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The discovery of small noncoding RNAs (sncRNAs) with 
regulatory functions is a recent breakthrough in biol-
ogy. Among sncRNAs, microRNA (miRNA), derived from 
host or virus, has emerged as elements with high impor-
tance in control of viral replication and host responses. 
However, the expression pattern and functional aspects 
of other types of sncRNAs, following viral infection, are 
unexplored. In order to define expression patterns of 
sncRNAs, as well as to discover novel regulatory sncRNAs 
in response to viral infection, we applied deep sequenc-
ing to cells infected with human respiratory syncytial virus 
(RSV), the most common cause of bronchiolitis and pneu-
monia in babies. RSV infection leads to abundant produc-
tion of transfer RNA (tRNA)-derived RNA Fragments (tRFs) 
that are ~30 nucleotides (nts) long and correspond to the 
5′-half of mature tRNAs. At least one tRF, which is derived 
from tRNA-Glu-CTC, represses target mRNA in the cyto-
plasm and promotes RSV replication. This demonstrates 
that this tRF is not a random by-product of tRNA degra-
dation but a functional molecule. The biogenesis of this 
tRF is also specific, as it is mediated by the endonuclease 
angiogenin (ANG), not by other nucleases. In summary, 
our study presents novel information on the induction of 
a functional tRF by viral infection.
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Introduction
During the last decade, significant attention has been directed 
towards identification of small noncoding RNAs (sncRNAs) 
and their biological functions (for review, see ref. 1). sncRNAs 
are 16–35 nucleotides (nts) long and of several classes includ-
ing microRNA (miRNA), small-interfering RNA (siRNA), piwi-
interacting RNA, etc. Among them, miRNA and siRNA are the 
most extensively studied, and both suppress gene expression by 
complementary binding to target mRNAs. The role of sncRNAs 

in regulating antiviral innate immune responses has just emerged 
and is largely unexplored.2

Discovery of new types of sncRNAs has been greatly facilitated 
by the development of ultra-high–throughput sequencing (also 
called next generation sequencing or deep sequencing) technolo-
gies. Numerous sncRNAs have been captured and mapped to vari-
ous origins, such as mRNA (messenger RNA), rRNA (ribosomal 
RNA), tRNA (transfer RNA), and snoRNA (small nucleolar RNA), 
indicating that they are derived from these long RNAs. However, 
their biological significance remains largely unknown. Although 
a substantial fraction of sncRNAs might be simply degradation 
intermediates or by-products during RNA turnover, recent stud-
ies have demonstrated that some sncRNAs are actually functional 
molecules with specific biogenesis (reviewed in ref. 3).

sncRNAs derived from tRNAs, also called tRNA-derived 
RNA Fragments (tRFs), have been recently identified by several 
research groups (reviewed in ref. 4). There is increasing evidence 
that they are not by-products from random degradation, but 
functional molecules. First, tRFs are produced through specific 
cleavage of tRNA by endonucleases such as angiogenin (ANG), 
Dicer, and ELAC2.5–8 Second, tRF expression is regulated either 
by cellular stresses5,6 or cell proliferation.8 Third, some tRFs are 
functional, having trans-silencing activity or being necessary for 
cell proliferation.8,9

Respiratory tract infections are the second leading cause of 
death worldwide in children <5 years old. The majority of respi-
ratory tract infections are caused by viruses, among which a 
paramyxovirus called respiratory syncytial virus (RSV) figures 
prominently (reviewed in ref. 10,11). Nearly all children have had 
RSV infection by 2–3 years of age.12 RSV infection also increases 
the morbidity and mortality rate in immunocompromised patients 
and the elderly, resulting in a substantial health burden.13 There 
is currently no specific treatment or vaccine for RSV infection. 
Although prevention strategy using a humanized monoclonal 
antibody directed to an epitope of the F protein of RSV has been 
developed, <3% of the at-risk infant population has access to this 
kind of prevention.14
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The role of sncRNAs, especially miRNAs, in host–virus inter-
action has been documented.15,16 Upon viral infection, host cells 
alter their sncRNA expression profile as a defense mechanism. 
On the other hand, viruses can circumvent host defense and pro-
mote their propagation by altering cellular sncRNA expression or 
by expressing their own sncRNAs.17–20 Nonetheless, most of these 
studies have focused on the role of miRNAs in viral infection, 
while other types of sncRNAs remain largely unexplored.

In this study, we have analyzed the global expression profile of 
sncRNAs in RSV-infected airway epithelial cells by Illumina ultra-
high–throughput sequencing in order to identify functionally 
important sncRNAs. We found that RSV led to tRNA cleavage, 
resulting in an abundant induction of tRFs. By further investigat-
ing the biogenesis and function of RSV-induced tRFs, we found 
that tRFs are important molecules controlling RSV replication. 
This is the first report on the role of tRFs in viral replication. This 
study also provides a potential therapeutic target to control RSV 
replication, by regulating tRF induction.

Results
Global sncRNA profile in RSV-infected airway 
epithelial cells
To obtain a global sncRNA expression profile, small RNAs from 
mock- or RSV-infected A549 cells were subjected to Illumina 
ultra-high–throughput sequencing. A total of 32,332,590 seq
uence reads were generated without significant quality issues 
(Supplementary Figure S1). These raw data were further pro-
cessed as depicted in Figure  1. After adaptor sequences were 
stripped, individual sequences with cloning frequency (read 

numbers) ≥10 were sorted by mapping them to different data-
bases. In brief, the sequences were first mapped to the human 
genome (hg19; http://hgdownload.cse.ucsc.edu/downloads.html) 
to eliminate nonhuman sequences, such as those derived from 
RSV. The filtered human sncRNA sequences were classified by 
comparing them to the miRNA database (miRBase; http://www.
mirbase.org), the rRNA database (RDP; http://rdp.cme.msu.edu/), 
the tRNA database (GtRNAdb; http://gtrnadb.ucsc.edu/), and the 
Exon-Intron Database (EID; http://www.utoledo.edu/med/depts/
bioinfo/database.html).

Most of sncRNAs were mapped to miRNAs, tRNAs, rRNAs, 
or mRNA transcripts, indicating the origin of these sncRNAs 
(Figure 2). In high-throughput sequencing, the cloning frequency 
of a sncRNA provides a digital measure of its relative expression 
level. For fair comparison between mock- and RSV-infected 
samples, we calculated the relative sequencing frequency of each 
sncRNA by dividing its raw read numbers by the total read num-
bers of each experimental group. As shown in Figure 2, a striking 
difference in sncRNA composition was observed between mock- 
and RSV-infected samples. In mock-infected cells (those without 
RSV infection), the majority of sncRNAs (65.4% of total reads) 
were miRNAs, while sncRNAs mapped to rRNA and tRNA only 
represented 2.8 and 1.7%, respectively. Following RSV infection, 
tRNA-derived sncRNAs became the most abundant sncRNAs 
(36.5% of total reads), while miRNAs were only 6.4%. Except for 
miRNAs that were processed from their short-lived precursors, 
other sncRNAs were likely derived from the cleavage of their 
parental stable RNAs (tRNA, rRNA, etc). However, this cleav-
age did not seem to be random, as the proportion of individual 
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Figure 1  Pipeline of analyses of Illumina high-throughput sequencing data. Flowchart of the sequencing data analyses is depicted. miRNA, 
microRNA; ncRNA, noncoding RNA; rRNA, ribosomal RNA; tRF, tRNA-derived RNA fragment; tRNA, transfer RNA.
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groups of sncRNA was not equally increased upon RSV infection, 
and no RNA quality issue was found, as evaluated by 5S rRNA 
northern hybridization (Figure 3b and other figures shown after-
wards). Throughout this paper, we will provide more evidence 
that sncRNAs from tRNA are not by-products of random RNA 
degradation.

The enrichment of tRNA-derived sncRNAs following 
RSV infection
As mentioned earlier, tRNA-derived sncRNAs are an emerging 
class of sncRNAs that play important biological functions.5,6,8,9 
Diverse tRNA-derived sncRNAs have been identified by several 
research groups, but a consensus nomenclature has not been final-
ized. Collectively from the literature, two classifications which 
are not exclusive of each other have been proposed. One is based 
on their relative location in tRNA (illustrated in Supplementary 
Figure S2). For those whose sequence precisely matches to the 
5′- or 3′-end of mature or precursor tRNAs, they are classified 
into tRFs. All others are grouped as non-tRFs. Further group-
ing defines tRF-5 and -3 series depending on which side they 
are located in the mature tRNA. Another subgroup is the tRF-1 
series which corresponds to the 3′-trailer sequences cleaved off 
from precursor tRNAs during tRNA maturation.8 The other clas-
sification is based on their sizes—long tRNA-derived sncRNAs 
of 30–40 nts (termed as “tRNA halves”) versus short ones less 
than 30 nts.5,6,21 So far, tRNA halves are known to be induced by 
cellular stresses and have gained significant attention. They are 
generated by a single cleavage by an endonuclease from mature 
tRNA, thus are tRFs.

We prefer the “tRF” nomenclature as this classification is more 
informative.8 Accordingly, we sorted tRNA-derived sncRNAs by 
mapping them to our previously built tRF-5, -3, and -1 database.8 
As shown in Figure 2, tRFs were dominant over non-tRFs, both 
in mock- and RSV-infected cells. Notably, the fraction of tRFs 
increased, while that of non-tRFs significantly decreased (from 
12.7 to 6.7%) upon RSV infection. This tendency also argues 
against the possibility that the induction of tRFs by RSV infec-
tion was caused by random RNA degradation. Among tRFs, most 
of them belonged to the tRF-5 series whereas tRF-3 and -1 series 
were scarce (Figure  2). Following RSV infection, tRF-5s with a 
cloned frequency ≥1/‰ (1 per 1,000) are presented in Table  1, 
and rest of tRF-5s are listed in the Supplementary Table S1.

Expression validation of tRFs by northern blot
We confirmed our sequencing data by northern hybridization 
which is the most suitable method to validate a newly identified 
sncRNA. It does not involve any enzymatic treatment and thus 
visualizes a sncRNA band at its raw size. We chose three tRF-5s 
that were abundantly cloned after RSV infection (Table  1 and 
Figure 3a). They were derived from tRNA-Glu-CTC, tRNA-Gly-
GCC, and tRNA-Lys-CTT, and thus henceforth named tRF5-
GluCTC, tRF5-GlyGCC, and tRF5-LysCTT, respectively.

A band of ~30 nts was readily detectable (Figure 3b), together 
with a band at ~80 nt representing the corresponding mature 
tRNA from which each tRF was likely derived. The tRF bands were 
clearly discrete and prominent along the lane, indicating a specific 
cleavage event during RSV infection. Most importantly, tRFs of 
~30 nts were detected exclusively in the RSV-infected sample. 
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Figure 2 C lassification of sncRNAs. Human genome-derived sncRNAs were sorted according to their origins, and their relative abundance (calcu-
lated from read numbers) was depicted in pie charts (left two charts). tRNA-derived sncRNAs were divided into non-tRFs and tRFs (middle two charts). 
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syncytial virus; tRF, tRNA-derived RNA fragment; tRNA, transfer RNA.
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Despite tRNA cleavage, the mature tRNAs were not significantly 
depleted and their bands kept intense among samples.

Although the band intensity indicated that the tRF-5s were 
generally much less in quantity than the mature tRNAs, the 
expression levels of the tRF-5s after RSV infection seemed to be 
higher than that of the most abundant miRNA, miR-21, based on 
their cloning frequencies (Supplementary Figure S3a) and the 
signal intensity in northern hybridization under a similar condi-
tion (Supplementary Figure S3b).

Our data also revealed that the induction of tRF-5s 
was virus specific. Unlike RSV infection, the infection with 

human metapneumovirus (hMPV), also a pneumovirus of the 
Paramyxoviridae family, failed to induce tRF5-GluCTC, tRF5-
GlyGCC, and tRF5-LysCTT (Figure 3b), further suggesting that 
tRFs are not random degradation by-products. It is unlikely that 
the lack of tRF induction by hMPV was due to inefficient hMPV 
infection, as we and others have demonstrated that A549 cells 
are permissive to both hMPV and RSV infection, and infected 
cells exhibit some similar responses including enhanced surface 
expression of major histocompatibility complex-I.22,23 Collectively, 
our data indicated that RSV infection induced specific cleavage of 
tRNA, generating abundant amount of tRF-5s.
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Figure 3 E xperimental validation and characterization of tRF-5s. (a) Sequence alignment of tRF-5s with their parental mature tRNAs and northern 
probes. The length of each sequence is indicated in parentheses. CCA sequence that is post-transcriptionally added to the 3′-end of tRNA is indicated 
in brackets. (b) Total RNA from indicated treatments in A549 cells was loaded to a denaturing polyacrylamide gel for northern hybridization using 
probes indicated in a; 5S rRNA is shown for equal loading. The positions of tRF-5 and mature tRNA are indicated on the right; molecular size markers 
are indicated on the left. The blot was exposed for ≤8 hours. Data are representative of 2–3 independent experiments. (c) Primary cultured SAE cells 
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A549 cells were subjected to northern hybridization. All other descriptions are the same as in b. Data are representative of 2–3 independent experi-
ments. EtBr, ethidium bromide; hMPV, human metapneumovirus; MOI, multiplicity of infection; nt, nucleotide; rRNA, ribosomal RNA; RSV, respiratory 
syncytial virus; SAE, small alveolar epithelial cell; tRF, tRNA-derived RNA fragment; tRNA, transfer RNA; UV, ultraviolet.



372� www.moleculartherapy.org  vol. 21 no. 2 feb. 2013

© The American Society of Gene & Cell Therapy
RSV-induced tRFs

Characterization of tRF-5 from tRNA-Glu-CTC
tRF5-GluCTC was chosen for further study, as it was one of the 
most abundantly cloned tRF-5s (Table 1) and clearly detected by 
northern hybridization (Figure 3b). We also confirmed that tRF5-
GluCTC was inducible by RSV in primary small alveolar epithelial 
cells (Figure 3c). This observation was in agreement with previous 
results showing A549 cells as a suitable cell model for investigat-
ing the responses of airway epithelial cells to viral infection.24,25

To test whether the induction of tRF5-GluCTC is dependent 
upon RSV replication, A549 cells were transfected with puri-
fied RSV RNA, or infected with live or ultraviolet-inactivated 
RSV. Untreated- or mock-infected cells were used as controls. 
Compared with live RSV, neither purified RNA nor ultraviolet-
inactivated virus induced tRF5-GluCTC (Figure 3d), suggesting 
that its induction requires viral replication.

We also determined the subcellular localization of tRF5-
GluCTC. Our nuclear/cytoplasmic fractionation indicated that 

tRF5-GluCTC existed exclusively in the cytoplasm (Figure  3e). 
The quality of fractionation was assured by western blot of lamin 
B as a nuclear marker (data not shown)8,26 and ethidium bromide 
staining of fractionated RNAs. The cytoplasmic RNA was not 
contaminated by the nuclear RNA and vice versa, as indicated by 
ethidium bromide-stained bands that were exclusively present in 
each of the two fractions (designated by arrow and bracket in the 
bottom panel of Figure 3e).

The molecular function of tRF5-GluCTC
So far, we have demonstrated the specific induction of tRF5-
GluCTC (and other tRF-5s) upon RSV infection. A more impor-
tant question is whether it represents a biologically functional 
molecule. Given its cytoplasmic localization (Figure 3e), one pos-
sibility is that tRF5-GluCTC incorporates into the siRNA/miRNA 
pathway. It was recently reported that a subset of tRFs exhibit 
miRNA/siRNA-like trans-silencing capacity.9

Table 1 S ummary of tRF-5 series with a relative cloning frequency ≥1‰ (reads per mil) in RSV-infected sample

Sequence Origin

Relative sequencing frequency  
(‰ of total sequencing reads)

Mock RSV

GGGGGTATAGCTCAGGGGTAGAGCATTTG CysGCA 0.030 36.360

GGTTCCATGGTGTAATGGTTAGCACTCTGGA GlnCTG-1 0.060 11.130

GGTTCCATGGTGTAATGGTAAGCACTCTG GlnCTG-2 0.004 1.440

GGTTCCATCGTGTAATGGTGAGCACTCTG GlnCTG-3 0.003 1.120

GGTCCCGTGGTGTAATGGTTAGCACTCTGG GlnTTG 0.030 2.540

TCCCTGGTGGTCTAGTGGTTAGGATTCGGCG GluCTC-1a 0.122 51.900

TCCCTGTGGTCTAGTGGTTAGGATTCGGCG GluCTC-2 0.050 18.250

TCCCTGGTGGTCTAGTGGCTAGGATTCGGCG GluTTC-1 0.012 6.350

TCCCACATGGTCTAGCGGTTAGGATTCCTG GluTTC-2 0.021 2.910

TCCCATATGGTCTAGCGGTTAGGATTCCTGG GluTTC-3 0.006 2.200

GCATGGGTGGTTCAGTGGTAGAATTCTCG GlyGCC-1a 2.090 105.700

GCGCCGCTGGTGTAGTGGTATCATGCAAG GlyGCC-2 0.350 90.600

GCATTGGTGGTTCAGTGGTAGAATTCTCG GlyGCC-3 0.507 30.800

GCATTGGTGGTTCAGTGGGAGAATTCTCG GlyGCC-4 <0.0005 3.970

GCGTTGGTGGTATAGTGGTGAGCATAGCTG GlyTCC-1 0.015 3.356

GCGTTGGTGGTATAGTGGTGAGAATAGCT GlyTCC-2 0.005 1.230

GCCGTGATCGTATAGTGGTTAGTACTCTGCG HisGTG-1 0.006 1.100

GTTAAGATGGCAGAGCCCGGTAATCGCATAA LeuTAA 0.100 2.530

GCCCGGCTAGCTCAGTCGGTAGAGCATGAG LysCTT-1a 0.037 14.100

GCCCGGCTAGCTCAGTCGGTAGAGCATGGGA LysCTT-2 0.008 2.200

GCCCGGCTAGCTCAGTCAGTAGAGCATGGG LysCTT-3 0.000 1.060

GCCCGGATAGCTCAGTCGGTAGAGCATCAG LysTTT 0.090 3.110

AGCAGAGTGGCGCAGCGGAAGCGTGCTG MetCAT-1 0.003 3.780

GCCGAAATAGCTCAGTTGGGAGAGCTTTAGA PheGAA <0.0005 1.590

GACGAGGTGGCCGAGTGGTTAAGGCAATGG SerGCT-1 0.004 1.123

GTTTCCGTAGTGTAGTGGTCATCACGTTC ValAAC-1 0.010 2.810

GTTTCCGTAGTGTAGTGGTTATCACATTC ValCAC 0.020 1.170
Abbreviations: RSV, respiratory syncytial virus; tRF, tRNA-derived RNA fragment; tRNA, transfer RNA.
The relative cloning frequency of a tRF was calculated by dividing its read number by the total read number of each experimental group. tRFs were sorted by an 
alphabetical order of parental tRNA isoforms. For tRNA isoforms sharing same anticodon, they were sequentially numbered according to the abundance of tRF-5s in 
the RSV-infected sample.
atRFs whose expression was confirmed by northern blot.
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To test this possibility, we performed a siRNA/miRNA assay 
using a sensor plasmid harboring a reverse complementary 
sequence of tRF5-GluCTC in the 3′-untranslated region of the fire-
fly luciferase gene (Pp) (Figure 4a). If tRF5-GluCTC acts like an 

siRNA/miRNA, it would recognize the complementary sequence 
as a target site, therefore leading to suppressed expression of Pp.27 
We transfected cells with a cognate sensor plasmid (designated 
as “Pp-anti_GluCTC_WT”) or a control sensor plasmid lacking 
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the target site (designated as “Pp-vector”), together with a plasmid 
expressing renilla luciferase (Rr) for normalization. The relative 
luciferase activity (Pp/Rr values; y-axis in Figure 4b) was calcu-
lated and compared between treatments.

Compared with mock infection, RSV infection significantly 
decreased the relative luciferase activity of “Pp-anti_GluCTC_WT” 
but did not affect that of “Pp-vector” (left two bars versus middle 
two bars in Figure 4b), suggesting that RSV-induced tRF5-GluCTC 
could have a trans-silencing activity like miRNA/siRNA. Because 
RSV infection could lead to pleiotropic effects on the infected cells, 
we wanted to determine that the observed decrease of luciferase 
activity was tRF5-GluCTC specific. We inhibited tRF5-GluCTC by 
transfecting cells with 20-nt antisense oligonucleotides (see Figure 4a 
for its sequence) which contained a backbone phosphorothioate and 
5 nts on each end substituted with 2′-O-methyl ribonucleotides, as 
described.28,29 Compared with a nontargeting control oligoribonu-
cleotide (designated as “anti-control”), transfection of anti-GluCTC 
efficiently blocked RSV-induced tRF5-GluCTC (Figure  4c) and 
accordingly restored the luciferase activity that was decreased by 
RSV infection (right two bars versus middle two bars in Figure 4b).

Next, we dissected functional domains of tRF-GluCTC for its 
trans-silencing capacity, by introducing 3–4 nt mutations at the 
3′-, middle-, or 5′-region of the tRF-GluCTC target site in the sen-
sor plasmid “Pp-anti_GluCTC” as depicted in Figure 4a. Contrary 
to Pp-anti_GluCTC_WT or the other two mutants, the luciferase 
activity of “Pp-anti_GluCTC_Mut3” (“Mut3” in Figure 4d) was 
completely unresponsive to RSV infection, indicating that the 
3′-portion of tRF-GluCTC was critical for its trans-silencing 
activity. The major targeting domain of tRF-GluCTC was differ-
ent from that of miRNA/siRNA whose 5′-portion (called “seed 
sequence”) is known to be important for target recognition.1 Thus, 
the trans-silencing mechanism used by this tRF was distinct from 
that of canonical miRNA/siRNA.

We also attempted the ectopic expression of tRF5-GluCTC, by 
designing a synthetic oligoribonucleotide (designated as “tRF5-
GluCTC-mimic” in Figure 4a). Since our data shown in Figure 4d 
demonstrated that tRF5-GluCTC was distinct from canonical 
miRNA/siRNA and the 3′-portion of tRF5-GluCTC was critical, 
we designed a duplex of 20 nts encompassing the 3′- and middle-
region of tRF5-GluCTC. The mimic was designed as a duplex form 
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to extend its stability. However, it lacked 2 nt overhangs, the sig-
nature end structure of miRNA/siRNA. Upon transfection of this 
mimic into A549 cells, the luciferase activity of “Pp-anti_GluCTC_
WT”, which was normalized by that of “Pp-anti_GluCTC_Mut3”, 
was significantly suppressed by “tRF5-GluCTC-mimic” in a dose-
dependent manner (Figure  4e). In summary, our data demon-
strated that tRF5-GluCTC suppressed target gene expression, 
through a mechanism distinct from miRNA/siRNA.

tRF5-GluCTC’s role in controlling RSV replication
Is there a biological role for tRFs? As we developed methods to 
suppress or ectopically express tRF5-GluCTC, we could assess cel-
lular phenotype after manipulating this tRF. First, we examined its 
effect on RSV replication using microplaque immunoperoxidase 
detection assays to compare the yield of infectious viral particles 
produced by the cells, which were transfected with anti-control 
or anti-GluCTC. As shown in Figure  5a, suppression of tRF5-
GluCTC led to decreased RSV yield. Two additional experiments, 
real-time PCR assays for viral gene transcription (Figure 5b) and 
western blot for viral protein expression (Figure  5c), also sup-
ported the result of Figure 5a.

Previously, it has been shown that the induction of chemok-
ines and cytokines by RSV infection is viral replication depen-
dent.30 In agreement with the data of Figure 5, the induction of 
interleukin-8, RANTES, and interferon-β by RSV was significantly 
decreased, when tRF5-GluCTC was inhibited by anti-GluCTC 
(Supplementary Figure S4). This result might have been due to 
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side-effects of anti-GluCTC, for instance, possibly targeting the 
mature tRNA and thereby interfering with cellular global protein 
synthesis. This possibility was ruled out as we found that global 
protein synthesis was not affected upon transfection of anti-
GluCTC. To validate our assay, we treated cells with puromycin, a 
known inhibitor for protein synthesis, as a control and observed 
the inhibition of protein synthesis as expected (Figure 5d, lane 5). 
Conversely, overexpression of tRF5-GluCTC-mimic significantly 
enhanced RSV replication, further confirming the stimulatory 
role of tRF5-GluCTC in RSV replication (Figure 5e,f).

Biogenesis of tRF5-GluCTC
Next, we attempted to investigate how tRF-5s were generated. 
There are two likely possibilities for the production of tRF-5s; one 
is that tRF-5s are products of endonuclease cleavage, and the other 
is that tRF-5s are remnants of 3′-to-5′-exonuclease digestion. As 
shown in Supplementary Figure S5, the 3′-side fragment was 
detectable by northern blot using a probe recognizing the 3′-end, 
supporting the endonuclease mechanism.

Close inspection of tRF5-GluCTC in the high-throughput 
data revealed several isoforms with different 3′-ends (Figure 6a 
and Supplementary Figure S6), which provided a clue to cleav-
age sites. In the tRNA secondary structure, they were located at 
the 5′- side of the anticodon loop (Figure 6b). Also, we noticed 
that the nucleotides before the major cleavage sites were Gs or Cs 
(Figure 6a and Supplementary Figure S6). These preferences in 
nucleotide and location further supports the notion that tRFs are 
not randomly generated, but produced via a specific pathway.

Ribonucleases targeting the tRNA anticodon loop have been 
found in both prokaryotes and eukaryotes.31–33 Recently, a ribo-
nuclease called ANG has been reported to be responsible for 
stress-induced cleavage of tRNA at the anticodon loop in mam-
malian cells.5,6 It is well known that viral infection causes cellu-
lar stresses.34,35 To test whether RSV infection produced tRF-5s 
through ANG induction, we suppressed ANG by a siRNA and 
measured tRF5-GluCTC in RSV-infected A549 cells. When ANG 
was suppressed by the siRNA, the induction of tRF5-GluCTC by 
RSV infection was significantly decreased (>50%) (Figure 7a,b). 
For comparison, knockdown experiments for other ribonucleases 
(Dicer, Drosha, ELAC2, and RNaseL) were performed. Dicer and 
Drosha are required for the generation of miRNAs.1 As mentioned 
earlier, ELAC2 cleaves precursor tRNA to generate the tRF-1 
series (see Supplementary Figure S2). RNaseL is an interferon-
induced ribonuclease (reviewed in ref. 36). We found that none of 
these ribonucleases affected the expression of tRF5-GluCTC upon 
RSV infection (Figure 7a). Efficient knockdown was confirmed 
by quantitative reverse transcription (RT)-PCR measurement of 
each mRNA (Figure 7c) and by western blot selectively for ANG 
and Dicer (Supplementary Figure S7). Notably, the induction 
of tRF-5-GluCTC by RSV is independent of Dicer or Drosha, 
reinforcing that its trans-silencing activity is distinct from that of 
siRNA/miRNA. Collectively, our data suggest that the production 
of tRF-5s upon RSV infection specifically required ANG.

Discussion
tRFs are recently identified sncRNAs which have been sug-
gested to regulate cell proliferation, stress-induced translational 

suppression, and stress granule assembly in mammalian cells.5,6,8 
Plants, such as Cucurbita maxima, Arabidopsis thaliana, and 
Arabidopsis roots, also express tRNA-derived sncRNAs, which 
are present in the phloem sap or are induced under stress condi-
tions such as oxidative stress and phosphate starvation.37,38 Some 
microbes such as Streptomyces coelicolor and Tetrahymena ther-
mophila have been reported to produce tRFs in response to starva-
tion,39,40 suggesting universal expression of tRFs among different 
organisms.

This study is the first report of the induction and function 
of tRFs in response to virus infection in human airway epithe-
lial cells. We have observed a robust induction of tRNA cleavage 
upon RSV infection and have provided evidence that tRFs are spe-
cifically generated and biologically functional: (i) the induction of 
tRFs is virus-specific (Figure 3b); (ii) not all tRNAs but a subset 
of tRNAs are cleaved (Table 1); (iii) cleavage sites are not random 
but located at the tRNA anticodon loop (Figure 6); and (iv) one 
tRF has a gene-silencing function, by a mechanism that is distinct 
from the gene-silencing mechanism of miRNA/siRNA, and pro-
motes RSV replication (Figures 4,5).

It is known that a miRNA expression profile is cell type-spe-
cific and its change in response to viral infections is virus-specif-
ic.17 Likewise, we expect differential expression of tRFs in diverse 
cells/tissues. Previous high-throughput sequencing data captured 
tRF-5, -3, and -1 series in comparable quantities in prostate can-
cer cells,8 while tRFs in RSV-infected cells are mostly tRF-5 series. 
Results shown in Figure 3b also demonstrated that tRF regulation 
is virus-specific. Given accumulated evidence for the functions of 
tRFs, future efforts are needed to expand the repertoire of tRFs, 
which requires accumulation of ultra-high–throughput sequenc-
ing data and their proper archive. It should be noted that tRFs 
were usually filtered away as a routine step in sequencing data 
analyses. As shown in this manuscript, we are accumulating the 
knowledge and establishing techniques to explore the functions of 
tRFs in the context of viral infection, and we expect that these will 
lead us to define the roles of other tRF-5s, such as tRF5-GlyGCC 
and tRF5-LysCTT, in response to RSV in the near future.

Recent reports have substantiated that tRNA cleavage is one 
mechanism of tRF biogenesis. In our data, the majority of tRFs are 
about 30 nts long and this size range is very similar to that of tRNA 
halves identified in bacteria, fungi, and plants.39–41 In all cases, 
cleavage sites of these tRFs fall within the anticodon loop. However, 
we recognized that our tRFs are distinct from previously identified 
tRNA halves. For example, our cleavage sites are biased towards 
the 5′-side of the anticodon, whereas the cleavage sites in bacteria, 
fungi, and plants are distributed throughout the anticodon loop 
and the TψC arm. In addition, the cleavage enzymes are different. 
In Saccharomyces cerevisiae, it is Rny1p, an RNase belonging to the 
RNaseT2 family and induced in response to an oxidative stress.42 In 
mammalian cells, it is an RNaseA enzyme ANG (Figure 7).5,6

Studies on tRFs are at the very early stage. There are more than 
600 tRNA genes in the human genome, and the scale of repertoire 
of tRFs should be comparable to that of miRNAs. Notably, there are 
far more tRNA genes than needed for 64 anticodons and 20 amino 
acids, suggesting that tRNA genes have other functions in addition 
to their role in protein translation. We speculate that tRFs will be 
commonly recognized as functional molecules in the future.
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In the context of RSV infection, the most important aspect is 
tRF’s biological function. In this study, we have shown that one 
tRF, tRF5-GluCTC, exhibited trans-silencing capability against 
target genes (Figure  4). Although such activity by tRF-5s has 
been reported,9 the tRF-5s therein were ~21 nt thus distinct from 
our tRF5-GluCTC. How did the 31-nt long tRF5-GluCTC exert 
a suppressive effect? Given that tRF5-GluCTC was localized in 
the cytoplasm (Figure  3e), it seemed to recognize complemen-
tary sequences in its target mRNAs, but not through the same 
mechanism used by canonical miRNA/siRNA. First, the 5′-end 
sequences of its target site (thus the 3′-end of tRF5-GluCTC) 
was most critical for their interaction (Figure 4a,d), which was 
opposite to the sequence requirement for miRNA/siRNA. Second, 
the processing of tRF5-GluCTC did not require Dicer (Figure 7). 
Third, tRF5-GluCTC was longer than typical miRNA/siRNA. We 
are currently investigating the molecular mechanism(s) by which 
tRF5-GluCTC suppressed target gene expression.

Genes involved in host defense to viral infection are function-
ally important in controlling viral replication.43 Our data demon-
strates that tRF5-GluCTC promotes RSV replication. Therefore, 
it is possible that RSV-induced tRFs (at least tRF5-GluCTC) con-
trols viral replication through suppressing the expression of host 
defense genes which disfavor virus propagation. Currently, we are 
searching for tRF5-GluCTC’s target genes. This identification will 
be facilitated by clarifying the molecular mechanism underlying 
its silencing activity. It is also possible that RSV-induced tRF5-
GluCTC regulates RSV replication through targeting mRNAs 
encoding RSV proteins. However, we think it is unlikely as viral 
mRNA degradation would inhibit viral replication, which is 
inconsistent with the results showing the promotion of RSV repli-
cation by tRF5-GluCTC (Figure 5). tRF5-GluCTC might interact 
with the viral genome/antigenome and thereby provide the pro-
tection of viral genome/antigenome stability, which might favor 
the viral replication.

There are a number of other issues to be addressed, including 
the biogenesis and regulation of tRFs. Is ANG the only nuclease 
responsible for the generation of tRFs? How is ANG regulated 
upon RSV infection? In addition to the tRFs identified here, we will 
expand our investigation to a wider spectrum of tRFs by testing 
different viruses in diverse host cells. Overall, much more research 
is needed to understand the role of tRFs in viral infections.

Techniques to express, inhibit, and deliver small RNAs are 
well developed for siRNA/miRNA-based therapy. For example, 
nasally inhaled siRNA against RSV genes has been recently shown 
to offer a fast, potent, and easily administrable antiviral regimen 
against RSV infection in humans.44,45 Since tRFs, at least for tRF5-
GluCTC, promotes RSV infection (Figure  5), coadministration 
of a siRNA and anti-tRF oligonucleotide may promote stronger 
antiviral effects, suggesting a potential translational application 
for this study.

Materials and Methods
Cell lines and virus. HEp-2 cells (ATCC, Manassas, VA) were maintained in 
minimal essential medium (Invitrogen GIBCO, Carlsbad, CA) supplemented 
with 10% fetal bovine serum (FBS) and penicillin and streptomycin (100 U/
ml). A549, human alveolar type II-like epithelial cells, and 293, a human 
embryonic kidney epithelial cell line (both from ATCC), were maintained in 

F12K and minimal essential medium respectively, containing 10% (vol/vol) 
FBS, 10 mmol/l glutamine, 100 IU/ml penicillin, and 100 µg/ml streptomy-
cin. Primary cultured small alveolar epithelial cells were grown according to 
the company instructions (ATCC). RSV A2 strain was grown in HEp-2 cells 
and purified by sucrose gradient as described.46 Viral titer was determined 
by immunostaining in HEp-2 cells using polyclonal biotin-conjugated goat 
anti-RSV antibody (Ad direct, Barberton, OH) and streptavidin peroxidase 
polymer (Sigma, St Louis, MO) sequentially, as described.47

Viral infection. A549 or 293 cells were infected with RSV or hMPV, at 
multiplicity of infection of 3. An equivalent amount of sucrose solution 
was added to uninfected cells, as control (mock infection). After initial 
absorption, viral inoculum was removed and cells were supplied with fresh 
medium with 2% FBS. Infected cells were scrapped into the medium, fol-
lowed by sonication and centrifugation. Viruses in the supernatant were 
harvested and viral titer was determined by immunostaining in HEp-2 cells 
as described above.

RNA extraction, deep sequencing, RNA mapping, and expression con-
firmation of tRFs by northern blot. Total cellular RNA was extracted 
by  TRIzol Reagents according to the manufacturer’s instruction 
(Invitrogen, Carlsbad, CA). The RNAs were delivered to Eureka Genomics 
(Houston, TX) for small RNAs isolation, directional adaptor ligation, 
cDNA library construction, and sequencing using a Genome Analyzer IIx 
(Illumina, San Diego, CA). About 485 Mb of sequence data with a total 
of 32,332,590 sequence reads was generated for mock- and RSV-infected 
samples, using 36 b single-end sequencing reads. The sequence reads 
≥10 after adaptor sequence removal were sent back for further classifi-
cation. Small RNAs were mapped using Novoalign software (Novocraft 
Technologies, Selangor, Malaysia) allowing two mismatches.48 After initial 
alignment, further processing was performed using in-house programs 
and SAMtools. First, uniquely aligned reads and sequences aligned to 
more than one genome location (ambiguously aligned reads) were sepa-
rated. The ambiguously aligned reads were then randomly assigned to one 
location and combined with uniquely aligned reads for the downstream 
analysis shown in Figure 1.

Northern hybridization for sncRNAs were performed as described.8 
Briefly, RNA was separated in 15% denaturing polyacrylamide gel with 
7 mol/l urea and then transferred to a positively charged nylon membrane 
(Amersham Biosciences, Piscataway, NJ). The membrane was hybridized 
with 32P-labeled probes in ULTRAhyb-Oligo solution (Life Technologies, 
Grand Island, NY), followed by washing according to the manufacturer’s 
instruction.

Construction of luciferase sensor plasmids and luciferase assays. The 
sensor plasmid “Pp-anti_GluCTC_WT” was constructed by inserting 
an oligonucleotide, which was complementary to tRF5-GluCTC, into 
EcoRI/XhoI sites of pcDNA3.1-Zeo(+)-Pp as described.49 Paired primers 
used for insertion were: 5′-AATTCGCCGAATCCTAACCACTAGACCA
CCAGGGA-3′ and 5′-TCGATCCCTGGTGGTCTAGTGGTTAGGATTC
GGCG-3′ (bold letters represent extra nucleotides to generate EcoRI/XhoI 
overhangs). Three mutant plasmids were constructed in the same man-
ner (their mutated sequences shown in Figure 4a). An empty pcDNA3.1-
Zeo(+)-Pp vector was used as a control (designated as “Pp-vector”).

To investigate the effect of RSV-induced tRF5-GluCTC on mRNA 
expression, A549 cells were co-transfected with Pp-anti_GluCTC sensor 
plasmids (firefly plasmids), pRL-CMV plasmids expressing Rr (renilla 
luciferase), and anti-GluCTC oligonucleotides, using Lipofetamine 2000 
according to the manufacturer’s instruction (Invitrogen). Pp-vector 
plasmids and/or anti-control oligonucleotides were used as negative 
controls. At 2 hours of transfection, the cells were infected with mock 
or RSV. At 6 hours post-infection, cells were lysed for luciferase assays 
using a Dual-luciferase kit (Promega, Madison, WI). Data processing and 
normalization were described in Figure 4. For this experiment, synthetic 
anti-GluCTC oligonucleotides were purchased from Integrated DNA 
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Technologies (Coralville, IA). They were 20-nt mixed oligonucleotides 
which contain a backbone phosphorothioate and have 5 nts on each 
end substituted with 2′-O-methyl ribonucleotides.28,29 The sequence of 
“anti-GluCTC” is shown in Figure 4a and that of “anti-control” is 5′-CC 
GCUGAGCTAAAGCCAGCC-3′.

To identify the functional domain(s) of tRF5-GluCTC, A549 cells 
were co-transfected with Pp-anti_GluCTC sensor plasmids or their 
mutants, and Rr expressing plasmids for 24 hours, followed by mock 
or RSV infection (multiplicity of infection of 1). Cells were lysed for 
luciferase assays at 15 hours post-infection.

For ectopic expression of tRF5-GluCTC, double-stranded RNAs 
with blunt ends were designed (Figure  4a) and synthesized by Sigma. 
“Control-mimic” was purchased also from Sigma. A549 cells were 
co-transfected with the mimics and luciferase sensor plasmids using 
Lipofectamine 2000. Cells were harvested for dual-luciferase assays at 40 
hours post-transfection. All other descriptions, such as the concentrations 
of oligonucleotides and plasmids were described in Figures 4e,5e,f.

Protein synthesis assay. Confluent A549 cells, treated with/without anti-
sense oligoribonucleotide and/or RSV infection, were incubated with [35S]-
methionine (4 μCi in 2 ml of Dulbecco’s modified Eagle’s medium containing 
dialyzed FBS, but no L-glutamine, L-methionine, and L-cystine). Cells were 
harvested and lysed after 1 hour incubation. The cell lysates were precipi-
tated with 10% trichloroacetic acid, resuspended in 1× sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis loading buffer, and loaded onto 
a 10% sodium dodecyl sulfate-polyacrylamide gel. The gel was stained with 
Coomassie brilliant blue, dried, and visualized by autoradiography.

RNA interference. siRNAs were purchased from Sigma or Invitrogen; 
100 nmol/l of siRNA was transfected into A549 cells, by using Mirus 
(Madison, WI) according to the manufacturer’s recommendations. Forty 
hours later, A549 cells were mock- or RSV-infected for 6 hours at a multi-
plicity of infection of 3.

Quantitative real-time PCR. Total cellular RNAs were extracted using 
TRIzol reagents and viral RNAs released in supernatant were extracted 
using QIAamp viral RNA kit (Qiagen, Alameda, CA). First strand cDNA 
was synthesized by using TaqMan RT reagents (ABI, Carlsbad, CA). The 
RT reaction was performed under the following conditions: 25 °C, 10 min-
utes; 48 °C, 30 minutes; 95 °C, 5 minutes. Quantitative RT-PCR amplifica-
tion was performed by using SYBR Sequence information on green-labeled 
primers for target genes and internal control 18S rRNA is available upon 
request. Quantitative PCR reactions were performed with the FastStart 
Universal SYBR Green Master (ROX) (Roche, San Francisco, CA) in the 
ABI 7500 Sequence Detection System using following conditions: initial 
steps: 50 °C, 2 minutes and 95 °C, 10 minutes; PCR steps: 95 °C, 15 seconds 
and 60 °C, 1 minute for 40 cycles. The RT primer to measure the tran-
scription of RSV N gene is: 5′-CTGCGATGAGTGGCAGGCTTTTTTT 
TTTTTAACTAAAGCTC-3′; primers were designed to incorporate a “tag”  
(underlined letters) as part of the assay due to self-priming exhibited 
by RSV viral RNA.50 The tag sequence was derived from the bacterial 
chloroamphenicol resistance (Cmr) gene. Sequence with bold letters is 
complementary to poly A tails of transcribed RSV N gene. Sequence in 
italics is N gene-specific. At 25 °C annealing temperature, the N-specific 
sequences would not be sufficient for a stable efficient priming of cDNA 
from an antigenome of RSV (positive strand). PCR primers for N gene 
transcription assays are: 5′-ACTACAGTGTATTAGACTTRACAGCAGA
AG-3′ (forward) and 5′-CTGCGATGAGTGGCAGGC-3′ (reverse).

Statistical analysis. Statistical significance was analyzed using analysis of 
variance. P value of <0.05 was considered significant. Mean ± SE is shown.

SUPPLEMENTARY MATERIAL
Figure  S1.  The average sequencing quality score.
Figure  S2.  Diagram of tRFs aligned at a tRNA locus (modified from 
ref. 8).

Figure  S3.  Northern hybridization of miR-21.
Figure  S4.  Effect of tRF5-GluCTC on cytokine and chemokine 
secretion.
Figure  S5.  Northern hybridization of 3′-end of GlyGCC tRNA.
Figure  S6.  Cleavage sites in mature tRNAs to produce tRF5 series.
Figure  S7.  Gene silencing of Dicer and ANG.
Table  S1.  Summary of all tRF-5 series.
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