b and Table S4). In contrast, the MMR genes revealed no methylation change at their promoters, consistent with the results of the immunohistochemical analysis (Table S4). In addition, 8 CIMP-specific genes revealed no methylation change at the CpG islands-promoters; thus, this tumor was considered CIMP-negative (Figure S3) [28].



DNA methylation of the iDMRs in the neoplastic and peri-neoplastic tissue was also analysed (Figure 2c and Table S4). The mean methylation values of the PPIEL, MEST, PEG13, RB1, NDN, GNAS-AS1, GNAS-XL and GNAS-A/B DMRs were found to be at least 10% higher in the neoplastic than in the peri-neoplastic tissue (Figure 3c and Table S4). Conversely, the DIRAS3, GPR1-AS, ZNF597, ZNF331, GNAS-NESP, WRB and SNU13 DMRs were shown to be at least 10% hypomethylated. These results were confirmed by sodium bisulfite treatment, amplification and pyrosequencing (Figure S2).



A SNP-array analysis was performed to investigate if any of these methylation changes were associated with copy number variants. No relevant CNV and loss of heterozygosity (LOH) were detected in PBL and peri-neoplastic tissues (Table S5). Conversely, several mosaic and non-mosaic CNVs affecting tumor-associated genes and several imprinted loci were found in the neoplastic tissue (Figure 4 and Table S5). In particular, non-mosaic duplications and microduplications affected the long arm of chrs 8 and 20 and segments of several chromosomes involving the oncogenes cMYC (chr8q24.21), KRAS (chr 12p12.1) and AURKA (20q13.2) and the imprinted loci GNAS (chr 20q), PEG13 and ERLIN2 (chr 8q). Despite the CNV, no further methylation defect of ERLIN 2 was detectable in the tumor (Figure 3c), likely because of the constitutional hypomethylation affecting this DNA region. Numerous mosaic CNVs were also revealed, including deletions of the whole chromosome 9, long arm of chrs 8 and 18, short arm of chr 17 and segments of chrs 4q and 12p, overall affecting several tumor suppressor genes, such as TPP53 (17p13.1), SMAD2 (18q21.1), SMAD4 (18q21.2), DCC (18q21) and the WNT antagonist SFRP2 (4q31.3) (Figure 4 and Table S5). No CNVs or LOH involving the MMR complex genes were found.



Overall, the methylome and SNP array results demonstrate a general instability of the tumor genome, including copy number and methylation changes (both primary and CNV-dependent) that affected genes of the Neuro ligand–receptor interaction, Cell adhesion molecules, WNT and Calcium signaling pathways, CRC biomarkers and imprinted loci.



To investigate the presence of germline genetic variants predisposing to CRC, we performed whole-exome sequencing of PBL DNA of the patient. Two very rare SNVs of the cystic fibrosis transmembrane conductance regulator (CFTR) gene were found in heterozygosity in the patient genome. Both variants were transversions at the nucleotide level and missense mutations at the amino acid level, and were classified as possibly damaging by PolyPhen-2 and likely pathogenic according to the ACMG criteria (Figure 5a). The variant c.3154T > G, p.Phe1052Val (rs150212784) affected an amino acidic residue of the ABC transmembrane type-1 2 protein domain (Figure 5a,b). The variant c.4054C > G, p.Gln1352Glu (rs751098333) affected an amino acidic residue of the ABC transporter 2 domain. Sanger sequencing analysis of the trio demonstrated that the two CFTR variants were present in compound heterozygosity in the patient, as the p.Gln1352Glu was inherited from the mother and the p.Phe1052Val was inherited from the father (Figure 5c).




4. Discussion


BWSp is a disorder predisposing to tumors of embryonic origin that arise during childhood, usually up to 10 years of age [4,5,27]. Data on tumor risk and histotype prevalence in adult BWSp patients are very limited because the clinical phenotype mitigates with age and a follow-up of large series of adults with BWSp has not been performed [1,11]. Therefore, whether BWSp increases cancer risk in adulthood remains an open question. To look for a possible relationship between the etiologies of BWSp and EO-CRC in this patient, we investigated her molecular lesions at both somatic and germline levels.



Neither the loss of MMR proteins nor pathogenic variants of KRAS, NRAS and BRAF, which are molecular lesions usually associated with hereditary or familial EO-CRC [20], were revealed in the neoplastic colon tissue. These results are consistent with a sporadic form of EO-CRC and suggest that the microsatellite instability pathway is not involved in the onset and development of cancer in our patient. Normal methylation of the promoters of 8 CIMP-specific genes reveals the CIMP negative status of the tumor. In contrast, the SNP-array data revealed a general chromosomal instability, as numerous mosaic and non-mosaic CNVs were detected, including mosaic deletions of arms 8p, 17p and 18q, and amplification of the 20q11.21, which are frequently found in CRCs characterized by CIN (Figure 3 and Table S5) [29,30]. The methylome analysis revealed a general epigenome instability of the neoplastic tissue, showing primary or CNV-dependent methylation changes across the whole genome and involving tumor-associated genes and imprinted loci (Figure 3 and Table S4). Notably, several DMGs belonged to the WNT signaling, Cell adhesion, Neuroactive ligand-receptor interaction and Calcium signaling pathways, in accordance with previously reported CRC methylome data [31,32]. These pathways have all been reported to play a crucial role in the onset of CRC or in driving its progression [18,32,33]. Particularly important is the WNT pathway, whose dysregulation leads to aberrant cell growth and stem cell differentiation. It also impairs cellular adhesion, favoring migration and metastasis [34]. In addition, human and mouse studies demonstrated that the CNVs and methylation changes found at imprinted loci, such as amplification of GNAS, hypermethylation of MEST/PEG1, PEG13 and NDN, involved genes activating the WNT pathway [35].



At the germline level, two missense mutations, predicted to be likely pathogenic, of the Cystic Fibrosis (CF) gene CFTR, were found in compound heterozygosity (Figure 5). Recent studies classify CFTR as a tissue-specific tumor suppressor gene, whose inactivation represents a severe risk factor for developing early aggressive CRC in either affected CF patients and healthy carriers [36]. Further, lowered expression of CFTR is reported in sporadic CRC, where downregulation of CFTR is associated with poor survival. The mechanisms underlying the action of CFTR as a tumor suppressor are not clearly understood. However, dysregulation of WNT/β-catenin signaling and disruption of intestinal stem cell homeostasis and intestinal barrier integrity, as well as intestinal dysbiosis, immune cell infiltration, stress responses and intestinal inflammation, have all been reported in human CF patients and in animal models [37].



Patients with CF show a high incidence of early aggressive CRC beginning in their 30s, with 50% of CF patients having developed tumors by the age of 40 [38]. Our patient developed the carcinoma even earlier, suggesting that further molecular alterations might trigger the tumorigenesis in addition to CFTR mutations. The only other constitutional molecular lesion found in this patient is IC2 LoM leading to bi-allelic expression of the lncRNA KCNQ1OT1 and BWSp. Intriguingly, several studies indicate that loss of imprinting and KCNQ1OT1 overexpression plays an important role in CRC carcinogenesis. In particular: (i) increased expression of KCNQ1OT1 has been reported in CRC tissue and cell lines [39]; (ii) KCNQ1OT1 is a prognostic biomarker correlating with poor prognosis of CRC patients [40]; and (iii) KCNQ1OT1 promotes proliferation, migration and invasion of CRC cells [41]. It has been demonstrated that β-catenin can induce KCNQ1OT1 transcription through direct binding to its promoter and may contribute to CRC development by functioning as a lncRNA regulatory factor [42]. Additionally, the lncRNA KCNQ1OT1 regulates the imprinted expression of the KCNQ1 and CDKN1C genes, both showing tumor suppressor activity in several tumors, including CRC. KCNQ1 encodes a potassium channel protein subunit and represents an early prognostic biomarker in CRC, whose deficiency is associated with poor outcomes [43]. It has been demonstrated that KCNQ1 limits oncogenesis by inhibiting nuclear localization of β-catenin and by maintaining adherent junctions that prevent the epithelial to mesenchymal transition [44]. CDKN1C is an important inhibitor of the cell cycle, whose loss of expression appears associated with colorectal carcinogenesis and poor prognosis [45,46]. However, it is important to note that IC2 methylation and KCNQ1OT1 imprinting were similarly relaxed in the neoplastic and peri-neoplastic tissues, and KCNQ1 and CDKN1C were not repressed in the tumor with respect to normal tissue in our patient. (Figure 2b and Figure S2). Methylation mosaicism among tissues and the presence of non-tumor cells in the tumor biopsy may in part explain this result.



Thus, our findings suggest that the rare combination of a genetic and an epigenetic lesion might have contributed to cause a very EO-CRC by triggering beta-catenin activation. We hypothesize that in our case, the germline CFTR mutations represented the first hit of the tumorigenesis process and that this is accelerated by IC2 LoM and/or MLID. Further somatic events, including epigenetic silencing of WNT antagonist genes, might have further enhanced activation of the WNT/beta-catenin pathway and provided a growth advantage to cancer cells.



Our study adds further evidence to the hypothesis that epigenetic changes are necessary for cancer initiation in tissues where a genetic insult is already present, acting in a cooperative manner to stimulate tumorigenesis [47]. However, further studies are needed to establish whether the BWSp epimutations represent an increased risk factor for adult cancer.




5. Conclusions


In conclusion, we described the first case of co-occurrence of BWSp and EO-CRC. We found IC2 LoM as cause of BWSp, likely pathogenic CFTR variants as possible germline lesions predisposing to CRC, and a chromosomal and epigenome instability as an altered molecular profile of the tumor genome. The development of a very EO-CRC can be explained by the adverse circumstance of the co-occurrence of CFTR mutations and IC2 LoM, likely responsible for cancer initiation and further triggered by somatic events enhancing the WNT/beta-catenin pathway. From a clinical point of view, our study supports the need to extend cancer surveillance beyond the interval normally recommended for BWSp patients.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers15071944/s1, Figure S1: Methylation analysis of the iDMRs of the 11p15.5 imprinted locus of the patient and controls. Figure S2: DNA methylation analysis by pyrosequencing on peri-neoplastic and neoplastic tissue. Figure S3: Methylation analysis of the promoters of 8 CIMP-specific genes. Table S1: Primers for pyrosequencing analysis. Table S2: Primers for amplification and Sanger sequencing of CFTR variants. Table S3: Primers for expression analysis. Table S4: Methylation array analysis of iDMRs and CRC methylation biomarkers. Table S5: SNP-array raw data.





Author Contributions


Conceptualization, F.C. (Francesco Cecere), L.P., F.C. (Flavia Cerrato) and A.R.; formal analysis and investigation, F.C. (Francesco Cecere), L.P., A.S. (Abu Saadat), E.D., O.P., P.P. and M.C.; resources, G.S. and G.B.R.; data curation, F.C. (Francesco Cecere), B.H.M., C.A., A.S. (Angela Sparago), O.P., P.P. and M.C.; writing—original draft preparation F.C. (Francesco Cecere) and L.P., writing—review and editing, F.C. (Flavia Cerrato) and A.R.; supervision, F.C. (Flavia Cerrato) and A.R.; funding acquisition, A.R., F.C. (Flavia Cerrato) and A.S. (Angela Sparago). All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the followings grants: AIRC-Associazione Italiana Ricerca sul Cancro IG 2020 ID 24405 (AR), PON Ricerca e Innovazione 2014–2020 from Italian Ministry of University and Research (AR and LP), “Progetti competitivi intraAteneo” Programma V:ALERE (VAnviteLli pEr la RicErca) 2019—grant MIRIAM from Università degli Studi della Campania “Luigi Vanvitelli” (AR, FC and AS).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the University of Campania “Luigi Vanvitelli”, Naples, Italy (protocol code 1135, 13 October 2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Methylation array data generated and analyzed during the current study have been deposited under accession code GSE224222 in the Gene Expression Omnibus repository.




Acknowledgments


The authors are grateful to the patient and her parents.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Brioude, F.; Kalish, J.M.; Mussa, A.; Foster, A.C.; Bliek, J.; Ferrero, G.B.; Boonen, S.E.; Cole, T.; Baker, R.; Bertoletti, M.; et al. Expert consensus document: Clinical and molecular diagnosis, screening and management of Beckwith-Wiedemann syndrome: An international consensus statement. Nat. Rev. Endocrinol. 2018, 14, 229–249. [Google Scholar] [CrossRef]

	



Monk, D.; Mackay, D.J.G.; Eggermann, T.; Maher, E.R.; Riccio, A. Genomic imprinting disorders: Lessons on how genome, epigenome and environment interact. Nat. Rev. Genet. 2019, 20, 235–248. [Google Scholar] [CrossRef] [PubMed]

	



Choufani, S.; Shuman, C.; Weksberg, R. Molecular findings in Beckwith-Wiedemann syndrome. Am. J. Med. Genet. C Semin. Med. Genet. 2013, 163C, 131–140. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, K.A.; Getz, K.D.; Hathaway, E.R.; Byrne, M.E.; MacFarland, S.P.; Kalish, J.M. Characteristics Associated with Tumor Development in Individuals Diagnosed with Beckwith-Wiedemann Spectrum: Novel Tumor-(epi)Genotype-Phenotype Associations in the BWSp Population. Genes 2021, 12, 1839. [Google Scholar] [CrossRef]

	



Eggermann, T.; Maher, E.R.; Kratz, C.P.; Prawitt, D. Molecular Basis of Beckwith-Wiedemann Syndrome Spectrum with Associated Tumors and Consequences for Clinical Practice. Cancers 2022, 14, 3083. [Google Scholar] [CrossRef] [PubMed]

	



Brioude, F.; Nicolas, C.; Marey, I.; Gaillard, S.; Bernier, M.; Das Neves, C.; Le Bouc, Y.; Touraine, P.; Netchine, I. Hypercortisolism due to a Pituitary Adenoma Associated with Beckwith-Wiedemann Syndrome. Horm. Res. Paediatr. 2016, 86, 206–211. [Google Scholar] [CrossRef]

	



Romanelli, V.; Nevado, J.; Fraga, M.; Trujillo, A.M.; Mori, M.; Fernández, L.; Pérez de Nanclares, G.; Martínez-Glez, V.; Pita, G.; Meneses, H.; et al. Constitutional mosaic genome-wide uniparental disomy due to diploidisation: An unusual cancer-predisposing mechanism. J. Med. Genet. 2011, 48, 212–216. [Google Scholar] [CrossRef]

	



Bertoin, F.; Letouzé, E.; Grignani, P.; Patey, M.; Rossignol, S.; Libé, R.; Pasqual, C.; Lardière-Deguelte, S.; Hoeffel-Fornes, C.; Gaillard, D.; et al. Genome-wide paternal uniparental disomy as a cause of Beckwith-Wiedemann syndrome associated with recurrent virilizing adrenocortical tumors. Horm. Metab. Res. 2015, 47, 497–503. [Google Scholar] [CrossRef]

	



Clouston, W.M.; Cannell, G.C.; Fryar, B.G.; Searle, J.W.; Martin, N.I.; Mortimer, R.H. Virilizing adrenal adenoma in an adult with the Beckwith-Wiedemann syndrome: Paradoxical response to dexamethasone. Clin. Endocrinol. 1989, 31, 467–473. [Google Scholar] [CrossRef]

	



Bémurat, L.; Gosse, P.; Ballanger, P.; Tauzin-Fin, P.; Barat, P.; Lacombe, D.; Lemétayer, P.; Clémenty, J. Successful laparoscopic operation of bilateral pheochromocytoma in a patient with Beckwith-Wiedemann syndrome. J. Hum. Hypertens. 2002, 16, 281–284. [Google Scholar] [CrossRef]

	



Gazzin, A.; Carli, D.; Sirchia, F.; Molinatto, C.; Cardaropoli, S.; Palumbo, G.; Zampino, G.; Ferrero, G.B.; Mussa, A. Phenotype evolution and health issues of adults with Beckwith-Wiedemann syndrome. Am. J. Med. Genet. A 2019, 179, 1691–1702. [Google Scholar] [CrossRef]

	



Cui, H.; Cruz-Correa, M.; Giardiello, F.M.; Hutcheon, D.F.; Kafonek, D.R.; Brandenburg, S.; Wu, Y.; He, X.; Powe, N.R.; Feinberg, A.P. Loss of IGF2 imprinting: A potential marker of colorectal cancer risk. Science 2003, 299, 1753–1755. [Google Scholar] [CrossRef]

	



Goovaerts, T.; Steyaert, S.; Vandenbussche, C.A.; Galle, J.; Thas, O.; Van Criekinge, W.; De Meyer, T. A comprehensive overview of genomic imprinting in breast and its deregulation in cancer. Nat. Commun. 2018, 9, 4120. [Google Scholar] [CrossRef]

	



Ito, Y.; Koessler, T.; Ibrahim, A.E.; Rai, S.; Vowler, S.L.; Abu-Amero, S.; Silva, A.L.; Maia, A.T.; Huddleston, J.E.; Uribe-Lewis, S.; et al. Somatically acquired hypomethylation of IGF2 in breast and colorectal cancer. Hum. Mol. Genet. 2008, 17, 2633–2643. [Google Scholar] [CrossRef]

	



Martin-Trujillo, A.; Vidal, E.; Monteagudo-Sánchez, A.; Sanchez-Delgado, M.; Moran, S.; Hernandez Mora, J.R.; Heyn, H.; Guitart, M.; Esteller, M.; Monk, D. Copy number rather than epigenetic alterations are the major dictator of imprinted methylation in tumors. Nat. Commun. 2017, 8, 467. [Google Scholar] [CrossRef]

	



Fleisher, A.S.; Meltzer, S.J.; James, S.P. Colon polyps in Beckwith-Wiedmann syndrome: Role of imprinted genes. Gastroenterology 2000, 118, 637. [Google Scholar] [CrossRef]

	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef]

	



Mármol, I.; Sánchez-de-Diego, C.; Pradilla Dieste, A.; Cerrada, E.; Rodriguez Yoldi, M.J. Colorectal Carcinoma: A General Overview and Future Perspectives in Colorectal Cancer. Int. J. Mol. Sci. 2017, 18, 197. [Google Scholar] [CrossRef]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7–30. [Google Scholar] [CrossRef]

	



Mauri, G.; Sartore-Bianchi, A.; Russo, A.G.; Marsoni, S.; Bardelli, A.; Siena, S. Early-onset colorectal cancer in young individuals. Mol. Oncol. 2019, 13, 109–131. [Google Scholar] [CrossRef]

	



Sparago, A.; Verma, A.; Patricelli, M.G.; Pignata, L.; Russo, S.; Calzari, L.; De Francesco, N.; Del Prete, R.; Palumbo, O.; Carella, M.; et al. The phenotypic variations of multi-locus imprinting disturbances associated with maternal-effect variants of NLRP5 range from overt imprinting disorder to apparently healthy phenotype. Clin. Epigenet. 2019, 11, 190. [Google Scholar] [CrossRef] [PubMed]

	



Pignata, L.; Cecere, F.; Verma, A.; Hay Mele, B.; Monticelli, M.; Acurzio, B.; Giaccari, C.; Sparago, A.; Hernandez Mora, J.R.; Monteagudo-Sánchez, A.; et al. Novel genetic variants of KHDC3L and other members of the subcortical maternal complex associated with Beckwith-Wiedemann syndrome or Pseudohypoparathyroidism 1B and multi-locus imprinting disturbances. Clin. Epigenet. 2022, 14, 71. [Google Scholar] [CrossRef] [PubMed]

	



Pignata, L.; Palumbo, O.; Cerrato, F.; Acurzio, B.; de Álava, E.; Roma, J.; Gallego, S.; Mora, J.; Carella, M.; Riccio, A.; et al. Both Epimutations and Chromosome Aberrations Affect Multiple Imprinted Loci in Aggressive Wilms Tumors. Cancers 2020, 12, 3411. [Google Scholar] [CrossRef] [PubMed]

	



Cubellis, M.V.; Pignata, L.; Verma, A.; Sparago, A.; Del Prete, R.; Monticelli, M.; Calzari, L.; Antona, V.; Melis, D.; Tenconi, R.; et al. Loss-of-function maternal-effect mutations of PADI6 are associated with familial and sporadic Beckwith-Wiedemann syndrome with multi-locus imprinting disturbance. Clin. Epigenet. 2020, 12, 139. [Google Scholar] [CrossRef]

	



Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [Google Scholar] [CrossRef]

	



Mackay, D.; Bliek, J.; Kagami, M.; Tenorio-Castano, J.; Pereda, A.; Brioude, F.; Netchine, I.; Papingi, D.; de Franco, E.; Lever, M.; et al. First step towards a consensus strategy for multi-locus diagnostic testing of imprinting disorders. Clin. Epigenet. 2022, 14, 143. [Google Scholar] [CrossRef]

	



Müller, D.; Győrffy, B. DNA methylation-based diagnostic, prognostic, and predictive biomarkers in colorectal cancer. Biochim. Biophys. Acta Rev. Cancer 2022, 1877, 188722. [Google Scholar] [CrossRef]

	



Tapial, S.; Olmedillas-López, S.; Rueda, D.; Arriba, M.; García, J.L.; Vivas, A.; Pérez, J.; Pena-Couso, L.; Olivera, R.; Rodríguez, Y.; et al. Cimp-Positive Status is More Representative in Multiple Colorectal Cancers than in Unique Primary Colorectal Cancers. Sci. Rep. 2019, 9, 10516. [Google Scholar] [CrossRef]

	



Pino, M.S.; Chung, D.C. The chromosomal instability pathway in colon cancer. Gastroenterology 2010, 138, 2059–2072. [Google Scholar] [CrossRef]

	



Voutsadakis, I.A. Chromosome 20q11.21 Amplifications in Colorectal Cancer. Cancer Genom. Proteom. 2021, 18, 487–496. [Google Scholar] [CrossRef]

	



Wang, G.; Wang, F.; Meng, Z.; Wang, N.; Zhou, C.; Zhang, J.; Zhao, L.; Shan, B. Uncovering potential genes in colorectal cancer based on integrated and DNA methylation analysis in the gene expression omnibus database. BMC Cancer 2022, 22, 138. [Google Scholar] [CrossRef]

	



Ye, Z.; Li, Y.; Xie, J.; Feng, Z.; Yang, X.; Wu, Y.; Pu, Y.; Gao, J.; Xu, X.; Zhu, Z.; et al. Integrated bioinformatics identifies the dysregulation induced by aberrant gene methylation in colorectal carcinoma. Genes Dis. 2021, 8, 521–530. [Google Scholar] [CrossRef]

	



Wang, W.; Yu, S.; Huang, S.; Deng, R.; Ding, Y.; Wu, Y.; Li, X.; Wang, A.; Wang, S.; Chen, W.; et al. A Complex Role for Calcium Signaling in Colorectal Cancer Development and Progression. Mol. Cancer Res. 2019, 17, 2145–2153. [Google Scholar] [CrossRef]

	



Brocardo, M.; Henderson, B.R. APC shuttling to the membrane, nucleus and beyond. Trends Cell Biol. 2008, 18, 587–596. [Google Scholar] [CrossRef]

	



Nomura, R.; Saito, T.; Mitomi, H.; Hidaka, Y.; Lee, S.Y.; Watanabe, S.; Yao, T. GNAS mutation as an alternative mechanism of activation of the Wnt/β-catenin signaling pathway in gastric adenocarcinoma of the fundic gland type. Hum. Pathol. 2014, 45, 2488–2496. [Google Scholar] [CrossRef]

	



Miller, A.C.; Comellas, A.P.; Hornick, D.B.; Stoltz, D.A.; Cavanaugh, J.E.; Gerke, A.K.; Welsh, M.J.; Zabner, J.; Polgreen, P.M. Cystic fibrosis carriers are at increased risk for a wide range of cystic fibrosis-related conditions. Proc. Natl. Acad. Sci. USA 2020, 117, 1621–1627. [Google Scholar] [CrossRef]

	



Scott, P.; Anderson, K.; Singhania, M.; Cormier, R. Cystic Fibrosis, CFTR, and Colorectal Cancer. Int. J. Mol. Sci. 2020, 21, 2891. [Google Scholar] [CrossRef]

	



Niccum, D.E.; Billings, J.L.; Dunitz, J.M.; Khoruts, A. Colonoscopic screening shows increased early incidence and progression of adenomas in cystic fibrosis. J. Cyst. Fibros. 2016, 15, 548–553. [Google Scholar] [CrossRef]

	



Nakano, S.; Murakami, K.; Meguro, M.; Soejima, H.; Higashimoto, K.; Urano, T.; Kugoh, H.; Mukai, T.; Ikeguchi, M.; Oshimura, M. Expression profile of LIT1/KCNQ1OT1 and epigenetic status at the KvDMR1 in colorectal cancers. Cancer Sci. 2006, 97, 1147–1154. [Google Scholar] [CrossRef]

	



Lin, Z.B.; Long, P.; Zhao, Z.; Zhang, Y.R.; Chu, X.D.; Zhao, X.X.; Ding, H.; Huan, S.W.; Pan, Y.L.; Pan, J.H. Long Noncoding RNA KCNQ1OT1 is a Prognostic Biomarker and mediates CD8. Int. J. Biol. Sci. 2021, 17, 1757–1768. [Google Scholar] [CrossRef]

	



Zhu, S.; Chen, C.Y.; Hao, Y. LncRNA KCNQ1OT1 acts as miR-216b-5p sponge to promote colorectal cancer progression via up-regulating ZNF146. J. Mol. Histol. 2021, 52, 479–490. [Google Scholar] [CrossRef] [PubMed]

	



Sunamura, N.; Ohira, T.; Kataoka, M.; Inaoka, D.; Tanabe, H.; Nakayama, Y.; Oshimura, M.; Kugoh, H. Regulation of functional KCNQ1OT1 lncRNA by β-catenin. Sci. Rep. 2016, 6, 20690. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, K.J.; Cormier, R.T.; Scott, P.M. Role of ion channels in gastrointestinal cancer. World J. Gastroenterol. 2019, 25, 5732–5772. [Google Scholar] [CrossRef] [PubMed]

	



Rapetti-Mauss, R.; Bustos, V.; Thomas, W.; McBryan, J.; Harvey, H.; Lajczak, N.; Madden, S.F.; Pellissier, B.; Borgese, F.; Soriani, O.; et al. Bidirectional KCNQ1:β-catenin interaction drives colorectal cancer cell differentiation. Proc. Natl. Acad. Sci. USA 2017, 114, 4159–4164. [Google Scholar] [CrossRef]

	



Li, J.Q.; Wu, F.; Usuki, H.; Kubo, A.; Masaki, T.; Fujita, J.; Bandoh, S.; Saoo, K.; Takeuchi, H.; Kuriyama, S.; et al. Loss of p57KIP2 is associated with colorectal carcinogenesis. Int. J. Oncol. 2003, 23, 1537–1543. [Google Scholar] [CrossRef]

	



Sun, K.; Wang, W.; Zeng, J.J.; Wu, C.T.; Lei, S.T.; Li, G.X. MicroRNA-221 inhibits CDKN1C/p57 expression in human colorectal carcinoma. Acta Pharmacol. Sin. 2011, 32, 375–384. [Google Scholar] [CrossRef]

	



Feinberg, A.P. The Epigenetics of cancer etiology. Semin. Cancer Biol. 2004, 14, 427–432. [Google Scholar] [CrossRef]








[image: Cancers 15 01944 g001 550] 





Figure 1. Methylation analysis of the iDMRs on PBL DNA of the proband and control subjects by (a) multiple MS-MLPA and (b) methylation-array. (a) Copy Number (CNVs, upper panels) and DNA methylation (lower panels) were analysed at 10 imprinted loci and compared with the mean values of three controls to determine the relative copy number and methylation percentage. The arrows indicate the iDMRs affected by abnormal methylation. (b) Heat map showing methylation values of 42 iDMRs of the proband (P) normalized against the mean of eight controls (C1-C8). The iDMRs in bold showed values with a fold change ≤ 3 standard deviation and ≤ 10% of the mean of controls. 






Figure 1. Methylation analysis of the iDMRs on PBL DNA of the proband and control subjects by (a) multiple MS-MLPA and (b) methylation-array. (a) Copy Number (CNVs, upper panels) and DNA methylation (lower panels) were analysed at 10 imprinted loci and compared with the mean values of three controls to determine the relative copy number and methylation percentage. The arrows indicate the iDMRs affected by abnormal methylation. (b) Heat map showing methylation values of 42 iDMRs of the proband (P) normalized against the mean of eight controls (C1-C8). The iDMRs in bold showed values with a fold change ≤ 3 standard deviation and ≤ 10% of the mean of controls.



[image: Cancers 15 01944 g001]







[image: Cancers 15 01944 g002 550] 





Figure 2. Expression analysis of KCNQ1OT1, KCNQ1 and CDKN1C in the neoplastic and peri-neoplastic tissues. (a) Total expression levels of the three genes obtained by RT-qPCR and (b) allele-specific expression levels of KCNQ1OT1 obtained by Sanger sequencing following Reverse transcriptase-PCR. In (b) the rectangle indicates the polymorphism to distinguish the two alleles. 
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Figure 3. Genome-wide methylation analysis of neoplastic tissue compared with peri-neoplastic tissue. (a) DMGs involved in the four identified KEGG pathways. All of the DMGs showed hypermethylation at the promoter region. (b) Four biomarkers identified among the DMGs. Each vertical line represents the genome coordinate of a single probe in the array (c) Heat map showing the methylation profile of the iDMRs in neoplastic and peri-neoplastic tissues. The iDMRs with a mean methylation difference of at least 10% between neoplastic and peri-neoplastic tissues are indicated in bold. Methylation changes possibly present in the peri-neoplastic tissue could not be detected as no normal colorectal tissue specimen was available for normalization. 
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Figure 4. Karyoview of tumor tissue analyzed by SNP-Array. The vertical bars represent: regions of homozygosity (purple), duplications (dark blue), mosaic duplications (light blue) and mosaic deletions (red). Names of genomic loci are shown in black for iDMRs, in pink for genes involved in carcinogenesis and in light blue for MMR complex genes. 
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Figure 5. Characteristics of the CFTR variants identified in the patient genome. (a) Scheme showing the ID, nucleotide and amino acid variations, frequency and prediction on the protein function of the two variants. (b) Domain structure of human CFTR protein. TMD: transmembrane domain, NBD: nucleotide-binding domain, R: regulatory domain. The position of the two missense mutations is indicated by red arrows. (c) Electropherograms of the Sanger sequencing results obtained on the trio, validating the variants detected by WES and showing their segregation in the family. The grey rectangles highlight the picks of the nucleotide variants. 
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Table 1. KEGG pathway analysis of the DMGs.
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	Term_Name
	Term_Size
	Intersection_Size
	p_Value





	Neuroactive ligand–receptor interaction
	227
	44
	2.137936−9



	Calcium signaling pathway
	198
	30
	8.469467−4



	WNT signaling pathway
	155
	23
	1.356191−2



	Cell adhesion molecules
	104
	17
	3.260210−2
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