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Abstract

Small RNA-seq is increasingly being used for profiling of small RNAs. Quantitative characteristics of
long RNA-seq have been extensively described, but small RNA-seq involves fundamentally different methods
for library preparation, with distinct protocols and technical variations that have not been fully and
systematically studied. We report here the results of a study using common references (synthetic RNA pools of
defined composition, as well as plasma-derived RNA) to evaluate the accuracy, reproducibility and bias of
small RNA-seq library preparation for five distinct protocols and across nine different laboratories. We
observed protocol-specific and sequence-specific bias, which was ameliorated using adapters for ligation with
randomized end-nucleotides, and computational correction factors. Despite this technical bias, relative
quantification using small RNA-seq was remarkably accurate and reproducible, even across multiple
laboratories using different methods. These results provide strong evidence for the feasibility of reproducible
cross-laboratory small RNA-seq studies, even those involving analysis of data generated using different

protocols.

(Introduction without separate heading below)

RNA-seq using next generation sequencing has been a transformative technology that has been widely
used as a method for characterizing the transcriptome in a wide range of biological contexts "*. Applications of
RNA-seq fall into two categories: long RNA-seq and small RNA-seq, distinguished not only by the size of the
targeted RNAs, but also by the technical methods used and the resulting biases of the different approaches in
the quantitative data produced’. For example, the production of the libraries for long RNA-seq, by virtue of
having sufficiently long target RNA lengths, commonly utilizes primers (e.g., random primers or oligo-dT) for
direct generation of cDNA from RNA. However, small RNA-seq library construction methods typically require
an RNA ligation or polyA tailing step to overcome the challenge of performing reverse transcription and

subsequent PCR-based amplification from extremely short (e.g., 16-30 nt) target RNA sequences.

Multiple approaches have been developed to overcome the challenge of uniformly and robustly
generating cDNA from small RNAs for the purpose of small RNA-seq library preparation* . Protocols in use
for small RNA-seq therefore vary more widely than those used for long RNA-seq, creating significantly more
potential for variation across small RNA-seq results using different library preparation protocols and by
different labs. In addition, small RNA-seq is increasingly used to study small RNAs present in very low input

10-19

concentration samples (e.g., in exosomes and other types of extracellular vesicles (EV)"™ ", or in RNA-protein

20-26

complexes present in biofluids . Normalization methods?’ 2’ developed to correct for variation in lon
p p p g

RNA-seq data are typically not well-suited for such small RNA-seq data, making it even more important to
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understand the intrinsic performance characteristics of small RNA-seq methodologies. Whereas performance
characteristics such as reproducibility and quantitative accuracy have been well-studied for long RNA-seq’”"",
further systematic analyses for small RNA-seq are needed, especially across multiple library protocols using
well-defined common reference samples. Yet, with the rapid accumulation of small RNA-seq data (e.g., NIH
short-reads archive32’33, EV-associated small RNA sequencing databases34_36, TCGA37, the exRNA Atlas,38
etc.), meaningful, quantitative interpretation of results, especially across different studies, will not be possible
without a systematic examination of technical bias, accuracy and reproducibility of small RNA-seq. The
analysis of standardized common reference RNA samples, ideally including samples in which “ground truth” of

absolute concentrations is known, across multiple laboratories and multiple protocols is critical to such an

analysis.

Here, we report a study led by investigators from the NIH-funded Extracellular RNA Communication
Consortium (ERCC)* involving nine laboratories, which performed a systematic multi-protocol, multi-
institution assessment of the accuracy, reproducibility and technical bias of small RNA-seq using standardized,
common reference reagents (i.e., synthetic small RNA pools of defined composition and concentrations, as well
as biologically-derived reference RNA). We also sought to identify experimental and computational strategies
to reduce the impact of technical bias and protocol-specific effects, in order to improve the accuracy and cross-

platform comparability of small RNA-seq results.

Results
Study design and standard reference RNA materials

In order to evaluate the performance of multiple small RNA-seq library preparation protocols across
multiple laboratories, we developed a set of standard reference samples for distribution as well as a standardized
study design (shown in Figure I). We constructed and distributed to each lab a detailed set of instructions for
library preparation and sequencing, along with four reference RNA samples (Supplementary Tables 1 and 2): 1)
an equimolar pool comprising 1,152 synthetic RNA oligonucleotides, corresponding predominantly to human
microRNA sequences, as well as a small proportion of non-microRNA oligonucleotides of varied sequence and
length (15-90 nucleotides (nt)); ii) two synthetic small RNA pools, called ratiometric pools A and B, each
containing the same 334 synthetic RNAs, but in which subsets of RNAs vary in relative amount between pools
A and B by 15 different ratios, ranging from 10:1 to 1:10; and iii) blood plasma RNA isolated from human
plasma pooled from 11 individuals.

The common materials were distributed to nine participating research groups (Laurent lab, UCSD; Erle
lab, UCSF, Ghiran lab, BIDMC/DFCI; Nolte-’t Hoen lab, UUTR; Freedman lab, UMass; Wang lab, ISB; Galas

lab, PNRI; Van Keuren-Jensen lab, TGen and Tewari lab, UMich). Eight groups prepared and sequenced
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quadruplicate libraries from each of the reference samples using the Illumina TruSeq small RNA kit which is
based on ligation of adapters with defined sequences. The TruSeq kit served as a standard reference protocol in
this study, allowing for comparison of reproducibility across multiple laboratories. One of the nine groups used
a non-Illumina NGS platform (Ion Torrent) and therefore could not generate libraries using the TruSeq protocol.
In addition, all nine groups evaluated one or two additional, alternative small RNA library preparation
protocols. The alternative protocols were (i) NEBNext (New England Biolabs) - a widely used protocol using
adapters with invariant sequences (i.e., no randomized sequence), (ii) CleanTag (Trilink Biotech) - a protocol
using adapters with invariant sequences which are chemically modified to reduce formation of adapter dimers,
(ii1)) NEXTflex (Bioo Scientific) - a commercial protocol incorporating adapters with four randomized
nucleotides (i.e., 4N) at each ligating end of the adapters in an effort to reduce sequence bias, and (iv) multiple
variations of an in-house protocol that also incorporates adapters with 4N randomized ends. We refer to these
in-house protocols collectively as "4N" protocols but, they are not identical and must therefore be evaluated
separately. Additional details about library preparation protocols and sequencing platforms used in this study
are provided in Supplementary Material.

Sequencing data were all centrally analyzed using the ERCC’s exceRpt Small RNA-seq pipeline. This is
a publicly available pipeline specifically designed for the analysis of small RNA-seq data
(http://genboree.org/theCommons/projects/exrna-tools-may2014/wiki/Small%20RNA-seq%20Pipeline) which
uses its own alignment and quantification engine to map and quantify a range of RNAs represented in small
RNAseq data, providing RNA abundance estimates from read counts as well as a variety of quality control
metrics (Supplementary Table 3). The nine participating groups collectively contributed 4.26 billion reads,
corresponding to sequence data from 297 independent libraries (Figure I). Of these, 286 (96%) satisfied
minimum quality criteria (see Sample Filtering section of the Methods for details of QC criteria) and were taken
forward for the analyses described below. Unless specifically noted otherwise, in the analysis of equimolar pool
libraries, NEXTflex Lab 8 data was excluded due to inadequate read coverage in a majority of libraries. FASTQ
files for RNA-seq data, as well as any processed files used in this study are available on GEO at the following

link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=whipakmajrwprcv&acc=GSE94586

Characterization of sequence-specific bias of Small RNA-seq protocols
Prior studies of small RNA-seq have revealed that there can be significant sequence-specific bias which

+402 However this bias has not been characterized

appears to originate largely during library preparation
systematically across multiple labs using both standardized and divergent protocols and with common synthetic
reference reagents. In this study the equimolar reference pool of 1,152 synthetic RNAs was sequenced by all

laboratories. In subsequent data analysis, we sought to examine the RNAs most relevant to the library
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preparation protocols used. We therefore focused on a subset of 975 RNAs that are 16 - 25 nt in length and 5°-
phosphorylated, which are the type of RNAs that the small RNA-seq protocols examined are all designed to
sequence. We found that the efficiency of recovery of different RNA sequences varied widely within each
protocol examined, confirming that small RNA-seq protocols in use are associated with substantial sequence-
dependent bias (Figure 2a, 2b). The recovery of equimolar RNA sequences varied by multiple orders of
magnitude across sequences, much more so than the bias reported for long RNA-seq’'. However, the sequence-
specific bias in small RNA-seq was highly reproducible, both within a given protocol across technical replicates
and across laboratories using the same protocol, as evident in results from the standardized TruSeq Illumina
protocol carried out by multiple laboratories (Figure 2a).

We observed that the libraries prepared by the different participant labs clustered into four groups
(Figure 2a) corresponding to the different types of protocols included in the study (TruSeq, NEBNext,
CleanTag and 4N), indicating that different protocols have distinct patterns of sequence-specific bias.
Consistent with this result, when we selected the ten most overrepresented and underrepresented sequences for
each library preparation protocol, these varied widely between protocols (Supplementary Figure 1).

Although all library preparation protocols exhibited bias, protocols using randomized adapters showed
less bias, as shown by a smaller variation in read abundance across sequences (Figure 2b). As one measure of
this, we calculated the median percentage of sequences with a number of reads (i.e., counts per million) more
than ten times above or below the expected value, for each of the protocols. This ranged from 41%-56% for all
the protocols using adapters with defined sequences (TruSeq: 41%; CleanTag: 54% and NEBNext: 56%),
whereas it ranged from 5%-23% for protocols using adapters with randomized nucleotides (4N_A: 8%; 4N_B:
5%; 4N _C: 12%; 4N _D: 22%, 4N _Xu: 7% and 4N _NEXTflex: 17%) (Figure 2c¢). Also consistent with a
reduction in bias using randomized adapters, the 4N in-house protocols showed fewer missing sequences from
the equimolar pool as compared to the other protocols (Supplementary Table 4). This was also evident when
downsampling of datasets was performed so that the same number of total sequencing reads could be compared

across protocols, at varying sequencing depths (Supplementary Figure 2).

We also sought to assess the degree to which the small RNA cloning biases are reproducible across labs
using the same or different protocols, by examining the rank-order of RNA sequence abundance. To see if the
rank-order of miRNA abundance was preserved, we calculated Spearman rank correlations for the equimolar
pool counts between labs/protocols. As depicted in the heatmap (Supplementary Figure 3) the correlation
between lab was very strong when using a common standardized protocol [Lib. method: combined Rho value
(top/bottom 2%, n samples): TruSeq: 0.98 and (0.89, 1; n=8), NEBNext: 0.99 (0.93, 1; n=4)]. This correlation
was fairly strong when comparing results from the in-house 4N protocols, with the caveat that these protocols

were not identical across labs and the spread using these data points was less relative to TruSeq because of the
5


http://dx.doi.org/10.1101/113050
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online May. 17, 2017; doi: http://dx.doi.org/10.1101/113050. The copyright holder for this preprint (which was not
peer-reviewed) is the author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

reduced bias associated with the 4N protocols [4N: 0.76 (0.15-99; n=6)]. Comparison across labs using different
protocols showed weak correlation, consistent with the differences in sequence-specific biases between
protocols discussed above [TruSeq vs NEBNext: 0.60 (0.56, 0.66); TruSeq vs CleanTag: 0.73 (0.71-0.77);
TruSeq vs 4N: 0.45 (0.18-0.70); NEBNext vs CleanTag.: 0.71 (0.71-0.72), NEBNext vs 4N: 0.51 (0.28-0.52)
and CleanTag vs 4N: 0.50 (0.20-0.62).

Accuracy and cross-protocol concordance of small RNA-Seq protocols for relative quantification

In addition to assessing bias in recovering different small RNA sequences relative to each other in the
same sample, we investigated the accuracy of relative quantification of the same small RNAs between different
samples. In order to do so, we designed two ratiometric pools, SynthA and SynthB, each containing the same
334 synthetic miRNA sequences, but with varying relative abundance of RNA sequences between the two
samples (Supplementary Table 2). Sequencing of these ratiometric synthetic RNA pools allowed us to
compare the observed vs. expected values for fifteen different defined expression ratios (1:10, 1:8, 1:5, 1:4, 1:3,
1:2, 1:1.5, 1:1, 1.5:1, 2:1, 3:1, 4:1, 5:1, 8:1 and 10:1) for each of the different library preparation protocols. All
of the protocols tested showed close concordance between observed and expected ratios, clearly distinguishing
the 15 different ratios (Figure 3). We performed an additional analysis of the data using standard differential
expression analysis to determine the smallest fold-difference in abundance that could be distinguished using
small RNA-seq methods. We observed that in most datasets (i.e., for most protocols), the majority of miRNAs
present at a fold difference of as little as 1.5-fold between the two samples could be detected as differentially
abundant (Supplementary Figure 4). As shown in Supplementary Table 5, all the evaluated protocols were
remarkably accurate in this sense, in spite of their inherent sequence-specific bias. It is interesting that even the
protocols associated with the highest bias (i.e. protocols using adaptors with defined sequences) were
demonstrably accurate in most relative quantifications.

Much as we had done for the synthetic equimolar pool, we also used sequencing data from our
ratiometric pools SynthA and SynthB to assess the degree to which small RNA cloning biases are reproducible
across labs using the same or different protocols, by examining the rank-order of RNA sequence abundance.
Taking a general overview of the Spearman rank correlations results obtained for the SynthA and SynthB
samples, the results were essentially the same as for the equimolar pool: the correlation was strong when using
the same protocol, but weaker across different protocols (Figure 4c). In contrast, when we analyzed the
concordance of the obtained ratios SynthA/SynthB (Figure 4c), we found a very strong correlation between
labs not only when using the same protocol, but also across different protocols, further confirming that the

relative quantification is not subject to substantial protocol-specific confounding effects [Lib. method:
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combined Rho value (top/bottom 2%, n samples): TruSeq:0.98 (0.98,0.99, n=8); 4N: 0.98 (0.96,0.99, n=8);
NEBNext:0.98 (0.98,0.98, n=3); TruSeq vs NEBNext: 0.96 (0.95,0.97, n=11); TruSeq vs 4N: 0.97 (0.96, 0.97,
n=16); TruSeq vs CleanTag: 0.95 (0.94, 0.96, n=9); NEBNext vs 4N: 0.96 (0.94, 0.98, n= 11); NEBNext vs
CleanTag: 0.95 (0.94, 0.95, n=4); 4N vs CleanTag: 0.96 (0.93, 0.96, n=9)].

Reproducibility of small RNA-seq protocols

As each group was asked to contribute four technical replicates for each contributed library preparation
protocol, we were able to assess the within-lab reproducibility of each protocol utilized. The heatmap
representation of the equimolar synthetic RNA pool sequencing data (Figure 2a) showed that technical
replicates of the same protocol clustered tightly together within each lab, consistent with high intra-lab
reproducibility of replicates. In order to quantify intra-lab variation from this data, we used two used two
metrics, (i) %CV (standard deviation/mean) and, (ii) quartile coefficient of dispersion —QCD- (interquartile
range / average of the first and third quartile). The median %CV ranged from 6%-24% for the different
protocols. library preparation methods. The %CV for each protocol, written as [Lib. method: Median %CV
(top/bottom 2%, n samples where each “sample” is a lab with multiple technical replicates) | were: TruSeq:
6.19% (1.04, 43.52, n=8); NEBNext: 10.06% (1.59, 51.88, n=4); 4N-type protocols: 11.22% (1.47, 76.78, n=06)
and CleanTag: 23.69% (3.23, 61.31, n=1)] (Figure 4a). In addition, the median quartile coefficient of
dispersion was <0.1 for all the protocols/labs [Lib. method: Median QCD (top/bottom 2%, n samples where
each “sample” is a lab with multiple technical replicates), TruSeq: 0.03 (0.00, 0.30, n=8); NEBNext: 0.05 (0.01,
0.27, n= 4); 4N-type protocols: 0.06 (0.01, 0.27, n=6) and CleanTag: 0.09 (0.01, 0.33, n=1)] (Figure 4a). We
also evaluated the intra-lab variation from technical replicates of sequencing the SynthA and SynthB libraries.
The calculated %CV and QCD values were similar to those observed for the equimolar libraries
(Supplementary Figure 5).

In addition to assessing within-lab reproducibility of technical replicates, we were able to characterize
reproducibility of small RNA-seq across laboratories because a standardized small RNA-seq protocol (i.e.,
TruSeq) to be followed by multiple groups was included in the study design. Using the sequencing results for
the equimolar pool and treating each laboratory’s results as one trial of the experiment, we calculated the % CV
as well as the QCD for the mean CPM values for each RNA sequence across laboratories. The median %CV
across labs was < 35.09% (top/bottom 2%: 16.32, 142.75; n=8) and the median QCD across labs was 0.18
(top/bottom 2%: 0.06, 0.45; n=8) (Figure 4b). We also calculated across between-lab variation for the SynthA
and SynthB pools individually and obtained comparable median %CV and QCD values to those described for
the equimolar libraries [Median %CV: SynthA = 30.79%, (top/bottom 2%: 14.50, 66.90; n=8), SynthB
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=32.08% (top/bottom 2%: 14.50, 66.90; n=8) and Median QCD: SynthA = 0.17 (top/bottom 2%: 0.05, 0.43;
n=8), SynthB =0.18% (top/bottom 2%: 0.05, 0.43; n=8).

Performance of small RNA-seq protocols using biological samples

We also sought to characterize performance of small RNA-seq protocols across labs using standard
reference RNA derived from biological material, since factors such as greater complexity of both RNA species
and of the biological matrix in which they are present, could produce differing results from those obtained using
synthetic reference RNAs. Whereas synthetic reference RNA pools are made to have a defined composition and
concentration of RNA species, for biological samples the “ground truth” is not directly known and therefore
technical bias and accuracy of small RNA-seq protocols cannot be readily determined. However, sequencing of
standardized biological material across labs and protocols can allow evaluation of reproducibility, as well as of
diversity of microRNA sequences recovered by different protocols. In order to perform this analysis, we used
RNA extracted from a pool of human blood plasma from 11 donors as a standardized reference sample.
Aliquots of the extracted RNA were shipped to the participating labs for sequencing in quadruplicate using the
same protocols as used for synthetic pools above (i.e., standardized TruSeq protocol as well as one or two
alternative protocols run by each lab, unless indicated otherwise). We focused our analysis of sequencing data
on microRNAs, since these are a well-characterized class of small RNAs* that have been extensively studied in
human plasma™,

In order to evaluate the reproducibility of a given protocol within a lab, we analyzed the four plasma
technical replicates available within each lab using each particular protocol. In a heatmap clustering analysis of
the comprehensive plasma RNA sequencing results (filtered to require a minimum CPM for analysis, as detailed
in the legend for Figure 5a), technical replicates of the same protocol clustered together (Figure 5a). We
quantified the intra-lab reproducibility of plasma small RNA-seq for each protocol using %CV and QCD
calculated for individual miRNA sequences across replicates (Figure 5b). The median %CV across the range of
miRNAs analyzed ranged from 9% - 25% for different protocols. This degree of reproducibility was
comparable to that observed in small RNAseq of synthetic reference pool RNA using different protocols, as
described earlier (Figure 4). More specifically, the median %CV values for sequencing reference plasma RNA
by protocol [represented as Lib. method: Median %CV (top/bottom 2%, n samples where each “sample” is a lab
with multiple technical replicates)] were: TruSeq: 8.85% (1.64, 33.73, n=8); NEBNext: 12.09% (3.00, 34.35, n=
4); 4N-type protocols: 10.45% (1.76, 36.18, n=6) and CleanTag: 25.09% (5.47, 52.33, n=1)]. In addition, the
median QCD was <0.1 for all the protocols [represented as Lib. method: Median QCD (top/bottom 2%, n
samples where each “sample” is a lab with multiple technical replicates):TruSeq: 0.04 (0.01, 0.17, n=8);
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Figure 5.
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