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            Abstract
RNA sequencing (RNA-seq) can be used to assemble spliced isoforms, quantify expressed genes and provide a global profile of the transcriptome. However, the size and diversity of the transcriptome, the wide dynamic range in gene expression and inherent technical biases confound RNA-seq analysis. We have developed a set of spike-in RNA standards, termed 'sequins' (sequencing spike-ins), that represent full-length spliced mRNA isoforms. Sequins have an entirely artificial sequence with no homology to natural reference genomes, but they align to gene loci encoded on an artificial in silico chromosome. The combination of multiple sequins across a range of concentrations emulates alternative splicing and differential gene expression, and it provides scaling factors for normalization between samples. We demonstrate the use of sequins in RNA-seq experiments to measure sample-specific biases and determine the limits of reliable transcript assembly and quantification in accompanying human RNA samples. In addition, we have designed a complementary set of sequins that represent fusion genes arising from rearrangements of the in silico chromosome to aid in cancer diagnosis. RNA sequins provide a qualitative and quantitative reference with which to navigate the complexity of the human transcriptome.
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                    Figure 1: Schematic overview illustrating the design and use of RNA sequins.


Figure 2: Using RNA sequins to assess transcript assembly.


Figure 3: Expression and alternative splicing of RNA sequins.


Figure 4: Differential gene expression of sequin mixtures between samples.


Figure 5: Overview of fusion RNA sequins.
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Integrated supplementary information

Supplementary Figure 1 Schematic overview of the use of RNA sequins in an RNAseq experiment.
RNA sequins are added directly to an RNA sample prior to library preparation and sequencing (yellow). Resultant reads are aligned to a co-index comprising both the natural reference genome and in silico chromosome (blue). Due to their distinguishing artificial sequence, RNA sequins can be used for quantitative analysis and normalization (red) without interfering with the accompanying sample. RNA sequins enable an assessment of many steps during the RNAseq workflow, with notable examples indicated (dashed boxes).


Supplementary Figure 2 Design of repeat sequences within the in silico chromosome.
(a) Reference annotations indicate repeat elements encoded within the in silico chromosome (chrIS_R), including mobile repeats based on human analogs (e.g. LINEs, SINEs and LTRs) and also tandem repeat domains (e.g. telomeres and centromeres). The inclusion of repetitive elements emulates the distribution of unique sequences across the chromosome that influences alignment. (b) A cumulative frequency distribution shows the repeat density on chrIS_R (red) and human reference genome (blue). (c) Frequency distribution of k-mer sequences within chrIS_R (red) and human reference genome sequence (blue).


Supplementary Figure 3 Design of artificial gene loci that proportionately represent the human transcriptome.
Cumulative frequency histograms compare genetic features encoded on the in silico chromosome (red) to human genes (blue) according to total gene size (a), transcript length (b), exon count (c), exon size (d), intergenic distance (e), GC content (exons) (f), number of isoforms per gene (g) and intron size (h).


Supplementary Figure 4 Sequins exhibit negligible cross-alignment to natural reference genomes.
(a-d) Bar charts indicate the percentage of unique alignments (orange), ambiguous alignments (blue) and reads that did not align (red). (a) No simulated reads from RNA sequins mapped to the human reference genome (hg38), nor to five other eukaryote reference genomes tested (mm10, Mus musculus (mouse); gg4, Gallus gallus (chicken); dr10, Danio rerio (zebrafish); dm6, Drosophila melanogaster (fruit fly); ce10, Caenorhabditis elegans (roundworm)). (b) Negligible fractions of experimental reads from RNA sequins mapped to hg38 (<0.06% of total reads), nor to any of the other five reference genomes. (c) No simulated reads from endogenous human genes (sampled from GENCODE) aligned to chrIS_R. (d) Negligible fractions of experimental reads from endogenous genes (K562 RNAseq library constituting ~152 million reads) aligned to chrIS_R (~0.03% of total reads). (right panel) Venn diagram indicates the number of experimental reads from neat mixture that aligned to chrIS_R, hg38 genome, or both.


Supplementary Figure 5 Validation of sequin transcript assembly using simulated reads.
(a-d) Cumulative distribution plots compare the assembly sensitivity for RNA sequin isoforms (red) and endogenous human genes (blue) with simulated reads. For this simulation, we randomly selected 78 protein-coding genes (comprising 170 isoforms) from GENCODE basic annotation. Sensitivity is measured according to the fraction of correctly assembled nucleotides (a), exons (b), introns (c) and gene loci (d) relative to reference annotations.


Supplementary Figure 6 Validation of sequin transcript assembly using experimental reads.
(a) Schematic diagram (left) showing the assembly of an RNA sequin isoform (R2_81_1; blue) compared to an endogenous gene with matched transcript size and exon count (GNB2L1; red). Reference annotations are shown in color above the observed StringTie assembly (black outline). RNAseq alignment coverage is shown below (grey). Plot (right) illustrates the sensitivity of assembly (base-level) relative to experimental read depth. (b) Individual examples of a further nine RNA sequins (blue) and endogenous genes (red) that had matching length, exon count and sufficient read coverage in accompanying K562 sample.


Supplementary Figure 7 Examples of RNA sequin assembly.
(a) Bar charts indicate the sensitivity (Sn) and specificity (Sp) of isoform assembly using either guided (red) or unguided assembly (blue). (b) Scatter-plot illustrates the sensitivity and sensitivity of isoform assembly relative to sequence depth (decreasing library depths generated by sub-sampling alignments). (c-e) Genome browser view shows commonly observed assembly flaws including incorrect deconvolution of alternative transcription initiation/termination (c), incorrect prediction of boundaries of terminal exons (d), and failure to assemble micro-exons (e). Reference annotations are shown above (yellow) with unguided assembly shown below (black outline).


Supplementary Figure 8 RNA sequins mixture design.
(a,b) Scatter-plots illustrate the expected combination of RNA sequins at staggered concentrations to establish a reference ladder against which to measure gene expression and alternative splicing. Sequin genes are combined at a 2-fold serial dilution, with a minimum three genes per dilution, to span a 106-fold dynamic range in concentration. RNA sequin isoforms are combined at a log2-fold serial dilution to encompass a 32-fold dynamic range in alternative splicing. Scatter-plots indicate the expected dilution of variable (blue) and constant (red) RNA sequins between Mixture A and B. (c) RNA sequin fold changes between Mixture A and B are described by 9 sub-groups at the gene level (left) and 19 sub-groups at the isoform level (right).


Supplementary Figure 9 A diversity of alternative splicing events are encoded within the in silico chromosome.
(a-d) RNA sequins encode a diversity of alternative splicing events, including intron retention (a), exon skipping (cassette exons) (b), alternative transcription initiation/termination (c) and alternative donor/acceptor splice sites (d).


Supplementary Figure 10 Comparison of reads derived from RNA sequins and endogenous RNA.
(a-d) FastQC quality score plots for reads derived from RNA sequins (i.e. aligning to chrIS_R; left) and derived from K562 endogenous genes (i.e. aligning to human reference genome; right). FastQC quality scores on a per-nucleotide (a-b) and per-read (c-d) basis showed an indistinguishable error profile. (e-f) Normalized sequence coverage plots across length of RNA sequins (left; blue) or endogenous human genes (right; red). Thick line indicates mean, error bars indicate S.D.


Supplementary Figure 11 Exon-level assessment of sequin assembly and quantification.
(a) Scatter-plot illustrates the expected PSI (percentage spliced in) relative to observed PSI for exons in highly (left, orange) and lowly (right, green) expressed genes. This illustrates the quantitative accuracy with which alternative splicing events are measured and the expression dependency of this measurement. (b) For exon-level analysis, RNA sequin isoforms were first collapsed into 883 exon counting bins, comprising terminal (red) and internal (blue) exons. Genome browser view shows example R2_42 locus, with three alternative isoforms and 12 exon bins. RNAseq coverage is indicated (top grey histogram). (c,d) Left panels indicate correlation between expected exon concentration and measured expression; right panels indicate the sigmoidal relationship between exon assembly and input concentration. Terminal exons (c; red) exhibited poorer quantitative accuracy and assembly relative to internal exons (d; blue). n = 3 replicates; error bars indicate S.D.


Supplementary Figure 12 Validation of RNA sequin abundance using qRT-PCR.
Observed log2-fold change (LFC) is plotted against expected LFC for a subset of RNA sequins across Mixtures A & B. Results obtained using RNAseq are shown in blue, while qRT-PCR results are shown in red. For the qRT-PCR assay, we targeted a subset of 10 RNA sequins with a range of different expected LFCs, and compared their relative abundances across mixtures.


Supplementary Figure 13 Fold changes between RNA sequin mixtures.
(a-b) Scatter-plots illustrate correlation between expected and observed log2-fold change (LFC) of isoforms (a) and exons (b) between Mixture A and B.


Supplementary Figure 14 Using RNA sequins to assess the diagnosis of fusion genes.
(a) Comparison of detection sensitivity of endogenous fusion genes (n = 9; blue) and size-matched RNA fusion sequins (n = 9; red) using simulated reads. Error bars indicate S.D. (b) Scatter-plot indicates that split reads (individual reads spanning the fusion breakpoint; blue) enjoy a superior correlation with input concentration than do spanning pairs (read pairs aligning to different genes; red). (c) Schematic design of mixture describes fusion sequin isoforms at a 64-fold range in abundance relative to their normal gene counterparts, with fusion/normal pairs encompassing a 128-fold range in expression. (d) Scatter-plot illustrates â€˜limit of detectionâ€™ (LoD) and quantitative accuracy for fusion sequins (red) and their normal parent genes (orange). Two endogenous gene fusions (green and blue) detected in the accompanying K562 transcriptome are plotted on the scale. (e) Scatter-plot indicates correlation between observed and expected log2-fold change between each normal/fusion gene pair. The NUP214/XKR3 fusion (blue) is plotted on the scale. The BCR/ABL1 fusion lies off the scale, as the fusion transcript was more highly expressed than its parent counterpart. (f) Cumulative frequency histogram indicates the relative split read count between true-positives (yellow) and false-positives (magenta) detected on the in silico chromosome (chrIS_R), thereby informing split read threshold to maximize sensitivity and specificity of fusion gene detection. Endogenous fusions detected in the accompanying K562 transcriptome also indicated (light blue).
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