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A tRNA-derived RNA Fragment 
Plays an Important Role in the 
Mechanism of Arsenite -induced 
Cellular Responses
Shengxuan Liu1,2, Yu Chen1,2, Yuping Ren1,2, Jiehua Zhou2, Junping Ren2, Inhan Lee3 & 
Xiaoyong Bao2,4,5,6,7

Chronic exposure to environmental heavy metals is a worldwide health concern. It is acknowledged 
to be an important cause of lower respiratory tract damage in children. However, the molecular 
mechanisms underlying the heavy metal-induced cellular stress/toxicity are not completely understood. 
Small non-coding RNAs (sncRNAs), such as microRNAs (miRNA) and more recently identified tRNA-
derived RNA fragments (tRFs), are critical to the posttranscriptional control of genes. We used deep 
sequencing to investigate whether cellular sncRNA profiles are changed by environmental heavy 
metals. We found that the treatment of arsenite, an important groundwater heavy metal, leads to 
abundant production of tRFs, that are ~30 nucleotides (nts) long and most of which correspond to the 
5′-end of mature tRNAs. It is unlikely for these tRFs to be random degradation by-products, as the 
type of induced tRFs is heavy metal-dependent. Three most inducible tRFs and their roles in arsenite-
induced cellular responses were then investigated. We identified that p65, an important transcription 
factor belonging to NF-κB family and also a key factor controlling inflammatory gene expression, is a 
regulated target of a tRF derived from 5′-end of mature tRNA encoding AlaCGC (tRF5-AlaCGC). tRF5-
AlaCGC activates p65, subsequently leading to enhanced secretion of IL-8 in arsenite response. In this 
study, we also identified that endonuclease Dicer and angiogenin temporally control the induction of 
tRF5-AlaCGC, providing an insight into the control of tRF biogenesis and subsequently the prevention 
of cellular damage.

Environmental exposure to arsenite is an ongoing worldwide health problem, with chronic ingestion of contam-
inated drinking water being the major source of exposure1. There are an increasing number of reports showing 
that chronic exposure to arsenite, including the exposure to drinking-water arsenite, has been correlated with 
lower respiratory tract damage to cause both malignant and non-malignant lung diseases2–4. Despite strong asso-
ciations between arsenite exposure and respiratory illness, the pathophysiological mechanisms by which arsenite 
acts on the lung remain largely unknown.

Over the past decade, it has become clear that small non-coding RNAs (sncRNAs) play a significant role 
in many cellular processes, including cell proliferation5, stress responses6,7, and host-virus interactions8,9. 
Continuous discoveries on sncRNAs have changed the landscape of human genetics and molecular biology, 
largely due to the fundamental role of miRNAs-the most extensively studied sncRNA class, as gene regulators10. 
Given their molecular nature and gene regulatory role in broad biological settings, sncRNAs are being recognized 
as regulatory objectives and innovative intervention tools to control many cellular responses by modifying the 
expression or gene silencing activity of sncRNAs11.
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tRNA-derived RNA Fragments (tRFs) are a recently identified class of sncRNAs. Their function and associated 
molecular mechanism(s) have not been well characterized12. There is increasing evidence supporting tRFs func-
tional molecules, but not by-products from random degradation. First, tRFs are produced through specific cleav-
age of tRNA by endonucleases. Second, tRF expression is regulated by biological events including cellular stresses, 
cell proliferation, or viral infection. Third, some tRFs have gene trans-silencing activity, control protein transla-
tion, and/or carry out biological functions including virus replication control and cell division regulation13–18. 
tRF studies are fairly new and the molecular mechanisms underlying the functions of tRFs are largely unclear.

In this study, we identified that arsenite-treated airway epithelial cells had a significantly higher abundance 
of tRFs, compared to the cells without the treatment. Three significantly induced tRFs derived from the 5′-end 
of tRNA-ProTGG (tRF5-ProTGG), tRNA-AlaCGC (tRF5-AlaCGC) and tRNA-GluCTC (tRF5-GluCTC) were 
selected for studying their roles in arsenite-induced cellular responses. We identified p65, an important transcrip-
tion factor belonging to NF-κB family and also a key factor controlling inflammatory gene expression, as a regula-
tory target of tRF5-AlaCGC, but not of the other two tRFs. tRF5-AlaCGC activated p65, subsequently leading to 
enhanced secretion of an inflammatory cytokine IL-8. We also revealed that the biogenesis of tRF5-AlaCGC was 
temporarily regulated by endonuclease Dicer and angiogenin (ANG). Taken together with other facts that not all 
tRNAs were cleaved by heavy metals, and the cleavage of these tRNAs were at the 3′- side of the anticodon loop, 
we conclude that heavy metal-induced tRFs are functional molecules.

Materials and Methods
Cell lines, heavy metals and antibodies.  A549 cells (human alveolar type II-like epithelial cells) were 
from ATCC, Manassas, VA, and maintained as described13,19,20. SAE cells (human small airway epithelial cells) 
were purchased from Lonza (Basel, Switzerland) and maintained as described21. Heavy metal compounds sodium 
arsenite, nickel (II) chloride, and cobalt were purchased from Sigma-Aldrich (Sigma, St. Louis, MO). Primary 
antibodies against P65 and lamin B were purchased from Millipore (Millipore, Billerica, MA) and Sigma-Aldrich 
respectively. Primary antibodies against ANG, Dicer and Drosha were from Santa Cruz Biotechnology (Santa 
Cruz, Dallas, Texas). Horseradish-coupled secondary antibodies were also purchased from Santa Cruz.

RNA extraction, deep sequencing and RNA mapping.  Total RNAs from A549 cells, treated w/wo 
heavy metal solution, were extracted by TRIzol Reagents (Thermo Fisher Scientific, Waltham, MA). The RNAs 
were delivered to the Genomics Core of the University of Texas Medical Branch (UTMB) for small RNAs 
sequencing. In brief, small RNA libraries were created using the New England Biolabs small RNA library protocol 
(New England Biolabs). Library construction used a two-step ligation process to create templates compatible 
with Illumina based next generation sequence (NGS) analysis. Where appropriate, RNA samples were quantified 
using a Qubit™ fluorometric assay (Thermo Fisher Scientific). RNA quality was assessed using a 2100 Bioanalyzer 
and the RNA 6000 Pico LabChip® (Agilent Technologies). Library creation uses a sequential addition of first a 
3′ adapter sequence followed by a 5′ adapter sequence. A cDNA copy was then synthesized using ProtoScript® 
II reverse transcriptase (New England Biolabs) and a primer complementary to a segment of the 3′ adapter. 
Amplification of the template population was performed in 15 cycles (94 °C for 30 sec; 62 °C for 30 sec; 70 °C for 
30 sec). The libraries were not size selected. All NGS libraries were indexed. The final concentration of all NGS 
libraries was determined using a Qubit™ fluorometric assay and the DNA fragment size of each library was 
assessed using a DNA 1000 high sensitivity chip and an Agilent 2100 Bioanalyzer. Sequence analysis, 2 × 50 bases, 
was performed on an Illumina Hi-Seq. 1500 using the TruSeq SBS kit v3. The sequence reads ≥ 10 after adaptor 
sequence removal were used for further classification and small RNAs were mapped using Novoalign software 
as we previously described in18,22 (also shown in Fig. 1). The raw data is deposited to Gene Express Omnibus 
(https://www.ncbi.nlm.nih.gov/geo/) or available upon request.

Northern Blot.  Northern hybridization for sncRNAs induction was performed, as we previously 
described18,22. Briefly, RNA was separated in 8% or10% denaturing polyacrylamide gel with 7 mol/l urea and then 
transferred to a positively charged nylon membrane. The membrane was hybridized with 32P-labeled probes in 
ULTRAhyb®-Oligo solution, followed image development.

Oligo Transfection.  Confluent A549 cells were transfected with an antisense oligo (100 nM) against a spe-
cific tRF or a control α-oligo using Lipofectamine® 2000 DNA transfection reagent according to manufacturer’s 
protocol (Invitrogen, Thermo Fisher, Grand Island, NY). At 2 hours (h) post-transfection, cells were treated with/
without (w/wo) arsenite (10 μM) for 15 h at 37 °C, followed by sample harvesting.

Western Blot (WB).  Nuclear extracts of cells were prepared, as we previously described, and quantified with 
a protein quantification kit from Bio-Rad (Hercules, California). Proteins were fractionated by 10% SDS-PAGE 
denaturing gels, and transferred to polyvinylidene difluoride membranes, as we previously described13,23,24. 
Membranes were blocked with 5% milk in TBS-Tween 20 and incubated with the proper primary antibody to 
detect p65. Membranes were then stripped and re-probed for lamin B detection.

IL-8 Quantification.  The level of IL-8 was quantified using human IL-8 Quantikine ELISA Kit from R&D 
Systems (Minneapolis, MN), according to the manufacturer’s instructions.

Quantitative Real-time PCR.  Total cellular RNAs were extracted using TRIzol reagents (Invitrogen). 
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 minutes; 48 °C, 30 minutes; 95 °C, 5 minutes. Quantitative 
RT-PCR amplification was performed by using SYBR. Sequence information on green-labeled primers for target 
genes and internal control 18 S rRNA is available upon request. Quantitative PCR reactions were performed 
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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 information on RT primers to quantify ANG, Dicer, and 
Drosha is available upon request.

Statistical analysis.  Data are presented as means ± SEM, and statistically significant differences were 
assessed by Student’s t test for paired or unpaired data, or one-way ANOVA, as appropriate.

Results
Heavy metal-induced tRFs.  Heavy metal-induced tRFs were first reported for arsenite25, a chemical 
compound which can be inhaled or absorbed through the skin, leading to various types of disease symptoms 
including death (New Jersey Department of Health and Senior Services. Hazardous Substance Fact Sheet: Sodium 
Arsenite) &26. Although the induction of tRFs was suggested to contribute to arsenite-induced cellular stress, 
there was no direct evidence. In addition, the study was done in a microarray format, which might leave some 
tRFs with significance in heavy metal-induced diseases unrevealed. Since the chronic exposure to arsenite has 
been correlated with lower respiratory tract damage2–4, A549 cells, a lower respiratory epithelial cell model, were 
used and the change of a global sncRNA expression profile was obtained in response to arsenite treatment by 
Illumina ultra-high-throughput sequencing. These raw data were analyzed as depicted in Fig. 1. In brief, sncRNAs 
from arsenite-untreated or -treated cells were classified to different groups by mapping them to the miRNA data-
base (miRBase; http://www.mirbase.org), the rRNA database (RDP; http://rdp.cme.msu.edu/), the tRNA data-
base (GtRNAdb; http://gtrnadb.ucsc.edu/), and the Exon-Intron database (EID; http://www.utoledo.edu/med/
depts/bioinfo/database.html). In high-throughput sequencing, the cloning frequency provides a digital expres-
sion of sncRNAs. Among sncRNAs, no significant changes in miRNAs or rRNA-derived sncRNAs were found in 
response to arsenite (data not shown). At 6 h post treatment with arsenite, the percentile of tRNA-derived sncR-
NAs was increased by the fold of 1.6 in A549 cells. The majority of affected tRFs was derived from the 5′-end and 
for those with induction larger than two by arsenite were listed in Table 1. Since not all the tRNAs were detected 
to produce tRFs and the sncRNAs were unequally increased in response to the treatment of arsenite, we do not 
think tRFs as random degraded RNA by-products. More evidence will be provided to demonstrate that sncRNAs 
from tRNAs are not by-products of random RNA degradation in the manuscript. To investigate whether tRF is 
also commonly induced by other heavy metals, we treated A549 cells with 5 µM nickel(II) chloride or cobalt(II) 
chloride, and found that both metals could also induce tRFs (Supplementary Tables I and II). However, the pro-
files were quite different, suggesting the tRF origins and expression level were heavy metal type dependent, and 
further supporting that the heavy metal-induced tRFs are not random degraded RNA by-products.

Expression validation of RSV-induced tRFs.  Here, we selected three tRFs with different fold induc-
tion to validate the deep sequencing data, using probes demonstrated in Fig. 2A. The sequencing frequency of 
tRF5-AlaCGC and tRF5-ProTGG in arsenite-treated cells was in the range of 5–9‰ and their fold induction 
was more than four. There were two types of arsenite-induced tRF5-GluCTC, with the sequencing frequency 
much higher than tRF5-AlaCGC and tRF5-ProTGG. Based on their lengths, we named them tRF5-GluCTC-L 
(long) and tRF5-GluCTC-S (short). The induction of all these tRFs in A549 cells was confirmed by Northern blot 
(Fig. 2B), demonstrating the fidelity of sequencing data. The normalized band intensity from three experiments 
were summarized and shown in Fig. 2C. To further confirm the sequencing fidelity, we also used Northern blot 
to detect tRF5-LysCTT which was not inducible by arsenite according to our sequencing data. As shown in 

Figure 1.  Pipeline of analyses of Illumina high-throughput sequencing data. Flowchart of the sequencing data 
analyses is depicted.
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Supplementary Fig. 1, our Northern blot failed to detect tRF5-LysCTT in arsenite-treated sample. We included 
respiratory syncytial virus (RSV)-infected samples as a positive control to ensure the probing worked properly.

It is interesting that tRF5-GluCTC-S, but not tRF5-GluCTC-L, is also inducible by RSV, a leading cause of 
the lower respiratory tract infection in the pediatric population18, further supporting stimulus-dependent tRF 
induction.

Although A549 cells are a common cell model for respiratory infection and stress studies21,27–29, it is physio-
logically needed to confirm that primary airway epithelial cells can also produce these tRFs upon the treatment 
of arsenite. To investigate that, primary cultured human small airway epithelial (SAE) cells were treated with 
10 µM arsenite for 15 h, followed by total RNA extraction and Northern blot described in Fig. 2A. We confirmed 
that tRF5-GluCTC, tRF5-ProTGG, and tRF5-AlaCGC were also inducible by arsenite in SAE cells (Fig. 2D,E), 
suggesting A549 cells are a feasible cell model to study the cellular response to heavy metal treatment.

The role of tRFs in arsenite-induced cellular responses.  Although arsenite is a significant environ-
mental contaminant found in soil and water, and besides its neurobehavioral and carcinogenetic effects, it is 
also highly associated with lower respiratory tract damage, the molecular mechanism contributing to its impact 
on cellular responses is largely unknown2,30,31. Herein, we investigated whether and how arsenite-induced tRFs 
contribute to cellular responses to arsenite. Since NF-ĸB, a transcriptional factor, has been shown previously to 
be responsible for carcinogenesis, apoptosis, and inflammation in arsenite responses32,33, we first studied whether 
tRFs affect the activation of NF-ĸB. As shown in Fig. 3A, airway epithelial cells, transfected with scrambled 
anti-tRF oligos, had a significant nuclear translocation of p65, a key member of NF-ĸB family, in response to 
arsenite treatment. Such nuclear translocation was also observed in cells treated with anti-tRF oligos against 
tRF5-GluCTC (both forms) or tRF5-ProGTT, suggesting an unessential role of these two tRFs in arsenite-induced 
p65 nuclear translocation. In contrast, cells treated with oligo specifically against tRF5-AlaCGC failed to have 
arsenite-induced p65 nuclear translocation, demonstrating that tRF5-AlaCGC is a novel regulator of NF-ĸB in 
arsenite response. Arsenite-induced inflammatory chemokine IL-8 has been previously reported in airway epi-
thelial cells34. It is also known that IL-8 is tightly regulated by NF-ĸB in airway epithelial cells35. We, therefore, 
investigated whether arsenite-induced IL-8 can be inhibited by the treatment of anti-tRF5-AlaCGC oligo. As 
shown in Fig. 3B, there was an IL-8 induction by arsenite, which was significantly decreased by the treatment of 
anti-tRF5-AlaCGC, further supporting the role of tRF5-AlaCGC in cellular inflammatory response to arsenite.

Sequence Origin

Relative sequencing frequency 
(‰ of total sequencing reads)

Untreated Arsenite

GGGGGTATAGCTCAGCGGTAGAGCGCGTGCT AlaTGC 0.13 0.46

GGGGATGTAGCTCAGTGGTAGAGCGCGCTTC AlaCGC 1.31 7.01

GGGGGTGTAGCTCAGTGGTAGAGCGCGTGCT AlaAGC 1.00 5.25

GGCTCTGGCGCAATGGATAGCGCATTGGACT ArgAGA 0.10 11.66

GGGCCAGTGGCGCAATGGATAACGCGTCTGA ArgACG 0.08 0.83

GACCGCGTGGCCTAATGGATAAGGCGTCTGA ArgCGG 0.04 6.86

GGCTCCGTGGCGCAATGGATAGCGCATTGGA ArgTCT 0.28 13.46

GGTCCCATGGTGTAATGGTTAGCACTCTGGA GlnCAA 0.02 1.59

GGTTCCATGGTGTAATGGTTAGCACTCTGGA GlnCAG 0.07 49.50

GGTTCCATGGTGTAATGGTAAGCACTCTGGA GlnCTG 0.06 2.84

GGCCCCATGGTGTAATGGTTAGCACTCTGGA GlnTTG 0.01 0.72

TCCCTGGTGGTCTAGTGGTTAGGATTCGGCGCT GluCTC-S 0.01 52.90

TCCCTGGTGGTCTAGTGGTTAGGATTCGGCGCTCAATAATTCTCGGCTGC GluCTC-L 0.00 33.90

GCATGTGGTTCAGTGGTAGAATTCTCGCCTA GlyGCC 11.31 23.64

GGTAGCGTGGCCGAGCGGTCTAAGGCGCTGG LeuAAG 1.322 2.95

AGCAGAGTGGCGCAGCGGAAGCGTGCTGGGC MetCAT-1 6.494 79.38

AGCAGTGGCGCAGCGGAAGCGTGCTGGGCCC MetCAT-2 0.13 0.83

GGCTCGTTGGTCTAGGGGTATGATTCTCGCT ProTGG 2.01 9.01

GGCTTGGTCTAGGGGTATGATTCTCGCTTCA ProCGG 0.07 8.96

GCTGTGATGGCCGAGTGGTTAAGGCATTGGA SerCGA 0.03 0.06

GGCCTCGTGGCGCAACGGTAGCGCGTCTGAC TrpTGG 0.08 1.28

GACCTCGTGGCGCAACGGTAGCGCGTCTGAC TrpCCA 0.03 4.42

GGCTCCATAGCTCAGGGGTTAGAGCACTGGT ThrTGT 0.23 1.28

Table 1.  Summary of tRF-5 series with a relative cloning frequency >0.02‰ (reads per mil) in arsenite-treated 
samples. 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 the same anticodon, they were sequentially numbered according to the abundance of 
tRF-5s in the arsenite-treated sample.
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Figure 2.  Experimental validation of tRF-5s. (A) Sequence alignment of three validated tRF5s with their 
parental mature tRNAs and Northern probes. The letters in bold indicate the codon sequences. (B) Total 
RNA from A549 cells, treated with arsenite for 6 h at indicated concentrations was loaded to a denaturing 
polyacrylamide gel for Northern hybridization using probes indicated in panel A. Untreated cells were used as 
control. Total RNAs stained with ethidium bromide (EtBr) staining and Northern detection on the 5 S rRNA 
are 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 h, 1 day, and 5 days for the detection of 
tRF5-GluCTC, tRF5-ProTGG, and tRF5-AlaCGC, respectively. Data are representative of three independent 
experiments. (C) Densitometric analysis of the tRF bands from three Northern blots was performed for 1B, 
using the histogram function of Adobe Photoshop (San Jose, CA). Basically, the mean tRF intensity was 
normalized by the corresponding mean intensity 5 S rRNA and expressed as mean ± standard error (SE). 
For two bands of tRF5-GluCTC in the same treatment, their mean intensity was first calculated, followed by 
normalization. (D,E) The induction of tRF5-GluCTC, tRF5-ProTGG, and tRF5-AlaCGC were also inducible 
by arsentite in SAE cells. The Northern blot was done similarly as described in B, while the band intensity 
was quantified as described in C. Data shown are representative of three independent experiments. * and ** 
represent P < 0.05 and P < 0.01 respectively, relative to CN oligo-treated cells.
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Biogenesis of arsenite-induced tRFs.  Since not all tRNAs produced tRFs in response to arsenite treat-
ment, we do not think that arsenite-induced tRFs are random degradation products. Close inspection of tRFs 
in the high-throughput data revealed the 3′-ends of major tRF5 isoforms were located at the anti-codon loop 
(see Fig. 1A), supporting tRFs are not randomly generated, but produced via a specific pathway. Previously, we 
and others have shown that both prokaryotes and eukaryotes use ribonucleases to target the tRNA anticodon 
loop18,22,36–38. In particular, a ribonuclease called ANG is responsible for stress- or virus-induced cleavage of tRNA 
at the anticodon loop to produce tRFs derived from the 5′-end of tRNAs (tRF-5 series)14,18,22,25. Dicer, a ribo-
nuclease commonly recognized to be responsible for miRNA biogenesis, was also reported to cleave tRNAs to 
produce tRFs from the 3′-end of tRNAs (tRF-3 series)39, although a recent report demonstrated that some tRF-3 
series to be Dicer-independent40. Dicer is also responsible for tRNA cleavage on D arms of mature tRNAs in 
cancer cells to produce tRF541. Whether Dicer contributes to heavy metal-induced tRFs is currently unknown. 
Since tRF5-AlaCGC is involved in NF-kB-mediated inflammatory response to arsenite, studying the biogenesis 
mechanism(s) of tRF5-AlaCGC may provide an insight into arsenite-induced inflammation control. We, there-
fore, suppressed several types of ribonucleases, including ANG and those responsible for miRNA production, by 
their respective siRNA, and measured tRF5-AlaCGC in arsenite-treated A549 cells. As shown Fig. 4, when ANG 
or Dicer was suppressed by the siRNA, the induction of tRF5-AlaCGC by arsenite at early time post-treatment 
was significantly decreased (>50%). The importance of ANG seemed faded along the treatment, while Dicer 
continued to be critical in producing tRF5-AlaCGC. Interestingly, Drosha knockdown, another ribonuclease 
responsible for producing pri-miRNA in the nuclear compartment, did not affect the induction of tRF5-AlaCGC, 
demonstrating different pathways for the induction of tRFs and miRNAs. This also suggested that the tRF cleav-
age did not occur in the nuclear compartment, which is consistent to cytosol presence of tRFs in the cells18,22. 
Although ANG has been demonstrated in the previous study in mediating arsenite-induced tRFs, their role was 
focused on the early time point post treatment14. This is the first report demonstrating a temporal role of ANG in 
tRF biogenesis in the context of heavy metal treatment. We also discovered that Dicer can produce tRF-5 series by 
cleaving tRNA at the anti-codon loop, in addition to its previously described role in generating tRF-3 series and 
tRF-5 series ending at D arms of mature tRNAs39,41. Collectively, our data demonstrated that ANG and Dicer play 
a role in inducing tRF5-AlaCGC by arsenite. However, ANG only contributes to its early induction.

Discussion
In this study, we demonstrated that tRF induction is a common biological event in response to heavy metal 
exposures. Depending upon the type of heavy metal, the profile of induced tRFs varied. However, induced tRFs 
were always derived from a limited population of mature tRNAs, regardless of which heavy metal was used for 
the induction. Structurally, the 3′-ends of induced tRFs ended nearly by the anticodon loop. More importantly, 
a tRF from arsenite-treated cells was proved to be functional in arsenite-induced p65 activation and IL-8 pro-
duction. All of these supported that tRFs induced by heavy metals were not random degraded byproducts, but 
functional molecules with biological importance. This discovery may launch a new angle to study the cellular/
stress responses to the exposures of heavy metals.

The induction of tRFs is more or less mediated by ribonucleases. As mentioned, Dicer is responsible for the 
biogenesis of some tRF3s and D-arm cleaved tRF5s39,41. In sex hormone-dependent cancers, ANG seems impor-
tant to generate tRF5 via targeting the anticodon loop42. In response to RSV infection, we found that ANG is 

Figure 3.  The role of tRFs in arsenite-induced inflammation. (A) A549 cells in 6-wells were transfected 
with 100 nM anti-sense oligos (anti-“tRF5-GluCTC”, -“tRF5-ProTGG”, -“tRF5-AlaCGC” or -“CN”). After 
2 h post-transfection, cells were treated with 10 µM arsenite for 15 h. Untreated cells were used as controls. 
The nuclear fractions were prepared, followed by the SDS-PAGE gel running and Western blot, to detect the 
nuclear translocation of p65. (B) The supernatant of each group was harvested, and its IL-8 was measured by 
an ELISA kit from R&D (R&D system, Minneapolis, MN). Data shown are representative of three independent 
experiments. *P < 0.05 relative to CN oligo-treated cells.
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responsible for tRNA cleavage on the anticodon loop18,22. In prostate cancer, ELAC2 is responsible for generating 
tRFs derived from 3′ end of tRNA precursor transcript43. Overall, these studies seemed to support specific cleav-
age of tRNA by a specific nuclease. Interestingly, our study revealed that both ANG and Dicer are responsible 
for generating a tRF5 with its 3′-end in the anticodon loop. Why cells need two enzymes to temporally regulate 
the tRF biogenesis in response to arsenite needs to be examined further. It is well known that Drosha is in the 
nuclear compartment and also a key enzyme to cleave a long RNA primary transcript known as a pri-miRNA 
to produce a stem-loop structure of about 70 base pairs long, known as a pre-miRNA. Cytosolic Dicer then 
cleaves pre-miRNAs to produce miRNAs44. Therefore, our study clearly demonstrated that the biogenesis of tRF 
is different from that of miRNA, as Drosha was not involved in the tRF biogenesis. The independence of tRF on 
Drosha also suggested that tRF cleavage did not occur in the nuclear compartment, which is consistent to what 
we reported for tRFs’ cytosolic presence18,22. Other than the mechanism by which ribonucleases use to generate 
specific tRFs in certain biological settings, it is also possible that the enzymes actually cleave all tRNAs. However, 
some tRFs are not detectable due to their instability. Currently we do not know whether some tRFs are regulated 
at the post-cleavage steps. However, for tRF5-AlaCGC, it is inducible by arsenite but not by cobalt. Since both 
treatments were done in A549 cells, it is less likely for tRF5-AlaCGC to be induced by cobalt but unstable in 
A549 cells. As discussed, arsenite is an important health risk factor and its contribution to respiratory illness 

Figure 4.  The biogenesis of tRF5-AlaCGC is controlled by angiogenin and Dicer. (A) A549 cells were 
transfected with 100 nM of siRNA against indicated proteins or scrambled siRNA as a negative control. At 40 h 
post transfection, the cells were treated with arsenite for 6 or 15 h. Cells without the treatment were used as 
controls. Total RNAs were then subjected to Northern hybridization as described in Fig. 2. 5 S rRNA and EtBr 
staining were shown for equal loading. (B) The suppression of target proteins by each siRNA was confirmed by 
Real-time PCR. (C) The target specific suppression by siRNAs was also confirmed by Western blot after 40 h 
post transfection. (D) Densitometric analysis of the tRF bands from three Northern blots was performed for 
4A, similarly as described in Fig. 2C. Data shown are representative of three independent experiments. * and 
** represent P < 0.05 and P < 0.01 respectively, relative to CN oligo-treated cells at corresponding time point of 
arsenite treatment.
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is significant, with mechanisms largely unknown45. The investigated response to arsenite treatment is mainly 
oxidative stress and its regulation at the protein level46,47. It has been suggested that cells deficient in eIF2α 
phosphorylation have a higher accumulation of tRNA fragments derived from initiator-tRNAMet in response to 
arsenite, which may affect the rates of protein synthesis16. The accumulation of tRF5-MetCTA by arsenite was 
also observed in our study (Table 1). tRFs were also suggested to be involved in granule formation via binding 
to translational silencer YB-148. In this study, we investigated whether there are any other mechanisms than 
tRF-controlled protein synthesis contributing to heavy metal-induced pathogenesis, we discovered that a tRF 
actually was involved in the regulation of the activation of transcription factor p65 and subsequently enhanced 
the IL-8 secretion in response to arsenite treatment. In the future, we will investigate the molecular mechanism 
underlying the interaction of tRF5-AlaCGC and p65. Overall, this study generated a new study angle to use tRF to 
examine mechanisms underlying pathogenic diseases by heavy metals, including arsenite, cobalt and nickel49–52.

References
	 1.	 U.S. Dept. of Health and Human Services Washington DC Agency for Toxic Substances and Disease Registry, “Toxicological Profile 

for Arsenic,“in). (https://www.atsdr.cdc.gov/toxprofiles/TP.asp?id=22&tid=3) (2007)
	 2.	 Mazumder, D. N. Effect of drinking arsenic contaminated water in children. Indian Pediatr. 44(12), 925 (2007).
	 3.	 Mazumder, D. N. et al. Arsenic contamination of ground water and its health impact on population of district of nadia, west bengal, 

India. Indian J. Community Med. 35(2), 331 (2010).
	 4.	 Mazumder, D. N. et al. Bronchiectasis in persons with skin lesions resulting from arsenic in drinking water. Epidemiology 16(6), 760 

(2005).
	 5.	 Lee, Y. S. & Dutta, A. MicroRNAs in cancer. Annu. Rev. Pathol. 4, 199 (2009).
	 6.	 Cai, P. et al. A deep analysis of the small non-coding RNA population in Schistosoma japonicum eggs. PLoS. ONE. 8(5), e64003 

(2013).
	 7.	 Peng, H. et al. A novel class of tRNA-derived small RNAs extremely enriched in mature mouse sperm. Cell Res. 22(11), 1609 (2012).
	 8.	 Hess, A. M. et al. Small RNA profiling of Dengue virus-mosquito interactions implicates the PIWI RNA pathway in anti-viral 

defense. BMC. Microbiol. 11, 45 (2011).
	 9.	 Liu, X. et al. Systematic identification of microRNA and messenger RNA profiles in hepatitis C virus-infected human hepatoma cells. 

Virology 398(1), 57 (2010).
	10.	 Bernstein, E. et al. Role for a bidentate ribonuclease in the initiation step of RNA interference. Nature 409(6818), 363 (2001).
	11.	 Galasso, M., Sana, M. E. & Volinia, S. Non-coding RNAs: a key to future personalized molecular therapy? Genome Med. 2(2), 12 

(2010).
	12.	 Fu, Y. et al. Small Non-coding Transfer RNA-Derived RNA Fragments (tRFs): Their Biogenesis, Function and Implication in Human 

Diseases. Genomics Inform. 13(4), 94 (2015).
	13.	 J. Deng, et al. Respiratory syncytial virus utilizes a tRNA fragment to suppress antiviral responses through a novel targeting 

mechanism. Mol. Ther (2015).
	14.	 Emara, M. M. et al. Angiogenin-induced tRNA-derived stress-induced RNAs promote stress-induced stress granule assembly. J. Biol. 

Chem. 285(14), 10959 (2010).
	15.	 Ruggero, K. et al. Small noncoding RNAs in cells transformed by human T-cell leukemia virus type 1: a role for a tRNA fragment as 

a primer for reverse transcriptase. J. Virol. 88(7), 3612 (2014).
	16.	 Saikia, M. et al. Genome-wide identification and quantitative analysis of cleaved tRNA fragments induced by cellular stress. J. Biol. 

Chem. 287(51), 42708 (2012).
	17.	 Selitsky, S. R. et al. Small tRNA-derived RNAs are increased and more abundant than microRNAs in chronic hepatitis B and C. Sci. 

Rep. 5, 7675 (2015).
	18.	 Wang, Q. et al. Identification and functional characterization of tRNA-derived RNA fragments (tRFs) in respiratory syncytial virus 

infection. Mol. Ther. 21(2), 368 (2013).
	19.	 Bao, X. et al. IKKepsilon modulates RSV-induced NF-kappaB-dependent gene transcription. Virology 408(2), 224 (2010).
	20.	 Ren, J. et al. A novel mechanism for the inhibition of interferon regulatory factor-3-dependent gene expression by human respiratory 

syncytial virus NS1 protein. J. Gen. Virol. 92(Pt 9), 2153 (2011).
	21.	 Bao, X. et al. Airway epithelial cell response to human metapneumovirus infection. Virology 368(1), 91 (2007).
	22.	 Zhou, J. et al. Identification of two novel functional tRNA-derived fragments induced in response to respiratory syncytial virus 

infection. J. Gen. Virol. 98(7), 1600 (2017).
	23.	 Ren, J. et al. Human Metapneumovirus M2-2 Protein Inhibits Innate Cellular Signaling by Targeting MAVS. J. Virol. 86(23), 13049 

(2012).
	24.	 Y. Ren, et al. Detection of Nuclear Protein Profile Changes by Human Metapneumovirus M2-2 Protein Using Quantitative 

Differential Proteomics. Vaccines. (Basel) 5(4) (2017).
	25.	 Yamasaki, S. et al. Angiogenin cleaves tRNA and promotes stress-induced translational repression. J. Cell Biol. 185(1), 35 (2009).
	26.	 Jing, J. et al. Changes in the synaptic structure of hippocampal neurons and impairment of spatial memory in a rat model caused by 

chronic arsenite exposure. Neurotoxicology 33(5), 1230 (2012).
	27.	 Brasier, A. R. et al. Nuclear Heat Shock Response and Novel Nuclear Domain 10 Reogranization in Respiratory Syncytial Virus-

Infected A549 Cells identified By High Resolution 2D Gel Electrophoresis. J Virol 78, 11461 (2004).
	28.	 Hellermann, G. R. et al. Mechanism of cigarette smoke condensate-induced acute inflammatory response in human bronchial 

epithelial cells. Respir. Res. 3, 22 (2002).
	29.	 Ronni, T. et al. Regulation of IFN-alpha/beta, MxA, 2′,5′-oligoadenylate synthetase, and HLA gene expression in influenza 

A-infected human lung epithelial cells. J Immunol 158(5), 2363 (1997).
	30.	 McEwen, E. et al. Heme-regulated inhibitor kinase-mediated phosphorylation of eukaryotic translation initiation factor 2 inhibits 

translation, induces stress granule formation, and mediates survival upon arsenite exposure. J. Biol. Chem. 280(17), 16925 (2005).
	31.	 Romach, E. H. et al. Studies on the mechanisms of arsenic-induced self tolerance developed in liver epithelial cells through 

continuous low-level arsenite exposure. Toxicol. Sci. 54(2), 500 (2000).
	32.	 Chen, C. et al. NF-kB-regulated exosomal miR-155 promotes the inflammation associated with arsenite carcinogenesis. Cancer Lett. 

388, 21 (2017).
	33.	 Huang, S. et al. CD44v6 expression in human skin keratinocytes as a possible mechanism for carcinogenesis associated with chronic 

arsenic exposure. Eur. J. Histochem. 57(1), e1 (2013).
	34.	 Jaspers, I., Samet, J. M. & Reed, W. Arsenite exposure of cultured airway epithelial cells activates kappaB-dependent interleukin-8 

gene expression in the absence of nuclear factor-kappaB nuclear translocation. J. Biol. Chem. 274(43), 31025 (1999).
	35.	 Brasier, A. R. et al. A promoter recruitment mechanism for tumor necrosis factor-alpha-induced interleukin-8 transcription in type 

II pulmonary epithelial cells. Dependence on nuclear abundance of Rel A, NF-kappaB1, and c-Rel transcription factors. J. Biol. 
Chem. 273, 3551 (1998).

	36.	 Ardelt, W., Mikulski, S. M. & Shogen, K. Amino acid sequence of an anti-tumor protein from Rana pipiens oocytes and early 
embryos. Homology to pancreatic ribonucleases. J. Biol. Chem. 266(1), 245 (1991).



www.nature.com/scientificreports/

9SCIEnTIfIC REPOrTS |         (2018) 8:16838  | DOI:10.1038/s41598-018-34899-2

	37.	 Kaufmann, G. Anticodon nucleases. Trends Biochem. Sci. 25(2), 70 (2000).
	38.	 Suhasini, A. N. & Sirdeshmukh, R. Transfer RNA cleavages by onconase reveal unusual cleavage sites. J. Biol. Chem. 281(18), 12201 

(2006).
	39.	 Haussecker, D. et al. Human tRNA-derived small RNAs in the global regulation of RNA silencing. RNA. 16(4), 673 (2010).
	40.	 C. Kuscu, et al. tRNA fragments (tRFs) guide Ago to regulate gene expression post-transcriptionally in a Dicer independent manner. 

RNA. (2018).
	41.	 Cole, C. et al. Filtering of deep sequencing data reveals the existence of abundant Dicer-dependent small RNAs derived from tRNAs. 

RNA. 15(12), 2147 (2009).
	42.	 Honda, S. et al. Sex hormone-dependent tRNA halves enhance cell proliferation in breast and prostate cancers. Proc. Natl. Acad. Sci. 

USA 112(29), E3816–E3825 (2015).
	43.	 Lee, Y. S. et al. A novel class of small RNAs: tRNA-derived RNA fragments (tRFs). Genes Dev. 23(22), 2639 (2009).
	44.	 Lee, Y. et al. The nuclear RNase III Drosha initiates microRNA processing. Nature 425(6956), 415 (2003).
	45.	 Gong, B. et al. Compartmentalized, functional role of angiogenin during spotted fever group rickettsia-induced endothelial barrier 

dysfunction: evidence of possible mediation by host tRNA-derived small noncoding RNAs. BMC. Infect. Dis. 13, 285 (2013).
	46.	 Adegunlola, J. G. et al. Lipid peroxidation in brain tissue following administration of low and high doses of arsenite and L-ascorbate 

in wistar strain rats. Toxicol. Int. 19(1), 47 (2012).
	47.	 Hu, Y., Jin, X. & Snow, E. T. Effect of arsenic on transcription factor AP-1 and NF-kappaB DNA binding activity and related gene 

expression. Toxicol. Lett. 133(1), 33 (2002).
	48.	 Lyons, S. M. et al. YB-1 regulates tiRNA-induced Stress Granule formation but not translational repression. Nucleic Acids Res. 

44(14), 6949 (2016).
	49.	 N. A. Hamzah, S. B. Mohd Tamrin, and N. H. Ismail, Metal dust exposure and lung function deterioration among steel workers: an 

exposure-response relationship. Int. J. Occup. Environ. Health, 1 (2016).
	50.	 Linna, A. et al. Respiratory health of cobalt production workers. Am. J. Ind. Med. 44(2), 124 (2003).
	51.	 Xu, X. et al. E-waste environmental contamination and harm to public health in China. Front Med. 9(2), 220 (2015).
	52.	 Zeng, X. et al. Children with health impairments by heavy metals in an e-waste recycling area. Chemosphere 148, 408 (2016).

Acknowledgements
This work was supported by grants from the National Institutes of Health-National Institute of Allergy and 
Infectious Diseases 1R01AI107033-01 and R21AI113771-01A1, and Fight Attendant Medical Research Institute 
Clinical Innovator Award to X.B. Authors thank Mrs Cynthia Tribble for assistance with manuscript editing.

Author Contributions
Shengxuan Liu, Yu Chen, and Yuping Ren equally analyzed sequencing data and validated tRF expression. 
Shengxuang Liu was also in charge of identifying responsible enzymes for tRF biogenesis, inflammation assays, 
and manuscript writing. Jiehua Zhou and Junping Ren were involved in solution preparation and cell cultures. 
Inhan Lee was responsible for raw data analysis and data priming. Shengxuan Liu and Xiaoyong Bao designed the 
experiments and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34899-2.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-34899-2
http://creativecommons.org/licenses/by/4.0/

	A tRNA-derived RNA Fragment Plays an Important Role in the Mechanism of Arsenite -induced Cellular Responses

	Materials and Methods

	Cell lines, heavy metals and antibodies. 
	RNA extraction, deep sequencing and RNA mapping. 
	Northern Blot. 
	Oligo Transfection. 
	Western Blot (WB). 
	IL-8 Quantification. 
	Quantitative Real-time PCR. 
	Statistical analysis. 

	Results

	Heavy metal-induced tRFs. 
	Expression validation of RSV-induced tRFs. 
	The role of tRFs in arsenite-induced cellular responses. 
	Biogenesis of arsenite-induced tRFs. 

	Discussion

	Acknowledgements

	Figure 1 Pipeline of analyses of Illumina high-throughput sequencing data.
	Figure 2 Experimental validation of tRF-5s.
	Figure 3 The role of tRFs in arsenite-induced inflammation.
	Figure 4 The biogenesis of tRF5-AlaCGC is controlled by angiogenin and Dicer.
	Table 1 Summary of tRF-5 series with a relative cloning frequency >0.




