Supplementary Rationale

"To be, or not to be, that is the question." As when Hamlet hesitates painfully about which way to go, biologists are also puzzled about how to handle the huge data generated by the next generation sequencing (NGS) techniques. Most biologists are not satisfied by the existing bioinformatics tools used for small RNA analysis of NGS data, since these tools have specific or limited applications in analysis of NGS data (Supplementary Table 1). For example, miRExpress (2) determines miRNA expression, and miRDeep (1), and miRanalyzer (3) mainly detects miRNA expression, identifies differentially expressed miRNAs, and predicts novel miRNAs. UEA (5) identifies of miRNAs and their targets, and comparison expression levels in specific small RNA loci. SeqBuster (4) mainly identifies differentially expressed miRNAs, detects miRNA variants/isoforms for known miRNAs, and predicts miRNA targets. deepBase (6) is a database used to annotate and discover small RNAs. mirTools (7) classifies short reads, predicts novel miRNAs, and identifies differentially expressed miRNAs. WapRNA (8) mainly detects miRNA expression, predicts novel miRNAs, and identifies differentially expressed miRNAs, and predicts miRNA targets, and analyzes mRNA sequencing data. DARIO (9) mainly detects miRNA expression, predicts novel miRNAs, and also performs analysis for other non-coding RNAs (Detailed overview of CPSS and other thirteen bioinformtics tools are shown in Supplementary table 1). Until now, none of the currently available tools provides functional analysis for predicted targets of miRNAs from NGS data, which could help users to find potentially candidate genes/pahtways for further experimental or computational studies. Thus, a comprehensive and systematic tool, integrating most features of previous tools with functional analysis for predicted targets of miRNAs from NGS data, is still needed.. 

In this work, we present a novel web server, CPSS (A computational platform for the analysis of small RNA deep sequencing data, http://mcg.ustc.edu.cn/db/cpss/index.html or http://mcg.ustc.edu.cn/sdap1/cpss/index.html, Supplementary Figure1). This is a free web tool for all users. It does not need software installation, reference sequence downloading and database construction by users themselves, and also saves computing time. By using CPSS, small RNA NGS data can be analyzed systematically in one platform by integration of annotation and functional analysis of novel and/or differentially expressed miRNAs, which was previously performed using a number of different tools, for the first time. It generates an analysis report including: 1) annotation analysis, which provides most comprehensive analysis for small RNA transcriptome, such as length distribution and genome mapping of sequencing reads, small RNA quantification, prediction of novel miRNAs, identification of differentially expressed miRNAs, piRNAs and other non-coding RNAs between samples, and detection of miRNA editing and modifications; 2) functional analysis of miRNAs, e.g. predicting miRNA target genes, enriching Gene Ontology terms (GO), performing signalling pathway, and analysising protein-protein interaction (PPI) for the predicted genes. 

Supplementary Workflow

Data input

CPSS provides an easy-to-use interface to allow users to conveniently analyze small RNA transcriptome data from NGS techniques. When uploaded to CPSS, the data should be in a specified file format (*.fa or *.gz). A Seq-clean script was provided in CPSS package (http://mcg.ustc.edu.cn/db/cpss/tools.html), which could perform the transformation of raw data form Illumina Genome Analyzer. In this way, the size of raw data file is reduced to an acceptable size for the web server because low quality reads and 3/5' adaptor sequences can be filtered and removed, and the remaining short sequences are named clean reads (The description of parameters of clean-reads.pl can be found on the web page of CPSS tool, 10). To improve the speed of data submission, the FASTA format (*.fa) files can be further compressed into *.gz format using a software that can be found in http://www.7-zip.org/download.html for free. In the FASTA format file, clean reads are listed in the following format:

>tagid1_785344  

TGAGGTAGTAGATTGTATAGTT

Here, the ' tagid1' represents a unique ID for the reads with the indicated base sequence and the '785344' indicates the times for the sequence being counted in the sequencing sample. In addition, the maximum allowable size of data input is not limited. Currently, CPSS can be used for the analysis of small RNA NGS data from the ten most studied animals in miRNA field so far. Several small RNA NGS data from these species (e.g. Homo sapiens and Mus musculus ) are also provided in CPSS, and users could download these data to test our web server.
The CPSS server is able to handle the NGS data from either single or paired samples on a centralized platform ("single" means the dataset from one sample, and "paired" means the datasets from two samples ). For data from single sample, annotation analysis, including RNA annotation, prediction of novel miRNAs, and etc, will be performed. For functional analysis, the genes targeted by the most abundant novel/known miRNAs will be predicted, and subjected to GO analysis, signalling pathway assay, and PPI analysis by default. For data from paired samples, the annotation analysis will be performed for both samples, and those functional analyses will be performed for the differentially expressed miRNAs by default.  

For advanced users

CPSS is ready-to-use for most users without the need to change any of the pre-set analysis parameters. For users with advanced needs, all the analysis parameters can be modified. For example, users can choose the number of allowable mismatched bases between the read tag and genomic sequences, and the p-value from Fisher’s exact test and fold change for an individual tag between paired samples can be defined by users for the detection of differentially expressed miRNAs or piRNAs between the samples.   
Detection and quantification of miRNAs, piRNAs and other non-coding RNAs from NGS data

The overall workflow when using CPSS to analyze the small RNA data from NGS is shown in Supplementary Figure 2. All the clean reads were classified into two groups, mapped and unmapped tags, based on whether they can be mapped onto the reference genome using the SOAP2 program. (11). The mapped tags were then aligned against miRBase (12), Rfam (34), repeats database (14), and the coding region of reference genome (15), and were grouped as miRNA, other non-coding small RNA, mRNA, genomic repeats, or unclassified reads if they can not be assigned to any of the above groups. For the detection of piRNAs from NGS data, all known piRNA sequences were downloaded from NCBI Nucleotide database for three species (Homo sapiens, Mus musculus, and Rattus norvegicus), and the index was created by makeblastdb in Blast 2.2.5 package. Genome mapped sequences were matched to the piRNA index by BlastN. For multiple mapping reads (e.g. miRNA families), the number of reads for each tag is divided by the number of its mapping loci. These expression values and the expression values of unqiue mapping reads are additionally normalized based on the absolute number of mappable reads (Normalized counts are displayed by Reads per Million, RPM), to detect differentially expressed small RNAs including miRNAs, piRNAs, snoRNA, snRNA, and rRNA (9).
For known miRNAs, their expression profile (based on total read counts and most abundant reads), modifications (the different tags matched to same mature miRNA sequence) and editing (the tags matched to mature miRNA sequence with 1-2 single nucleotide mutation) were detected, and the expression profile of piRNA, snoRNAs, snRNAs, and rRNAs were also detected. The expression of miRNAs, piRNAs, and other non-coding small RNAs could be sorted according to relative number or absolute number of tags.

Detection of miRNA modifications and editing from NGS data

Several recent reports have shown that miRNAs exhibit post-transcriptional 5' or 3' end trimming and 5' or 3' end additions of nucleotides without template (16-20). These miRNA modifications might increase miRNA stability or strengthen miRNA-targeted mRNA interaction, and even be involved in regulatory events (21). 
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To identify miRNA modifications for the known miRNAs from NGS data, we applied several filters in the analysis platform (4). First, the reads classified into modifications should be counted at least 3 times in the data. Second, every modification considered in the analysis should contribute in more than 10% to the total number of all reads annotated to the same miRNA. Third, we used Z-score (See in supplementary Method) option to exclude the sequencing errors. These default parameters can be modified by users. In CPSS, the different kinds of modifications could be detected and classified as 1) trimming or additions of nucleotides at 3' end of the reference miRNA sequence, 2) trimming or additions of nucleotides at 5' end of the reference miRNA sequence, and 3) trimming or additions of nucleotides at both 3' and 5' end of the reference miRNA sequence. The statistics result of these modifications is analyzed and list by our web server. 

During miRNA production, pri-miRNA post-trancriptional editing results in nucleotide changes at different positions of the mature miRNA (19, 20), and this miRNA editing might lead to major functional consequences, because it may changed the miRNA stability and/or miRNA-targeted mRNA interactions (19, 20, 22). 
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To identify miRNA editing for the known miRNAs from NGS data, we applied several filters in the analysis packages as miRNA modification detection (4). First, the reads classified into miRNA editing should be counted at least 3 times in the data. Second, every miRNA editing considered in the analysis should contribute in more than 10% to the total number of all reads annotated into the same miRNA. These default parameters can be modified by users. The statistics result of these editing events is analyzed and list by our web server. Users could realize whether these "miRNA editing candidates" have been reported or annotated by others by mapping to dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/).

Detection of differentially expressed miRNAs, piRNAs and other small RNAs in paired samples

To detected differentially expressed small RNAs including miRNAs, piRNAs, snoRNA, snRNA, and rRNA in paired samples, the counts of each kind of tag is first normalized based on the total number of all the clean reads mapped onto genome in each sample (Normalized counts are displayed by Reads per Million, RPM), and then compared between the samples. Two statistical test methods were used by our web server. When the counts of the tag is smaller than 5, Fisher's exact test is used for judgment, and chi-square test is used instead if the counts is more than 5. 
For differentially expressed small RNAs including miRNAs, piRNAs, snoRNA, snRNA, and rRNA (based on both total read counts and most abundant unique tag), the difference between the paired samples is judged by the p-value, which is calculated by Fisher's exact test or chi-square test. For differentially expressed miRNAs and piRNAs, we used two methods to display the results. "Total counts" means the total number of tags (including miRNA modifications and editing) annotated in same miRNA locus, and "most abundant unique tag" means the unique tag which was mostly expressed compared to other tags annotated in the same miRNA locus. For the detection of differentially expressed miRNAs and piRNAs based on "total counts", the total number of tags annotated in the same miRNA locus was used for statistics. For the detection of differentially expressed miRNAs and piRNAs based on "most abundant unique tag", the number of the most expressed tag was used for statistics (7). In default settings of CPSS, a specific miRNA or piRNA is identified as a significantly differentially expressed one when the p-value is ≤0.01 and its number after normalized is at least 2-fold different between the samples (23).

Prediction of novel miRNAs

Sequences that can be mapped to the reference genome but can not be assigned to any of the above annotations (unclassified sequences) are used to predict novel miRNAs using mireap (https://sourceforge.net/projects/mireap/) or miRDeep (24). For the data from different species, Mireap showed a better performance in the analysis of data from vertebrates, e.g. G. gallus and H. sapiens, while miRDeep showed better performance in the analysis of data from C. elegans (25). Therefore, we have added miRDeep as an option in CPSS, and users could choose mireap or miRDeep to predict novel miRNAs based on the species which the NGS data are generated from. The expression profile of the novel miRNAs is provided in CPSS. The secondary structures of the potential miRNAs are predicted by RNAfold (http://rna.tbi.univie.ac.at/). 
Prediction of miRNA target genes

To predict the genes targeted by miRNAs (The sequences of these miRNAs are original mature miRNA sequences), eight miRNA prediction tools, including miRanda (26), MicroCosm (27), microT_v3.0 (28), MirTarget2 (29), miRNAMap (30) TargetScan (31), TargetSpy (32), and RNAhybrid (33) are employed in CPSS. In these eight tools, miRanda and RNAhybird are used as main prediction tools to predict the targets for known and novel miRNAs, other six tools are selectable upon user’s need for the accuracy of prediction In the list of predicted targets of miRNAs, the experimentally verified pairs are labeled by annotation of miRecord database (34).

In the default settings, the ten most abundant novel miRNAs and known miRNAs will be subjected to target prediction for a single sample, while all the differentially expressed miRNAs will be subjected to target prediction for paired samples. To increase the accuracy of prediction and reduce the unnecessary workload in the following analysis, by using miRanda, a mRNA is considered to be a target of a specific miRNA when it is paired to the seed region of miRNA completely, MFE (minimum free energy of hybridization between miRNAs and their predicted target sites is used to predict miRNA targets) is <-20, and score for the miRNA-mRNA pairing is >140 by default. And by using RNAhybird, a mRNA is considered to be a target of a specific miRNA when it is paired to the seed region of miRNA completely, MFE (minimum free energy of hybridization between miRNAs and their predicted target sites is used to predict miRNA targets) is <-20, and p-value for the miRNA-mRNA pairing is <0.5 by default.

To experimentally detect the accuracy of target prediction of CPSS, luciferase assay is used to test whether the predicted genes are targeted by the miRNAs. The small RNA sequencing data from mouse fetal ovaries was uploaded to CPSS (Download ID=8879386223), and the five most abundant known miRNAs were subjected to target prediction by one, three or six predict tools integrated in CPSS, respectively (Supplementary Figure 4). From each prediction using one, three or six tools, five miRNA-mRNA pairs were selected randomly for the experimentally verification, respectively. Relative luciferase activity decreased significantly in two out of five miRNA-mRNA pairs when only miRanda was used for the prediction (Supplementary Figure 4). Three and four out of five miRNA-mRNA pairs were verified when three (MicroCosm, TargetSpy and miRanda) and six (MicroCosm, TargetSpy, miRanda, MirTarget2, miRNAMap and microT_v3.0) tools were used for the prediction, respectively (Supplementary Figure 4). Therefore, the accuracy of target prediction of CPSS was improved by using multiple tools. However, one should keep in mind that the more tools were used simultaneously, the fewer targets would be predicted. If seven tools were used simultaneously for the prediction, then no miRNA targets would be predicted, mainly because of the coverage of miRNA database in different tools (e.g. microT_v3.0 could predict for 927 miRNAs from three species, miRNAMap could predict for 1442 miRNAs from five species, and TargetScan could predict for 1516 miRNAs from eight species). Thus, use of an appropriate number of prediction tools for miRNA target prediction is very important. In CPSS, MicroCosm, TargetSpy, and miRanda are used to predict miRNA targets by default.

GO analysis of the predicted miRNA target genes

For functional annotation of miRNAs, the miRNA predicted target genes are subjected to the analysis of Gene Ontology terms  ADDIN EN.CITE 
(35)
. The target genes will be mapped to the GO annotation dataset, and the enriched biological processes will be extracted using the Hypergeometric test. In the default settings of CPSS, a GO term will be identified as key term and subjected to continue analysis when its ratio of enrichment is >2 and p-value is <0.05.

Pathway analysis of the predicted miRNA target genes 

In the default settings of CPSS, a gene will be matched to the signalling pathway annotation dataset downloaded from KEGG (36), when its enrichment ratio in the GO term is >2 and p-value is <0.05 (see previous paragraph).The Fisher’s exact test on hypergeometric distribution is used to extract the enriched pathway. In the default settings of CPSS, a pathway will be identified when the ratio of enrichment is >1.5 and p-value is <0.05.

Protein-protein interaction (PPI) analysis for the predicted target genes
Genes enriched in key GO terms (enrichment ratio> 2 and p-value< 0.01) are used for PPI analysis. CPSS will map the enriched genes to the String database (37), and extract the protein-protein interaction information for a specific species. The results will be saved in a file in *.sif format and imported directly into Cytoscape (38, http://www.cytoscape.org/) to draw the network map. 

Data output

Currently, CPSS can complete a job within 0.5-3 hours, depending on the size of data, selected analysis parameters and species from which the data are generated. A typical output of CPSS analysis consists of two parts: annotation analysis results and functional analysis results. The former contains length distribution and genome mapping of the clean reads, non-coding RNA quantification, repeat annotation and detailed alignment of known miRNAs with modifications and editing. The latter contains predicted novel miRNAs, differentially expressed miRNAs and piRNAs, predicted miRNA targets, outcome of GO and pathway analysis for the predicted target genes and PPI information of targets (Fig. 1). The server displays status for ongoing jobs, and sends a reminder email to users when the job is done. Users can retrieve the analysis results from the stored jobs with a unique ID generated randomly by the server for each job. All the results are presented to users in a web browser in two versions (simple and complete) and saved in a *.gz file that can be downloaded from the server using this ID. 

Supplementary Discussion

With the decreasing in price and development of NGS techniques, high-throughput sequencing has been widely used to detect small RNA transcriptome. To address the substantial informatics challenges for a lack of efficient and flexible tools, we have developed CPSS, an integrated computational tool, for handling and processing the enormous data sets from small RNA deep sequencing. 

Although several tools are reported for the analysis of small RNA NGS data, they are just for specific or limited applications (Supplementary Table 1). For instance, mirtools (7), miRExpress (2), and miRanalyzer (3) which just detect miRNA expression and predict novel miRNAs, SeqBuster (4) which investigates miRNA variants/isoforms, UEA small RNA tools (5) only identifies miRNAs and predicts their potential targets, and deepBase (6) only annotates and identifies of small RNAs. An ''all in one'' computational platform with funtction analysis, which can be accessed freely for all users, is still needed. We thus developed such a kind web server, CPSS. 

In CPSS server, SOAP2 (12) is used to map the sequences onto reference genome because its processing speed is the fastest among the available tools so far (39). mireap and miRanda are used to predict novel miRNAs and miRNA targets, respectively. All the reference genome and databases for the ten species were downloaded from UCSC, miRBase, Rfam, and NCBI, respectively (Supplementary Table 2). The NGS sequences from different species are analyzed based on the reference genomes and databases of the corresponding species. 

Perspectives

With the decrease in price and rapid development of NGS techniques, high-throughput sequencing has been widely used to analyze small RNA transcriptome. To address the substantial informatics challenges for a lack of efficient and flexible tools, CPSS, an integrated computational tool, for handling and processing the enormous data from small RNA deep sequencing is developed. The operation of CPSS is computationally intensive. In the future, we will improve the server's computational efficiency to decrease the time taken for result generation. Currently, CPSS can be used for the analysis of small RNA NGS data from the ten most studied animals on miRNAs so far and will be extended to the analysis of the data from more species in the near future. In addition, a web server for analysis of mRNA tag deep sequencing data and prediction of novel piRNAs will be developed and integrated with CPSS to evaluate the regulation of miRNAs on targeted mRNAs.

Overall, CPSS, an integrated computational tool, is believed to be useful for annotating the small RNA transcriptome implicated in a variety of physiological and pathological processes. CPSS is freely available for all users at: http://mcg.ustc.edu.cn/db/cpss/index.html or http://mcg.ustc.edu.cn/sdap1/cpss/index.html.
Materials and methods

Database contents

Reference genomes for the ten species were obtained from UCSC, miRBase, Rfam, and NCBI, respectively. The GO, Pathway and protein-protein interaction database were download from Ensembl, KEGG and String, respectively. And the SNP data were download from NCBI (Supplementary Table 2).

Cutoff for miRNA modifications
Several flirters were applied in modification analysis. First, the reads classified into modifications should be counted at least 3 times in the data. Second, every modification considered in the analysis should contribute in more than 10% to the total number of all reads annotated to the same miRNA. Besides, we used Z-score to exclude sequencing errors. This is an additional strategy and option to ensure possible variants in biological process that may cause nucleotide changes. The Z-score is calculated consisted to the counts/frequency of the variants based on (4). The Z-score is
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pε is expected frequency of given variant, and NTotal is total number of types of variants. As Z~N (0,1), which is a standard normal distribution, a p-value can be calculated for each variant (two-side test). If we choose the level as α=0.05, then those variants with p-value ≤0.05are selected as true potentials. Another case must be considered is that the total number of types of variants is small, i.e. pεXNtotal≤5, in which case Z-score is not effective. Fisher’s exact test based on (4) should be used here:
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where N is the number of sequences in a locus, n0 is the number of a given variant.
Implementation

CPSS is implemented in Perl. The web server is hosted on an Apache 2.0 HTTP server and running on CentOS system. This server is equipped with two Quad-core Intel processors (2.8GHz each) and 48GB of RAM. The front-end, programmed in PHP language scripts, provides results upon request for users when the job is finished. The server application has been successfully tested in different operating system (Linux, Microsoft windows and MacOs) and different explorer (Microsoft Internet Explorer 8.0, Chrome and Firefox 5.0). 

Setup for GO and Pathway analysis

To calculate the enrichment ratio and p-value for GO analysis, we define

N as total number of genes annotated by GO in whole genome,

n as total number of genes annotated by a specific GO term in whole genome, 

M as total number of genes annotated by GO in predicted miRNA targets, and 

m as total number of genes annotated by a specific GO term in predicted miRNA targets.
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To calculate the enrichment ratio and p-value for pathway analysis, we define
N as total number of genes participating in all the pathways in whole genome,

n as total number of genes participating in a specific pathway in whole genome, 

M as total number of genes enriched in GO terms and participating in all the pathways, and
m as total number of genes enriched in GO terms and participating in a specific pathway.
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Experimental verification of CPSS

RNA isolation and Solexa sequencing

For quantitative PCR and NGS analysis of miRNAs, mouse testes were collected and total RNAs were extracted using Trizol reagents (Invitrogen). Small RNAs (fewer than 30 bases) were collected after PAGE separation of total RNAs, and a pair of adaptors (5’ adaptor-GTTCAGAGTTCTACAGTCCG

-ACGATC, 3’ adaptor-TCGTATGCCGTCTTCTGCTTG) were ligated to 5' and 3' ends of the RNA, respectively. Then the small RNAs were reverse-transcription polymerase chain reaction (RT-PCR) amplified using the adaptor primers for 17 cycles and separated using agarose gels. The purified PCR products were used for cluster generation and sequencing using the Illumina Genome Analyzer (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. After masking adaptor sequences and removing contaminated reads, clean reads were processed for computational analysis.
MiRNA and piRNA quantification by SYBR Green 

For experimental verification, cDNAs corresponding to specific miRNAs and piRNAs were synthesised using the prime Script™ 1st Strand cDNA Synthesis Kit (Tiangen, Beijing, China) with the specific stem-looped primers listed in Supplementary Table 3 and 4. The reaction mixture was incubated at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. Quantification of the mature miRNAs and piRNAs was performed by real-time qRT-PCR using an Applied Biosystems StepOne™ Real-Time PCR System (Applied Biosystems, Foster city, California, USA) and a SYBR premix Ex TaqTM II kit (Takara) with the primers listed in Supplementary Table 3 and 4. The reactions were performed in a 48-well optical plate at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 31 s. All reactions were run in triplicates. After reaction, the threshold cycle (Ct) was determined using the default threshold settings. The Ct is defined as the fractional cycle number at which the fluorescence passed a fixed threshold. The expression level of snRNA U6 was used as an internal reference.

Luciferase assay

The experimentally verification of targets of known microRNAs predicted by CPSS were initiated as described (44). DNA sequences encoding part of 3'UTR of targeted genes were amplified by PCR using PrimeSTAR (Takara) from mouse genomic DNA. The primers are shown in supplementary Table 5. PCR products were cloned downstream of a constitutively expressed firefly luciferase gene of the psiCHECKTM-2 (Promega). 

HEK293T cell was cultured in DMEM supplemented with 10% FBS (Hyclone). Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The luciferase reporter constructs (100ng), together with microRNA mimics or mimics control, were incubated with 1.5μl Lipofectamine 2000 and transfected into cells. Cell lysates were obtained 24 hours after transfection and assayed using the Dual-Luciferase® Reporter Assay System (Promega). 

Supplementary Figure legends

Supplementary Figure 1. Overview of the CPSS web page, the upload options, download options, documentation, upload tools, and upload results.

Supplementary Figure 2. The workflow of CPSS for single (A) or paried samples (B).

Supplementary Figure 3. Annotation analysis of CPSS for single (A) or paired (B) samples. (C) The differentially expressed miRNAs between the two samples were detected by next generation sequencing and real time PCR. The expression pattern of the 26 miRNAs (these miRNAs expressed differentially based on both total read counts and most abundant unique tag) detected by the two methods were strongly correlated with each other (R=0.947). The fold change of differentially expressed miRNAs was calculated, and the logarithm of the fold to the base 2 was used to draw the scatter diagram. (D) The differentially expressed piRNAs between the two samples were detected by next generation sequencing and real time PCR. The expression pattern of the 15 piRNAs (these piRNAs expressed differentially based on both total read counts and most abundant unique tag) detected by the two methods were strongly correlated with each other (R=0.916). The fold change of differentially expressed piRNAs was calculated, and the logarithm of the fold to the base 2 was used to draw the scatter diagram.

Supplementary Figure 4. The DNA fragment (~300 bp) encoding the 3' UTR of predicted gene mRNAs that contains the binding site was cloned downstream of the Renilla luciferase ORF in the psiCHECK-2 vector. Relative luciferase activity was assayed following co-transfection of miRNA mimics and luciferase constructs into 293T cells (*: P<0.05, Student's t-test).
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