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            Abstract
We compared quantitative RT-PCR (qRT-PCR), RNA-seq and capture sequencing (CaptureSeq) in terms of their ability to assemble and quantify long noncoding RNAs and novel coding exons across 20 human tissues. CaptureSeq was superior for the detection and quantification of genes with low expression, showed little technical variation and accurately measured differential expression. This approach expands and refines previous annotations and simultaneously generates an expression atlas.
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                    Figure 1: Quantitative comparison of CaptureSeq, RNA-seq and qRT-PCR.[image: ]


Figure 2: Profiling of human long noncoding RNAs with CaptureSeq.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Advantages of RNA CaptureSeq for profiling genes with alternative splicing or low expression.
(a) Schematic figure indicating limitations of qRT-PCR for quantifying alternative splicing events. (b,c) Dynamic range of K562 cell transcriptome populations demonstrated by transcript (b) or exon (c) expression. Notably, the top 1% of transcripts comprises 38.4% of the total expressed mRNA population. (d) Calculated maximal fold enrichment achieved by CaptureSeq relative to number of genes (combining all known isoforms) targeted (estimated gene expression based on average gene expression in human K562 cell line). Note that higher enrichments can be maintained by removing highly expressed isoforms and gene loci from CaptureSeq targets.


Supplementary Figure 2 Comparative analysis of ERCC spike-in quantification using RNA sequencing and CaptureSeq.
(a) Fold enrichment achieved by CaptureSeq for each ERCC standard. High and variable enrichment at low ERCC concentrations results from low and sporadic alignment of RNAseq reads to ERCC standards. Decreasing enrichment at high ERCC concentrations is due to CaptureSeq saturation. Each technical replicate capture hybridization contained three biological replicate samples. (b) Spearman correlation of measured abundance by CaptureSeq of ERCC probes for three biological replicate samples in technical replicate. (c,d) Average Spearman correlation of measured abundance of ERCC probes for three biological replicates of CaptureSeq (c) and RNA-seq (d). (e) Segmented regression analysis indicates inflection point in the measured abundance of ERCC probes by CaptureSeq at an ERCC concentration of 2.34 attomol/μl (dotted line). n = 3 biological replicates; error bars are s.d. (f) RNA sequencing exhibits a linear profile across the range of ERCC concentrations it detects. n = 3 biological replicates; error bars are s.d.


Supplementary Figure 3 Enrichment in read coverage of ERCC RNA spike-in by CaptureSeq.
(a,b) Averaged read coverage for each ERCC probe from RNA-seq and CaptureSeq. n = 3 biological replicates; error bars are s.d. Horizontal dotted line shows eightfold coverage. RepA and RepB are technical replicate capture hybridizations containing three biological replicate samples. (a) Number of ERCC transcripts required for eightfold coverage. (b) Concentration of ERCC transcripts required for eightfold coverage. Vertical dotted line marks concentrations above which CaptureSeq is saturated. Lowest three concentrations of probes (<0.00114 attomol/μl) have zero coverage in more than 50% of RNA-seq libraries. (c) Fold difference in variability between RNA-seq measurement of ERCC abundance and CaptureSeq technical replicates (n = 3 biological replicates). Horizontal dotted line is at 1 and −1 (no difference in variability). Values above 1 show RNA-seq is more variable; values below −1 show CaptureSeq is more variable. Vertical dotted line is the ERCC concentration that allows consistent eightfold coverage by RNA-seq. RNA-seq is more variable at low expression levels. (d) Mean difference between CaptureSeq and RNA-seq accuracy in measuring ERCC abundance. RNAseq provided less accurate expression measurements at low levels but was more accurate at high levels. n = 3 biological replicates; error bars are s.d.


Supplementary Figure 4 Comparative analysis of technical bias between RNA-seq and CaptureSeq.
(a,b) Relationships among ERCC length (a), GC% (b) and CaptureSeq performance on moderately expressed probes compared to RNA-seq (enrichment residuals shown). Spearman correlation shown; line is nonlinear regression fit. RepA and RepB are technical replicate capture hybridizations containing three biological replicate samples. (c) Combined sequence read coverage across ERCC all standards merged (left) or two representative ERCC controls (middle and right) by RNAseq (blue) and CaptureSeq (red). Difference between read coverage indicated by gray shaded area. (d) Relative nucleotide enrichment for ERCC sequences that exhibit differential coverage between RNA-seq and CaptureSeq. No specific nucleotide bias is observed in regions exhibiting differential coverage. (e) Sequenced read coverage profile of SMPD2 by RNA-seq (blue) and CaptureSeq (red). Only minor variation is observed between the two profiles.


Supplementary Figure 5 Analysis of differential gene expression between samples with CaptureSeq.
(a) Pearson correlations of measured abundance of ERCC probes for one representative sample versus all others containing the same ERCC mix. Top, ERCC mix 1; bottom, ERCC mix 2. Two multiplexed capture hybridizations were performed containing a mix of ERCC mix 1 and 2 samples. Slightly higher correlations equate to samples present in the same hybridization. (b) Clustering of ERCC read counts following variance stabilizing transformation. ERCC mixes 1 (n = 5) and 2 (n = 4) clearly separate followed by separation by capture hybridization. Samples present in same hybridization shown in red and black, respectively. (c,d) Relationship between ERCC concentration and detected ERCC abundance. Segmental linear regression to determine the ERCC concentration at which saturation occurs (dotted line). Error bars are s.d. Linear slopes from segmental linear regression and the Pearson correlation for non-saturating concentrations are provided. (c) ERCC mix 1 samples; n = 5 biological replicates. Saturation at 1.30 attomol/μl. (d) ERCC mix 2 samples; n = 4 biological replicates. Saturation at 0.976 attomol/μl. (e) Averaged read coverage for each ERCC probe from ERCC mix 1 (n = 5) and ERCC mix 2 (n = 4) pools. Error bars are s.d. Y-axis dotted line shows eightfold coverage. (f) edgeR MA plot of log fold change for each ERCC control between the two mixes against transcript expression in log CPM (counts per million). Differentially expressed (DE) controls colored red; non-DE colored black. Zero fold change between two samples shown by blue line. edgeR performed using TMM normalization.


Supplementary Figure 6 Comparison of CaptureSeq and RNA-seq for differential gene expression analysis.
Comparison of CaptureSeq and RNA-seq for differential gene expression analysis. (a) Quantification of fold changes in ERCC standard abundances between two distinct samples (ERCC 1, n = 5 biological replicates; and ERCC 2, n = 4 biological replicates) for CaptureSeq and RNA-seq (with a matched number of reads). CaptureSeq records values for all ERCC standards (92); expression values were not obtained for 11 standards with RNA-seq. Slopes from nonlinear regression with a straight-line fit. (b) Variability in fold-change measurements for each ERCC fold-change category between CaptureSeq and matched RNA-seq. For each category RNA-seq showed greater variation. (c,d) edgeR MA plot of log fold change for each ERCC control against transcript expression in log CPM (counts per million). Differentially expressed (DE) controls colored red; non-DE colored black. Zero fold change between two samples shown by blue line. Matched RNA-seq (c), RNA-seq all reads, no downsampling (d). (e) Relationship between ERCC expression level (log CPM) and ability of CaptureSeq and RNA-seq to detect DE, given various levels of expression differences between two groups. Left, CaptureSeq; middle, matched RNA-seq; right, RNA-seq all reads, no downsampling. FDR, false discovery rate. 1% FDR shown by dashed line. FDR values limited to minimum value of 10−37.


Supplementary Figure 7 Targeted sequencing of lncRNAs with CaptureSeq.
Frequency distribution of expression for different gene classes according to biotype (a), gene ontology biological function (b) or annotation in disease database (c) in K562 cells. (d) Frequency distribution of probes relative to fraction of length with overlapping alignments from captured genomic DNA. We found greater than onefold coverage across the entirety of 96.5% of probes, thereby validating the ability to capture gDNA. (e) Plot showing measured relative to known abundance of ERCC standards by CaptureSeq (orange) and RNA-seq (dark blue). We have plotted measured abundance before (orange, light blue) and after (red, dark blue) removing duplicate reads. Although removing duplicate reads may reduce the impact of PCR amplification artifacts, it also causes the abundance of ERCC spike-ins to be underestimated, decreasing the quantitative range of CaptureSeq, and is therefore not recommended. (f) Genome browser view showing read alignment profile and assembled transcripts from RNA-seq (upper) and CaptureSeq (lower) across the Titin-antisense lncRNA locus. CaptureSeq read alignment shows higher specificity for exons, with fewer reads derived from nascent transcription present, resulting in more accurate transcript assembly. By contrast, RNA-seq shows a large amount of nascent transcription, resulting in the misassembly of the transcript locus with ‘retained’ introns.


Supplementary Figure 8 Quantitative accuracy of each tissue within expression atlas.
Measured expression (FPKM) of ERCC standards in each human tissue library analyzed. Pearson’s correlation indicates the quantitative accuracy of libraries following capture. Despite enhanced coverage, some ERCC probes (red) remained undetected, indicating that sequencing had not proceeded to saturation.


Supplementary Figure 9 Analysis of novel captured exons and isoforms.
(a) Proportion of introns with canonical splice junctions in previous coding and lncRNA exons is similar to new introns identified using CaptureSeq. (b) Sequence motif at 3’ intron end shows similar enrichment for poly-pyrimidine tract and splice elements in previously annotated introns and new introns identified by CaptureSeq. (c) Example of multiple previous lncRNA annotations that are merged into single higher-order contiguous lncRNA loci following more complete and accurate assembly with CaptureSeq. (d,e) Frequency distribution of open-reading-frame length and hexamer score indicates distinction between coding and noncoding transcripts analyzed from CaptureSeq assembled transcripts. (f) Box-whisker plot showing that CaptureSeq assembled gene models contained more exons and were more complete than previous annotations (based on GENCODE v19, Cabili et al. (2011), and lncRNAdb) used to design the capture array.


Supplementary Figure 10 Comparative analysis of captured and annotated coding and noncoding exons.
(a) Cumulative frequency distribution indicating the conservation (according to 100-way MutliZ Alignment) of previously annotated (based on GENCODE v19, Cabili et al., and lncRNAdb) coding and lncRNA exons relative to novel exons identified using CaptureSeq. (b) Conservation at 3’ exon boundary showing 3-nt periodicity characteristics of previously known coding gene exons (red) relative to new coding gene exons (orange) identified by CaptureSeq and (c) similar conservation of splice elements in previous lncRNA annotations relative to new lncRNA exons identified by CaptureSeq. (d) Comparison of SNP, repeat and predicted RNA secondary structure density between previous gene annotations (based on GENCODE v19, Cabili et al. (2011), and lncRNAdb) and new annotations assembled from CaptureSeq experiments.


Supplementary Figure 11 Examples of transcripts assembled following CaptureSeq.
(a) Targeting previous lncRNA annotations (blue) integrates them into a single complex locus. (b) CaptureSeq ensnares additional novel exons into the initial annotation, thereby expanding the previous annotation to annotated TSS’s. (c) CaptureSeq revises previous lncRNA annotations to identify a 1021 amino acid ORF. An assembly gap in GRCh37 (hg19) means the protein N-terminal may not be present. A new contig in GRCh38 places MGC50722 6kb upstream suggesting the possibility these two loci form one gene. (d) LncRNA can be erroneously annotated when only transcript fragments are available as demonstrated in example showing a lncRNA locus contains distal coding exons for downstream NPAS4 gene. Arrows indicate direction of transcription. Fantom 5 TSS on forward strand (red) and reverse strand (blue).


Supplementary Figure 12 Tissue-specific expression of captured lncRNAs.
(a) Hierarchal clustering of lncRNA loci according to expression. (b) Example of brain-specific lncRNA Evf2 correctly assembled and quantified using CaptureSeq.


Supplementary Figure 13 Examples of captured novel coding exons.
Examples of novel coding exons within GENCODE genes assembled following CaptureSeq. (a) Identification of a novel transcription start site for GLIS1 gene well supported by chromatin marks for transcriptional initiation. New first exon adds 175 amino acids to 5' of protein. (b) Novel internal coding exons in TNXB. Novel exon(s) are conserved and maintain the TNXB reading frame. (c) Targeting novel exons solely identified by evolutionary conservation enables the identification of novel exons that help assemble multiple HMNC2 annotation fragments into a contiguous gene locus. (d) Putative novel coding locus in bi-directional orientation with ZNF593 contains a 186 amino acid ORF.
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