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Background and Objectives: Beckwith-Wiedemann syndrome (BWS) is an overgrowth syndrome which affects every child out of every 12000 births. In the United States every year, there are about three hundred children born with the disease. BWS is characterized by increased risk of cancer along with other abnormal oversized growth defects; such as enlarged tongue and limbs (gigantism); which are amongst many other phenotypes. The disease is difficult to diagnose because most of the mutations that cause BWS are de novo (about 85% of the cases). However, about 15% of the cases are due to familial causes; and research has correlated hypermethylation of the IGF2-H19 locus to be responsible in BWS and the early onset cancer caused by BWS. Hypomethylation of the same locus has also been correlated with Silver-Russell syndrome (SRS), which causes dwarfism and has an incidence of 1/3000 to 1/100,000 live births. 

The IGF2-H19 locus is located in the telomeric cluster of 11p15.5. IGF2 (Insulin-like growth factor 2) is one of three protein hormones that share structural similarity to insulin.  H19 is a gene that codes long noncoding RNA. Abnormal H19 expression has been observed in both BWS and SRS. In both cases, the H19 gene is expressed primarily in one parental allele; this occurrence is classified as imprinting. Imprinting is the situation where genes are expressed based on the where they came from; either a paternal copy or maternal copy. Imprinting is controlled by the imprinting control region (ICR). In normal conditions, the paternal copy of IGF2-H19 locus is methylated while the maternal copy remains unmethylated. Methylation is not allowed on the maternal allele due to binding by the repressor protein, CTCF. The latter protein acts as an insulator on the ICR, blocking access of the IGF2 promoters to its enhancers downstream of the H19 gene. 

For this paper, the authors were primarily interested in seeing how aberrant methylation patterns affects the overall chromatin structure and long range associations in the neighboring areas of the chromosome. In order to achieve their objective, they focused on the following:
1. Comparing histone marks at the IGF2-H19 ICR at both BWS and SRS cells,

2. CTCF and cohesin binding in BWS and SRS cells,

3. CTCF mediated chromatin conformation at the IGF2-H19 locus in normal and pUPD cells,

4. CTCF-mediated chromatin conformation in BWS and SRS cell lines with ICR DNA methylation defects.

Experimental Approaches and Results: 

1. Patients with BWS and SRS have shown abnormal chromosomal methylations at 11p15.5 ICRs when DNA was taken from peripheral blood leukocytes (PBLs). For this experiment, the scientists used Epstein Barr virus (EBV) lymphoblastoid cell lines (EBV-LCLs), because they tend to maintain DNA methylation at the ICRs over multiple cell cycles, demonstrating that epigenetic methylation are maintained in these cells. The authors used eight BWS patients [five of whom had IGF2-H19 ICR hypermethylation (ICR-HM) and three had 11p15.5 paternal uniparental disomy (pUPD)], and four SRS patients with IGF2-H19 ICR hypomethylation. The researchers used allele-specific and quantitative testing of DNA that was extracted after chromatin immunoprecipitation (ChIP) for which they utilized H3K9me3, H4K20me3, H3K27me3, H3K4me2 and H3K9ac antibodies. The DNA from the three fractions (I), input, (M), non-specific IgG control and (C), specific antibody-bound were amplified by using PCR and then digested with the polymorphic HhaI enzyme to distinguish the paternal ICR alleles. After restriction enzyme digestion, the 128 bp PCR products were segmented into two co-migrating 64 bp fragments. Finally the RT-qPCR was performed on the histone marks in control, BWS and SRS EBV-LCLs. The authors used box plots to show maximum, third quartile, median, first quartile and minimum values for each group of samples. The results of these experiments tell us that in case of BWS, the gain of methylation is associated with acquirement of H3K9me3 and H4K20me3 marks and the loss of H3K27me3, H3K4me2 and H3K9ac on the maternal allele. In case of SRS, the loss of DNA methylation is correlated with the loss of H3K9me3 and H4K20me3 and the gain of H3K27me3, H3K4me2 and H3K9ac marks on the paternal allele. Finally these experiments also show us that H3K4me2/H3K27me3 bivalent mark exists along with H3K9ac on the unmethylated maternal allele within the control cells. However, these marks are reduced in BWS cells, and increased in SRS cells. 
2. The researchers then focused their attention on the binding of CTCF and cohesin. For this experiment they used allele-specific ChIP, which demonstrated that CTCF and the cohesin subunits RAD21 and SMC3 were specifically associated with maternal allele which was non-methylated in the control cells. Since allele-specific ChIP was unsuitable for determining the level of binding in heterozygous hypermethylated BWS and hypomethylated SRS cells, RT-qPCR was used to show that CTCF and cohesin binding was reduced in all hypermethylated BWS cells along with pUPD cells, however, increased in SRS cells. This tells us that CTCF and cohesin are absent in both parental allele in BWS and present in both alleles in case of SRS. 
3. The writers then analyzed the allele specificity of looping associations with the CTCF site downstream (CTCF DS) of the enhancers. They used normal neonate fibroblast cell line (HS27). The HS27 cell line consists of two important SNPs within the CTCF DS which allowed the authors to determine parental-specific interactions to the CTCF DS loops by sequencing the products from BamHI 3C RS. The heterozygous SNPs that are present within the CTCF DS allowed the examination of the allele specificity present within the HS27 cell line. Analysis indicated that the CTCF DS interacted monoallelically with the ICR, along with other sites at the locus; the CTCF AD (CTCF site upstream of the IGF2) and the centrally conserved domain (CCD) sites located on one chromosome and with the ICR that located on the reciprocal chromosome. The scientists then proceeded to test for similar results in the newly established EBV-LCL cell line for BWS pUPD. The results produced were very similar to the patterns seen HS27. However, they observed that there is a stronger interaction between CTCF DS and the CCD or the CTCF AD, while there is a weaker interaction between CTCF DS and the ICR and enhancer. These findings demonstrate that the CTCF DS interacts with the ICR from the maternal chromosome and with the CTCF AD and CCD from the paternal chromosome. All of these findings indicate how the different enhancers at the ICR interact with each other to recruit different transcription factors depending on the tissue type, all of which is possible due to the interaction of CTCF DS-AD, which brings the promoters to close proximity. 
4. The researchers then proceeded to analyze the looping profiles within three BWS HM and two SRS cell lines with ICR hypomethylation. The authors were able to see similar patterns as seen in the pUPD cells, in addition, they observed that the associations with the CCD and the CTCF AD were stronger while the associations with the ICR was reduced when compared to the control cell lines. When the ICR was used as an anchor at the locus, there was reduced association between the ICR and the CTCF DS. However, the SRS cell lines displayed enhanced interaction with the CTCF DS when the ICR was utilized as an anchor. Both anchors were able to produce peaks that were detected at CTCF AD similar in magnitude to the control cell lines. These findings tell us that higher order chromatin conformation of the IGF2-H19 locus is connected with DNA methylation and histone mark formation. The former and the latter factors combine together to affect the long range interactions in BWS and SRS. 
Conclusion: The authors were able to prove that histone modifications at the IGF2-H19 ICR are present in humans on a parent of origin basis. They were able to replicate their findings they acquired in mice, that the H3K4me2 and H3K9ac marks are present on the maternal allele which was non-methylated and the H3K9me3 and H4K20me3 marks are present on the methylated paternal allele. In BWS and SRS cells, CTCF binding was different at the ICR which led to differences in how CTCF recruited cohesin. The results also demonstrate that the ways CTCF binds to cohesin at locations other than the ICR is not dependent on the methylation state of the ICR. The long range interactions within the IGF2-H19 locus are dependent on the asymmetric histone marks and DNA methylation. Finally this research demonstrates how localized changes at the genetic level within a small area can lead to diseases in humans. 
Future Research: The amount of patients whose cells were used analyzed to test for the higher order chromosome structure was very low. A future study which comprises a larger sample size would validate the significance of the findings from this paper. Also since a lot of the mutations in BWS are de novo, a wider patient sample might lead to the discovery of important information at the IGF2-H19 locus. 

The researchers observed that some of the BWS and SRS patients did not exhibit any defects at the 11p15.5 ICR and had normal coding sequences at the locus. These patients would be a good subject to test for the effects of mutations and aberrant methylation of the different CTCF binding sites, and how those mutations and aberrations affect expression of the IGF2-H19 locus. 

The control cells for a lot of the experiments in this paper used HS27 to represent normal cells, and the EBV-LCLs from BWS and SRS patients for the cells under scrutiny. Since mutations at the IGF2-H19 locus has been linked to tumors in BWS patients, future research using actual cells from families with BWS and SRS would also provide interesting information about the IGF2-H19 locus. 
