
High-throughput sequencing of human plasma RNA by using
thermostable group II intron reverse transcriptases

YIDAN QIN,1,2,3 JUN YAO,1,2,3 DOUGLAS C. WU,1,2 RYAN M. NOTTINGHAM,1,2 SABINE MOHR,1,2

SCOTT HUNICKE-SMITH,1 and ALAN M. LAMBOWITZ1,2

1Institute for Cellular and Molecular Biology, University of Texas at Austin, Austin, Texas 78712, USA
2Department of Molecular Biosciences, University of Texas at Austin, Austin, Texas 78712, USA

ABSTRACT

Next-generation RNA-sequencing (RNA-seq) has revolutionized transcriptome profiling, gene expression analysis, and RNA-based
diagnostics. Here, we developed a new RNA-seq method that exploits thermostable group II intron reverse transcriptases (TGIRTs)
and used it to profile human plasma RNAs. TGIRTs have higher thermostability, processivity, and fidelity than conventional
reverse transcriptases, plus a novel template-switching activity that can efficiently attach RNA-seq adapters to target RNA
sequences without RNA ligation. The new TGIRT-seq method enabled construction of RNA-seq libraries from <1 ng of plasma
RNA in <5 h. TGIRT-seq of RNA in 1-mL plasma samples from a healthy individual revealed RNA fragments mapping to a
diverse population of protein-coding gene and long ncRNAs, which are enriched in intron and antisense sequences, as well as
nearly all known classes of small ncRNAs, some of which have never before been seen in plasma. Surprisingly, many of the
small ncRNA species were present as full-length transcripts, suggesting that they are protected from plasma RNases in
ribonucleoprotein (RNP) complexes and/or exosomes. This TGIRT-seq method is readily adaptable for profiling of whole-cell,
exosomal, and miRNAs, and for related procedures, such as HITS-CLIP and ribosome profiling.
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INTRODUCTION

Next-generation RNA sequencing (RNA-seq) is a supremely
powerful method for transcriptome profiling and gene ex-
pression analysis, with applications that include the iden-
tification of novel biomarkers and new diagnostic methods
for disease (Wang et al. 2009; Wilhelm and Landry 2009;
Ozsolak and Milos 2011; Chen et al. 2012). A recent exciting
application of RNA-seq is the analysis of extracellular RNAs
present in plasma and other bodily fluids (Mitchell et al.
2008; Burgos et al. 2013; Huang et al. 2013; Williams et al.
2013; Koh et al. 2014). Such extracellular RNAs are potential
biomarkers for human diseases and may be involved in inter-
cellular communication (Valadi et al. 2007; Zernecke et al.
2009; Fabbri et al. 2012; Grasedieck et al. 2013). In plasma, ex-
tracellular RNAs, also known as circulating RNAs, are present
in vesicles, such as exosomes, microvesicles, and apoptotic
bodies, and/or in ribonucleoprotein (RNP) complexes (e.g.,
miRNAs with Argonaute2 [Ago2] or high-density lipopro-
teins [HDLs]) (Zernecke et al. 2009; Arroyo et al. 2011;
Vickers et al. 2011; Huang et al. 2013). Circulating RNAs
found in human plasma include fragments of mRNAs and

long noncoding RNAs (lncRNAs), possibly resulting from
intracellular RNA turnover and secretion in exosomes, as
well as miRNAs and other small noncoding RNAs (small
ncRNAs) (Huang et al. 2013; Williams et al. 2013; Koh et al.
2014). Dysregulation of noncoding RNAs and malfunctions
in their processing machinery are frequently hallmarks of hu-
man disease, including cancer and Alzheimer’s disease (Croce
2009; Esteller 2011; Batista and Chang 2013). Further, the ex-
pression profiles of miRNAs and lncRNAs are often tissue-
and cell-state specific, which may facilitate disease diagnoses
(Lu et al. 2005; Rosenfeld et al. 2008; Cabili et al. 2011;
Brunner et al. 2012). Multiple reports correlate the presence
of specificmRNAs ormiRNAs in plasma or serumwith differ-
ent types of cancer andother diseases, suggesting that the anal-
ysis of circulating RNAs may provide a noninvasive, cost-
effective solution for detecting and monitoring cancer pro-
gression (Kopreski et al. 2001; Silva et al. 2007; Keller et al.
2011;Moussay et al. 2011; Koh et al. 2014). Thus far, however,
knowledge of different RNA types that circulate in human
plasma and their relative abundance remains limited.
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All RNA-seq methods rely upon an initial cDNA synthesis
step in which a reverse transcriptase (RT) converts RNA
sequences into DNA, which can then be sequenced by pow-
erful high-throughput DNA sequencing technologies. Cur-
rent RNA-seq methods can be divided into two general
categories. In one category, used for the analysis of mRNAs
and lncRNAs, the initial reverse transcription step typically
enriches for cDNAs of polyadenylated (poly(A)+) RNAs, ei-
ther by priming with oligo(dT) or by priming with random
oligomers after depletion of the highly abundant rRNAs
(Levin et al. 2010; Ozsolak and Milos 2011). The resulting
cDNAs are then converted into suitably sized double-strand-
ed DNAs and ligated to platform-specific sequencing adapt-
ers (Ozsolak and Milos 2011). The most widely used of these
methods uses RNA fragmentation, random hexamer prim-
ing, and addition of dUTP during second-strand synthesis;
after adapter ligation, the uridine-containing second strand
is either excluded during PCR with a high-fidelity DNA po-
lymerase or degraded enzymatically to achieve strand specif-
icity (Levin et al. 2010; Head et al. 2014). A second category of
RNA-seq methods, used for miRNAs and other small
ncRNAs, involves ligation of RNA-seq adapters containing
primer-binding sites to the 3′ and/or 5′ ends of target
RNAs with RNA ligase, followed by reverse transcription
and PCR amplification for RNA-seq library construction
(Levin et al. 2010; Raabe et al. 2014). Limitations of these
methods include (1) the inability to comprehensively profile
mRNAs and lncRNAs together with small ncRNAs in the
same RNA-seq reaction; (2) the relatively low fidelity and
processivity of retroviral RTs used for cDNA synthesis (Hu
and Hughes 2012), making it difficult to analyze RNA se-
quence polymorphisms and highly structured or GC-rich
RNAs; and (3) the inefficiency and/or biases introduced by
RNA-seq adapter ligation using RNA ligases or by random
hexamer priming (Linsen et al. 2009; Hansen et al. 2010;
Levin et al. 2010; Lamm et al. 2011; Raabe et al. 2014).

We have been developing new RNA-seq methods using the
RTs encoded by another type of retroelement,mobile group II
introns (Mohr et al. 2013). Mobile group II introns are bacte-
rial retrotransposons that proliferate within genomes by a
mechanism called retrohoming, which requires reverse tran-
scription of a highly structured group II intron RNAwith high
processivity and fidelity, properties that are potentially useful
for applications that require cDNA synthesis, such as RNA-
seq and qRT-PCR (Mohr et al. 2013; Enyeart et al. 2014;
Lambowitz and Belfort 2015). Recently, we overcame a
long-standing impediment by developing general methods
for the high-level expression of thermostable group II intron
RTs (TGIRTs) from bacterial thermophiles as fusion proteins
with a noncleavable solubility tag attached via a rigid linker
(Mohr et al. 2013).We found that TGIRT enzymes have high-
er thermostability, processivity, and fidelity than retroviral
RTs, as well as a novel end-to-end template-switching activity,
which can directly link RNA-seq or PCR adapters to target
RNAs during cDNA synthesis without a separate RNA ligase

step (Mohr et al. 2013). We showed that TGIRT-seq enables
miRNA profiling with less bias than two commercial RNA-
seq kits that rely on RNA ligation for RNA-seq adapter addi-
tion (Mohr et al. 2013). Recently, we used TGIRT-seq to pro-
file RNAs associated with the human interferon-induced
protein IFIT5 (Katibah et al. 2014); to identify tRNAs associ-
ated with a yeast ribosome quality control complex (Shen et
al. 2015); and in combination with a demethylase, for quan-
titative profiling of cellular tRNAs (Zheng et al. 2015).
These studies demonstrated that TGIRT-seq yields full-length
reads of highly structured RNAs, including precursor and
mature tRNAs, enables the quantification of charged and un-
charged tRNAs, and facilitates the analysis of post-transcrip-
tional modifications, including base modifications on the
Watson–Crick face, many of which can be read through and
result in distinctive patterns of misincorporated nucleotides.
In the initial TGIRT-seq method, the cDNAs with an

RNA-seq adapter linked by TGIRT during reverse transcrip-
tion were size-selected on a denaturing polyacrylamide gel
and circularized with CircLigaseII ssDNA Ligase (Epicentre)
prior to PCR amplification (Mohr et al. 2013; Katibah et al.
2014; Shen et al. 2015; Zheng et al. 2015). Although this pro-
cedure remains useful for RNA-seq of specific RNA size clas-
ses or homogenously sized RNA fragments in procedures like
HITS-CLIP or ribosome profiling, disadvantages include (1)
size limitations introduced by CircLigase, whose efficiency
decreases for longer cDNAs (Epicentre product literature);
(2) a gel-purification step, which is time consuming and re-
sults in loss of material; and (3) the use of hazardous chem-
icals, such as phenol and chloroform.
Here, we describe a new rapid and efficient method for us-

ing TGIRT template-switching in RNA-seq library construc-
tion from RNA pools without size selection and demonstrate
its use for the profiling of circulating RNAs in human plasma.
By eliminating gel-purification and phenol-extraction steps,
the method enables the construction of RNA-seq libraries
from small amounts of RNA in <5 h. The TGIRT-seqmethod
developed here is readily adaptable for a variety of other appli-
cations, including sequencing of whole-cell and exosomal
RNAs, profiling of miRNAs and other noncoding RNAs,
and for streamlining the identification of protein- or ribo-
some-bound RNA fragments in procedures like HITS-CLIP,
RIP-seq, and ribosome profiling. The validation of the meth-
od by RNA-seq of well-characterized human reference RNA
samples will be presented elsewhere (RM Nottingham, DC
Wu, Y Qin, J Yao, S Hunicke-Smith, AM Lambowitz, in
prep.).

RESULTS AND DISCUSSION

A new method for construction of RNA-seq libraries
via TGIRT template-switching

Figure 1A outlines our method for the construction of RNA-
seq libraries via TGIRT template-switching. First, the TGIRT
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binds to an initial template–primer substrate comprised of
an RNA oligonucleotide containing an RNA-seq adapter
sequence annealed to a complementary DNA primer. For
Illumina sequencing, the RNA oligonucleotide contains
an Illumina Read 2 primer-binding site (R2 RNA), and the
DNA primer contains the complementary sequence (R2R
DNA) (Fig. 1A; Supplemental Fig. S1). After forming a
complex with the initial template–primer substrate, the
TGIRT initiates reverse transcription by switching directly
from the 5′ end of the RNA-seq adapter to the 3′ end of a tar-
get RNA, yielding a continuous cDNA linking the two se-
quences. The RNA-seq adapter has a 3′-blocking group
that impedes secondary template-switching to the 3′ end of
that RNA.
To increase the efficiency of template-switching, the DNA

primer annealed to the RNA-seq adapter in the initial tem-
plate–primer substrate has a single-nucleotide 3′ overhang.
This 3′-overhang nucleotide base-pairs to the 3′-terminal nu-
cleotide of the target RNA, resulting in a seamless template-

switching junction between the RNA-seq adapter and the tar-
get RNA (Mohr et al. 2013). In the present work, for the con-
struction of RNA-seq libraries fromRNA pools with minimal
bias, we used an initial template–primer substrate with an
equimolar mixture of A, C, G, or T 3′ overhangs (denoted
N; see Mohr et al. 2013). The ability of a single base pair be-
tween the 3′-overhang nucleotide and the 3′ end of the target
RNA to direct TGIRT template-switching at 60°C, the oper-
ational temperature of TGIRT enzymes, indicates a very po-
tent strand annealing activity of group II intron RTs.
Because an RNA-seq adapter is added directly during

cDNA synthesis, TGIRT-seq is inherently strand-specific.
This strand specificity was confirmed here by the low fre-
quency of antisense reads from a 74-nt RNA synthetic oligo-
nucleotide template (7.2 × 10−6 and 1.9 × 10−5 for the TeI4c
and GsI-IIC thermostable group II intron RTs, respectively;
Materials and Methods) and by the lack of antisense reads
for a variety of small ncRNAs in the plasma RNA-seq data
sets described below.
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FIGURE 1. TGIRT-seq overview. (A) RNA-seq library construction via TGIRT template-switching. TGIRT template-switching reverse transcription
reactions use an initial template–primer substrate comprised of an RNA oligonucleotide, which contains an Illumina Read 2 primer-binding site (R2
RNA) and has a 3′-blocking group, annealed to a complementary DNA primer (R2R DNA), which leaves an equimolar mixture of A, C, G, and T
(denoted N) single-nucleotide 3′ overhangs. In the protocol used in the present work, the initial R2 RNA-R2R DNA substrate was mixed with target
RNA and TGIRT enzyme in the reaction medium, with the enzyme added last, and then pre-incubated for 30 min at room temperature prior to ini-
tiating reverse transcription reactions by adding dNTPs. The reactions were incubated for 15 min at 60°C and terminated by alkaline treatment, as
described in Materials and Methods. The cDNA products were then purified with a MinElute Reaction Cleanup Kit (QIAGEN) and ligated at their 3′
ends to a 5′-adenylated/3′-blocked DNA oligonucleotide complementary to an Illumina Read 1 primer (R1R) by using a Thermostable 5′ AppDNA/
RNA Ligase (New England Biolabs). The ligated cDNAs were repurified and amplified by PCR for 12 cycles to add Illumina flow cell capture sites (P5
and P7) and barcode sequences for sequencing. (B) Mapping pipeline for RNA-seq data sets constructed with TGIRT enzymes. After trimming adapt-
er sequences and reads with low quality base calls by using cutadapt, reads of ≥18 nt were mapped by TopHat and Bowtie2 (default settings) to a
human genome reference sequence (Ensembl GRCh38 release 76) supplemented with additional rRNA gene contigs and other sequences (Pass 1)
(see Materials and Methods). Unmapped reads from Pass 1 were then remapped to the same human genome reference sequence using Bowtie2 local
alignment (default settings) to recover reads from RNAs with post-transcriptionally added nucleotides [e.g., 3′ CCA, poly(U)] or short introns (e.g.,
tRNA introns; Pass 2). Concordant read pairs that mapped uniquely with MAPQ ≥15 from Passes 1 and 2 were combined and mapped to genomic
features. Reads that mapped to tRNA genes were filtered and combined with the reads that remained unmapped after the Bowtie2 local alignment, and
remapped to human tRNA reference sequences (UCSC genome browser website) to achieve optimal recovery andmapping of tRNA reads. tRNA reads
with MAPQ ≥1 were combined with mapped genome reads from the prior steps for downstream analysis.
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For RNA-seq profiling, reverse transcription by TGIRT en-
zymes is done at 60°C in a reaction medium containing high
salt (450 mM NaCl), which limits multiple template-switch-
es. In the primary plasma RNA-seq data sets presented here
(Data Sets 1–10 [DS1–10]), the percentage of fusion reads,
which includemultiple template-switches, was≤0.14%, com-
parable with conventional RNA-seq methods using retroviral
RTs (Lu and Matera 2014). Multiple template-switches that
do occur are sporadic and can be distinguished from novel
biologically relevant junctions resulting fromDNA transloca-
tions or unannotated splice junctions by a combination of
technical replicates, alignments to genomic sequences, and
qRT-PCR validation. Because TGIRT enzymes have very
high processivity, TGIRT template-switching is virtually al-
ways end-to-end and does not occur appreciably from inter-
nal sites (Mohr et al. 2013). In contrast, retroviral RTs
frequently template-switch by dissociating from an internal
site and reinitiating at a different site, resulting in artifactual
internal deletions (Mader et al. 2001; Cocquet et al. 2006).

In the previous TGIRT-seq method, referred to as the
small RNA/CircLigase method, cDNAs were linked by
TGIRT template-switching to an RNA-seq adapter contain-
ing the complements to both the Illumina Read 2 (R2R)
and Read 1 (R1R) primer-binding sites, gel purified and
then circularized with CircLigase prior to PCR amplification
(Katibah et al. 2014; Shen et al. 2015; Zheng et al. 2015). In
contrast, in the new TGIRT-seq method developed here,
the cDNAs with an attached R2R adapter sequence are pro-
cessed into RNA-seq libraries without size selection by ligat-
ing a 5′-adenylated (5′ App) DNA oligonucleotide containing
the R1R adapter to the cDNA 3′ end with Thermostable 5′

AppDNA/RNA Ligase (New England Biolabs). The 5′ App
DNA oligonucleotide has a 3′-blocking group that impedes
self-ligation. The ligated cDNAs were then amplified by 12
cycles of PCR with primers that introduce Illumina P5 and
P7 flowcell capture sites and barcodes (Supplemental Fig.
S1). The elimination of the gel-purification step improves
sample recovery and decreases processing time, enabling us
to construct RNA-seq libraries from small amounts of start-
ing material in <5 h.

Preparation of human plasma RNAs

To obtain suitable starting material for RNA-seq, we tested
several different plasma RNA preparation and DNase treat-
ment methods with the aims of increasing the representation
of miRNAs, which comprise only a small proportion of plas-
ma RNAs, and reducing contamination from plasma DNA.
Each RNA-seq data set presented below was constructed
from RNAs extracted from 1 mL of plasma obtained from
a healthy male individual at intervals at least 1 wk apart.
For the primary data sets, plasma RNAs were extracted by us-
ing TRIzol LS Reagent (Thermo Fisher Scientific) followed
by a Direct-zol RNA MiniPrep Kit (Zymo Research), as de-
scribed inMaterials andMethods. This method, which we re-

fer to as the Direct-zol method, typically recovered 2–8 ng of
nucleic acids per milliliter plasma, comparable to yields in
previous studies (Burgos et al. 2013; Williams et al. 2013;
Spornraft et al. 2014). The plasma RNA samples were ana-
lyzed by RNA-seq with no further treatment (NT), after en-
zymatic treatment to remove 3′ phosphates (–3′ P), which
block TGIRT template-switching (Mohr et al. 2013), or after
on-column DNase I digestion (OCD) under conditions that
completely digest 10 ng of a mixture of a 74-nt ssDNA and a
275-nt dsDNA PCR product (Supplemental Fig. S2A).
Bioanalyzer traces of the NT sample showed two broad

peaks: Peak 1 at ∼40–60 nt and Peak 2 at ∼160–170 nt (Fig.
2A). After the on-column DNase I treatment, Peak 2 disap-
peared, leaving only Peak 1 (Fig. 2B), which was sensitive to
RNase I, an enzyme that degrades ssRNA, or alkaline hydro-
lysis, which degrades RNA but not DNA (Fig. 2C,D). The
DNase sensitivity of Peak 2 is consistent with previous find-
ings that plasma DNA fragments cluster at ∼160 bp corre-
sponding in size to the length of dsDNA protected by
nucleosomes (Fan et al. 2008). We found that total plasma
RNA prepared by a mirVana miRNA Isolation Kit (Thermo
Fisher Scientific) using a method that combines large and
small RNA fractions to increase small RNA recovery
(Materials and Methods) also contains a DNase-sensitive
peak of size similar to Peak 2 (Supplemental Fig. S2B–D).
Thus, plasma RNA prepared by either method cannot be as-
sumed to be free of DNA. Because TGIRT enzymes can tem-
plate-switch to either RNA or DNA fragments containing a 3′

OH (Mohr et al. 2013), RNA-seq data sets constructed from
the NT and –3′ P samples potentially contain both plasma
RNA and DNA sequences, whereas those constructed from
the DNase-treated samples correspond almost entirely to
RNA sequences, as judged by their sensitivity to RNase I
and alkali (Fig. 2C,D).

TGIRT-seq of plasma RNA samples

Table 1 summarizes mapping statistics for RNA-seq data sets
constructed from Direct-zol NT, –3′ P, and OCD plasma
RNAs by using the thermostable TeI4c group II intron RT.
Samples were sequenced on an Illumina HiSeq 2500 (DS1;
69.4 million 100-nt paired-end reads) or NextSeq 500
(DS2–10; 14.6–37.8 million 75- or 150-nt paired-end reads).
For each type of RNA preparation, we obtained at least three
RNA-seq data sets, each using a different plasma sample tak-
en from the same individual. After trimming and filtering to
remove adapter sequences and low quality base calls, tran-
script lengths determined by the coverage of the paired-end
read span were consistent with plasma RNA size profiles in
bioanalyzer traces (Supplemental Fig. S3A,B). The processed
reads were mapped to a human genome reference sequence
(Ensembl GRCh38 Release 76) supplemented with additional
rRNA gene contigs (Materials and Methods).
Because TGIRTs give full-length reads of tRNAs and other

small ncRNAs, we developed a pipeline for read mapping,
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which uses TopHat v2.0.10 end-to-end alignment followed
by Bowtie2 local alignment (Fig. 1B) to include RNAs
with post-transcriptionally added nucleotides, such as the
3′ CCA of tRNAs or poly(U) tails (Malecki et al. 2013;
Katibah et al. 2014). Like other RTs and DNA polymerases,
TGIRTs can add a small number of extra nontemplated nu-
cleotides to the 3′ ends of cDNAs (referred to as terminal
transferase activity) (Clark 1988; Golinelli and Hughes

2002). Such extra nucleotides remain after local alignment,
but are readily evaluated by IGV plots as shown below.
For the plasma RNA-seq data sets constructed with the
TeI4c thermostable group II intron RT, 85.7%–95.3% of
the paired-end reads mapped to the human genome, and
27.3%–30.7% were concordant read pairs that mapped
uniquely and with high mapping quality (MAPQ ≥15) to ge-
nomic features in the annotated orientation (Table 1). For

FIGURE 2. Bioanalyzer traces showing size profiles of plasma RNAs before and after various treatments. Total plasma RNA was prepared by the
Direct-zol method, and a 1-µL portion was analyzed with an RNA 6000 Pico Kit (mRNA assay) on a 2100 Bioanalyzer (Agilent) to obtain the traces
shown in the figure. (A) Total plasma RNAwith no further treatment (NT). (B) Total plasma RNA after on-column DNase I treatment (OCD). (C,D)
Total plasma RNA after OCD treatment followed by RNase I or alkaline hydrolysis treatments, respectively.

TABLE 1. Read statistics and mapping for RNA-seq of total plasma RNAs using TeI4c group II intron RT

Data set

NT −3′ P OCD

1 2 3 1–3 4 5 6 4–6 7 8 9 10 7–10

Total reads (×106)a 69.4 23.4 31.7 124.5 20.5 21.5 26.0 68.0 14.6 37.8 36.4 28.5 117.4
Mapped to genome (%)b 92.0 95.3 93.5 93.0 91.1 88.8 92.3 90.8 90.2 85.7 86.6 87.7 87.0
Mapped to features (%)c 28.6 28.8 27.6 28.4 29.3 27.3 29.2 28.7 30.7 30.2 30.1 30.4 30.3

RNA-seq libraries were prepared from plasma RNA samples by using TeI4c RT and sequenced on an Illumina HiSeq or NextSeq instrument to
obtain the indicated number of 100-nt (HiSeq; DS1), 150-nt (NextSeq; DS2–6), or 75-nt (NextSeq; DS7–10) paired-end reads. Each sample
corresponds to plasma RNA (0.9–4.4 ng) obtained from a healthy individual at intervals at least 1 wk apart and was analyzed either with no
further treatment (NT), after T4 polynucleotide kinase treatment under conditions that remove 3′ phosphates (–3′ P), or after on-column
DNase I treatment (OCD). The reads were trimmed to remove adapter sequences and low quality base-calls (sequencing quality score cut-off
at 20 [P-value <0.01]), and reads <18-nt after trimming were discarded. Trimmed reads were filtered and then mapped by using TopHat and
Bowtie2 to a human genome reference sequence (Ensembl GRCh38 Release 76) supplemented with additional rRNA gene contigs, as de-
scribed in Materials and Methods.
aTotal reads after trimming and filtering.
bPercentage of concordant or discordant paired-end reads that mapped uniquely or multiply to the human genome reference sequence.
cPercentage of concordant paired-end reads that mapped uniquely in the correct orientation to annotated features of the human genome refer-
ence sequence.
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confidence, only features with ≥10 hits were counted in the
analysis.

Classes of RNAs detected in human plasma

Figure 3 shows the percentage of reads mapping to different
genomic features in the RNA-seq data sets constructed by us-
ing TeI4c RT for total plasma RNA treated in various ways,
using only uniquely mapped concordant read pairs for the
calculation. The number of individual genes to which the
reads mapped is shown next to each feature in the stacked
bar graphs. The data sets for NT, –3′ P, and OCD-treated
plasma RNAs show similar overall profiles of RNA classes
with the majority of the reads corresponding to fragmented
protein-coding gene and lncRNAs, and a smaller proportion
(1.8%–5.8%) mapping to a variety of small ncRNAs (Fig. 3A,
B; Supplemental Data File).

While having little effect on the proportion of reads map-
ping to protein-coding gene and lncRNAs, the removal of 3′

phosphates (–3′ P), which block TGIRT template-switching,
reproducibly increased the proportion of reads mapping to
18S and 28S rRNAs (from 0.9% ± 0.2% to 6.3% ± 4.0% of
reads mapped to features, P-value = 0.15) and 5′-tRNA

halves (from 0.4% to 7.1% of reads mapped to tRNAs, see
below). These findings suggest that the protein-coding gene
and lncRNA fragments present in plasma were either gener-
ated by RNases that leave a 3′ OH or had their 3′ phosphates
removed by a phosphatase. Previous findings indicate that
most intracellular RNases involved in cellular RNA turnover
leave 3′-OH groups (Houseley and Tollervey 2009; Schoen-
berg and Maquat 2012). In contrast, the rRNA and 5′-tRNA
halves present in plasma, whose representation increased after
3′ phosphate removal, were generated by RNases that leave a
2′3′-cyclic phosphate or 3′ phosphate (e.g., RNase A in blood
or angiogenin in the case of tRNA haves) (Houseley and
Tollervey 2009; Yamasaki et al. 2009).
Despite the differences in plasma collection dates, DNA se-

quencers, and read lengths, the biological replicates for RNA-
seq data sets constructed with the TeI4c RT from each type of
plasma RNA preparation (NT, –3′ P, and OCD) were highly
reproducible, with pairwise Spearman’s correlation coeffi-
cients (ρ) ranging from 0.85 to 0.92 (Supplemental Fig.
S4A–C).
We obtained additional RNA-seq data sets of NT plasma

RNA with the GsI-IIC thermostable group II intron RT,
which is sold commercially as TGIRT-III enzyme (see

A Total RNA B Small ncRNAs

NT -3’ P OCD
0

25

50

75

100

Fe
at

ur
es

 (%
 re

ad
s) rRNA

MT
Long ncRNA
Small ncRNA
Pseudogene
Protein coding

77
37

12,463

1,647
6,777

19,593

87
36

11,363

1,534
5,565

19,092

80
37

12,829

6,555
1,725

19,683

NT  -3’ P OCD

100

0

10

20

Fe
at

ur
es

 (%
 re

ad
s)

388

45

71

191

5

84

220

145

387

376

24

58

170

5

86

144

153

407

419

43

64
295

4

74

190
114
411

tRNA
7SK
7SL
miRNA
MiscRNA
snRNA
snoRNA
VT RNA
Y RNA

FIGURE 3. Percentage of TGIRT-seq reads from total plasma RNA data sets mapping to different categories of genomic features. RNA-seq data sets
were constructed by using TeI4c RT for total plasma RNA prepared by the Direct-zol method and either not treated (NT; combined DS1–3), 3′ de-
phosphorylated (–3′ P; combined DS4–6), or on-column DNase I-treated (OCD; combined DS7–10). Reads were mapped to genomic features as
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Materials and Methods). The GsI-IIC RT data sets were very
similar to TeI4c RT data sets in terms of mapping statistics,
reproducibility, and features detected (Supplemental Table
S1; Supplemental Figs. S4D, S5). The correlation coefficient
between combined NT plasma RNA data sets obtained with
the two TGIRT enzymes (DS1–3 versus DS12–14) was 0.92,
with most of the differences due to low abundance RNA spe-
cies (Supplemental Fig. S4E). Analysis of 3′-terminal nucleo-
tides of RNAs in RNA-seq data sets constructed fromDNase-
treatedplasmaRNApreparations showed a relatively evendis-
tribution of the four possible 3′-terminal nucleotides by both
enzymes, with only small differences of unclear significance in
the frequencies of some di- or tri-nucleotide sequences
(Supplemental Table S2).

Human plasma contains RNA fragments
derived from large number of protein-coding gene
and lncRNAs and appears enriched in intron
and antisense sequences

The TGIRT-seq profiles suggest that human plasma RNA
consists largely of RNA fragments derived from a diverse pop-
ulation of protein-coding gene and lncRNAs. From the Bio-
analyzer traces of the on-column DNase I-treated (OCD)
samples, we infer that the protein-coding gene and lncRNA
fragments, which comprise a high proportion of plasma
RNA, are heterogeneous in size with a broad peak at ∼40–
60 nt (Peak 1; Fig. 2B), and this was supported by separately
calculating the length distribution of protein-coding gene
reads (excluding embedded small ncRNAs) in the DNase-
treated samples (Supplemental Fig. S3C).
Further analysis of the protein-coding gene reads in NT

and OCD-treated plasma RNA data sets indicated that they
are enriched in intron and antisense sequences compared
with human whole-cell RNAs analyzed by the same
TGIRT-seq method using TeI4c RT (Jurkat cells) or GsI-
IIC RT (K562 cells) (Fig. 4; Supplemental Table S3). RNA-
seq data sets constructed from plasma RNA prepared by
either the Direct-zol or mirVana combined methods and
treated with Baseline-ZERO DNase (Epicentre), which ac-
cording to the manufacturer digests DNA to mononucleo-
tides, showed similar enrichments of intron and antisense
sequences (data sets BZD and M-BZD in Fig. 4), as did lim-
iting the analyzed protein-coding gene reads in the DNase-
treated data sets to ≥30 nt to exclude residual small DNA
fragments (denoted read span ≥30 nt in Fig. 4). Plots of
the proportion of reads mapping to the sense and antisense
strands versus gene length in the data sets for DNase-treated
plasma RNAs showed wide variations for different genes with
convergence toward 50% sense/antisense reads for longer
genes in the larger data sets (Supplemental Fig. S6).
Previous studies have shown that a high proportion of the

human genome is transcribed from both strands, with many
annotated antisense RNAs overlapping protein-coding se-
quences on the opposite strand and concordantly regulated

with the sense RNAs (Katayama et al. 2005; Werner 2013;
Brown et al. 2014; Khorkova et al. 2014; Portal et al. 2015).
Our findings raise the possibility that plasma RNA is en-
riched in extraneous intron and antisense RNAs, which
may be preferentially targeted for degradation and cellular
secretion, eventually finding their way into plasma.

Classes of small noncoding RNAs detected in plasma
by TGIRT-seq

miRNAs

The TGIRT-seq profiles for different types of plasma RNA
preparations indicate thatmiRNAare not abundant in human
plasma. Figure 5A shows profiles of miRNAs detected in total
plasmaRNAs prepared by theDirect-zolmethodwith on-col-
umn DNase I treatment (OCD) and by the mirVana com-
bined method with Baseline-ZERO DNase treatment (M-
BZD; Materials and Methods). The miRNAs detected by
TeI4c RT in both types of RNA preparations showed skewed
distributions (Fig. 5A). miRNA species with the highest read
counts in both data sets includemiR-451a,miR-142,miR-16-
2, mir-122 (a liver-specific miRNA), miR-223, miR-19a, let-
7a, miR-16-1, let-7b, miR-6087, miR-126, miR-17, and miR-
21 (Fig. 5A). The abundant plasma miRNAs identified here
include those previously reported to be present in plasma in
complex with Ago2 proteins (e.g., miR-451a, miR-16, miR-
122, miR-223, miR-19a, let-7b, and miR-21), largely in exo-
somes (e.g.,mirR142 and let-7a), and in bothAgo2 complexes
and exosomes (miR-126) (Arroyo et al. 2011).
Tissue expression profiles of the mature miRNAs in the

RNA-seq data sets for both types of DNase-treated plasma
RNA (Fig. 6; Supplemental Fig. S7) indicate that plasma is en-
riched in miRNAs that are abundant in endocrine glands and
highly vascularized organs, along with a subset of miRNAs
that are abundant (top 10 percentile) in red blood cells or
platelets (miRNA names indicated in red in Fig. 6) (Landgraf
et al. 2007; Wang et al. 2012). Some miRNAs abundant in
brain were also detected with relative high read count in the
plasma, in agreement with a previous study, which detected
brain-specific transcripts in plasmawith increased abundance
of certain neuronal transcripts correlated with Alzheimer’s
disease (Koh et al. 2014).
Integrative Genomics Viewer (IGV) plots, in which reads

are aligned to the genomic sequence, showed that most of
the abundant miRNA are present in plasma as full-length,
mature species, including some with post-transcriptionally
added 3′ A residues (e.g., miR-122) (Fig. 5B; Norbury
2013). For miR-126, both the mature miRNA (miR-126-
3p) and passenger strand (miR-126-5p) are present in hu-
man plasma, consistent with previous findings (Arroyo
et al. 2011). In addition to annotated miRNAs, the M-BZD
data set revealed mature-sized miRNAs from several pre-
dicted miRNA loci (e.g., AC034205.1, AC023050.1, and
AL589669.1) (Fig. 5C). The IGV plots also show that a few
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miRNA species are present in plasma as full-length pre-
miRNAs with both 5′ and 3′ ends corresponding exactly to
the annotated mature miRNA arms (Supplemental Fig.
S9A). Some of these pre-miRNAs are present together with
the mature miRNAs (e.g., let-7f, miR-27a, miR-146a, and
miR-30c), whereas others are present almost entirely as the
pre-miRNA (e.g., miR-1229 and miR-139) (Fig. 5B,C).
Such distinctions would be missed in miRNA quantitation
by qRT-PCR or microarray assays. Although GsI-IIC RT
used at limiting concentrations (500 nM) appears to un-
der-represent miRNAs in total plasma RNA preparations,
RNA-seq data sets constructed with GsI-IIC RT for
mirVana small RNA preparations (Materials and Methods)
were similar to those for TeI4c RT, with mostly minor differ-
ences in profiles for abundant miRNA species detected by the
two TGIRT enzymes (Supplemental Fig. S8).

Finally, although the abundant miRNA species in DNase-
treated plasma RNA data sets (OCD and M-BZD) corre-
spond well to those detected in the nontreated (NT) plasma
RNA data sets, we note the curious case of miR-182 for which
we detected abundant reads corresponding to the exact anti-

sense of the annotated mature miRNA in the NT data sets
(Supplemental Fig. S9), the only mature miRNA for which
antisense sequences were detected. This antisense miR-182
sequencewas found reproducibly inmultiple data sets of non-
treated plasma RNAs obtained with both TGIRT enzymes,
but disappeared after DNase treatment, leaving only the an-
notated sense orientation of the miRNA. These findings sug-
gest that the antisense miR-182 was initially part of an RNA/
DNA hybrid with the annotatedmiRNA, either an in vitro ar-
tifact or hinting at a novel DNA-based mode of miRNA-reg-
ulated gene expression.

tRNAs and tRNA fragments

tRNAs are the most abundant small ncRNAs detected in the
data sets for total plasma RNA (83.0%–93.4% of the small
ncRNA reads, mapping to 376–419 different tRNA genes;
Fig. 3B). tRNA species grouped by anticodon showed a
skewed distribution, with good correspondence between
the abundant tRNA species detected by TeI4c in the NT and
–3′ P plasma RNA preparations (Fig. 7A). IGV alignments

A B
AntisenseSense

NT OCD BZD M-BZD OCD BZD
Read span ≥ 30 nt

M-BZDJurkat K562

0

25

50

75

100

%
 R

ea
ds

NT OCD BZD M-BZD OCD BZD
Read span ≥ 30 nt

M-BZDJurkat K562

0

25

50

75

100

Fe
at

ur
es

 (%
 b

as
es

)

Intergenic Intron UTR CDS

FIGURE 4. Human plasma RNA is enriched in intron and antisense sequences compared with whole-cell RNAs. Reads mapping to protein-coding
genes were analyzed to assess coverage across different regions and both DNA strands in RNA-seq data sets constructed with TGIRT enzymes for total
plasma or whole-cell RNA prepared and treated in different ways. These include plasma RNA prepared by the Direct-zol method with no further treat-
ment (NT; combinedDS1–3), after on-columnDNase I treatment (OCD; combined DS7–10), or after Baseline-ZERODNase treatment (BZD; DS11);
plasma RNA prepared by the mirVana combined method after Baseline-ZERO DNase treatment (M-BZD; DS16); and ribo-depleted and fragmented
whole-cell RNA from Jurkat cells (TeI4c RT; DS18) or K562 cells (GsI-IIC RT; DS19). (A) Stacked bar graphs showing the percentage of bases in pro-
tein-coding gene reads that mapped to coding sequences (CDS), introns, 5′- and 3′-untranslated regions (UTRs), and intergenic regions. (B) Stacked
bar graphs showing the proportion of concordant read pairs that mapped to the sense and antisense strands of protein-coding genes. In A and B, reads
that mapped to protein-coding genes were filtered to remove those with >50% of the read length overlapping embedded small ncRNAs, and the per-
centage of bases or reads mapping to different regions or strands was calculated by using picard tools. Reads from the OCD, BZD, andM-BZD data sets
were analyzed with or without removal of read pairs with a span of <30 nt to exclude short DNA fragments that may have escaped DNase treatment.

Qin et al.

118 RNA, Vol. 22, No. 1



MIR19A

MIR16-2MIR142MIR451A MIR122

MIR30C1 MIR1229MIR146AMIR27A MIR139

MIR223

MIR126

MIR185

MIRLET7A2 MIRLET7B

MIR486-2

MIR16-1MIR19B1

MIR93 MIR25 MIR6087

MIR21 MIR6723MIR663A MIR17

MIRLET7F1 MIRLET7GAC023050.1AC034205.1 AL589669.1

A

B

C

4113002001000
0

0.2

0.4

0.6

0.8

1

R
el

at
iv

e 
ab

un
da

nc
e

R
ea

ds
 x

 1
00

3

2

1

0

miR-451a

miR-19a-3p

miR-93-3p

miR-93-5p

miR-126-3p
SNP: T to C
rs28670321

miR-27a-3p

miR-17-5p

let-7f-5p let-7g-5p

miR-21-5p
miR-126-5p

miR-486-5p miR-25-3p miR-185-5p

let-7a-5p miR-19b-3p miR-16-5p let-7b-5p

miR-142-3p miR-16-5p miR-122-5p miR-223-3p

miR-146a-5p miR-30c-5p

33

2

1

0

M
IR

12
2

M
IR

22
3

M
IR

19
A

M
IR

LE
T7

A2

M
IR

45
1A

M
IR

14
2

M
IR

16
-2

M
IR

19
B1

M
IR

48
6-

2
M

IR
25

M
IR

60
87

M
IR

18
5

M
IR

16
-1

M
IR

LE
T7

B
M

IR
93

M
IR

12
6

M
IR

66
3A

M
IR

17
M

IR
21

M
IR

67
23

6540200

R
ea

ds
 x

 1
00

8

6

4

2

0

88

6

4

2

0

M
IR

12
2

M
IR

22
3

M
IR

19
A

M
IR

LE
T7

A2
M

IR
45

1A

M
IR

14
2

M
IR

16
-2

AC
03

42
05

.1

M
IR

LE
T7

G

M
IR

LE
T7

F1
M

IR
60

87
M

IR
LE

T7
I

M
IR

16
-1

M
IR

LE
T7

B

AC
02

30
50

.1

M
IR

12
6

AL
58

96
69

.1
M

IR
17

M
IR

21
M

IR
LE

T7
C

M-BZDOCD

CP

CP

CP

CP

CP

CP

Non-templated
addition

3’ A

FIGURE 5. Human plasma contains both mature and pre-miRNAs. (A) Relative abundance of miRNAs identified in RNA-seq data sets constructed
with TeI4c RT for total plasma RNAs prepared by the Direct-zol method with on-column DNase I treatment (OCD; combined DS7–10; left) or by the
mirVana combined method with Baseline-ZERO DNase treatment (M-BZD; DS16; right). miRNA loci with 10 or more mapped reads were rank-
ordered by read count and plotted to display relative abundance. The 20 most abundant miRNAs loci by read count are shown in the bar graph insets.
Loci encoding predicted miRNAs (Ensembl GRCh38 Release 76) were not included in the bar graphs unless mature-sized miRNAs mapping to the
locus were identified in the data sets. (B,C) IGV screen shots showing coverage plots (CP; above) and alignments (below) of reads for loci in which
abundant miRNA transcripts were identified in the OCD and M-BZD data sets, respectively. In B, the miRNA transcripts were ordered based on
abundance as shown in the left panel of A. (C) IGV screen shots showing additional miRNA transcripts that were abundant in the M-BZD data
set, but less abundant or not present in the OCD data sets. The arrow at the top indicates the boundaries and 5′–3′ orientation of the mature
miRNA on the chromosomal DNA sequence. Reads were sorted by the start site on the chromosome, which can be from either the 5′ or 3′ end de-
pending on the orientation of the gene on the chromosome. Nucleotides matching the genome sequence are shown in gray, andmismatches are shown
as different colors (A, green; C, blue; G, brown; and T, red), which can either correspond to or be the complement of the RNA sequence depending on
the orientation of the gene on the chromosome. Mismatches were checked against NCBI dbSNP, and known SNPs are indicated with the nucleotide
change and corresponding SNP ID. Mismatches at the 5′ end of the reads are likely due to nontemplated nucleotide addition by the TGIRT enzyme to
the 3′ end of the cDNAs. Some miRNAs (e.g., miR-122) have post-transcriptionally added A or AA residues at their 3′ ends (Norbury 2013).

www.rnajournal.org 119

Human plasma RNA-seq using TGIRT enzymes



for representative tRNA species to indi-
vidual loci showed that most are full-
length, extending from the processed 5′

end of the mature tRNA, or post-tran-
scriptionally added 5′ G residue in the
case of tRNAHis, to the post-transcrip-
tionally added 3′ CCA (Fig. 7B). In con-
trast to retroviral RTs, which terminate
at base modifications that affect Wat-
son–Crick base-pairing interactions
(Burnett and McHenry 1997; Ansmant
et al. 2001; Jackman et al. 2003), TGIRTs
frequently read through a number of such
modifications (e.g., m1A58 andm1G9) by
misincorporation, with the spectrum of
misincorporated nucleotides character-
istic of the modification (Katibah et al.
2014; Shen et al. 2015). tRNA-protein
complexes have been identified previous-
ly in human sera as autoantigens in pa-
tients with autoimmune diseases, a well-
studied example being HisGUG, which
is bound to histidyl-tRNA synthetase
in the polymyositis-specific autoantigen
Jo-1 (Hardin et al. 1982; Mathews and
Bernstein 1983; Rosa et al. 1983). Our
findings indicate that HisGUG and other
full-length tRNAs are normal, relatively
abundant components of human plasma.
In addition to abundant full-length

tRNAs, we also detected 5′- and 3′-tRNA
halves resulting from cleavage within the
anticodon loop of several tRNAs (Fig.
7C). As noted previously, the percentage
of 5′-tRNA halves reads increased from
0.4% of mapped tRNA reads in NT data
sets to 7.1% of mapped tRNA reads in –

3′P data sets, consistent with cleavage by
an RNase, such as angiogenin, which
leaves a 2′,3′-phosphate or 3′ phosphate
(Fig. 7C; Fu et al. 2009). 5′-tRNA halves
in plasma have been reported to be pre-
sent in RNP complexes that are destabi-
lized by chelating agents such as EDTA,
whichwasused in our plasmapreparation
(Dhahbi et al. 2013b), and it is possible
that the proportion of 5′-tRNA halves de-
tected by TGIRT-seq would be higher in
plasma prepared without EDTA.

Other small ncRNAs

The remaining small ncRNAs detected
by TeI4c RT in NT total plasma RNA
preparations include Y RNAs (3.8%; 84
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species, including three of four known Y RNAs); snoRNAs
(1.9%; 220 species); 7SL RNAs (1.8%; 191 species);
snRNAs (0.9%; 145 species); Vault RNAs (VT; 0.8%; 5 spe-
cies, including three of four known Vault RNAs); and 7SK
RNAs (0.5%; 71 species) (Fig. 3B). Only fragments of
snoRNAs, snRNAs, and Y RNAs were previously reported
to be present in plasma or exosomes (Dhahbi et al. 2013a;
Huang et al. 2013). We detected longer transcripts mapping
to the piRNA cluster but not mature piRNAs, possibly re-
flecting the 2′-O-methyl group at their 3′ end, which inhibits
TGIRT template-switching (Mohr et al. 2013).

Remarkably, many of the small ncRNAs that we identified
in plasma are full-length transcripts, including snRNAs, both
H/ACA-box and C/D-box snoRNAs, Y RNAs, Vault RNAs,
7SL RNAs (299 nt), and 7SK RNAs (332 nt) (Fig. 8A). All
of these RNAs function intracellularly in RNP complexes
(Walter and Blobel 1982; Kickhoefer et al. 2002; He et al.
2008; Markert et al. 2008; Esteller 2011; Chen et al. 2013),
and their presence as full-length transcripts protected from
plasma RNases suggests that they are present as such in plas-
ma. Y RNA and Vault RNA are associated with autoantigens
Ro/SSA and La/SSB, respectively, both of which have been
implicated in autoimmune diseases, including systemic lupus
erythematosus and Sjögren’s syndrome (Halse et al. 1999;
Xue et al. 2003; Routsias and Tzioufas 2010), while 7SL
RNA, an RNA component of the signal recognition particle,
has been implicated in the autoimmune disease myositis
(Satoh et al. 2005). 7SK RNA, the central scaffold of an
RNP complex that regulates nuclear transcription elongation
(He et al. 2008; Markert et al. 2008), has not been reported
previously in plasma. Notably, the unmapped reads contain
5′-truncated Y RNAs and Vault RNA fragments with poly
(U) tails (Fig. 8B), presumably reflecting that they were tar-
geted for degradation before being exported into plasma
(Malecki et al. 2013).

CONCLUSIONS

The RNA-seq method described here using a thermostable
group II intron reverse transcriptase (TGIRT-seq) enables
strand-specific comprehensive RNA profiling of different
RNA size classes starting from small amounts of RNA. In ad-
dition to simpler library preparation without known biases of
RNA ligation or random hexamer priming of reverse tran-
scription (Linsen et al. 2009; Hansen et al. 2010; Levin et al.
2010; Lamm et al. 2011; Hu and Hughes 2012; Raabe et al.
2014), TGIRT-seq distinguishes mature miRNAs from pre-
miRNAs and longer miRNA-containing transcripts, and it
gives full-length reads including both the 5′- and 3′-RNA ter-
mini of a variety of highly structured small ncRNAs. Because
gel-purification and phenol-extraction steps in previous ver-
sions of the method have been eliminated, RNA-seq libraries
can be prepared from a small amount of starting material in
<5 h and can potentially be automated to further enhance ef-
ficiency and throughput.

In this initial demonstration of the method, we prepared
RNA from 1 mL of human plasma and used Illumina se-
quencing to obtain 14.6–69.4million paired-end reads for to-
tal plasma RNA data sets, enabling profiling of plasma RNAs
at relatively low cost. We found that human plasma RNAs
consist largely of fragments of protein-coding gene and
lncRNAs, together with less abundant small ncRNAs. The
RNA fragments of protein-coding gene appear to be enriched
in intron and antisense sequences, possibly reflecting prefer-
ential turnover of extraneous RNA sequences, which are
packaged into exosomes, exported into the intercellular
space, and eventually find their way into plasma. Surprisingly,
we found that many of the small ncRNAs, includingmiRNAs,
tRNAs, snoRNAs, snRNAs, Y RNAs, Vault RNAs, 7SL RNAs,
and 7SK RNAs, are present as full-length transcripts, suggest-
ing that they are protected from plasma RNase in RNP com-
plexes and/or exosomes. AlthoughmiRNAs are not abundant
in the total plasma RNA preparations, they were amply de-
tected in a way that distinguishes mature miRNAs from
pre-miRNAs and their coverage could be improved by greater
sequencing depth or by small RNA enrichment.
The TGIRT-seq method developed here should be easily

modifiable for different sequencing platforms. By includ-
ing additional steps for rRNA depletion followed by RNA
fragmentation and 3′-phosphate removal (Materials and
Methods), TGIRT-seq is readily adaptable for the profiling
of whole-cell RNAs, as well as for the analysis of exosomal
RNAs and protein-bound RNA fragments in procedures like
HITS-CLIP, RIP-Seq, and for ribosome profiling.

MATERIALS AND METHODS

Ethics statement

De-identified excess (discarded) plasma was used from a prior
study, which had been declared to not meet the requirements
for human subjects research as defined by the Common Rule
(45 CFR 46) or FDA Regulations (21 CFR 50 & 56) by the
University of Texas Office of Research Support.

Thermostable group II intron RTs

Reverse transcription of plasma RNAs for the construction of RNA-
seq libraries was done by using a thermostable TeI4c group II intron
RT (TeI4c-ΔEn fusion protein RT for DS1–11 and 16; TeI4c-MRF
group II intron RT (Mohr et al. 2013) for DS18; Supplemental
Table S4; and thermostable GsI-IIC RT (TGIRT-III; InGex)
(DS12–15, 17, and 19; Supplemental Table S4). The TeI4c-ΔEn fu-
sion protein RT was a gift from Enzymatics and is functionally
equivalent to the TeI4c-MRF group II intron RTs described and
used previously (Mohr et al. 2013).

Preparation of human plasma RNAs

Plasma from a healthy male individual was obtained from the
Genome Sequencing and Analysis Facility at the University of
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Texas at Austin. To prepare plasma, fresh blood was collected in 10-
mL K+/EDTA venous blood collection tubes, mixed with an equal
volume of phosphate-buffered saline without calcium and magne-
sium (PBS −/−; Thermo Fisher Scientific), gently layered over 15-
mL Ficoll-Paque PLUS (GE Healthcare) in a 50-mL conical tube,
and centrifuged at 400g for 35 min at room temperature. After cen-

trifugation, plasma (top layer) was transferred into a clean tube, ali-
quoted, and stored at −80°C.
To prepare total plasma RNA using the Direct-zol method, plas-

ma (1 mL or four 250-µL aliquots) was mixed with three-volume
TRIzol LS Reagent (Thermo Fisher Scientific), shaken vigorously
for 10–30 sec to obtain a homogenous mixture, incubated at

snoRNA (snoRD14C, 88 nt)snRNA (RNU4ATAC, 130 nt)

C/D box snoRNA H/ACA box snoRNA

snoRNA (snoRA9, 133 nt)

SNP: TG insertion
rs76152311

CP

CP

CP

CP

poly(U) Untrimmed adaptor
poly(U)

Untrimmed adaptor

Y RNA (RNY4, 96 nt) Vault RNA (VTRNA1-1, 99 nt)

Y RNA (RNY4, 96 nt) Vault RNA (VTRNA1-1, 99 nt)

7SL RNA (RN7SL2, 299 nt) 7SK RNA (RN7SK, 332 nt)

A

B

FIGURE 8. Other classes of small noncoding RNAs identified as full-lengthmature transcripts in human plasma by TGIRT-seq. (A) IGV screen shots
showing coverage plots (CP; above) and alignments (below) of readsmapping to small ncRNAs loci in RNA-seq data sets constructed with TeI4c RT for
total plasma RNA prepared by the Direct-zol method (NT; combined DS1–3). The RNA biotype is indicated at the top with the gene name and tran-
script length in parentheses. (B) Examples of small ncRNA fragments with poly(U) tails. IGV screen shots showing coverage plots (CP; above) and
alignments (below) of Read 1s for poly(U)-tailed small ncRNAs found among the unmapped reads in NT data sets. In A and B, the arrow at the top
indicates the boundaries and 5′ to 3′ orientation of the mature transcript on the chromosomal DNA sequence. In order to fit the entire alignment in
one panel, genes with >1000 mapped reads were down-sampled to 1000 reads in IGV. Reads were sorted by start site on the chromosome, which can
be from either the 5′ or 3′ end depending on the orientation of the gene on the chromosome. Nucleotides matching the genome sequence are shown in
gray, and mismatches are shown as different colors (A, green; C, blue; G, brown; and T, red), which can either correspond to or be the complement of
the RNA sequence. Mismatches were checked against NCBI dbSNP, and known SNPs are indicated with the nucleotide change and corresponding
SNP ID. Other mismatches were manually checked and were due to lower quality base-calls, nontemplated nucleotide addition to the 3′ end of the
cDNA resulting in extra nucleotides at the 5′ end of the read, or misalignment by Bowtie2 local alignment.
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room temperature for 10 min with occasional mixing, and centri-
fuged at 12,000g for 10 min at 4°C in a 1.7-mL Eppendorf tube.
The resulting supernatant was then mixed with one-volume 100%
ethanol and 5 μg of linear acrylamide carrier (Thermo Fisher
Scientific), incubated at room temperature for 10 min with occa-
sional mixing, and processed with a Direct-zol RNA Miniprep Kit
(Zymo Research) following the manufacturer’s protocol. RNA ex-
tracted from 1-mL plasma was concentrated into 11 µL of double-
distilled water (ddH2O) by ethanol precipitation in the presence
of 0.3 M sodium acetate (pH 5.2) or with an RNA Clean &
Concentrator Kit (Zymo Research).

To prepare total plasma RNA by using the mirVana combined
method, 1 mL of plasma was processed by using a mirVana
miRNA Isolation kit (Thermo Fisher Scientific) following the man-
ufacturer’s protocol, but combining the large and small RNA frac-
tions to obtain a total plasma RNA preparation. After mixing the
plasma lysate with one-third-volume 100% ethanol, the large
RNA fraction was bound to the first column and eluted, while the
small RNA fraction collected in the filtrate was mixed with an addi-
tional two-third-volume 100% ethanol, bound to the second col-
umn, eluted, and combined with the large RNA fraction. For
mirVana small plasma RNA preparation, the large RNA fraction
was discarded. In both methods, the RNA was concentrated and
cleaned up as described above for the Direct-zol method.

RNA samples were used for RNA-seq either without further treat-
ment (denoted NT), after 3′-phosphate removal (denoted –3′ P),
or after different DNase treatments. For 3′-phosphate removal,
the RNA samples were treated with T4 polynucleotide kinase
(Epicentre) according to the manufacturer’s recommendations, ex-
tracted with acid phenol–chloroform–isoamyl alcohol (25:24:1;
Thermo Fisher Scientific), ethanol precipitated, and dissolved in
11-µL ddH2O. DNase treatment of RNA samples prepared by the
Direct-zol RNA MiniPrep Kit (Zymo Research) was done following
the manufacturer’s protocol for on-column DNase I digestion with
either 5-units DNase I (Zymo Research) as specified in the protocol
(DS15) or with 20 units DNase I (DS7–10). Alternatively, DNase
treatment was done on the eluted RNA by using Baseline-ZERO
DNase (Epicentre) according to the manufacturer’s recommenda-
tions. For RNase digestion, the on-column DNase I-treated samples
were digested with RNase I (Epicentre) following the manufacture’s
protocol, and for alkaline hydrolysis, they were incubated at 95°C for
15 min in the presence of 0.25 M NaOH and then neutralized with
equimolar HCl. After treatments, RNA samples were cleaned up
with an RNAClean & Concentrator Kit (Zymo Research) and eluted
with 11-µL ddH2O. To check the efficiency of DNase digestion, we
used a 10-ng mixture of a 74-nt synthetic ssDNA oligonucleotide
(5′-TTTTGATTGTTTTTCGATGATGTTCGGTGAGCATTGTTCG
AGTTTCATTTTATCACAGCCAGCTTTGATGTGC-3′; IDT) and a
275-bp dsDNA PCR product derived from the Lactococcus lactis Ll.
LtrB group II intron.

RNA quality and quantity were assessed by running 1 µL of the
11-µL RNA samples on a 2100 Bioanalyzer (Agilent) using the
RNA 6000 Pico Kit (mRNA assay) or Small RNA Kit for total or
small plasma RNA preparations, respectively.

Construction of RNA-seq libraries

For the construction of plasma RNA-seq libraries, TGIRT template-
switching reverse transcription reactions were done by using an ini-

tial template–primer substrate consisting of a 34-nt RNA oligonu-
cleotide (R2 RNA), which contains an Illumina Read 2 primer-
binding site and a 3′-blocking group (C3 Spacer, 3SpC3; IDT), an-
nealed to a complementary 35-nt DNA primer (R2R DNA) that
leaves an equimolar mixture of A, C, G, or T single-nucleotide
3′ overhangs (Supplemental Fig. S1). Reactions were done in
20 µL of reaction medium containing plasma RNA (0.9–4.4 ng for
total RNA and 7.2–12 ng for small RNA preparations in 10-µL dou-
ble-distilled water), 100 nM template–primer substrate, TGIRT en-
zyme (2 µM TeI4c or 500 nM GsI-IIC RT), and 1 mM dNTPs (an
equimolar mix of 1 mM dATP, dCTP, dGTP, and dTTP) in 450
mMNaCl, 5 mMMgCl2, 20 mMTris–HCl, pH 7.5, and dithiothrei-
tol (DTT; 1 mM for TeI4c RT and 5 mM for GsI-IIC RT). DTT was
either prepared freshly or from a frozen concentrated (0.5 or 1 M)
stock solution. Reactions were assembled by adding all components,
except dNTPs, to a sterile PCR tube containing plasma RNAs with
the TGIRT enzyme added last. After pre-incubating at room temper-
ature for 30 min, reactions were initiated by adding dNTPs and in-
cubated for 15 min at 60°C. cDNA synthesis was terminated by
adding 5 M NaOH to a final concentration of 0.25 M, incubating
at 95°C for 3 min, and then neutralizing with 5 M HCl. The result-
ing cDNAs were purified with a MinElute Reaction Cleanup Kit
(QIAGEN) and ligated at their 3′ end to a 5′-adenylated/3′-blocked
(C3 spacer, 3SpC3; IDT) adapter (R1R; Supplemental Fig. S1) by us-
ing Thermostable 5′ AppDNA/RNA Ligase (New England Biolabs)
according to the manufacturer’s recommendations. The ligated
cDNA products were repurified with aMinElute column and ampli-
fied by PCR by using Phusion High-Fidelity DNA polymerase
(Thermo Fisher Scientific) with 200 nM of Illumina multiplex and
200 nM of barcode primers (a 5′ primer that adds a P5 capture site
and a 3′ primer that adds a barcode plus P7 capture site; Supplemen-
tal Fig. S1). PCR was done with initial denaturation at 98°C for 5 sec
followed by 12 cycles of 98°C for 5 sec, 60°C for 10 sec, and 72°C for
10 sec. The PCR products were purified by using the Agencourt
AMPure XP beads (Beckman Coulter) and sequenced on a HiSeq
2500 or a NextSeq 500 instrument (Illumina) to obtain 100-nt
(HiSeq), 75-nt (NextSeq), or 150-nt (NextSeq) paired-end reads.

RNA-seq libraries of cellular RNAs were constructed similarly
from RNAs isolated from K562 cells (ATCC CCL-243, maintained
in IMDMsupplementedwith 10%FBS at 37°Cwith a 5%CO2 atmo-
sphere) using a mirVana miRNA Isolation Kit (Thermo Fisher
Scientific) following the manufacturer’s protocol, or commercial T
Cell Leukemia (Jurkat cell) Total RNA (Thermo Fisher Scientific).
Whole-cell RNAs (5 µg) were ribo-depleted by using a RiboZero
Gold Kit (Human/Mouse/Rat) (Epicentre) and then fragmented to
a size predominantly between 70 and 100 nt by using an NEBNext
Magnesium Fragmentation Module (New England Biolabs).
Fortynanogramsof fragmentedRNAswas treatedwithT4Polynucle-
otide Kinase (Epicentre) to remove 3′ phosphates, cleaned up with
an RNA Clean & Concentrator Kit (Zymo Research), and used for
RNA-seq library construction with TGIRT enzymes (GsI-IIC for
K562 and TeI4c for Jurkat cell RNAs) as described above.

RNA-seq analysis of cDNA recopying by TGIRT
enzymes

Control RNA-seq to assess the strand specificity of TGIRT enzymes
was done with 50 ng of a 74-nt synthetic RNA oligonucleotide (5′-
UUUUGAUUGUUUUUCGAUGAUGUUCGGUGAGCAUUGUU
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CGAGUUUCAUUUUUAUCACAGCCAGCUUUGAUGUGC; IDT)
using 2 μM TeI4c-MRF or 1 μM GsI-IIC RTs under the conditions
described above. Libraries were sequenced on an Illumina HiSeq,
yielding 6.5–6.9 × 105 100-nt single-end reads that mapped to the
RNA oligonucleotide sequence in the expected orientation. Only a
very small number of reads (3 for TeI4c-MRF RT and 12 for GsI-
IIC RT) mapped to the RNA oligonucleotide in the antisense orien-
tation, corresponding to recopying frequencies of 7.2 × 10−6 and
1.9 × 10−5 for TeI4c-MRF and GsI-IIC RTs, respectively. All of
the antisense reads resulted from template-switching to a previously
synthesized cDNA from either the 5′ end of the R2 RNA in the tem-
plate–primer substrate or from the 5′ end of a previously copied
RNA, resulting in a product with the R2R DNA sequence on one
end and the R2 RNA sequence on the other end. Both types of
low frequency recopying are readily identifiable by examining the
reads without adapter trimming.

Bioinformatic analysis

The bioinformatic pipeline used for analysis of RNA-seq data is out-
lined in Figure 1B. First, Illumina TruSeq DNA adapter and primer
sequences were trimmed from the reads by using cutadapt (Martin
2011) (sequencing quality score cut-off at 20; P-value <0.01), and
reads <18 nt after trimming were discarded. Reads were then
mapped by using TopHat v2.0.10 and Bowtie2 v2.1.0 (default set-
tings) to the human genome reference sequence (Ensembl
GRCh38 release 76) (Langmead and Salzberg 2012; Kim et al.
2013) supplemented with additional contigs containing 5S rRNA
(2.2-kb 5S rRNA repeats from the cluster on chromosome 1
[1q42]; GeneBank: X12811) and 45S rRNA genes (43-kb 45S
rRNA repeats containing 5.8S, 18S, and 28S rRNA sequences from
clusters on chromosomes 13, 14, 15, 21 and 22; GeneBank:
U13369). Other sequences used for mapping included DNA oligo-
nucleotide sequences used in control experiments (see above) to test
for sample cross-contamination, and the Escherichia coli genome
sequence (Genebank: NC_000913) to remove any reads resulting
from E. coli nucleic acids in enzyme preparations. Unmapped reads
from this first pass (Pass 1) were remapped to Ensembl GRCh38
release 76 by Bowtie2 with local alignment (default settings) to im-
prove the mapping rate for those reads that contain post-transcrip-
tionally added nucleotides [e.g., CCA and poly(U)], untrimmed
adapter sequences, and nontemplated nucleotides added to the 3′

end of the cDNAs by TGIRT enzymes (Pass 2). The mapped reads
from Passes 1 and 2 were combined and filtered by mapping quality
(MAPQ ≥15; P-value <0.03), and concordant read pairs were col-
lected by using Samtools. The concordant read pairs were then in-
tersected with gene annotations (Ensembl GRCh38 release 76)
and piRNA cluster annotations from piRNABank (Sai Lakshmi
and Agrawal 2008) to collect reads that mapped uniquely in the an-
notated orientation to genomic features (genomic coordinates for
piRNAs were converted to Ensembl GRCh38 release 76 coordinates
using scripts from the UCSC genome browser website). Coverage of
each feature was calculated by Bedtools. To improve the mapping
rate for tRNAs, mapped reads from Passes 1 and 2 were intersected
with tRNA annotations from the Genomic tRNA Database (Lowe
and Eddy 1997) to collect both uniquely and multiply mapped
tRNAs reads. These were then combined with unmapped reads after
Pass 2, and the combined reads were mapped to human tRNA ref-
erence sequences (UCSC genome browser website) using Bowtie2

local alignment with default settings. Because similar or identical
tRNAs with the same anticodon can bemultiply mapped to different
tRNA loci by Bowtie2, mapped tRNA reads with MAPQ ≥1 were
combined according to their tRNA anticodon prior to calculating
the tRNA distributions. Only those features with 10 or more
mapped reads were counted.
Coverage plots and alignments of reads were created by us-

ing Integrative Genomics Viewer (IGV) (Robinson et al. 2011).
Information about single-nucleotide polymorphisms (SNPs) was
obtained from NCBI dbSNP (Database of Single Nucleotide
Polymorphisms Build 142; common category, minor allele frequen-
cy ≥1% in at least one of the 26 major populations, with at least two
unrelated individuals having the minor allele).
For correlation analysis, RNA-seq data sets were normalized for

the total number of mapped reads by using DESeq (Anders and
Huber 2010) and plotted with ggplot2 in R. To assess tissue expres-
sion profiles for mature miRNAs detected in plasma, reads mapped
to genomic features (Ensembl GRCh38 release 76) were filtered by
size and reads shorter than 30 nt were intersected with miRBase
21 to obtain reads for mature miRNAs. The latter were intersected
with a published database to obtain RNA-seq expression values
(Landgraf et al. 2007), which were then normalized for different tis-
sues and plotted with ggplot2 in R.
To identify RNAs with poly(U) tails, unmapped reads after the

first TopHat alignment (Pass 1; see above) were processed by using
cutadapt and custom scripts to find a stretch of ≥10 Us with <10%
other nucleotides at the beginning of the Reads 2. The correspond-
ing Reads 1 were then mapped to human genome reference se-
quence using Bowtie2 local alignment to identify the RNA species
to which the poly(U) tails are appended, and were used for IGV
plots.
Excel spreadsheets for miRNAs, tRNAs, and other small ncRNAs

identified by TGIRT-seq in different plasma RNA preparations are
included as a Supplemental Data File.

DATA DEPOSITION

The RNA-seq data sets in this manuscript have been deposited in the
National Center for Biotechnology Information Sequence Read
Archive (http://www.ncbi.nlm.nih.gov/sra) under accession number
SRP064378.
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