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Introduction
Transcriptomic profiling, also known as RNA sequencing 
(RNA-seq), is a powerful technology to assess gene(Melé 
et al., 2015; Sultan et al., 2008), microRNA (Riccardi et al., 
2016), and non-coding RNA (Clark et al., 2015; Esposti et 
al., 2016) expression profiles in disease (Costa et al., 2013; 
Lin et al., 2016) and holds promise for clinical diagnostic use 
(Byron et al., 2016) and biomarker discovery (Liang et al., 
2015). Formalin-fixed paraffin-embedded (FFPE) tissues are 
a widely available source of clinical tissue samples because 
FFPE is the preferred preservation method for pathological 
diagnostic and archival purposes. Profiling gene expression 
patterns in FFPE tissues using RNA-seq is challenging 
because the fixation process used in preparing FFPE tissues 
crosslinks and chemically modifies RNA (Masuda et al., 1999) 
and tissue processing can fragment the RNA (von Ahlfen et 
al., 2007). Furthermore, the yield of RNA isolated from FFPE 
tissue is often low. New technologies to prepare libraries from 
RNA isolated from FFPE have recently emerged and enable 
facile processing of FFPE tissue for mRNA sequencing. 

In this whitepaper, we present data comparing three 
commercially-available library preparation kits—
Illumina’s TruSeq RNAExome kit, Takara’s SMARTer 
Stranded Total RNA-Seq Kit v2-Pico Input Mammalian, 
and NuGen’s Ovation Human FFPE RNA-Seq Multiplex 
System 1-8—for suitability in gene expression profiling 
using FFPE RNA and discuss the advantages and 
limitations of each kit.

Preserving tissue samples using formalin fixation and paraffin 
embedding causes chemical modifications to the RNA 
molecules that inhibit subsequent molecular biology assays, 
including RNA-seq. Formalin fixation covalently attaches 
mono-methylol groups to the amino groups on RNA bases, 
primarily adenine (Masuda et al., 1999), and also modifies or 

attenuates poly (A) tails (Klopfleisch et al., 2011). The mono-
methylol group additions could be partially reversed by heating 
(Masuda et al., 1999), a fact leveraged in current FFPE RNA 
isolation methods. Formalin also causes methylene bridges 
to crosslink nucleic acids to proteins and other biomolecules 
(von Ahlfen et al., 2007; Masuda et al., 1999). Moreover, the 
time between surgical removal and fixation, the duration of 
fixation, the temperature of FFPE storage, and the length 
of FFPE storage are all critical factors that contribute to the 
integrity (or degradation) of RNA in FFPE samples (von Ahlfen 
et al., 2007).

RNA isolated from FFPE sections has long been used for gene 
expression measurements using PCR (Stanta and Schneider, 
1991). However, the quality of FFPE RNA fragments was 
generally considered too poor, and the size distribution (100-
200 nt) too short, to perform RNA-seq for mRNA expression 
profiling. This was due in part to the requirement to deplete 
ribosomal RNA (rRNA), which accounts for a large fraction of 
total RNA. The most widespread method, initially, to deplete 
rRNA relied on enriching poly(A) RNA using oligo (dT) primers, 
which were inefficient at capturing partially degraded RNA. 
Alternative methods to deplete rRNA that did not rely on oligo 
(dT) selection were subsequently devised, including SDRNA; 
(Morlan et al., 2012), Ribo-Zero (Huang et al., 2011), duplex-
specific nuclease degradation (Yi et al., 2011; Zhulidov et 
al., 2004), Smart-Seq (Ramsköld et al., 2012), and NuGen 
Ovation. These methods stimulated a wave of publications 
describing RNA-sequencing from FFPE tissue (Adiconis et al., 
2013; Hedegaard et al., 2014; Norton et al., 2013; Sinicropi 
et al., 2012; Zhao et al., 2014). Importantly, these findings 
revealed a strong correlation between expression levels 
measured in the FFPE tissue with expression in match fresh-
frozen tissue (Hedegaard et al., 2014; Hester et al., 2016; 
Norton et al., 2013; Webster et al., 2015; Zhao et al., 2014). 
Subsequent studies largely corroborated these results 
(Bossel Ben-Moshe et al., 2018; Li et al., 2018), although 
generating RNA-seq libraries from FFPE samples remains 
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challenging (Esteve-Codina et al., 2017; Kresse et al., 2018) 
and library quality seems to diminish with the length of time 
samples have been archived (Jovanović et al., 2017).

The TruSeq RNA Exome kit works by first generating stranded 
RNA-seq libraries and then hybridizing the libraries to 
biotinylated probes targeting exonic regions. The probes and 
the hybridized libraries are then captured with streptavidin 
beads to enriching for libraries covering coding RNA regions. 
Two enrichment steps are used followed by amplification of 
the captured libraries. The SMARTer Stranded Total RNA-Seq 
Kit v2 – Pico Input Mammalian first generates stranded RNA-
seq libraries using Takara’s SMART (Switching Mechanism At 
5’ end of RNA Template) cDNA synthesis technology and then 
depletes ribosomal cDNA libraries using R-Probes, which target 
mammalian ribosomal RNA and human mitochondrial rRNA 
sequences, coupled with its proprietary ZapR technology, which 
cleaves the rRNA libraries. Similar to the TruSeq RNA Exome 
and SMARTer Stranded Total RNA-Seq Kit v2, the Ovation 
Human FFPE RNA-Seq System also first creates a stranded 
RNA-seq library. Then, NuGEN’s Insert-Dependent Adaptor 
Cleavage (InDA-C) technology is utilized to enzymatically 
deplete ribosomal rRNA transcripts. 

Results 
Total RNA was isolated from four tumor FFPE samples and four 
normal tissue FFPE samples. The total RNA showed varying 
levels of nucleic acid composition and size distributions (data 
not shown). To evaluate commercially available methods for 
generating RNA-seq libraries from FFPE tissues, sequencing 
libraries were prepared from the total RNA using three product 
suites: Illumina’s TruSeq RNA Exome, NuGen’s Ovation Human 
FFPE RNA-Seq, and Takara’s SMARTer Stranded Total RNA-Seq 
Kit v2 – Pico Input Mammalian.

Library Quality and Size Distribution

Sequencable libraries were generated from total RNA isolated 
from FFPE tissue using both the TruSeq RNA Exome and 
SMARTer Stranded v2 kits (Figure 1). By contrast, libraries 
prepared using the NuGen Ovation FFPE RNA-Seq system had 
substantial adapter dimers present (Figure 1). While additional 
cleanup using the Agencourt beads reduced the amount of 
adapter dimers, the library yields following bead cleanup was 
insufficient to continue with sequencing. This protocol was 
therefore excluded from further analysis.

Libraries were run on an Agilent Bioanalyzer 2100 using a high 
sensitivity DNA chip and the electropherograms are shown. The 
NuGenHuman FFPE RNA-Seq libraries showed substantial primer 
dimer peaks. Arrows indicate the peaks containing adapter 
dimers in the libraries prepared using the NuGen Human FFPE 
RNA-Seq kit.

FIGURE 1.  LIBRARY QUALITY AND  
SIZE DISTRIBUTIONS
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The distributions of quality scores are plotted at 
each position in the read (A-B). The line indicates 
the median quality score. The dark gray region 
extends from the lower to the upper quartile, and 
the light gray region extends from the 10th to 
the 90th percentile. The nucleotide percentages 
are plotted at each position in the read (C-D). An 
example R1 Illumina TruSeq RNA Exome library is 
shown on the left and an example Takara SMARTer 
R1 library is shown on the right. 

Both the TruSeq RNA Exome and SMARTer Stranded v2 library preparation methods produced high-quality sequencing reads with 
some degree of nucleotide composition bias, especially at the start of the reads (Figure 2).

FIGURE 2.  LIBRARY QUALITY

Ribosomal RNA Content

To assess the percentage of ribosomal RNA present in 
libraries from each method, one million untrimmed reads from 
each sample were aligned to human 45S and 5S ribosomal 
sequences and the overall alignment percentage calculated. 
Takara SMARTer libraries had substantially higher ribosomal 
RNA content (27%) compared to Illumina TruSeq RNA Exome 
(1.3%; p = 0.0003, paired two-tailed T-test).

Transcriptome Mapping

Sequence reads were aligned to the hg38 human genome 
using HISAT2 and the number of reads mapping to annotated 
Ensembl version 83 human genes was counted using 
featureCounts. Illumina TruSeq RNA Exome libraries had 
more reads mapped to the hg38 reference genome (90%) vs. 
SMARTer Stranded v2 libraries (71%; p = 7e-4; paired two-

tailed T-test; Figure 3). Moreover, Illumina TruSeq RNA Exome 
had more mapped reads assigned to annotated Ensembl v.83 
genes (59% vs. 16%; p=1.1e-7 paired two-tailed T-test; Figure 
3). In normal FFPE samples, 63% of the bases in mapped 
reads from Illumina TruSeq RNA Exome libraries overlapped 
coding regions whereas only 8% of bases in mapped reads 
from Takara SMARTer Stranded v2 libraries overlapped 
coding regions (Table 1). A similar disparity was observed in 
tumor samples, in which 69% of bases from Illumina TruSeq 
RNA Exome libraries overlapped coding regions compared to 
just 9% of bases from Takara SMARTer Stranded v2 libraries 
(Table 1). These data demonstrate that the Illumina coding 
RNA enrichment protocol works well.
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TABLE 1. AVERAGE MAPPED BASE COMPOSITION FOR DIFFERENT LIBRARY METHODS AND SAMPLE TYPES

Library Prep Method Sample Type Ribosomal Coding UTR Intronic Intergenic

Illumina NAT 0% 63% 25% 4% 7%

Takara NAT 7% 8% 43% 31% 11%

Illumina Tumor 0% 69% 19% 5% 7%

Takara Tumor 2% 9% 19% 58% 12%

FIGURE 3. MAPPED READ SUMMARIZATION 

The proportion of reads assigned to Ensembl v83 genes or unassigned for various reasons are shown for each library. Libraries 
from the same input total RNA are grouped together and the Total RNA ID and tissue type are listed above the group. 

Assigned – the read mapped to an annotated gene;  
Unassigned_MultiMapping – the read mapped to multiple locations in the genome and was therefore not counted;  
Unassigned_Unmapped – the read did not align to the hg38 genome;  
Unassigned_NoFeatures – the read aligned to the hg38 genome, but did not overlap an annotated gene region;  
Unassigned_MappingQuality – the read aligned to the hg38 genome with a mapping quality less than 20 and was therefore 
not counted
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To assess the types of genes represented in each of the 
libraries, the number of reads mapping to Ensembl version 
83 genes was totaled by the annotated biotype of each gene. 
The top 2 biotypes for Illumina libraries were protein_coding 
(76%) and snoRNA (9%), while the top 2 biotypes in Takara 
libraries were protein_coding (67%) and rRNA (7%) (not 
shown).

To estimate the coverage of protein-coding genes in each 
library, saturation curves for each library were generated. 
Random subsamples of the counted sequencing reads, 
consisting of between 1 read and 2 million reads, were 
generated and the number of genes with at least 10 mapped 
reads in each subsample was counted. The input data were 
gene counts for only the 20,253 nuclear protein-coding 

genes. At a given sequencing depth, libraries prepared using 
the Takara SMARTer Stranded v2 kit had more protein-coding 
genes with at least 10 mapped reads (Figure 4).

Differential Gene Expression
DESeq2 was used to evaluate the impact of library preparation 
method on the ability to detect genes differentially expressed 
between tumor and normal FFPE tissue. In Illumina libraries, 
1,515 genes were found to be differentially expressed 
between tumor and normal samples with a false discovery 
rate (FDR) of 1% (Figure 5A). In Takara libraries, 434 genes 
were differentially expressed using the same FDR (Figure 5B). 
Of the genes whose expression differed between tumor and 
normal samples in either library type, 279 were found to be 
differentially expressed in both library types (Figure 6).

FIGURE 4.  SATURATION CURVES FOR DIFFERENT LIBRARY PREPARATION METHODS

Random subsamples of the counted sequencing reads, consisting of between 1 read and 2 million reads, were generated for 
each library and the number of genes with at least 10 mapped reads in each subsample were counted.
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FIGURE 5. AN OVERALL SUMMARY OF THE FOLD CHANGES AND FDRS IN BOTH LIBRARY TYPES 
Volcano plots show the –log10(FDR) versus log2 fold change in expression between tumor and normal samples for Illumina 
TruSeq RNA Exome libraries (A) and Takara SMARTer Stranded v2 libraries (B). The gene symbols for genes with an FDR < 
0.00001 are shown.

A B

FIGURE 6.  OVERLAP OF GENES DIFFERENTIALLY 
EXPRESSED BETWEEN TUMOR AND 
NORMAL SAMPLES

DESeq2 was used to evaluate how the gene expression levels 
depended on the tumor status and library preparation method of 
each sample. The Venn diagram shows how many of the 1,670 genes 
whose expression differed between tumor and normal samples were 
identified in Illumina TruSeq RNA Exome libraries, Takara SMARTer 
Stranded v2 libraries, or both. 
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Validation of RNA-seq Gene Expression by RT-qPCR

In order to confirm the gene expression levels measured by the TruSeq RNA Exome and SMARTer Stranded v2 libraries, RT-
qPCR was run on the same RNA samples to measure the levels of 4 genes with detectable expression that were differentially 
expressed between NAT and Tumor (CD52, FTL, PLEK, and SH3KBP1), 6 genes with high expression that were differentially 
expressed between NAT and Tumor (FLNA, PNN, FOS, RPS13, SPARC, and EEF1B2), and 2 reference genes whose expression 
was similar between NAT and Tumor (EEF1A1 and ACTB). The RT-qPCR data for 10 of the genes were consistent with the 
expression patterns observed with both the Illumina and Takara kits (Figure 7). Only two genes  (PNN and FLNA) did not show the 
same expression patterns observed with Takara and Illumina kits.

The Log (2) of the fold change for Tumor / NAT, calculated from the average of all samples in each group, is plotted for 12 genes. 
The data used to calculate the fold changes were RPKM values from mRNA sequencing using the Illumina TruSeq RNA Exome 
and Takara SMARTer Stranded v2 library preparation kits or from RQ values generated from an RT-qPCR assay of the same RNA 
samples used for sequencing. ACTB and EEF1A1 genes were used as the reference genes while calculating the RQ values.
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Conclusions
The most important finding of this study was that sequencable 
mRNA libraries could be generated from total RNA isolated 
from FFPE tissue using both the TruSeq RNA Exome and 
Takara SMARTer Stranded v2 library preparation methods. By 
contrast, the NuGen Ovation Universal Human FFPE RNA-Seq 
System generated libraries with substantial primer dimers that 
could not be removed with additional bead-based purification 
and therefore were not of sufficient quality to sequence.

The Illumina and Takara library preparation methods produced 
high-quality sequencing reads with some degree of nucleotide 
composition bias, especially at the start of the reads. Takara 
SMARTer libraries had substantially higher ribosomal RNA 
content (27%) compared to Illumina TruSeq RNA Exome (1.3%). 
Illumina TruSeq RNA Exome libraries had more reads mapped 
to the hg38 reference genome (90%) compared to Takara 
SMARTer (71%). Illumina TruSeq RNA Exome libraries had more 
mapped bases overlapping coding regions in annotated UCSC 
genes (68%) compared to SMARTer libraries (13%). Illumina 
TruSeq RNA Exome libraries had more mapped reads assigned 
to annotated Ensembl v.83 genes (59%) vs. Takara SMARTer 
Stranded v2 libraries (16%). The top 2 biotypes for Illumina 
libraries were protein_coding and snoRNA while the top 2 
biotypes in Takara libraries were protein_coding and rRNA. 
However, Takara libraries had more diversity (covered more 
genes for a given sequencing depth). RT-qPCR validation of 
10 genes that were differentially expressed between NAT and 
Tumor in the RNA-seq data confirmed the expression pattern 
of 8 out of 10 genes, indicating a high degree of fidelity in the 
RNA-seq libraries prepared using with Illumina’s TruSeq RNA 
Exome or Takara’s SMARTer Stranded RNA-Seq Kit v2.

Among the differentially expressed transcripts, the eight genes 
(CD52, FTL, PLEK, SH3KBP1, SPARC, FOS and RPS13) validated 
by both RNA-seq and RT-qPCR have been shown to be directly 
or indirectly involved in cancer. The SPARC gene encodes a 

cysteine-rich protein mediating interaction between cells and 
their extracellular matrix (ECM).  Studies have shown that 
SPARC plays a role in the pathological responses in lung cancer 
(Grant et al., 2014; Wong and Sukkar, 2017). Our data shows 
that the RPS13 gene is upregulated in tumor tissues and higher 
level of expression of RPS13 has been reported in gastric, lung 
as well as colon cancer (Denis et al., 1993; Guo et al., 2011; 
Zhang et al., 2000). The FOS gene (a.k.a. c-fos) is a well-known 
proto-oncogene (Saez et al., 1995) and, interestingly, many 
of the signaling pathways involved in tumorigenesis leads to 
the activation of FOS (Bakin and Curran, 1999; Ordway et al., 
2005). The PLEK gene is one of the differentially expressed we 
identified, and it has been shown that the expression pattern of 
PLEK is associated with low survival rates in patients displaying 
lung cancer (Vuong et al., 2014). Overall, the involvement of 
the validated genes in tumorigenesis shows that the data 
generated is robust, and the Illumina TruSeq RNA Exome as 
well as Takara SMARTer kits successfully identified cancer or 
cancer-related genes in the tumor tissues assayed.

Methods
FFPE Tissue Samples

FFPE tumor samples were provided by the Veteran’s 
Administration Hospital at the University of Miami (n=4). 
Normal FFPE tissue samples were purchased from Geneticist, 
Inc. (Glendale, CA) and consisted of ascending colon (n=1), 
breast (n=2), and rectum (n=1).

RNA Isolation

FFPE samples were sectioned to 20 µm and at least four sections 
(≤ 35 mg) from each sample were deparafinized at 50 °C for 3 
minutes in xylene. Total RNA was extracted from the samples using 
the RecoverAll Total Nucleic Acid Isolation Kit for FFPE (Part No. 
AM1975, ThermoFisher Scientific, Waltham, MA) according to the 
manufacturer’s instructions. The 8 total RNA samples were further 
processed by digestion with RNase-free DNase I (Part No. D9905K, 
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Lucigen Corporation, Middleton, WI ) and re-purified using RNeasy 
MinElute purification columns according to the manufacturer’s 
recommendations(Part No. 74204, QIAGEN, Valencia, CA), except that 
the final ethanol concentration of the sample was adjusted to 77% 
before loading on the column in order to retain RNAs less than 200 
nucleotides in size .  Each newly digested RNA sample was run on 
the Agilent 2100 Bioanalyzer to evaluate the electropherograms and 
obtain the RNA integrity number (RIN) as well as the percentage of 
RNA fragments longer than 200 nucleotides (DV200) values. Following 
Bioanalyzer analysis, the total RNA samples were used as input for 
library preparation. Two positive controls consisting of pooled total 
RNA samples (Ambion) were included in library preparation along with 
a negative control. 

mRNA Sequencing Library Preparation

Amplified cDNA libraries suitable for sequencing were prepared 
from DNA-free total RNA using three library preparation kits:

 1.  TruSeq RNA Exome (Illumina catalog no. 20020189) –  
The input for this protocol was 50 ng total RNA.

 2.  SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input 
Mammalian (Takara catalog no. 634412) – The input for 
this protocol was 50 ng total RNA.

 3.  Ovation Human FFPE RNA-Seq Multiplex System 1-8 
(NuGen catalog no. 0340-32) – The input for this protocol 
was 300 ng total RNA.

The quality and size distribution of the amplified libraries were 
determined by chip-based capillary electrophoresis (Bioanalyzer 
2100, Agilent Technologies), and libraries were quantified using 
the KAPA Library Quantification Kit (Kapa Biosystems, Boston, 
MA). The 11 total RNA samples (4 FFPE tumor samples, 4 FFPE 
normal samples, 2 total RNA positive controls, and 1 negative 
control) were each split into three aliquots, one for each of 
the three library preparation methods. Hence, 3 libraries were 
generated from the same total RNA.

Sequencing

The libraries were pooled at equimolar concentrations and 
diluted prior to loading onto an Illumina NextSeq 500 v2.5 
flow cell cartridge. The libraries were extended and bridge 
amplified to create sequence clusters and sequenced with 
76 nt paired-end reads plus 8nt single-index reads using the 
Illumina NextSeq 500 High Output sequencing reagent kit v2 
(Part # 15057931) controlled by the NextSeq Control Software 
version 2.2.0.4. Real time image analysis and base calling were 
performed on the instrument using the Real-Time Analysis (RTA) 
software version 2.4.11.

Read Filtering and Trimming

The FASTQ files generated from the sequencing base call files 
contained only reads that passed Illumina’s chastity filter. Any 
Illumina adapters were trimmed from the 3’-end of both the R1 
and R2 reads. Bases with a quality score less than Q20 were 
trimmed off the right end of each of R1 and R2. Read pairs in 
which either mate in the pair was less than 30 nt after trimming 
were discarded.

For TruSeq RNA Exome libraries, 7 bases were then trimmed 
from the left end of R1 and 1 base was trimmed from the left 
end of R2 due to a skewed nucleotide distribution in the first 
bases. For Takara SMARTer Stranded libraries, 6 bases were 
trimmed from the left end of R1 and 3 bases were trimmed 
from the left end of R2 due to a skewed nucleotide distribution 
in these bases. These quality-filtered and base-trimmed reads 
were then used for alignment.

Assessment of Ribosomal RNA Content

To assess the ribosomal RNA content, one million untrimmed 
reads from each sample were aligned to human ribosomal 
sequences, including 45S pre-ribosomal N4 (RNA45SN4) - 
NR_146117.1 - and 5S ribosomal 1 (RNA5S1) - NR_023363.1. 
Bowtie2 was used for alignment with the --very-sensitive 
settings and the overall alignment rate was calculated.
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Alignment to Human Genome

Sequence alignment was performed using HISAT2 version 
2.0.5 with the following settings:

--end-to-end -N 1 -L 20 -i S,1,0.5 -D 25 -R 5 
--pen-noncansplice 12 --mp 6,3 --sp 3,0 --time 
--reorder --known-splicesite-infile [SPLICESITES] 
--novel-splicesite-outfile splicesites.novel.txt 
--novel-splicesite-infile splicesites.novel.txt -q 
–x [hg38 HISAT2 INDEX] -1 [FASTQ1] -2 [FASTQ2] -S 
[SAMOUT]

Where SPLICESITES is a BED file of known splice sites extracted 
from the Ensembl version 83 Homo sapiens GTF (gene transfer 
format) annotation file, FASTQ1 and FASTQ2 are files containing 
the 1st and 2nd sequencing reads, respectively, and SAMOUT 
is the alignment output file. The hg38 HISAT2 INDEX was 
generated from the hg38 reference genome using the command  
hisat2-build hg38.fa hg38.

Read Counting

The read summarization program featureCounts version 1.5.1 
was used for exon- and gene-level counting. An Ensembl 
human version 83 GTF file was used for determination of exon 
boundaries and the exon-gene relationship during counting. The 
summarization level used for exon and gene counting was the 
feature and the meta-feature, respectively. To be counted for 
a exon or gene, a fragment must have aligned with a mapping 
quality of at least Q20, have aligned uniquely to the genome 
(i.e. multimapping fragments were not counted), and overlap 
the region by at least 1 nucleotide. Fragments overlapping 
multiple annotated genes or exons were counted once for each 
overlapping feature.

Mapped Nucleotide Composition

The Picard Tools version 1.141 CollectRnaSeqMetrics utility was 
used to calculate summary metrics describing the distribution 
of bases within transcripts annotated by UCSC. The input data 
were BAM alignment files resulting from mapping to hg38 using 

HISAT2. Ensembl version 83 genes with an rRNA biotype were 
used to define ribosomal coordinates – the 45S pre-ribosomal 
and 5S ribosomal genes are not annotated in Ensembl and 
therefore the percent rRNA reported by Picard Tools and the 
alignment method differ substantially for some samples.

Gene Biotype Composition of Mapped Reads

The number of reads mapping to Ensembl version 83 genes was 
totaled by the annotated biotype of each gene. The input data 
were raw gene counts for all 60,504 annotated human genes 
generated by featureCounts. Only the top 11 gene biotypes 
were considered separately and the remaining biotypes were 
grouped together into a single class, labelled in the figure as 
“other”.

Normalized RPKM Values Based on Counts from 
Nuclear Protein-Coding Genes

Normalized RPKM values were calculated from the raw 
featureCounts read counts using the formula for 
genes and for exons, where Gr is raw read count for a 
gene, Gl is length of the exon model for the gene (i.e. the sum 
of all exon lengths in kilobases), Er is raw read count for an 
exon, El is length of the exon in kilobases, and mRNArt is the 
total read count for exons from nuclear-derived protein-coding 
mRNAs.

Number of Detectable Protein-Coding Genes

The raw gene counts were used to assess the number of 
protein-coding genes with at least 10 mapped reads at 
different sequencing depths. Random subsamples of the 
counted sequencing reads, consisting of between 1 and 2 
million subsampled reads, were generated and the number of 
genes with at least 10 mapped reads in each subsample was 
counted. The input data were gene counts for only the 20,253 
nuclear protein-coding genes.
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Differential Expression Analysis

DESeq2 was used to examine differential expression between 
tumor and normal tissue samples, while controlling for the total 
RNA input into the library preparation. The hypothesis tested 
was that gene expression levels were proportional to the total 
RNA used for the library, the library preparation method, and 
the tumor status of the sample (i.e. expression ~ Total.
RNA.ID + Library.Prep.Kit + Tumor.Status).

Real-time reverse-transcription-PCR analysis

A total of 450 nanograms of DNA-free total RNA from each 
sample was reverse transcribed with random primers using 
the High-Capacity Reverse Transcription kit (Thermo Fisher; 
Part # 4368813). The same input mass of a pool of human 
tissue RNAs and nuclease-free water were reverse transcribed 
alongside the experimental samples as positive and negative 
controls, respectively. The reverse transcription products were 
diluted in nuclease-free water and cDNA equivalent to 9.5 ng 
of template RNA per well were used to set up triplicate 10 ul 
PCR reactions containing gene-specific Taqman mRNA probe 
sets and 1X Universal Master Mix (Thermo Fisher; part # 43-
643-43). Thermocycling and imaging were performed using 
the BioRad CFX384 quantitative PCR instrument; incubation 
conditions for quantitative PCR included denaturation at 95C 
for 10 minutes followed by 40 cycles of 95C 15 seconds – 
60C 60 seconds. Cycle threshold (Ct) values were determined 
from the fluorescent signal intensities measured from each 
well after each PCR cycle using BioRad CFX Manager Software 
v3.1.1517.0823, using a baseline-subtracted curve fit and 
automatically determined thresholds for each set of genes 
run on the same plate. The mean values of the three replicate 

wells were averaged, using a Ct of 40 in the calculation 
for undetectable wells. For each sample, the mean of the 
normalization control CTs (ACTB, EEF1A1) was subtracted from 
each mRNA CT value to obtain ΔCT values. For each mRNA, the 
ΔCT of the mean of NAT samples was subtracted from each 
sample ΔCT to obtain the ΔΔCT values. The relative quantities 
(RQ) were calculated as: RQ=2^(-ΔΔCT), and these values were 
used to calculate the fold-changes for tumor / NAT.
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