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Abstract

:

Understanding chromatin interactions is important because they create chromosome conformation and link the cis- and trans- regulatory elements to their target genes for transcriptional regulation. Chromatin Interaction Analysis with Paired-End Tag (ChIA-PET) sequencing is a genome-wide high-throughput technology that detects chromatin interactions associated with a specific protein of interest. We developed ChIA-PET Tool for ChIA-PET data analysis in 2010. Here, we present the updated version of ChIA-PET Tool (V3) as a computational package to process the next-generation sequence data generated from ChIA-PET experiments. It processes short-read and long-read ChIA-PET data with multithreading and generates statistics of results in an HTML file. In this paper, we provide a detailed demonstration of the design of ChIA-PET Tool V3 and how to install it and analyze RNA polymerase II (RNAPII) ChIA-PET data from human K562 cells with it. We compared our tool with existing tools, including ChiaSig, MICC, Mango and ChIA-PET2, by using the same public data set in the same computer. Most peaks detected by the ChIA-PET Tool V3 overlap with those of other tools. There is higher enrichment for significant chromatin interactions from ChIA-PET Tool V3 in aggregate peak analysis (APA) plots. The ChIA-PET Tool V3 is publicly available at GitHub.
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1. Introduction


In eukaryotic cells, the genomes are packaged into the micron-sized nucleus with chromatin as the basic unit. Such packing of genomes into a three-dimensional structure with chromatin interactions is important for DNA replication, DNA damage repair, gene transcription, and other biological functions. Due to the significance of chromatin interactions in biology in general and transcription regulation in particular, the National Institute of Health (NIH) initiated the NIH Common Fund: 4D Nucleome (4DN) Program to study the three-dimensional (3D) genome structure and its spatiotemporal dynamics. Chromatin interaction study is an essential part of the 4DN program, and the Chromatin Interaction Analysis with Paired-End Tag (ChIA-PET) sequencing method [1] is one of the high-throughput methods for generating chromatin interaction data with next-generation sequencing technology.



The ChIA-PET method is a derivative of the Chromosome Conformation Capture (3C) method [2] and is a genome-wide, high-throughput, high-resolution method used to detect chromatin interactions associated with a specific protein of interest, and has been used in a number of applications [3]. The ChIA-PET experiment is based on the idea that the proximal DNA fragments from the same cross-linked molecular complexes can be ligated together [4], and it comprises a few basic steps (Figure 1): cross-linking of the molecules inside the nucleus, shearing the chromatin, precipitating molecules with some antibody of a protein of interest to pull down DNAs associated with the protein, dividing the samples into two aliquots and adding different linkers to two aliquots for linker ligation, combining the two aliquots for proximal ligation of DNAs from the individual molecules, de-cross-linking the proteins from DNAs, digesting the DNAs with the enzyme MmeI, Polymerase Chain Reaction (PCR) amplification, and purifying the final sample for next-generation sequencing. The DNA constructs can be sequenced with the high-throughput DNA sequencing facilities in paired-end mode to generate tens to hundreds of millions of 2 × 36 bp paired-end tag (PET) sequences, or can be sequenced as single reads with a read length of more than 78 bp.



In 2015, Tang et al. improved the original method by developing long-read ChIA-PET [5]. The long reads facilitate higher mapping confidence and base pair coverage. The long-read ChIA-PET experiment includes the following steps (Figure 2): first, millions of cells were fixed in PBS buffer. Next, formaldehyde was added to cross-link the cells and then neutralized. The cross-linked cells were lysed by cell lysis buffer and nuclear lysis buffer. Chromatin was subjected to fragmentation with an average length of 300 bp by sonication. The specific antibody was used to enrich chromatin fragments. After performing the end-repair and A-tailing using T4 DNA polymerase and Klenow enzyme, the Chromatin Immunoprecipitation (ChIP) DNA ends were proximity-ligated by the single biotinylated bridge-linker with the 3’ nucleotide T over-hanging on both strands. Proximity ligation DNA was reverse cross-linked and fragmented, and sequencing adaptors were added simultaneously by using Tn5 transposase. Deoxyribonucleic fragments contained in the bridge linker at ligation junctions were captured by Streptividin beads and used as templates for PCR amplification. These DNA products were subjected to paired-end sequencing (2 × 150 bp) using Illumina Hi-Seq 2500.



The ChIA-PET Tool V3 is a computational package for processing the DNA sequence data generated from the ChIA-PET experimental method, and it consists of 7 steps (Figure 3): (1) linker filtering, (2) mapping the paired-end reads to a reference genome, (3) purifying the mapped reads, (4) dividing the mapped reads into different categories, (5) peak calling from self-ligation PETs, (6) interaction calling from inter-ligation PETs, and (7) visualizing the results. The original pipeline was published in the journal Genome Biology in 2010 [4], which was designed to process the data from the 2 × 36 bp paired-end sequencing mode. With the advance in sequencing technology, the cost of sequencing is reduced, and the amount of data increases at the same time. In the long-read ChIA-PET, the length of the paired-end tags is up to 2 × 250 bp [6]. Therefore, we updated ChIA-PET Tool substantially, which included integrating the pipeline of processing short-read data and long-read data, rewriting the shell script of the processing pipeline with Java, revising the linker filtering with multithreading, adjusting the step of mapping to reduce running time, generating the statistics of the result, and evaluating the quality of the data. In this paper, we demonstrate how to apply the ChIA-PET Tool V3 to the public ChIA-PET data and illustrate the details and interpretation of the results to facilitate the usage of ChIA-PET Tool V3.




2. Materials and Methods


2.1. Equipment


2.1.1. Hardware


Our example of short-read ChIA-PET data was run on CentOS release 7.3.1611 with Intel(R) Xeon(R) CPU E5-2630 0 @ 2.30GHz.



Our example of long-read ChIA-PET data was run on CentOS release 6.6 with Intel(R) Xeon(R) CPU E5-2620 v3 @ 2.40GHz.




2.1.2. Required Supporting Software


Java is a popular platform-independent programming language and can be run on any machines with a Java Virtual Machine (JVM); BWA [7,8] is used to map ChIA-PET sequencing reads to a reference genome; SAMtools [9] is used to convert the alignment output from SAM format to BAM format; BEDTools [10] is required to convert the files from BAM format to BED format; R environment [11] and its packages are used to compute the p-values in peak calling and interaction calling and generate the graphs for visualization.



Download the supporting software listed as follows:




	(1)

	
Java Development Kit (JDK) ≥ 1.8 [12]




	(2)

	
BWA [8]




	(3)

	
SAMtools [9]




	(4)

	
BEDTools [10]




	(5)

	
R [11]




	(6)

	
R package grid (install.packages(“grid”))




	(7)

	
R package xtable (install.packages(“xtable”))




	(8)

	
R package RCircos (install.packages(“RCircos”))









Download the file ChIA-PET Tool V3.zip from ChIA-PET Tool V3 package on GitHub (https://github.com/GuoliangLi-HZAU/ChIA-PET_Tool_V3) and unpack it.




2.1.3. Required Supporting Data


To run ChIA-PET Tool V3, the linker sequence, the genome sequence and its mapping index, the lengths of the individual chromosomes, and cytoband data of the interested genome are required. In this paper, human reference genome hg19 [13], chromosome size data [14] and cytoband data [15] were downloaded from the University of California, Santa Cruz (UCSC) website. The random sequences in the genome were removed before further processing. Then, BWA was used to build a genome index for mapping sequence reads.




2.1.4. Example Chromatin Interaction Analysis with Paired-End Tag (ChIA-PET) Data


For short-read test data, ChIA-PET data associated with RNA polymerase II (RNAPII) from human K562 cells was downloaded from NCBI GEO with accession numbers GSM832464 and GSM832465 and dumped to FASTQ format. The raw reads from these two replicates were combined for further processing.



For long-read test data, we use CCCTC binding factor (CTCF) ChIA-PET data from human GM12878 cells with NCBI GEO accession number GSM1872886.





2.2. Updates


2.2.1. Programming Language of Processing Pipeline


In ChIA-PET Tool V3, we changed the programming language of processing pipeline and used Java program instead of shell script in the previous version. Then, we compiled and packaged the program into jar format. This unified the programming language and better implemented the encapsulation. However, we used other software in our tool by executing shell scripts. For example, we used BWA when mapping to a reference genome. Thus, these scripts were retained, which could be generated by the program according to the corresponding input options.




2.2.2. Integrating the Short-Read and Long-Read ChIA-PET Pipeline


Previously, we used two pipelines to process short-read and long-read ChIA-PET data, respectively. In fact, there are many of the same processes in the two pipelines. The main differences between them include the stages of linker filtering and mapping to the reference genome. Therefore, we can choose to execute the processes of short-read pipeline or long-read pipeline by setting one option in the current pipeline.




2.2.3. Multithreading in Linker Filtering


In order to speed up the pipeline, ChIA-PET Tool V3 uses multithreading in the linker filtering stage. With the Java interface BlockingQueue, one thread reads thousands of PETs from two FastQ files as a data block and puts it into the queue. Then, multiple threads get data blocks from the queue and process them.




2.2.4. Mapping to the Reference Genome with Burrows-Wheeler Aligner (BWA)


In the original version of ChIA-PET Tool, there were no satisfactory mapping tools available at that time. We used a home-made mapping method, BatMan, for mapping the reads to the reference genome, which was later published as BatMis [16]. In the current version, we use the popular mapping tool, BWA [7,8], for mapping.




2.2.5. Option for Chromatin Interaction Calling without Peaks as Inputs


In the current pipeline, we provide an option for chromatin interaction calling without peaks as inputs at this stage. The reason for this is that some interactions may not be supported by strong peaks at the anchor regions.




2.2.6. Statistics Report for Different Steps in the Data Processing


The statistics for the data processing procedure are summarized in an HTML file for users to check the data. The chromosome interaction maps contain intra- and inter-chromosomal interaction information. When there are tens of thousands of interactions, some chromatin interactions cannot be visualized clearly in chromosome scale. We use Discuz [17] to achieve image zooming. Discuz is an image processing toolkit based on JavaScript. When we click on an image, the image will be displayed in a new window, which can be dragged and zoomed by mouse.





2.3. Procedure


The ChIA-PET Tool V3 is an easy-to-use pipeline, and we can simply run it using one command line with some options (Appendix A). Users must set the 10 necessary options, whereas other options have default values. In particular, the directories of data should be set properly to make sure that the programs can run smoothly. The ChIA-PET Tool V3 will create a folder named “OUTPUT_PREFIX” in the “OUTPUT_DIRECTORY”. The default value of “OUTPUT_DIRECTORY” is the master folder “ChIA-PET_Tool_V3/”, and the default value of “OUTPUT_PREFIX” is “out”.



The ChIA-PET Tool V3 includes 7 steps for data processing (Figure 3). We can use the option “start_step” to select which step to start with. The following sections illustrate the main steps in the ChIA-PET Tool V3.



2.3.1. Linker Filtering


The ChIA-PET Tool V3 could process short-read or long-read ChIA-PET data by setting option “mode”. Users are required to provide the linker sequences in a linker file. For short-read data, the linker sequences are two half-linker sequences. For long-read data, the linker sequences are from +/− strands of a bridge linker. When the length of the linker sequences is changed, the option “minimum_linker_alignment_score” should be changed accordingly. If users decide to process short-read data, the start position of the barcode and the length of the barcode would be calculated in the program according to the linker sequences. If users decide to process long-read data, there is no barcode information for the linker sequence.



According to the design of the short-read ChIA-PET experiment, two half-linkers would be combined into a full linker after proximal ligation. After MmeI digestion, we can get the DNA constructs in a “tag-linker-tag” format (Figure 4). The constructs are 78 bp, consisting of two tags of 20 bp from interacting DNA fragments and one full linker of 38 bp. With the 2 × 36 bp paired-end sequencing mode, reads of 36 bp will be sequenced from each end of the constructs, which contains 20 bp from the DNA fragments and 16 bp from the half-linker in the ideal condition.



In the stage of linker filtering, a local sequence alignment algorithm is used to align the designed linker sequences to the part of linker on the real read sequences. If the alignment score is higher than a user-defined threshold, the linker is identified. In the original design, the barcodes in the linker sequences are 2 bp (AT or CG) and are not enough to differentiate the half-linkers A and B in some cases. Now the barcodes are changed to 4 bp (TAAG or ATGT) [18] in order to improve the differentiation of barcodes. Both reads in one PET aligned to the same linker are named “same-linker PET”. If one read is aligned to linker A and another read is aligned to linker B, this PET is named “different-linker PET”. If only one read is aligned to linker A or linker B, or neither read is aligned to linker A and linker B, this PET is named “ambiguous-linker PET”. Then, the part of linker on the read sequences is trimmed and the remaining part is kept for further analysis, which should be at least 18 bp long. We only use the same-linker PETs for further analysis.



According to the design of the long-read ChIA-PET experiment, we use a bridge linker for proximal ligation and Tn5 transposase to fragment DNA. Since the location of the interruption is random, the length of DNA fragments is not fixed. In the linker filtering stage, we select the PET where one read is aligned to the plus (+) strand of linker, whereas another read is aligned to the minus (−) strand of the linker for further analysis.




2.3.2. Mapping to a Reference Genome


After linker filtering, the trimmed paired DNA fragments are mapped to a reference genome. A Burrows–Wheeler-transform-based method, BatMis [16], was used to generate customized output in SAM format in the previous version. In the current version, we used BWA for mapping. We assume that the genome index is already built for BWA, and the path and the prefix of the index files are specified with variable “GENOME_INDEX”.



For short-read data, the DNA sequences after linker filtering are around 20 bp, option “aln” in BWA is used for reads mapping and option “samse” is used to convert the mapping results into SAM format. After mapping, we use a Java program to extract the uniquely mapped reads with high mapping quality score and generate a BEDPE file with multithreading.



For long-read data, considering the difference in the length of DNA sequences after linker filtering, option “aln” is used for PETs with a length of less than 55 bp, and option “mem” is used for PETs with a length of more than 55 bp, so that the accuracy of mapping to the reference genome can be improved. After extracting the uniquely mapped reads, SAMtools is used to convert the files from SAM format to BAM format, and BEDTools is used to convert the files from BAM format to BEDPE format.




2.3.3. Cleaning the Mapped Paired-End Tags (PETs)


Different sources of noise exist in ChIA-PET data, including duplicated reads from PCR amplification, variable cutting length from MmeI enzyme, and sequencing errors due to the repetitive sequences in the genome, which are considered separately in the data purification stage. Firstly, the reads that are exactly mapped to the same location (Figure 5A) are likely to be the PCR duplicates, and only one of them is kept for further processing. Secondly, if different PETs have both tags within 2 bp at each side (Figure 5B), there is a high chance that they are from the same DNA fragment with variable MmeI cutting length or linker filtering cutting. Such PETs are combined as one PET for further processing.



This stage consists of two main operations to remove duplicate PETs from amplification and other noises: (1) Merge all PETs with the same mapping locations, probably due to PCR amplification, into one unique PET; (2) merge all the similar PETs (within ±2 bp at the both ends of different PETs) into one unique PET.




2.3.4. Categorization of the Paired-End Tags


By the ChIA-PET experiment design, the two tags in each paired-end read could come from a single DNA fragment or two different DNA fragments by ligation. In order to identify the chromatin interactions, we should use the PETs from different DNA fragments. We divide the PETs into different categories (Figure 6): self-ligation PETs (PETs from the single DNA fragments), intra-chromosomal inter-ligation PETs (PETs from two different DNA fragments in the same chromosome), inter-chromosomal inter-ligation PETs (PETs from DNA fragments in two different chromosomes) and others.



To separate the self-ligation PETs from intra-chromosomal inter-ligation PETs, we need to determine the genomic distance cutoff between the two tags of the PETs in the same chromosome. By the experiment design and sequencing protocol, the self-ligation PETs are (1) from minus-plus (−/+) chromosome strand composition, (2) with short genomic span, and (3) the tag from minus strand should have smaller genomic coordinate. The intra-chromosomal inter-ligation PETs are from all possible strand compositions. By comparing the genomic span distributions for PETs with different strand compositions, it will give a clue of the span threshold for self-ligations. Figure 7 shows that the genomic spans from +/+, +/−, and −/− strand compositions have similar distributions, whereas genomic spans from −/+ strand composition have different distributions—there are much more PETs with genomic spans less than 10 kb from −/+ strand composition. Based on the assumption that the intra-chromosomal inter-ligation PETs should be similarly distributed among different strand compositions, the extra PETs with genomic span less than 10 kb from −/+ strand composition are from self-ligation. Then, the difference of genomic span distributions from −/+ strand composition and the average distribution from other strand compositions is used to determine the span cutoff for self-ligation. The log-log plot of genomic span distribution difference in Figure 8 shows that the cutoff is around 8 kb. For the illustration purpose, we use 8 kb as the default cutoff to classify the PETs into different categories.




2.3.5. Peak Calling


Peak calling with self-ligation PETs are similar to the peak calling from ChIP-Seq data with paired-end sequencing mode. The enrichment of the PETs in a genomic region is considered as the potential binding sites of the protein of interest. In ChIA-PET Tool V3, overlapping regions of self-ligation PETs are used to define transcription factor binding sites and Poisson distribution similar to MACS [19] is used to calculate the p-values for the peaks.




2.3.6. Interaction Calling


Overlapping regions of inter-ligation PETs are used to define interacting regions and hyper-geometric distribution is used to calculate p-value for the interactions. Chromatin interaction calling is based on the overlapping of the extended tags from different PETs. The extension of the tags is based on the fact that the sequencing reads are just part of DNA fragments in the experiment. The tag extension length is determined by the median span of the self-ligation PETs, which is around 500 bp. For illustration purpose, we use 500 bp as the default parameter. The statistical significance of the interaction is assessed by p-value from a hyper-geometric model and adjusted with the Benjamini–Hochberg method for multiple hypothesis testing. We used adjusted p-value cutoff 0.05 to get significant interactions (false discovery rate, FDR, < 0.05).



In the current pipeline, the interaction calling does not depend on the given peaks, as some interactions may not be supported by strong peaks at the anchor regions. This is why we changed the interaction calling to the overlap of the extended tags from the PETs. Still, we provide the option for users to call chromatin interactions with any given regions, which can be from ChIP-Seq peak calling, or any genomic regions of interest, such as the promoter regions.




2.3.7. Statistics Report and Visualization


The results of ChIA-PET data analysis are visualized in two ways: (1) the statistics of the data quality and (2) the list of peaks and interactions. During the execution of ChIA-PET Tool V3, the statistics of the library is generated and summarized in an HTML file. The ChIA-PET data (original mapping PETs, peaks and interactions) are converted into BED format for visualization with a genomic browser, such as a UCSC browser.






3. Results


3.1. Anticipated Results


The ChIA-PET Tool V3 can process the next-generation sequence data from the ChIA-PET experiment to generate enriched binding peaks of the protein of interest and the related chromatin interactions. We demonstrated the application of ChIA-PET Tool V3 with RNAPII-associated ChIA-PET data from human K562 cells as an example.



The results from linker filtering include a few summary statistics. Figure A1A shows the distribution of the best linker alignment scores from the designed linker sequences to the reads. We can see that most of the alignment scores are 10, which means that most of the linker sequences in the reads are 10 base pairs. Figure A1B shows the distribution of linker alignment score differences between the best-aligned linker and the second-best aligned linker. This distribution is used to check the difference between the best-aligned linker and the second-best aligned linker, in case there are ambiguities to locate the linker in the reads. Figure A1C shows the distribution of tag lengths after trimming the best-aligned linker sequences from the reads. We can see that most of the tag lengths are 20 or 21 bp, which is consistent with enzyme MmeI’s digestion property. Table 1 reports the proportion of each linker combination in the reads. The results show that most (90.73%) of the PETs are composed of the same-linkers (A_A or B_B). This indicates proper proximity-ligation within individual molecules.



Figure 9 shows a screenshot of binding profile and chromatin interactions from the example data set. Peaks from self-ligation PETs of RNAPII-associated ChIA-PET are mainly enriched around gene promoter regions. The interactions are mainly between gene promoter regions and other regulatory elements, which indicate that RNAPII-associated chromatin interactions are involved in gene transcription regulation. Table A1 shows the first six lines of the peak output file from Step 5-peak calling. Table A2 shows the first 6 lines of the interaction output file from Step 6-interaction calling. Table 2 and Table 3 summarize the statistics of the clusters. We can see that the majority of the clusters are intra-chromosomal interactions, and most of the interactions span within 1Mb. Figure A2 shows the binding peaks and intra-chromosomal chromatin interactions in the chromosome scale. The binding peaks are distributed all over the whole genome. Most of the intra-chromosomal chromatin interactions are within a short span (within 1 Mb) and a small proportion of chromatin interactions can span a very long distance. Figure A3 shows the inter-chromosomal chromatin interactions in the circular view. Compared to intra-chromosomal chromatin interactions, there are fewer inter-chromosomal chromatin interactions.




3.2. Evaluation of Data Quality


One concern for the users is the quality of the ChIA-PET libraries they generated or used. For evaluation of the data, we provide the summary statistics of the results from the ChIA-PET libraries.



3.2.1. Results of Short-Read ChIA-PET Data


Table 4 shows the statistics of results after finishing the data analysis. Table 5 shows the statistics of ChIA-PET libraries. The 1st line in Table 5 is the percentage of the same-linker PETs over the total PETs. Due to the nature of the ChIA-PET design, there will be more same-linker PETs than different-linker PETs. In general, we see the percentage of the same-linker PETs varying from 60% to 99%. If such a percentage is above 75%, the library is good in the linker composition level. The second line is the percentage of the uniquely mappable PETs over the total PETs, which varies with the libraries. The 3rd line is the percentage of the PETs after merging those mapped to the same positions exactly over the uniquely mappable PETs. If this percentage is too low (less than 30%), it means that there are more PETs from PCR amplification, and the data are already near saturated. Then, there is no point in re-sequencing the library for more distinct PETs. If the PETs which, after merging those mapped to the same positions exactly, are 70% or more of the uniquely mappable PETs, deeper sequencing can be applied to get more data for the library. The 4th line is the percentage of inter-ligation PETs over all the PETs after purification. This is about the efficiency catching the interacting PETs. If this percentage is low, it means that the library has too few inter-ligation PETs and is not good enough for chromatin interaction detection. The 5th line is the percentage of intra-chromosomal inter-ligation PETs over the total inter-ligation PETs. From the current understanding, most of the chromatin interactions are within the individual chromosomes. Therefore, there should be more intra-chromosomal PETs than inter-chromosomal PETs. If there are more inter-chromosomal PETs, it means that the proximity ligation introduces many random ligations. The 6th line is the peak number. This depends on the transcription factor used, and should be compared with the background knowledge or available ChIP-Seq data. For RNAPII and CTCF, there are tens of thousands of peaks in a good ChIA-PET library from human and mouse. The 7th line is the number of chromatin interactions. This depends on the transcription factors used. For RNAPII and CTCF, there are tens of thousands of interactions in a good ChIA-PET library from human and mouse.




3.2.2. Results of Long-Read ChIA-PET Data


The statistical indicators of results in the long-read ChIA-PET data are similar to those in the short-read analysis results (Table 6 and Table 7).





3.3. Comparing Results with Other Tools


3.3.1. Comparing Results of Short-Read Data


In recent years, with the development of the ChIA-PET method, there are more and more published tools, such as Mango [20], ChIA-PET2 [21,22] and ChiaSig [23], for processing and analyzing ChIA-PET data. In order to evaluate the ChIA-PET Tool V3, we used ChIA-PET data associated with RNAPII from human K562 cells as input data and compared the results of the ChIA-PET Tool V3 with other tools (Table 8). When mapping PETs to a reference genome, Mango used Bowtie, whereas ChIA-PET Tool V3 and ChIA-PET2 used BWA. Meanwhile, the standard of the mapping quality score was different. We selected 30 as the cutoff of the quality score in BWA and selected 40 as the cutoff of the quality score in Bowtie. ChiaSig only performed the stage of significant loop calling. We used a PET cluster file of the ChIA-PET Tool V3 as input for ChiaSig. For significant interactions in Table 8, there are at least three supportive PETs in one interaction. The cutoff of the FDR is 0.05. Then, we calculated the distribution of PET counts in significant interactions (Figure A4). Most interactions have three PETs in the ChIA-PET Tool V3.



In Table 8, Mango could get more non-duplicate PETs after mapping to the human genome. This is because of the difference between Bowtie and BWA. Both ChIA-PET2 and ChIA-PET Tool V3 used BWA in the mapping stage and selected 30 as the cutoff of quality score. Mango used Bowtie to map the reads. When we replaced Bowtie with BWA in Mango, we got the number of non-duplicate PETs in Mango as 7,286,203, which is similar to ChIA-PET2 and ChIA-PET Tool V3. Mango and ChIA-PET2 can detect more peaks, whereas ChIA-PET Tool V3 can detect more significant interactions. The overlaps of peaks and significant interactions detected by different tools are shown in Figure 10. More than 92% peaks of ChIA-PET Tool V3 overlap with Mango and ChIA-PET2. Scatter plots (Figure 11) and box plots (Figure 12) represent the peak intensity between each two different tools. The Pearson correlation coefficients in scatter plots between the three tools are about 0.9. In particular, the Pearson correlation coefficient is 0.94 between ChIA-PET Tool V3 and ChIA-PET2.



For significant interactions in Figure 10, we used interactions with at least three supportive PETs and an FDR of less than 0.05. Most of interactions of other tools overlap with ChIA-PET Tool V3. A total of 871 interactions (blue area) of ChIA-PET Tool V3 have no overlap with other tools. Among them, 358 interactions are not supported by peaks. However, all 1984 interactions (purple area) of ChIA-PET2 which have no overlap with other tools are supported by peaks. We compared the genomic proximity of the subset interactions unique to one tool (interactions from one tool without overlap with interactions from other tools, such as 871 for ChIA-PET Tool V3, 512 for Mango, and 1984 for ChIA-PET2), as shown in Figure 13. Most genomic distances from interactions unique to ChIA-PET Tool V3 are around 10 kb, whereas interaction distances unique to Mango and ChIA-PET2 are around 100 kb to 1 Mb. We compared the interactions of ChIA-PET Tool V3, which are overlapped with those from ChiaSig and the interactions which are not overlapped with those from ChiaSig on PET count, genomic distance between two anchors, and −log(p-value). The results in Figure 14 show that the distributions of PET counts, genomic distance, and −log10(p-value) are similar.



Box plots (Figure 15) and scatter plots (Figure 16) represent the interaction intensity between each two different tools. The difference of common and unique parts in the box plots is significant except for ChIA-PET Tool V3 and ChiaSig. The Pearson correlation coefficients between ChIA-PET Tool V3 and other tools are high. As we used PET cluster file generated from ChIA-PET Tool V3 as an input of ChiaSig, all the significant interactions detected by ChiaSig overlap with interactions from ChIA-PET Tool V3. In Mango and ChIA-PET2, they used a method for chromatin interaction calling with peak regions. However, ChIA-PET Tool V3 used the option for chromatin interaction calling without peaks as input, as some interactions may not have peaks at the anchor regions.



We generated aggregate peak analysis (APA) plots [24] (Figure 17) from the ChIA-PET data for significant chromatin interactions with at least 3 supportive PETs and FDR of less than 0.05 detected by different tools. To generate APA plots, we used BEDPE files from the ChIA-PET data after removing duplicates from different tools to build interaction matrices [25]. Then, we summed interaction counts for pairs of loci in 25 kb bins with Juicer tools [26]. The level of different sets of interactions can be quantified by an APA score. Higher scores indicate higher enrichment of interactions. In these plots, APA scores for ChIA-PET Tool V3 and ChiaSig are similar and both are higher than Mango and ChIA-PET2.




3.3.2. Comparing the Results of Long-Read Data


Considering that both ChIA-PET Tool V3 and ChIA-PET2 can process and analyze long-read ChIA-PET data, we executed ChIA-PET Tool V3 and ChIA-PET2 using CTCF ChIA-PET data from human GM12878 cells as an input. In Table 9, one interaction has at least three PETs and FDR of less than 0.05. In the long-read ChIA-PET experiment, we can get DNA sequences with different lengths after proximity ligation (Figure A5). Maybe we can find the linker on one end but the tag length of another end is too large, and we could not find the linker by sequencing. The ChIA-PET Tool V3 could get more non-chimeric PETs because we used different linker combinations, such as AB, BA, AX, XA, BX, and XB PETs, whereas ChIA-PET2 only used AB PETs and BA PETs. Here, X means that no linker was found in the reads.



Figure A6 is the PET count distribution of significant interactions. Most interactions detected by ChIA-PET Tool V3 have three PETs. We compared the results and generated overlap plots of peaks and significant interactions detected by ChIA-PET Tool V3 and ChIA-PET2 (Figure 18). Ninety-nine percent of the peaks of ChIA-PET Tool V3 overlap with ChIA-PET2. For significant interactions in Figure 16B, we used interactions with at least 3 supportive PETs and FDR of less than 0.05. The ChIA-PET Tool V3 could find more significant interactions. Further, 94% of the significant interactions of ChIA-PET2 overlap with those of ChIA-PET Tool V3. A total of 382,396 interactions of the ChIA-PET Tool V3 have no overlap with other tools. Among them, 205,395 interactions are not supported by peaks. However, all of the 2288 interactions of ChIA-PET2 which have no overlap with ChIA-PET Tool V3 are supported by peaks.



In the scatter plot of peaks (Figure 19A), the Pearson correlation coefficient between ChIA-PET Tool V3 and ChIA-PET2 is 0.94. The difference of common and unique parts in the box plot (Figure 19B) is significant for ChIA-PET Tool V3. In the scatter plot of significant interaction (Figure 19C), the Pearson correlation coefficient between ChIA-PET Tool V3 and ChIA-PET2 is 0.79. The difference of common and unique parts in the box plot (Figure 19D) is significant for ChIA-PET Tool V3. Then, we generated APA plots with ChIA-PET data for chromatin interactions with at least three supportive PETs in an interaction and FDR of less than 0.05, as shown in Figure 20. The APA scores of ChIA-PET Tool V3 and ChIA-PET2 are similar.






4. Discussion


In this paper, we introduced the design and usage of ChIA-PET Tool V3. By processing short-read RNAPII and long-read CTCF ChIA-PET data, we demonstrated how to apply ChIA-PET Tool V3 to the public ChIA-PET data and provided details of the results.



The ChIA-PET Tool V3 can process short-read and long-read ChIA-PET data from paired-end reads. It would generate enriched binding peaks and chromatin interactions associated with a protein of interest. Multiple log files and statistics are generated for tracing the processing issues if any part of the process goes wrong and for evaluating the quality of the libraries. The ChIA-PET Tool V3 has the advantages of user-friendliness, multithreading, and result visualization. During the execution of ChIA-PET Tool V3, the statistics of the library are generated and summarized in an HTML file. Checking the information of the data in charts is clear and straightforward. In particular, users can zoom in or out of the plots of interactions using the mouse wheel to check the interactions in detail. With the improvement of 3D genome technologies, we believe more researchers need tools like ChIA-PET Tool V3 to analyze chromatin interaction data and obtain more information to understand fundamental aspects and structures of the genome.
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Appendix A


All parameters required in ChIA-PET Tool V3 are as follows.



Necessary options:




	-

	
mode: There are two modes for ChIA-PET Tool V3: 0 for short read, 1 for long read.




	-

	
fastq1: path of read1 fastq file.




	-

	
fastq2: path of read2 fastq file.




	-

	
linker: linker file.




	-

	
minimum_linker_alignment_score: specifies the allowed minimum alignment score.




	-

	
GENOME_INDEX: specifies the path of BWA index file.




	-

	
GENOME_LENGTH: specifies the number of base pairs in the whole genome.




	-

	
CHROM_SIZE_INFO: specifies the file that contains the length of each chromosome.




	-

	
CYTOBAND_DATA: specifies the ideogram data used to plot intra-chromosomal peaks and interactions.




	-

	
SPECIES: specifies the genome used to plot inter-chromosomal interactions, 1 for human, 2 for mouse, and 3 for others.









Other options:




	-

	
start_step: start with which step, 1: linker filtering; 2: mapping to genome; 3: removing redundancy; 4: categorization of PETs; 5: peak calling; 6: interaction calling; 7: visualizing, default: 1”.




	-

	
output: specifies the directory to store the output data from ChIA-PET Tool V3, default: ChIA-PET_Tool_V3/output.




	-

	
prefix: specifies the prefix of all the output files, default: out.




	-

	
minimum_tag_length: specifies the minimum tag length. Tag is the sequence after linker removal. This parameter is better to be set above 18bp. Default: 18.




	-

	
maximum_tag_length: specifies the maximum tag length. Default: 1000.




	-

	
minSecondBestScoreDiff: specifies the score difference between the best-aligned and the second-best-aligned linkers. Default: 3.




	-

	
output_data_with_ambiguous_linker_info: determines whether to print the linker-ambiguity PETs. 0: not print; 1: print, Default: 1.




	-

	
thread: the number of threads used in linker filtering and mapping to the reference genome. Default: 1.




	-

	
MAPPING_CUTOFF: the mapping threshold to remove PETs with poor quality. Default: 30.




	-

	
MERGE_DISTANCE: specifies the distance limit to merge the PETs with similar mapping locations. Default: 2.




	-

	
SELF_LIGATION_CUFOFF: specifies the distance threshold between self-ligation PETs and intra- chromosomal inter-ligation PETs. Default: 8000.




	-

	
EXTENSION_LENGTH: specifies the extension length from the location of each tag, which is determined by the median span of the self-ligation PETs. Default: 500.




	-

	
MIN_COVERAGE_FOR_PEAK: specifies the minimum coverage to define peak regions. Default: 5.




	-

	
PEAK_MODE: There are two modes for peak calling. Number 1 is “peak region” mode, which takes all the overlapping PET regions above the coverage threshold as peak regions, and number 2 is “peak summit” mode, which takes the highest coverage of overlapping regions as peak regions. Default: 2.




	-

	
MIN_DISTANCE_BETWEEN_PEAK: specifies the minimum distance between two peaks. If the distance of two peak regions is below the threshold, only the one with higher coverage will be kept. Default: 500.




	-

	
GENOME_COVERAGE_RATIO: specifies the estimated proportion of the genome covered by the reads. Default: 0.8.




	-

	
PVALUE_CUTOFF_PEAK: specifies p-value to filter peaks that are not statistically significant. Default: 0.00001.




	-

	
INPUT_ANCHOR_FILE: a file which contains user-specified anchors for interaction calling. If you do not have this file, please specify the value of this variable as “null” instead. Default: null.




	-

	
PVALUE_CUTOFF_INTERACTION: specifies p-value to filter false positive interactions. Default: 0.05.
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Figure A1. Statistics from linker filtering. (A) Distribution of linker alignment scores. Most of the linker alignment scores are 10, which is expected due to the design of the linkers. (B) Distribution of linker alignment score differences between the best-aligned linkers and the second-best-aligned linkers. (C) Distribution of tag lengths. Most tags after trimming the linker sequences are 20bp or 21bp long, which is expected from enzyme MmeI’s digestion property. 
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Table A1. Example of peak file.






Table A1. Example of peak file.





	Chrom.
	Summit Start
	Summit End
	Peak Coverage
	p-Value
	p.Adjust





	chr1
	840305
	840556
	21
	1.18 × 10−8
	2.57 × 10−7



	chr1
	876391
	876492
	40
	1.07 × 10−7
	1.99 × 10−6



	chr1
	877684
	877775
	44
	6.46 × 10−10
	1.75 × 10−8



	chr1
	935728
	935873
	63
	8.41 × 10−11
	2.58 × 10−9



	chr1
	936421
	936425
	64
	1.67 × 10−11
	5.64 × 10−10



	chr1
	937164
	937208
	55
	3.1 × 10−7
	5.25 × 10−6







Chrom: chromosome name; summit start: start coordinate of peak summit; summit end: end coordinate of peak summit; peak coverage: highest coverage by tags in a peak; p-value: This value represents the statistical significance of a peak, which is calculated by Poisson distribution; p.adjust: p-value adjusted with Benjamini–Hochberg method for multiple hypothesis testing.


media/file8.jpg
Numbr

',HuF*?i

PET

o
e
oo

1 onssy





media/file48.jpg
38008
382396 e

ChiA-pET2

chiapeT2

ChAPET Tool V3
Peak Significant interaction





media/file27.png
Frequency of PETs

10000 20000 30000 40000

0

plus,plus
plus, minus
minus,plus
minus,minus

10000 1e+035

PET span (bp)






media/file43.png
log10(Interaction intensity)

M

Interaction intensity)

log10(

N

Y
'

common 1

common 1

uniqﬁe 1

uniqﬁe 1

common 2

common 2

E

g e
o »

O(Interaction intensity)
o

81.07 F . .
0.5- -

uniqﬁe 2

L

uniqﬁe 2

uniqﬁe 2

common 1

group
Bl ChiA-PET Tool V3

' Mango

group
. Mango

ES chia-PET2

uniqﬁe 1

- N N
o o (3]

log10(Interaction intensity)
o

0.5-

O

N

log10(Interaction intensity)

common 2

common 1

common 1

uniqﬁe 1

uniqﬁe 1

group
ES chia-PET2

E3 chiasig

common 2

common 2

uniqﬁe 2

-

uniqﬁe 2

group
B ChiA-PET Tool V3
ES chia-PET2

group
. Mango
ES chiasig





media/file12.jpg





media/file14.jpg
o, st ey

Collcure Chiomatin fragmentation  Chomatin precipitaiion Uer ligation

Restiction digestion Proximity hgation

Wi

Sequencing





media/file35.png
log10(Peak intensity)(Mango)

24

20

R e e eEe. e - .
-

1.0 156 20 25
log10(Peak intensity)(ChIA-PET Tool V3)

oo

e
(=]

i
o

20

log10{Peak intensity)(ChlA-PET2)

15 20
log10(Peak intensity)(ChlA-PET To

2
0l

5
V3)

o

- hJ pd w
[y = n =

log10{Peak intensity)(ChlA-PET2)

-
=

R=0.92

15 20
log10(Peak intensity)(Mango)

25





media/file20.jpg
Tag Half-Linker A Half-Linker A Tag

i

136 Half-Linker B Haf-Linker B T

i

T Half-Linker A HalfLinker B T

i

Tag Half-Linker B HalfLinker A
Tag

i

Seencs @il Sogencs A





media/file53.png
A

ChlA-PET Tool V3 score = 11.469

-10.94

=5.0

25.765

-4.0
-3.0
-2.0
-1.0
0.0
1.0
2.0

4.0

5.04
6.0¢
7.0
B.0
9.0

10.0

11.463

38.597

23.823

-100

-850

|0
7.

40

50

40

-20

-20

0.0

10

20

30

50

&0

100

27393
25288

23173

21072

o 15564

16857

o 14750

- 12643

10536

8428

4 6321
| 4214

2107

ChlIA-PET2 score = 11.848

-10.0
-9.0¢
-8.0)
-7.0
-6.0
=5.0

30.919

-4.0f
3.0
2.0
10
0.0
10

3.0
4.0

5.0
6.0
7.0
8.0

10.0

11.848

47.420

31663

15886

1270.9

o 9521

£35.4

4 3177





media/file5.png
chri

chrs

chré

chr?

chrg

chrg

chri0

chri1

chri2

chri13

chri4

chr1s

chri6

chri7

chr18

chr19

Tt Ly bl b
R T I

chr2o
chr21
chr22

chrX

chry —






media/file19.png
[ Raw FastQ files ]
1. Linker Filtering

| )
[ Diff-linker PETs | | Same-linker PETs | [ Ambiguous PETs |

{} 2. Mapping to genome
[ Mapped PETs ]
3. Purification
[ Non-Dup PETs ]

<[} 4. PET classification

[ |
[ Self-ligation PETs ] [Other PETs] [ Inter-ligation PETs ]

5. Peak Calling {} 6. Interaction Calling

[ Interactions ]

J
{T} 7. Visualization

[ Statistics Report ]






media/file45.png
g
o

—
(=1

log10(Interaction intensity) (Mango)

oo
O

R=0.64 el - 'R =0.69 R =0.91

- '..0.. . g * ﬁz_o :o :
w w
HE c 020 - o
1o < - <
" . - . L L
y L S : S
B . > N S15
A @15 @
HER 1 : 5 : 5
- E T E
l H . c . c
l S : S
$ i3 glo : EI.O
HE A o : : o
« s IS IS
4 5 8l'¢ S S ;
3 * * ‘6’ ‘5’ SRR = = L L
. o° =
. 05 &+ & v . 05 « & coonsones ss oo

05 10 15 2.0 25 05 10 15 20 25 10 o 20
log10(Interaction intensity) (ChlA-PET Tool V3) log10(Interaction intensity) (ChlA-PET Tool V3) log10(Interaction intensity) (Mango)

D E
R = 0.64 R=071" =

b2
[¥,]
]
Ln

g’ - L] - ;)5 . L .« " . O
@ © N I ko .-
- LI | .'. . - . = ",
QZU e . .:. . - 92_0 . .
- * : :- f.'... L - - . *

%‘ - = # .u. '. %‘ -

% ' .'.:. ., %

_— - ™, oy . - _— *

E15 LR T E15 _

5 R = A R S ’

5 . =" . 5] —t

© P BT et ) o

m .l.-.?.l=. - .I = a’ : o

10 JSltmmamen s o . 10 : e

5 .l.l.l.:::‘. a8 R Ae W * 5 - : - :

m L R I.::__-;-l-ll.-.- - .. - ‘E, : : - : -

S °

=
Ln
.
.
-
.
-
.
1
[}
L ]
L]
.
=]
[¥,]
-
-
-
.

SR S ANESNIMEEE M ¢ Ww A F 5 8

10 20 05 10 15 20
log10(Interaction intensity) (Mango) log10(Interaction intensity) (ChlA-PET2)





nav.xhtml


  genes-10-00554


  
    		
      genes-10-00554
    


  




  





media/file11.png





media/file41.png
A PET count distribution B A At C -log10(p—value) distribution

o
1.5
3000.
1.0
2000. 3
g =
E Group W Group Group
= = non—overiap E non—overiap non—overiap
W overlap = Icwerlap averlap
2
1000. 0.5
J |
-I Ans
'3. :1 - = s b

5 B 7 B 8+ a & - B 1 2 3
PET count log10{distance) log10(-log10{p-value))

dansity

e





media/file2.png
7OM

&0OM

50M

40M

30M

20M

10M

7O0M

&OM

50M

40M

30M

20M

10M

40M

30M

20M

10M

B BReadi
m Read2

—— e —— [ ] e —
1 2 3 4 3 G 7 8 g 10
B Readl
®m Read2
E—— [ —— T ———————
1 2 3 4

B Readi
W Read2





media/file37.png
>

N
o

log10(Peak intensity)

N
o

-
(8]

common 1

uniqﬁe 1

common 2

C

g N w
o o o

log10(Peak intensity)

-
(8]

3.0-
i
z L]
2.5 I
c .
(O] (]
— L]
group < .
Xx
: ChIA-PET Tool V3 8 0.
" :
ango a
(=)
b
S
—1.5-
1.0-
unique 2 common 1 unique 1 common 2 unique 2

group

' Mango

BH chiapeT2

common 1 unique 1 common 2 unique 2

group
Bl ChiA-PET Tool V3
BS chiapeT2





media/file46.jpg
3656

B Mango score

8,068

ChIA-PET Tool V3 score.

A

L

I

3708

ChIAPET2 score






media/file10.jpg
$X& 32

BA
BX

XB






media/file40.jpg





media/file1.jpg





media/file16.jpg
\_'4‘ winbitn
AN e &
& S @
Grosiningsndsoricaion awe iy lgaion
!
— g —

i
'+

sequneng Stemann 54 bsds WO 116 mgostion





media/file22.jpg
A ‘multiple PETs mapped exactly to the same locations.






media/file25.png
Intra-chromosomal
Inter-ligation PETs cluster

—a= —_
_ ——
— —
=—a= =_—&&n =—-u=
—am S —a —am
| =—= =—& ==eB—& = =AB—c=
Chromosome A T
—am
Inter-chromosomal [ —
Inter-ligation PETs cluster
——
e
Self-ligation PETs cluster —_
=—& =E—=
—am —a
= —a == =—&m [ —— =—E=

Chromosome B





media/file52.jpg
A

ChIAPET Tool V3 st - 1460 B CHAPET2 woes o

rrTIIIT






media/file26.jpg
Frequency of PETs.

10000 20000 30000 40000

o

plusplus
Blus minus
minus,plus

1000

PET span (bp)

10000






media/file34.jpg





media/file13.png
MNumber

200000 -
150000 -
Group
B chiaPET Tool V3
100000 - . ChiAPET2
50000 - I I

3 4 5 6 7 8 o+
PET





media/file31.png
® (| 4 | > chr8:144907323-145064097 -~ @ @& 156,775
20,000,000 40,000,000 &0,000,000 20,000,000 100,000,000 120,000,000 140,000,
I |
144,920,000 144,940,000 144,960,000 144,930,000 145,000,000 145,020,000 145,040,000 145,060,00C
Binding profile from ChlA-PET ® -
LS

Interaction clusters from ChlA-PET

A |






media/file39.png
A

density

distance distribution of ChlA-PET Tool V3 (871)

40

45 50

log10(distance)

on

B

density

=
2
2

0.50.

distance distribution of Mango (512) (:
0.6-
> 04
@
c
(]
o
0.2.
0.0.
4.0 45 5.0 5.5 6.0
log10(distance)

distance distribution of ChIA-PET2 (1984)

G

log10(distance)





media/file18.jpg
Raw FastQ files
1. Linker Filtering

[ 1
Diff-linker PETs ] Same-linker PETs ] (" Ambiguous PETS
2. Mapping to genome

Mapped PETs

J L 3. purification

Non-Dup PETs
LT 4. peT classifcation

[
((self-ligation PETs ] ((Other PETs ] Inter-ligation PETs |
5. Peak Calling

6. Interaction Calling

Interactions

Statistics Report






media/file9.png
Number

4000-

3000~
Group
B chiaPET Tool v3
2000 - B vango
B chiaper2
| chiasig
1000~

Hl.luu....i

3 4 5 & 7 3 9+
PET

U_





media/file42.jpg





media/file23.png
A multiple PETs mapped exactly to the same locations

chromosome

I
I
S
B
E

chromosome





media/file50.jpg
o (it [r——
o






media/file36.jpg





media/file15.png
Half-Linker A Half-Linker B

Cell culture Chromatin fragmentation Chromatin precipitation Linker ligation

Self-ligation

Same-linker PET

Inter-ligation

Diff-linker PET
——
Sequencing Restriction digestion Proximity ligation





media/file28.jpg
Frequency of PETs

100 1000 10000

0

100

1000

PET2 pan (bp)

16405





media/file49.png
ChlA-PET2

Peak

38098
2288
382396 35025

ChIA-PET2

ChIA-PET Tool V3
Significant interaction





media/file32.jpg
e B

71

. s

amreTrons usio
cnarerz

Peak Significant interaction





media/file6.jpg





media/file24.jpg
Intra-chromasomal
Inter-ligaton PETs luster

—— —e
— -—
-— -—
-— — —
-—— - = -—— m- =
Chromosome A
iy |
nter-chromosomal —]
Inter-igaton PETs lster
- i
Self-ligation PETs cluster -
-— -—
— e
-— T -— -—— -





media/file29.png
Frequency of PETs

100 1000 10000

10

[

—'C!‘:,_
%

100

1000 10000 1e+05

PETs span (bp)






media/file7.png
L
> \@@D% 4
™





media/file33.png
A Mango B Mango ChIA-PET2

1984

ChIA-PET Tool V3 4
871

3782

ChIA-PET Tool V3 ChiaSig

ChlA-PET2

Peak Significant interaction





me