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		Supplementary Material
Performance of PCGIMA
The homepage of PCGIMA (http://www.combio-lezhang.online/pcgima/HOME.html) is shown in Fig. 1. The corresponding interface will be displayed on the middle when user clicks one of these links in the function navigation bar on the top (Fig. 1). 
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Fig.1 The homepage of PCGIMA.
"Human position-defined CGI prediction" module provides two functions. One is "Position-defined CGI prediction", which can online predict position-defined CGI for the human genome or a particular chromosome with multiple consecutive (d) values. The other is "Position-defined CGI features analysis”, which can describe the connection between the proportion distribution of CGI and CGI features.
"CpG sites annotation analysis" module consists of two functions. First is “Human CpG sites Distribution analysis”, which can analyze the distribution of CpG methylation sites in different structural and functional categories of genomic sequences. Second is "Human CpG sites permutation analysis" module, which can analyze the CpG permutation patterns of density- and position- defined CGIs.
"CGI methylation analysis " module also provides two functions. One is “Position-defined CGI methylation analysis”, which can analyze the specificity of methylation level for CpG sites under different annotation categories. The other is “GO enrichment analysis”, which can make GO enrichment analysis for the CGI+ genes of position-defined CGIs. The next sections will introduce these links in detail.
1. Human position-defined CGI prediction
1.1 	Position-defined CGI prediction
After clicking " CpG island Cluster Counting" link, the method of MR-CpGCluster is briefly introduced at the button of the page (Fig. 2A). The code of MR-CpGCluster is available to download when user clicks the “here” link (Fig. 2A). User can use the parameter selection interface (Fig. 2B) to select the genome annotation version, the maximum distance parameter range and the chromosome for CGI prediction. Considering the calculation time and the simplicity of analysis result charts, we set 5 as the maximum range of different d for each count (Fig. 2B). User can get the analysis results by clicking the “submit” button.
MR-CpGCluster count may take several minutes to run. After that, the analysis results (Fig 2C,D) will display at the bottom of the page, user can download specific results data by clicking the "Download data" button. 
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Fig.2 Position-defined CGI prediction. (A) Introduction of MR-CpGCluster; (B) The selection interface; (C) Distributions of the island length for the result; (D) The statistical table of the results.
1.2 Human position-defined CGI analysis
After clicking "Human position-defined CGI analysis " link, user can use the parameter selection interface (Fig. 3A) to select the genome annotation version, the maximum distance parameter, and the chromosome for MR-CpGCluster analysis. User can also click the radio button to choose whether to distinguish the CGI of in/ not in gene body in the result (Fig. 3A). User can click the submit button to get the analysis results (Fig. 3A).
The analysis results consist of four charts, which show the distribution of island length, CpG O/E ratio, GC content and CpG density of the CGIs which predicted by MR-CpGCluster respectively. Fig. 3F shows some statistical results of the CpGCluster analysis. User can also click the "Download data" button to download specific CpGCluster Analysis results data (Fig. 3F).
For example, after selecting "Gencode v28", "d = 50, d = 25, d = 12", "All Chromosomes" in figure B. Figures C-F show that when d=50, the island length is the longer than d = 25 and d = 12 (Fig.3B), and when d=12, the O/E ratio (Fig. 3C), GC content (Fig. 3D) and CpG density (Fig. 3E) of the CGIs are larger than when d=25 and d=50. Fig. G shows that the less CGI is predicted when d is smaller.
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Fig.3 Human position-defined CGI analysis. (A) The selection interface; (B) Distributions of the island length; (C) Distributions of the CpG O/E ratio f; (D) Distributions of the GC content; (E) Distributions of the CpG density; (F) The statistical table of cluster results.
2. CpG sites annotation analysis
2.1      Human CpG sites Distribution analysis
User can employ the interface (Fig. 4A) to choose the genome annotation version and the chromosome after clicking the “Human CpG sites Distribution analysis” link. User can have the CpG sites mapping results by clicking “Submit” button.
The CpG sites mapping results consist of five charts. First, Fig. 4B shows the proportion of CpG sits in different genetic region for the current human genome annotation data. Second, Fig. 4C shows the proportion of CpG sites in different tissue expression specific genes. Third, Fig. 4D shows the density of CpG sites in different gene regions. Fourth, Fig. 4E compares the proportion of CpG sits in different density CGIs. Lastly, Fig. 4F shows average CpG sits number in different density CGIs.
For example, after choosing "Gencode v28", and "All Chromosomes" (Fig. A), Fig. B shows that most CpG sites are locate in the gene body (62.64%). Fig. C shows that most of the CpG sites are locate in the body of coding genes, among which the proportion of HK gene is the highest (20.79%). Fig. D shows that when d=25, the average CpG number in HCGIs is the largest.
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Fig.4 Human CpG sites mapping results. (A) The selection interface; (B) The proportion of CpG sits in different genetic region; (C) The proportion of CpG sites in different tissue expression specific genes; (D) Density of CpG sites in different gene regions; (E) Average CpG sits number in different density CGIs.
2.2 Human CpG sites permutation analysis
After clicking " Human CpG sites permutation analysis " link, Firstly, the analysis method of CpG-containing sequences permutation patterns analysis was briefly introduced at the button of the page (Fig. 5A). Users can employ the gene annotation category interface (Fig. 5B) to choose the genome annotation version and CGI density. Also, users can click the radio button (Fig. 5B) to show the results of O/E Ratio or O/E Compare. Finally, users can get the analysis results by clicking the "Submit" button (Fig. 5B).
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Fig. 5 CpG permutation patterns analysis. (A) Introduction of CpG-containing sequences permutation patterns analysis; (B) The selection interface for gene annotation category; (C) O/E Ratio for different CGI density groups. (C) OECopmare patterns for different CGI density groups.
The analysis results consist of several heat maps. If user select the radio button of “O/E Ratio”, it will show the O/E Ratio heatmap of all CGIs and HCGIs/ICGIs/LCGIs (Fig. C). If user select O/E Compare, the results are O/E Compare heatmaps of HCGIs/ICGIs/LCGIs (Fig. D). 
For example, after selecting "Gencode v28", "HCGI, LCGI, ICGI" and "O/E Compare" in Fig. B, Fig. D shows that OECopmare(k,n) value of HCGIs is close to 1, while OECopmare(k,n) value of ICGIs and LCGIs is positively correlated with n. This indicates that the OERatio mode of HCGIs is very similar to that of all CGIs while the OERatio mode of ICGIs and LCGIs is very different from all CGIs.
3. CGI methylation analysis
3.1 	Position-defined CGI methylation analysis
After clicking "Methylation analysis of Human CGIs " link, user can use the selection interface (Fig. 6A) to select the genome annotation version, the maximum distance parameter, genetic regions intersecting with CGIs and the chromosome for CGIs methylation analysis. User can obtain the analytical results by clicking the “Submit” button (Fig. 6A).
The analytical results consist of three charts. First, Fig. 6B shows the density of CGIs intersecting with different gene regions. Second, Fig. 6C describes the distribution density of CGIs intersecting with gene body. The third one shows the mean methylation level of all CpG sites in CGIs (Fig. 6D). And user can download the average methylation level data by click the links in Fig. 6E.
For example, after selecting "Gencode v28", "d=50, d=25, d=12", “Gene body, Intron, Exon, Core promoter” and "All Chromosomes" in Fig. A, Fig. B shows when d=25, the intersection of CGIs and core promoter is more prominent. Fig. C shows each body region has the highest distribution density of d=50, followed by d=25 and d=12. And Fig. D shows the average methylation level of CGIs predicted by CpGCluster is low when d is small.
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Fig. 6 CGIs methylation analysis results. (A) The selection interface; (B) Distribution density of CGIs intersecting with different gene regions; (C) Distribution density of CGIs intersecting with gene body; (D) Mean methylation level of all CpG sites in CGIs.
[bookmark: _Hlk103162083]3.2 GO enrichment analysis
After clicking the " GO enrichment analysis " link, users can use the selection interface (Fig. 7A) to choose the genome annotation version, maximum distance parameter, CGI density, and gene expression breadth classification. Users can obtain the GO enrichment analysis results by clicking the "Submit" button (Fig. 7A).
Each GO enrichment result consists of three charts: molecular function, cellular component, and biological process, which are represented by blue, orange, and green, respectively (Fig. 7B). GO charts show the most enriched GO annotation terms in the selected gene set. User can also click “Download detailed GO enrichment analysis results” button to download the detailed GO enrichment analysis results file (Fig. 7B)
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Fig. 7 GO enrichment analysis. (A) The selection interface for gene annotation category. (B) The GO enrichment results of d=50 CGIs.
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We develop MR-CpGCluster method to speed up CGI predive procedure based on MapReduce and Hadoop
Streaming The main steps of the MR-CpGCluster framework are as follows:

1. Extraction and preprocessing of genomic data. Sequence data were exiracted from the genetic genome database (Step
1.1), classified by chromosome (Step 1.2), and preprocessed. The sequence data is then stored in HDFS. Hadoop divides
the data into blocks based on the block size (here we set it as 256MB) and stores the data in a distributed mode (step 1.3).

2. Use MapReduce to compute distributed CpGluster results. Like the normal MapReduce architecture, MapReduce
manages the mapping of file blocks and then starts the Master node to manage Mapper and Reducer tasks. First,
MapReduce sends Map tasks to different Mapper nodes and spits them according to chromosome numbers (Step 2.1).
‘Second, the Mappers node receives spit data from the Master, starts the Hadoop Streaming process and passes the data
to the Streaming as standard input (Step 2.1.1): Streaming runs the CpGeluster algorithm in any language and outputs the
local results as key-value pairs using the standard method; To Mapper node (Step 2.1.2); The master node triggers.
Reducers to process the chromosome clustering results of single nodes generated by Mapper nodes (Step 2.2), and
merge the clustering results of complete human genome (Step 2.3).

3. CGl statistics and analysis. Al data of human genome were obtained from MapReduce (Step 3.1), and CpGeluster
results were analyzed (Step 3.2) for subsequent further CGIs analysis (Step 4). The source code of MR-CpGCluster can
be download from here.
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The classification of position-defined CGI under CGI density
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(OE_Ratio(k.n) can describe the ratio between Observe(k.n) and Expect(k.n) on the same characteristic metric. represents,
the actual frequency of occurrence of CpG on this metric compared with the frequency of occurrence in the random case
Itis also defined that if OE_Ratio(k.n) is greater than 1, we describe OE_Ratio as a positive state representing the actual
exceeding of the random case, noted as Positive_state(k.n): otherwise, OE_Ratio is described as a negative state
representing the actual below random case, noted as Negative_state(k.n)
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Here, Observe (k. n) is the number of k-mer(s) that consist of an n number of CpGs for each k. Here, n is the number of
CpGs in a k-mer. and k is the length of a k-mer.

Expect (K. n) is the number of k-mer(s) that consist of an n number of CpGs for each k in the random condition. OE_Ratio
(k.n): The ratio between Observe (k. n) and Expect (k. n).

Finally, OE_compare(k. n) represents the ratio of OE_Ratio(k.n) for three different densities of CGl divided by all densities
of CGI for the same k. n values:
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