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Drug discovery from plants usually focuses on small molecules
rather than such biological macromolecules as RNAs. Although
plant transfer RNA (tRNA)-derived fragment (tRF) has been
associated with the developmental and defense mechanisms
in plants, its regulatory role in mammals remains unclear. By
employing a novel reverse small interfering RNA (siRNA)
screening strategy, we show that a tRF mimic (antisense derived
from the 50 end of tRNAHis(GUG) of Chinese yew) exhibits com-
parable anti-cancer activity with that of taxol on ovarian cancer
A2780 cells, with a 16-fold lower dosage than that of taxol. A
dual-luciferase reporter assay revealed that tRF-T11 directly
targets the 30 UTR of oncogene TRPA1 mRNA. Furthermore,
an Argonaute-RNA immunoprecipitation (AGO-RIP) assay
demonstrated that tRF-T11 can interact with AGO2 to sup-
press TRPA1 via an RNAi pathway. This study uncovers a
new role of plant-derived tRFs in regulating endogenous genes.
This holds great promise for exploiting novel RNA drugs
derived from nature and sheds light on the discovery of un-
known molecular targets of therapeutics.

INTRODUCTION
The plant kingdom has been regarded as a significant source of me-
dicinal products throughout the history of mankind.1 Herbal decoc-
tions have been used for the prevention and treatment of diseases
since ancient times and they remain in use nowadays.2 A wide variety
of secondary metabolites, such as flavonoids, terpenes, and alkaloids,
as obtained from this chemical treasure have been identified as active
compounds. Despite the focus of most research on small molecule
active principles, there has been increasing attention paid to biologics
over the past few decades. Notably, crude plant extracts were found to
be more effective than the single compound,3 which suggests that the
whole plant extracts contain a cocktail of components where such
substances as macromolecules may contribute significantly to the
overall pharmacological effects of the herbal medicines.

Small RNAs (<200 nt) were discovered to play critical roles in a wide
variety of biological processes for microorganisms, plants, animals,
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and humans, as well as in various human diseases through regulating
those protein coding genes.4,5 Zhang et al.6 reported that an exoge-
nous plant microRNA (miRNA), MIR168a, which is abundant in
rice, is enriched in the sera of human subjects relying on rice as a sta-
ple food. MIR168a could bind to low-density lipoprotein (LDL) re-
ceptor adaptor protein 1 (LDLRAP1) mRNA to inhibit its expression
in mice, thus suppressing the removal of LDL from the plasma. It was
also found that a stable MIR2911 derived from Chinese medicine
honeysuckle could be effective not only in producing inhibitory ef-
fects on various influenza A viruses but also in suppressing severe
acute respiratory syndrome coronavirus-2 (SARS-COV-2) replica-
tion and accelerating the negative conversion of infected patients.7,8

In addition, miRNAs have been identified as playing some other ther-
apeutic roles. For example, the plant miRNA miR159 detected from
Western human sera could suppress the progression of breast cancer
by targeting transcription factor 7.9 A small RNA HJT-sRNA-m7
derived from Chinese medicine Hongjingtian (Rhodiola crenulata)
was found to be effective in treating pulmonary fibrotic disease by tar-
geting a-SMA, fibronectin, and collagen type III a 1.10 Moreover, the
mdo-miR7267-3p obtained from ginger could be encapsulated by
ginger exosome-like nanoparticles to cross-kingdom regulate gut mi-
crobiota.11 These findings have indicated clearly that plants may be a
desirable source of RNAs that can be used to regulate the expression
of target genes for therapeutic purposes, especially for miRNAs.
Notably, a recent report has suggested that the small RNA of corn,
which has a larger size than miRNA, also exhibited anti-proliferative
activity against HeLa cells,12 indicating that small RNA species other
than miRNA can also exhibit pharmacological activities.
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2021.12.037
mailto:zhjiang@must.edu.mo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2021.12.037&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
Known as the most abundant small RNA species, transfer RNAs
(tRNAs) play a crucial role in protein translation and perform various
regulatory functions required for several important biological pro-
cesses, such as cell signaling, apoptosis, and stress response.13 It has
been revealed that individual tRNAs purified from non-pathogenic
Escherichia coli could significantly suppress the growth of colorectal
cancer cells, indicating the gut microbiota’s tRNAs as potential
anti-cancer therapeutics for the first time.14 Most recently, tRNA-
derived fragments (tRFs) have been identified as possessing such reg-
ulatory properties.15 The small RNAs of this class are not generated at
random from tRNAs, and many of them are abundantly but specif-
ically produced under certain conditions.16,17 The expressions of
several tRFs are shown to have a positive association with cell prolif-
eration in cancer cell lines. Furthermore, the endogenous tRFs
derived from human breast cancer cells were found to be effective
in suppressing breast cancer in vitro and in vivo by targeting the
YBX1 gene,18 suggesting that tRFs could target the signaling pathways
related to cell proliferation and thus enable an effective intervention
with the treatment of cancers. These findings thus brought our atten-
tion to the potential suitability of plant-derived tRNAs and tRFs as
RNA interference (RNAi)-based therapeutics.

As a species in the family Taxaceae, Chinese yew (Taxus chinensis
(Pilger) Rehd. var. mairei) refers to an ornamental evergreen shrub
or tree widely distributed in areas with high elevation across China.
Chinese yew as a significant variety of medicinal plant has been
used for the production of paclitaxel (taxol). In addition, it is the first
anti-cancer small molecule,19 and has now been accepted as a stan-
dard first-line chemotherapeutic drug designed to treat multiple solid
tumors, especially for ovarian cancer.20 However, the patients treated
with taxol have been found to develop drug resistance.21 Therefore, it
is necessary to develop a novel therapeutic strategy for cancer treat-
ment. In this study, an investigation was conducted into the tRNA
and tRF contained in Chinese yew for any potential positive effects
on reducing the progression of ovarian cancer.

In this study, the tRNA sequence information on the Chinese yew was
obtained by means of next-generation sequencing (NGS). After affinity
purification and subsequent cytotoxicity determination, it was found
that the individual tRNA contained in Chinese yew exhibited strong
cytotoxicity on ovarian cancer cells. Through the design and screening
of tRF, the tRF-T11 derived from the 50 end of tRNAHis(GUG) with its
antisense were discovered to produce comparable anti-cancer effects
with taxol on ovarian cancer cell A2780 and its xenograft animal model.
As further revealed by various mechanistic studies including dual-lucif-
erase reporter assay and immunoprecipitation assay, tRF-T11 can
interact with AGO2 to directly target TRPA1 and suppress its expres-
sion through the RNAi pathway in ovarian cancer cells.

RESULTS
tRNA species contribute to the cytotoxicity of Taxus tRNA-

enriched fraction

Total RNA was isolated from fresh branches of T. chinensis by a well-
developed hexadecyl trimethyl ammonium bromide (CTAB) RNA
extraction method (Figure S1A). Preparations obtained were of
high integrity (RIN > 7.0) and purity (260/280 > 2.0, 260/230 > 2.0;
Figure S1B). Subsequently, small RNA (<200 nt) was separated
from large RNA with high purity (Figures S1C and S2). Separation
of small RNA was carried out by using a 10% urea-polyacrylamide
gel electrophoresis (urea-PAGE), in which the tRNA species were
then gel fractionated and purified (Figure S3A) to remove 5S, 5.8S
rRNA, and other RNA species (Figures S3B and S3C). NGS of the
resultant tRNA-enriched fraction (tEF) generated over 1.7 million
clean reads with a majority ranging from 60 to 80 mer in length (Fig-
ure 1A). Bioinformatics analysis identified and annotated over 20
Taxus tRNA sequences in the tEF using tRNAscan-SE 2.0 and
NCBI Basic Local Alignment Search Tool (BLAST) program (Table
S1). When transfected by liposomes, this tEF preparation has demon-
strable cytotoxicity on ovarian cancer (OVCA) cell line A2780 with a
half maximal inhibitory concentration (IC50) value of 128.8 nM, while
no cytotoxicity was observed in controls without transfection (Fig-
ure 1B), implying that tRNAs in the tEF might act as effectors and
contribute to the bioactivity. However, the content analysis of the
reads in the tEF library revealed that rRNA fragments accounted
for over 50% of the overall number of reads, while tRNA species
only accounted for 14% (Figure 1C). Upon further purification to re-
move rRNA fragments using a Ribo-Zero rRNA removal kit (Illu-
mina) (Figure 1D), the cytotoxic effects of retained tEF was observed
to be significantly increased (Figure 1E), indicating the tRNA species
are the principal factors responsible for the observed cytotoxic activ-
ities of Taxus tEF.

Individual tRNAs purified from Chinese yew are cytotoxic to

cancer cells

To further confirm the bioactivity of tRNA species, the five most
abundant individual tRNAs (>500 reads per million) were captured
based on a solid-phase DNA probe, followed by ultra-high perfor-
mance liquid chromatography (UHPLC) to separate individual
tRNA and its cognate DNA probe. UHPLC analysis demonstrated
that the purified tRNAHis(GUG) displayed a single peak under UV
260 nm (Figure 2A) and a single gel band was clearly observed in
the urea-PAGE analysis, confirming a high purity of the obtained
tRNA (Figure 2B). Deconvolution mass spectrum indicated that the
molecular weights of purified tRNAs are higher than those calculated
based on unmodified sequence (Figures 2B and 2C). Interestingly, the
top five abundant tRNAs at 25 nM were found to markedly reduced
cell viability of A2780 cells (OVCA) and HepG2 cells (liver cancer)
in vitro, but were much less effective on MCF-7 cells (breast cancer)
(Figure 2D). Among the five tRNAs, tRNATrp(CCA) appeared to have
the strongest cytotoxicity on A2780 cells, with an IC50 value of 14 nM,
relatively comparable with that of taxol at 7 nM (Figure 2E; Table S2).

Taxus tRF exhibits cytotoxicity in OVCA cells

A recently reported tumor-suppressive role of endogenous tRFs on
human breast cancer cells has led to a hypothesis that tRF derived
from the tRNAs above may exhibit antitumor activity.18 Since tRFs
from the 50 terminal and 30 ends (tRF-50 and tRF-30) in 19 or 22 nt
are the most abundant tRF species,22,23 a total of 36 tRFs derived
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Figure 1. Taxus tRNA species are major contributor of cytotoxicity of tEF

(A) Distribution of read length in the tEF as determined by NGS with a range from approximately 30 to 90 mer peaking at about 70 mer. (B) Taxus tEF with liposomal

transfection exhibited significant cytotoxicity on A2780 cells in dose-dependent manner. Controls (Con) were without tEF and liposomes. Liposomes (Lipo) were without tEF.

All data were normalized to Con. Representative MTT assay images are shown in the left panel. (C) NGS reads content analysis showed that only 14% of the tEFs belong to

tRNA sequence. (D) Urea-PAGE analysis of the tEF before and after rRNA fragment purification. tEF = before purification, rRNA fragment = rRNA fragment removed from tEF,

and purified tEF = after purification. (E) Comparison of the cytotoxic activities of tEF before and after rRNA fragment purification. Taxol was used as a positive control. Data are

shown as the means ± SDs of three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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from the nine most abundant tRNAs of Chinese yew (Table S3),
including tRF-50 and tRF-30 with lengths of, respectively, 19 and 22
nt, were selected as the antisense strands of tRF mimics in siRNA
form (Figure 3A). High-throughput cytotoxic screening (Figure 3B)
identified tRF-T11 mimic (a double-strand RNA with a 22-mer
tRF-50 derived from tRNAHis(GUG)) as the most active on both
A2780 and its taxol-resistant strain A2780T cells. Since tRF-T11 as
the antisense exhibited a worse cytotoxicity than tRF-T11 mimic,
while its sense did not show significant inhibitory effects (Table 1),
the double-strand tRF-T11 mimic was selected for further investiga-
tion of its biological and pharmacological activities. In A2780 and SK-
OV-3 cells, the IC50 value of tRF-T11 mimic (31 nM and 158.7 nM) is
comparable with that of taxol (10.8 nM and 33.8 nM), while it showed
no significant effects on normal ovarian surface epithelial cells
IOSE80 (Figure 3C). Importantly, the IC50 value of tRF-T11 mimic
on A2780T cells remained unchanged, which is 80-fold lower than
that of taxol (Figure S4). Since most high-grade serous adenocarci-
nomas originate from fallopian tube rather than ovary, which has
become the most common type of OVCA with the highest mortal-
ity,24 the side effects of tRF-T11 mimic were also tested on the fallo-
pian tube cell line HFTEC. The results also demonstrated that no
significant effects of tRF-T11 mimic were observed, while a strong
cytotoxicity of taxol appeared with an IC50 value of 11 nM (Figure 3C).
720 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Clonogenic assay demonstrated that tRF-T11 mimic can also signif-
icantly suppress the colony formation of A2780 and SK-OV-3 cell
lines (Figure 3D). It also showed significant inhibitory effects on
metastasis in both cell lines treated with tRF-T11 mimic by wound
healing assay (Figure 3E). Furthermore, tRF-T11 mimic was found
to markedly reduce the migration and invasion of OVCA cells (Fig-
ure 3F). In addition, the caspase-3 activity in A2780 and SK-OV-3
cells treated with tRF-T11 mimic was determined since caspase-3 is
a key biomarker of apoptosis in cells.25 The results showed that
tRF-T11 mimic could induce an approximately 1.6-fold increase of
caspase-3 activity in the two ovarian cells after 18 h of treatment (Fig-
ure 3G). The above results demonstrated that tRF-T11 mimic
exhibited significant anti-cancer activities against OVCA cells, espe-
cially for A2780, thus this cell line was selected for further investiga-
tions. Fluorescent dye (FAM)-labeled tRF-T11 mimic was mainly
observable in the cytoplasm of A2780 cells and partly in the nucleus,
but not in mitochondria (Figure 3H), suggesting that the cytoplasm or
nucleus is the site of action of this tRF mimic, such as suppression of
the expression of endogenous targets.26

tRF-T11 targets and inhibits TRPA1 expressions in vitro

The functionality of exogenous tRFs may overlap that of miRNAs, a
characteristic that has been widely documented for endogenous



Figure 2. Individual tRNAs exhibit anti-proliferation effects on cancer cells

(A) Representative UHPLC chromatogram of tRNAHis(GUG) with probe. (B) Deconvolution MS and urea-PAGE analysis (left inset) of purified tRNAHis(GUG) (cloverleaf-like

secondary structure shown as right inset). (C) Deconvolution MS results of tRNAGlu(UUC), tRNATrp(CCA), tRNALeu(CAA) , and tRNAArg(ACG). (D) Effects of the five most abundant

tRNAs from Chinese yew on cell viability of A2780, HepG2, and MCF-7 cells at 25 nM. Representative MTT assay images of tRNAs on A2780 cells are presented in the lower

panel. (E) Comparison of the dose-dependent cytotoxic effects of tRNATrp(CCA), siRNA, negative sequence, and taxol on A2780 cells. Data are shown as the means ± SDs of

three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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tRFs in both plants and mammalian cells.27,28 To further elucidate
the mechanism of action that may underlie the functionality of
tRFs, potential target genes of tRF-T11 were identified by in silico
prediction using two independent bioinformatic tools, IntaRNAv229

and psRNATarget,30 followed by a differential expression analysis
based on the gene expression profiles in normal and tumor ovarian
tissue to prioritize the candidate targets. As a result, the top three
differentially expressed genes, namely transient receptor potential
cation channel subfamily A member 1 (TRPA1), tetraspanin 17
(TSPAN17), and secretogranin V (SCG5), were identified as the
most likely candidates based on their minimum required energy
to hybridize with tRF-T11 at their 30 UTRs of mRNA (Figure 4A).
Among these three genes, only TRPA1 was significantly downregu-
lated in A2780 cells treated with tRF-T11 mimic (Figure 4B) in a
dose-dependent manner (Figure 4C). Remarkably, tRF-T11 mimic
was observed to be as effective as TRPA1-siRNA1 in suppressing
TRPA1 expression (Figure 4D), suggesting that tRF-T11 may act
as a translational suppressor of the TRPA1 gene by acting like an
siRNA that silences a targeted gene. The minimum free energy of
tRF-T11 binding TRPA1 was calculated to be �33.3 kcal/mol
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 721
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(Figure 4E). Dual-luciferase reporter assay was employed to deter-
mine whether tRF-T11 directly targets TRPA1. The TRPA1-wild
type (WT) and TRPA1-mutant (MUT) luciferase reporter gene vec-
tors and tRF-T11 mimic or its scrambled mimic were co-transfected
into HEK-293T cells. The results showed that tRF-T11 mimic
significantly reduced the luciferase activity of the TRPA1-WT re-
porter vector, while no significant change of the luciferase activity
of the TRPA1-MUT reporter gene vector was observed (Figure 4F).
This clearly demonstrated that tRF-T11 directly targets the pre-
dicted binding sites of 30 UTR of TRPA1 mRNA to inhibit its ex-
pressions. Meanwhile, in the Argonaute-RNA immunoprecipitation
(AGO-RIP) assay, tRF-T11 mimic was significantly enriched by
almost 113 times in the AGO2-RIP complex (Figure 4G), which
indicated the interaction between tRF-T11 mimic and AGO2 pro-
tein. It was also observed that the transfected tRF-T11 mimic
significantly reduced the expression levels of TRPA1 mRNA in the
AGO2-RIP complex of A2780 cells (Figure 4H). These data
suggest that tRF-T11 interacts with AGO2 to directly target
TRPA1 and inhibit its expression via the RNAi pathway in A2780
cells. Furthermore, by querying The Cancer Genome Atlas
(TCGA) data, it was revealed that the survival probability of
OVCA patients with low expression of TRPA1 is significantly higher
than that of those with high expression of TRPA1 (Figure 4I), indi-
cating that TRPA1 might be a new potential target for OVCA treat-
ment, and tRF-T11 mimic might be effective to this treatment via
targeting TRPA1.

Preparation of tRF-T11 mimic-containing nanoparticles

To encapsulate tRF-T11 mimic for in vivo study, a histidine-lysine
polymer (HKP; Figure 5A) was employed as delivery agent since it
is a nanoparticle system for siRNA drug delivery in vivo.31 The total
ion chromatogram displayed a single peak of HKP (Figure 5B) and
the deconvolution mass spectrum indicated its accurate molecular
weight of 9,548.33 Da (Figure 5C). We used agarose gel electropho-
resis analysis to investigate nanoparticle pharmaceutics formed under
different mass ratios of tRF-T11 mimic and HKP. In Figure 5D, the
upper panel indicates the encapsulated tRF-T11 mimic, while the
lower panel shows naked RNA. The results show that when HKP
was used at a mass ratio of 2 or above relative to the mimic, all
tRF-T11 mimics were encapsulated. Furthermore, to evaluate the
quality of nanoparticle pharmaceutics, we determined their particle
size and zeta potential value in RNase-free water. The results indi-
cated good dispersion (41.2 mV; Figure 5E) and appropriate particle
size (164.2 nm; Figure 5F) and were obtained when the mass ratio was
at 3. Thus, tRF-T11 mimic-containing nanoparticles were prepared at
this mass ratio for in vivo experimentation.
Figure 3. tRF-T11 mimic inhibits human OVCA cell proliferation

(A) Schematic diagram describing the design of tRF mimic from the 50 and-30 end of tRN

their cytotoxicity against A2780 and A2780T cells. tRF-T11 mimic (top left corner) was i

tRF-T11 mimic and taxol against A2780, SK-OV-3, IOSE80, and HFTEC cells. (D) Clonog

of tRF-T11 mimic on A2780 and SK-OV-3 cells. (F) Transwell assay of tRF-T11 mimic on

OV-3 cells treated with tRF-T11 mimic. (H) Fluorescent images showing the presence of F

in the mitochondria of A2780 cells. Scale bar, 25 mm. Data are presented as the means
tRF-T11 mimic suppresses ovarian tumor growth in vivo

An A2780 cell xenograft tumor model was developed to determine
whether tRF-T11 mimic could suppress OVCA growth in vivo. Fe-
male BALB/c nude mice were intratumorally injected once every
3 days with encapsulated tRF-T11 mimic (71 and 177 nmol/kg),
taxol (2,928 and 5,855 nmol/kg), or blank HKP when the tumors
reached 50 mm3. Treatment groups demonstrated a reduced tumor
growth rate when compared with the untreated (HKP) control
group (Figure 6A), while the body weight remained largely compa-
rable (Figure 6B). The high-dose tRF-T11 mimic-treated group
(177 nmol/kg) and the low-dose taxol-treated group produced re-
sults that were not statistically different, reaching an approximately
50% reduction in tumor size, in terms of both volume and weight
after 20 days (Figures 6C and 6D). Surprisingly, the dose of tRF-
T11 mimic (177 nmol/kg) is 16-fold lower than that of taxol
(2,928 nmol/kg) to achieve comparable tumor-suppressive effects
in vivo (Figures 6A and 6C). Also, tRF-T11 mimic significantly
reduced the tumor size (Figure 6D) and showed no significant
adverse impacts on the body weight of nude mice at the end of
the experiment (Figure 6B). Furthermore, the expression levels of
ki67 and PCNA in tumors of mice treated with tRF-T11 mimic
or taxol significantly reduced compared with those in control group,
suggesting that tRF-T11 mimic exhibited inhibitory effects on
OVCA growth (Figure 6E). Western blot assay was further used
to determine TRPA1 expressions in tRF-T11 mimic-treated group,
and the results showed that mice treated with the high-dose tRF-
T11 mimic had significantly reduced protein expression levels of
TRPA1 in the tumors (Figure 6F) compared with those of control
group, which is consistent with the results in vitro. In addition,
morphological images and pathologic analysis showed that no sig-
nificant histological differences were observed in the major organs
between the tRF-T11 mimic-treated group and control group (Fig-
ures 6G and S5). This suggests that tRF-T11 mimic treatment is
potentially safe. Thus, we concluded that tRF-T11 could suppress
human OVCA growth via targeting and inhibiting the expressions
of TRPA1 in vitro and in vivo.

Low expression of TRPA1 is associated with higher survival

probability in multiple types of cancer patients

In addition to the potential role of TRPA1 in OVCA treatment as
demonstrated in this study, there is also evidence that it is involved
in breast cancer.32 Analysis of the TCGA database revealed that low
expression of TRPA1 is associated with increased survival probability
among patients with BLCA, CESC, HNSC, KIRP, LGG, LIHC, LUAD,
PRAD, and UCEC, but not with BRCA, COAD, GBM, KIRC, LUSC,
READ, SKCM, STAD, and THCA (Figure 7). The possible linkages of
A of 19 and 22 nt length. (B) Heatmap of the 36 synthesized tRF mimics according to

dentified to be the most effective. (C) Comparison of the dose-dependent effects of

enic assay of tRF-T11 mimic on A2780 and SK-OV-3 cells. (E) Wound healing assay

A2780 and SK-OV-3 cells. (G) Determination of caspase-3 activity in A2780 and SK-

AM-labeled tRF-T11 mimic mainly in the cytoplasm and partly in the nucleus, but not

± SDs of three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Table 1. IC50 values (nM) of RNA samples and taxol on A2780, SK-OV-3,

A2780T, IOSE80, and HFTEC cells

A2780 SK-OV-3 A2780T IOSE80 HFTEC

tRF-T11 114.3 293.0 217.8

Sense of tRF-T11 mimic

tRF-T11 mimic 31.0 158.7 32.3

siRNA 0.25 7.8 16.3

Scramble control

Taxol 10.8 33.8 2600.0 11.0

Empty cells indicate that the values cannot be calculated.

Molecular Therapy: Nucleic Acids
TRPA1 and other cancers should be further investigated in our future
work.

DISCUSSION
Plant tRFs are closely associated with the developmental and defense
mechanisms in plants.33 The miR164 and miR171 obtained from Chi-
nese yew have been demonstrated to target and cleave biosynthetic
genes of taxol, taxane 13a hydroxylase, and taxane 2a-O-benzoyl
transferase.34 In this study, a bioinformatics approach was used to
demonstrate the potential of tRFs derived from Chinese yew to target
some genes for the biosynthesis of taxol with low MFE values (Table
S4). It is suggested that these tRFs might play a role in regulating the
biosynthetic process of taxol in Taxus plants.

In addition, this study emphasized the potential regulatory roles
played by plant-derived tRNAs and tRFs in human cells. At the begin-
ning of this study, tRF-T11 mimic was demonstrated to exhibit com-
parable inhibitory effects on cancer cells to taxol, both in vitro and
in vivo. However, tRF-T11 mimic is clearly advantageous as it re-
quires as little as 6% of the taxol dose (in molar terms and adminis-
tered by intratumorally injection) for producing tumor-suppressing
effects in a xenograft mouse model using A2780 OVCA cells. In
further in-depth bioinformatics analysis, it was revealed that tRF-
T11 could target the 30 UTR of TRPA1 mRNA to inhibit its expres-
sion. Besides, dual-luciferase reporter assay experiments were
conducted to confirm its binding sites on TRPA1 mRNA. Finally,
AGO-RIP assay was performed to demonstrate that tRF-T11 interacts
with AGO2 to inhibit TRPA1 via the RNAi pathway in A2780 cells. In
the area of cross-kingdom regulation of exogenous small RNA, Prof.
Chen-Yu Zhang’s laboratory was the first to reveal that plant-derived
miRNAs could function as cross-kingdom regulators to influence the
expression level of homo-derived protein coding genes.6 Although
we, and many other researchers, are focusing on plant-derived small
RNA, our strategies are different: First, the identified tRF-T11 mimic
is an artificially designed double-stranded oligonucleotide whose
antisense is derived from the tRNA of Chinese yew. Liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) analysis showed
that tRF-T11 is not present in four kinds of cancer cells (Figure S6).
This is different from the single-stranded plant miRNA, which is
detectable in the human body.6–9 Second, the administration mode
of tRF-T11 mimic is intratumorally injection, which is also different
724 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
from oral administration of plant miRNA for investigations on cross-
kingdom regulation.

TRPA1 is referred to as a non-selective Ca2+ channel widely expressed
in both neurons such as those in the sensory dorsal root and trigem-
inal ganglia, and such non-neuronal cells as epithelial and hair cells. It
is known to play a certain role in sensory and homeostatic processes.
In addition, it may play a critical role in inflammation and neuro-
pathic pain.35 More recently, TRPA1 has been demonstrated as
critical to the survival of inner cells in the breast and lung cancer
spheroids with reactive oxygen species (ROS) accumulation. In addi-
tion, TRPA1 increased the resistance to ROS-producing chemother-
apies, and the silencing of TRPA1 was effective in suppressing tumor
progression in a xenograft animal model. Therefore, it is suspected
that TRPA1 expression can contribute to preventing the occurrence
of oxidative stress-induced cell death.32 In the present study, we car-
ried out bioinformatics, dual-luciferase reporter assay, and AGO-RIP
experiments to demonstrate that the molecular function of tRF-T11 is
to interact with AGO2 to directly target TRPA1 via the RNAi pathway
to suppress OVCA growth. Thus, Takahashi’s findings could demon-
strate the downstream mechanisms of tRF-T11 targeting TRPA1.
More importantly, corroboration was obtained from our observation
that the higher levels of TRPA1 expression in tumor tissues were asso-
ciated with the lower chance of patient survival in a cohort consisting
of 379 OVCA tissues and 88 normal ovarian tissues derived from
UCSC Xena (Figure 4I). Thus, it is speculated that tRF-T11 reduced
tumor growth mainly by suppressing the expression of TRPA1.
Although taxol exhibits tumor-suppressing effects by stabilizing mi-
crotubules,36 there is evidence suggesting that the action of taxol is
partially mediated by the activation of TRPA1 and TRPV4. Conse-
quently, ROS accumulate to induce chemoresistance.37 Combined
with the observation that tRF-T11 mimic is equally potent in drug-
resistant A2780T cells and in non-resistant strains, it suggests a po-
tential strategy of treatment through a combination of tRF-T11
mimic and taxol to improve the outcome of suppressing such tumors
as OVCA. In addition, it is worth noting that the current study is far
from sufficient to fully understand the potential of chemical modifi-
cations of Taxus tRFs. Since our previous studies have revealed that
chemical modifications of tRNA are associated with its bioac-
tivity,38,39 further studies will be conducted in the future to explore
the structure-activity relationship and provide valuable information
about the development of RNA mimics.

Since the first report on the capability of plant-derived miRNAs to
regulate gene expression in mammalian systems,6 the findings ob-
tained from many other studies have been strongly suggestive of a
distinct potential for the small RNAs in plants to be developed into
pharmacological agents.7–11 This study has extended this concept to
include smaller tRNA and even smaller tRF, both of which are abun-
dant in the small RNA of the plant kingdom. As the oligonucleotides
in the structures of tRFs could be modified easily and efficiently
through the phosphoramidite methodology,40,41 the possibility of a
vast library of sequences, natural or modified, will promote the devel-
opment of novel RNAi-based therapeutics with a potential that



Figure 4. tRF-T11 targets TRPA1 and inhibits its expressions on both mRNA and protein levels

(A) Hybridization energies and differential expression analysis of predicted target genes identified by the IntaRNA and psRNATarget tools. (B) Suppression of TRPA1

expression (mRNA levels measured by qPCR) in A2780 cells treated with tRF-T11 mimic. Tetraspanin 17 (TSPAN17) and secretogranin V (SCG5) were not affected. (C) tRF-

T11 mimic suppressed TRPA1 expression in a dose-dependent manner. (D) Comparison of the effects of tRF-T11 mimic and TRPA1-siRNA on TRPA1 expression in A2780

cells at 25 nM. Representative western blot bands are presented in the left panel. (E) Construction of the luciferase report plasmid carrying the luciferase-coding sequence

attached with the WT or MUT 30 UTR TRPA1 based on the putative binding sites of tRF-T11. (F) The relative luciferase activities were detected by transfecting pmiR-RB-

Report h-TRPA1-WT or pmiR-RB-Report h-TRPA1-MUT and tRF-T11 mimic or its scramble mimic into HEK-293T cells. (G) tRF-T11 mimic was significantly enriched in

AGO2-RIP complex of A2780 cells. (H) Suppression of TRPA1 expression (mRNA levels measured by qPCR) in AGO2-RIP complex of A2780 cells treated with tRF-T11

mimic. (I) Low expression of TRPA1 is associated with survival probability of OVCA patients. Data are shown as the means ± SDs of three independent experiments. **p <

0.01, ***p < 0.001, ****p < 0.0001.
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cannot be over-estimated. In October 2018, patisiran was granted
approval from the US Food and Drug Administration (FDA) for
the treatment of polyneuropathy caused by hereditary transthyre-
tin-mediated amyloidosis (hATTR) in adult patients. It is not only
the first drug officially approved for use in this condition but also
the first siRNA drug of its kind approved by the FDA.42 As siRNA
technology develops rapidly, siRNA can be readily designed and
made available on the basis of a well-validated mRNA target,43 thus
providing a new class of therapeutics against the targets previously
unknown to be druggable.44 Thus, it is essential to identify a molec-
ular target related to either disease etiology or progression for siRNA
drug development. However, the identification of a critical molecular
target in the pathogenesis and pathology of a disease involves a
lengthy and difficult process.45–47 Therefore, a reversed strategy was
adopted in this study, which first sought the pharmacologically active
tRFs that are specifically produced from the 50 and-30 ends of plant
tRNAs.48 Then, bioinformatics studies were conducted to predict
and validate their mRNA targets. This approach proved successful
in identifying tRF-T11 and its target TRPA1. It is suspected that a
further optimization based on the target region on the TRPA1
mRNA can contribute to identifying more effective siRNA drug
candidates.
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Figure 5. Optimization and preparation of tRF-T11 mimic-containing nanoparticles

(A) Chemical structure of HKP. (B) Total ion chromatogram showing a single peak of HKP. (C) Multiple charge distribution and deconvolution mass spectrum (inset) of HKP. (D)

Agarose gel electrophoresis analysis of encapsulated tRF-T11 mimic by HKP under different mass ratios. When the mass ratio is above 1:2 (RNA:HKP), all RNAs were

encapsulated. (E) The zeta potential and particle sizes (F) of the tRF-T11 nanoparticle in RNase-free water at mass ratio of 1:3. Data are shown as the means ± SDs of three

independent experiments.
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In summary, we have developed an innovative strategy designed to
draw the first conclusion that tRNAs are pharmacologically active
as the most abundant class of small RNAs derived from medicinal
plants. Also, the first evidence was provided to suggest that plant-
derived tRFs are potent druggable RNA molecules, which
significantly widens our knowledge about the active ingredients of
medicinal plants and provides additional clues to exploring the active
components contained in medicinal plants. Since our study revealed a
first RNA sequence with antitumor activity derived from the Taxus
plant, tRF-T11 represents the first natural RNA silencing human
TRPA1. Overall, the novel strategy proposed in this paper can not
only identify the pharmacologically active tRFs obtained from medic-
inal plants but also contribute to enhancing the efficiency and chance
of identifying new drug targets, which holds massive potential for
developing novel RNA drugs from nature and sheds light on how
to find unknown molecular targets for therapeutics.

MATERIALS AND METHODS
Chemicals and reagents

Methanol was of mass spectrometry (MS) grade from Merck (Darm-
stadt, Germany). Formic acid (MS grade), hexafluoro-2-propanol
(HFIP; R99.0%), trimethylamine (TEA; R99.5%), and guanidinium
thiocyanate were purchased from Sigma (USA). MicroRNA marker
and low-range ssRNA ladder were purchased from New England
Biolabs (USA). Diethylpyrocarbonate (DEPC)-treated water, poly-
acrylamide containing a ratio of acrylamide/bis (19:1, w/w) and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Thermo (USA). RPMI 1640 medium, MEM
medium, DMEM, fetal bovine serum (FBS), penicillin, and strepto-
mycin were purchased from Gibco (New Zealand). Taxol (purity R
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98%) was purchased from AdooQ bioscience (Nanjing, China). De-
ionized water was prepared by a Millipore Milli-Q Plus system (Milli-
pore, USA). All reagents used were of analytical grade.

Plant specimens and animals

Plants of T. chinensis (Pilger) Rehd. var. mairei (Lemee et Levl.) Cheng
et L.K. Fu used in this study were collected from Sanming City, Fujian
Province, China. Branches of T. chinensis were freshly cut, frozen, and
stored in liquid nitrogen until use. Animal care and use protocols
were approved by the Ethics Committee of the College of Pharmaceu-
tical Sciences (2018-052), Southwest University. The 6–8-week-old
BALB/c nude mice were purchased from Shanghai SLAC Laboratory
Animal Co., China) and fed under specific pathogen-free conditions
at Southwest University.

Cell culture and antibodies

IOSE80 human ovarian surface epithelial cell line (Guandao Biolog-
ical Engineering, China), A2780 human ovarian carcinoma cell line
(KeyGen Biotech, China), and its taxol-resistant strain were cultured
in RPMI 1640 medium. HepG2 human hepatocellular carcinoma cell
line (ATCC) was cultured in MEM medium. SK-OV-3 human
ovarian adenocarcinoma cell line (ATCC, USA), HFTEC fallopian
tube cell line, and MCF-7 human breast cancer cell line (ATCC)
were cultured in DMEM. All the cell lines were cultured in medium
that contained 10% FBS, 1% penicillin/streptomycin (P/S) in a hu-
midified 5% CO2 atmosphere at 37�C. For western blot assay, primary
antibodies were purchased from the indicated sources, anti-TRPA1
antibody (1:500 dilution, Novus, USA); anti-b-actin antibody
(1:1,000 dilution, Santa Cruz, USA). A fluorescent secondary anti-
body against rabbit was purchased from Li-cor (USA). For



Figure 6. tRF-T11 mimic decreases OVCA tumor growth and suppresses TRPA1 expression in vivo

(A) Growth rate of tumors treated with encapsulated tRF-T11 mimic, taxol, or HKP alone as control. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01. (B) Body

weights did not change significantly among all groups. (C) Weight of tumor removed from the mice after day 20. (D) Each tumor in all groups (n = 6 per group). (E)

Representative images of ki67 and PCNA immunohistochemistry of tumor samples at 200� magnification. (F) Expression of TRPA1 in tumor tissues (n = 6 per group).

Representative western blot images are presented in the top panel. Data are shown as the means ± SDs of three independent experiments. (G) Representative images of

hematoxylin and eosin-stained major organs in A2780 xenografts nude mice from tRF-T11 mimic-treated group and control group. **p < 0.01, ***p < 0.001, ****p < 0.0001.

n.s., non-significant.
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immunoprecipitation assay, anti-AGO2 antibody was purchased
from Active Motif (USA), and anti-rat IgG antibody was purchased
from Santa Cruz. For immunohistochemistry assay, primary anti-
bodies were purchased from the indicated sources, anti-ki67 antibody
(1:1,000 dilution, Abcam, USA) or anti-PCNA antibody (1:1,000 dilu-
tion, Novus, USA). A GTVison secondary antibody (GK600710A,
HRP-conjugated anti-rabbit/mice antibody) was purchased from
Gene Tech (Shanghai, China).
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Figure 7. Survival analysis of TRPA1 in 18 kinds of cancer using TCGA data

For the first time, the authors revealed that a tRF mimic (antisense derived from Chinese yew) interacts with AGO2 to directly target TRPA1 via the RNAi pathway, resulting in

suppressing OVCA growth. This uncovered a new role of plant-derived tRFs and broadened our knowledge of therapeutics from plants.
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RNA extraction of Chinese yew

Plant tissues were ground into a fine powder in liquid nitrogen and
were then homogenized (IKA, Germany) in hexadecyl trimethyl
ammonium bromide solution. After incubation for 2 min at 65�C,
the tissue lysate was cooled immediately on ice for 10 min, followed
by centrifugation at 12,000 �g for 15 min at 4�C. The supernatant
was first extracted with an equal volume of an organic solvent con-
taining phenol:chloroform:isopentanol (50:48:1). After centrifugation
as above, a second extraction of the supernatant was performed with
an equal volume of a mixture containing chloroform:isopentanol
(24:1). Third, the supernatant was mixed with an equal volume of
6 M guanidinium thiocyanate solution (Tokyo Chemical Industry,
Japan) and ethanol (Anaqua Chemicals Supply, USA) to a final con-
centration of 55%. The mixture was passed through a silicon-mem-
brane column and washed with 80% ethanol. Finally, total RNA
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was eluted with RNase-free water, and small RNA species were en-
riched by using a mirVana miRNA isolation kit (Invitrogen, USA)
following the manufacturer’s instructions.
Preparation of tEF

Small RNA of Chinese yew was separated by 6% urea-PAGE. After
SYBR Gold nucleic acid gel staining (Thermo, USA), polyacrylamide
gels were examined using a UV lamp, and the region of gel fractions
containing the tEF were excised by using a clean and sharp scalpel.
The gel fractions were sliced into small pieces and tEF was recovered
from the gel by electroelution in 3 kDa molecular weight cut-off dial-
ysis tubing (Spectrum, USA) at 100 V for 1.5 h in 1� TAE buffer. The
eluents in the dialysis tubing were recovered and tEF was finally de-
salted and concentrated by using the mirVana miRNA isolation kit.
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tEF library construction and NGS

Sequencing libraries were generated by using a TruSeq small RNA Li-
brary Preparation Kit (Illumina, USA), followed by a round of
adaptor ligation, reverse transcription and PCR. PCR products were
then purified and quantified on an Agilent Bioanalyzer 2100 system
(Agilent Technologies, USA). Sequencing of the library preparations
were performed at the Novogene Bioinformatics Institute (Beijing,
China) on an Illumina HiSeq platform using the 150-bp paired-end
(PE150) strategy to generate over 15 million raw paired reads. A total
of 1,729,438 clean reads were obtained by removing low-quality re-
gions and adaptor sequences. The tRNA genes were identified using
the tRNAscan-SE 2.0 program (http://lowelab.ucsc.edu/tRNAscan-
SE/) and annotated by searching the Nucleotide Collection (nr/nt)
database using the BLAST program (https://blast.ncbi.nlm.nih.gov/
Blast.cgi).

Purification of individual tRNAs

Synthetic biotin-labeled single-strand DNA probes (BGI, China; Ta-
ble S5) complementary to the target tRNA were mixed with small
RNA of Chinese yew and denatured at 95�C for 5 min, followed by
incubation at a temperature 5�C lower than the melting temperature
(Tm) for 90 min49 Streptavidin magnetic beads (Beaverbio, China)
were then added to the mixture and incubated for 30 min at the an-
nealing temperatures. Then, the biotinylated DNA/tRNA-coated
beads were isolated with a magnet and washed at 40�C. Subsequently,
the magnetic beads were resuspended in RNase-free water, and the
immobilized tRNA was released by incubation at 65�C for 5 min.
The solutions were subjected to ultra-high-performance liquid ion-
pair chromatography for further separation. The individual tRNA
peak was collected and freeze dried to remove organic solvents and
essential salts.

UHPLC-MS analysis

Briefly, a UHPLC Agilent 1290 system (Agilent, USA) equipped with
an ACQUITY UPLC OST C18 column (2.1 � 100 mm internal diam-
eter, 1.7 mm; Waters, USA) and a diode array detector. The column
was maintained at 60�C and a gradient elution was performed with
(A) 100 mM HFIP + 15 mM TEAA and (B) 50% MeOH in (A) as fol-
lows: 0–1.5 min, 2% (B); 1.5–8.3 min, 2%–28% (B); and 8.3–16.5 min,
28%–34% (B). The flow rate was set at 0.2 mL/min. MS data were ac-
quired on an Agilent 6545 Q-TOF mass spectrometer with a gas tem-
perature of 320�C, spray voltage of 3.5 kV, and sheath gas flow and
temperature of 12 L/min and 350�C, respectively. Samples were
analyzed in negative polarity over an m/z range of 500 to 3,200. Frac-
tions from chromatographic peaks of individual tRNAs were
collected and freeze dried.

RNA transfection and cytotoxicity assay

RNA samples dissolved in RNase-free water were stored at �20�C
before use. Transfection of RNA samples was performed according
to the manufacturer’s instructions for Lipofectamine RNAiMAX
Transfection Reagents (Thermo, USA). Briefly, cells (5 � 103 in
100 mL of culture medium) were seeded onto 96-well plates. After
20 h, cells were treated with varying concentrations of RNA sample
solutions with Lipofectamine RNAiMAX Transfection Reagent in
Opti-MEM medium (Thermo) according to the manufacturer’s in-
structions. Cells without any treatment were used as control, and
cells treated with liposomes were used as treatment control. Cell
viability was determined after 48 h. MTT solutions (50 mL per
well, 1 mg/mL, Thermo) were added to each well and incubated
for 4 h at 37�C, followed by adding DMSO (200 mL). The absor-
bance values were colorimetrically determined at 570 nm using a
SpectraMax 190 microplate reader (Molecular Devices, Sunnyvale,
USA). IC50 values were calculated by GraphPad Prism 5.0 (Graph-
Pad, USA). An siRNA (forward, 50-GGAGCGAUUUAGCCAA
GAATT-30: reverse, 50-UUCUUGGCUAAAUCGCUCCTT-30) was
used as positive control. Negative sequence (forward, 50-UUCUCC
GAACGUGUCACGUTT-30; reverse, 50-ACGUGACACGUUCGGA
GAATT-30) was used as negative control. Each experiment
was carried out three times. The results are expressed as the
means ± SD.

Clonogenic assay

The clonogenic assay was performed according to Franken et al. with
minor modification.50 Briefly, cells were plated at a density of 500
cells/well with culture medium in 24-well plates. After 20 h, the me-
dium was changed to medium containing RNA samples (5 nM for
A2780 and 12 nM for SK-OV-3 cells) with liposomal transfection
or taxol at 5 nM. Blank Opti-MEM was used as the control group. Af-
ter 48 h of treatment, all media were changed to normal culture
medium and the cells were cultured for another 14 days. The culture
media were changed every 4 days. After fixation for 20 min with a 4%
paraformaldehyde fixation solution (Beyotime, China), the cells were
stained with crystal violet (Beyotime, China) for 10 min and
photographed.

Wound healing assay

Cells (5 � 105 in 500 mL of culture medium) were grown in 24-well
plates and for 20 h until confluent. A scratch was made by using a
sterile 200-mL pipette tip and the medium was changed to medium
containing RNA samples (5 nM for A2780 and 12 nM for SK-OV-
3 cells) with liposomal transfection or taxol at 5 nM. The cells were
viewed with a 10� objective and photographed using a phase contrast
microscope (Leica microsystems, Germany) at 0 and 24 h. ImageJ
software was used to quantify the area of wound created. Wound
healing rate was calculated using the formula:
Wound healing rate = [(Wound area at 0 h – Wound area at 24 h)/
Wound area at 0 h] � 100.

Transwell assay

Cell migration and invasion assays were carried out using a 24-well
transwell chamber (8 mm pore size, Corning Costar, USA). For inva-
sion assay, the membranes were first coated with Matrigel (Corning
Costar) and dried at 37�C for 3 h. Cells were collected after transfec-
tion by tRF-T11 mimic for 24 h (5 nM for A2780 and 12 nM for SK-
OV-3 cells). A2780 (1.5 � 105 cells) and SK-OV-3 (3 � 105 cells)
resuspended in 200 mL of serum-free 1640 or DMEM were seeded
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in the upper chamber, while 600 mL of medium containing 20% FBS
were added into the lower chamber. After incubation for 24 h in a hu-
midified 5% CO2 atmosphere at 37�C, cells were fixed by 4% formal-
dehyde solution and methanol, each for 10 min, followed by staining
with crystal violet for 15 min. The un-invaded cells were then wiped
out using a cotton-tipped swab, and the invaded cells in the lower
chamber were photographed using an Olympus IX51 (Olympus Op-
tical, USA) and counted in five individual fields. The migration assays
were exactly same as the invasion assay except that no Matrigel was
used.

Caspase-3 activity determination

Caspase-3 activity was determined using a Caspase-3 colorimetic
assay kit (Sigma, USA) according to the manufacturer’s instructions.
Briefly, A2780 and SK-OV-3 cells (2� 106) were seeded onto the dish.
After 20 h, cells were treated with tRF-T11 mimic (31 nM for A2780
and 160 nM for SK-OV-3 cells) or taxol (11 nM for A2780 and 34 nM
for SK-OV-3 cells). After 18 h, cells were harvested by centrifugation
at 600� g for 5 min. Cell lysates were mixed with colorimetric peptide
substrates Ac-DEVD-pNA for incubation overnight. The absorbance
values were colorimetrically determined at 405 nm using a Spectra-
Max 190 microplate reader.

Acquisition of fluorescence images of transfected FAM-labeled

tRF-T11 mimic in A2780 cells

A2780 cells (1 � 105) were seeded onto glass cell culture dishes (Nest
Biotechnology, China). After 20 h, the medium was replaced by a
transfection medium containing 50 nM FAM-labeled tRF-T11 mimic
(GenePharma, China) for 6 h. On completion of the transfection, cells
were rinsed three times with RPMI 1640 medium. Cells were incu-
bated with 1 mL of Hoechst 33258 (Sigma, USA) for 10 min at
37�C for nuclear staining, or with 1 mL of MitoBeacon Red (GeneCo-
poeia, USA) for 30 min at 37�C for mitochondrial staining, followed
by washing with RPMI 1640 medium. Fluorescence images were ac-
quired with an API DeltaVision Live-cell Imaging System (Applied
Precision, GE Healthcare, USA) and were captured at 60�
magnification.

tRF-T11 target prediction and prioritization

The identification of functional target genes of tRF-T11 followed pre-
viously described small RNA or tRF target prediction methods and re-
striction criteria.51 Specifically, the 30 UTR sequences of all mRNAs
retrieved from GENCODE (v23) and the sequence of tRF-T11
derived from Taxus were first loaded into IntaRNAv2 and psRNA-
Target to predict the potential targets. The top 10 overlapping targets
predicted were then prioritized and filtered by crosschecking their
expression in tumor and normal ovarian tissues. Accordingly, the
gene expression profiles were obtained for 379 OVCA tissues and
88 normal ovarian tissues from UCSC Xena, which contains curated
comprehensive batch-effect-adjusted pancancer genomic data.52 Sub-
sequently, EBSeq was employed to filter the target genes differentially
expressed between tumor and normal ovarian tissues.53 The predicted
targets satisfying two criteria, fold change (tumor/normal) >2 and
false discovery rate (FDR) <0.1.
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Quantitative real-time PCR

Total RNA was extracted from A2780 cells treatment with the tRF-
T11 mimic for 48 h using TRIzol (Invitrogen, USA) on a silicon-
membrane column. RNA was then reverse transcribed using the
GoScript Reverse Transcription System (Promega, USA). Quantita-
tive real-time PCR was performed on a high-productivity real-time
quantitative PCR ViiA 7 system (Life Technologies, USA) using Go-
Taq qPCR Master Mix (Promega, USA) according to the manufac-
turers’ instructions. The PCR primers were obtained commercially
(BGI, China; Table S6). All data are presented as the mean fold change
values of duplicates and normalized to b-actin expression using the
2�DDCT method. Each experiment was carried out in triplicate and
data are expressed as the means ± SD.

Western blot analysis

After treatment with tRF-T11 mimic or other RNA samples for 48 h,
A2780 cells were lysed and protein extraction was carried out using
RIPA buffer (Cell Signaling Technology, USA) supplemented with
protease and phosphatase inhibitor cocktails (Roche, Switzerland).
Protein concentrations were then determined by a BCA protein assay
(Thermo, USA). Denatured proteins were separated by 8% SDS-
PAGE and transferred to nitrocellulose membranes, followed by
blocking with 5% BSA (Thermo, USA) for 2 h. Membranes contain-
ing proteins were incubated with primary antibody against TRPA1 or
b-actin overnight, followed by washing in TBST and incubation with
a fluorescent secondary antibody for detection. Band intensities were
measured using ImageJ and were normalized to those of b-actin. The
sequences of TRPA1_siRNA01, TRPA1_siRNA02 and the negative
sequence (GenePharma) are shown in Table S7. Each experiment
was carried out in triplicate and data are expressed as the means ± SD.

Dual-luciferase reporter assay

The 30 UTR of the TRPA1 sequence containing the WT or MUT tRF-
T11 binding sites was inserted into the Xhol and Notl restriction sites
of pmiR-RB-REPORT vector (Ribobio, China). The luciferase re-
porter vectors were co-transfected with tRF-T11 mimic or non-target
control into HEK293T cells using Lipofectamine RNAiMAX Trans-
fection Reagents (Thermo). After transfection for 48 h, the Firefly
and Renilla luciferase activities were detected with the Dual-Glo
Luciferase Assay System (Promega) using the GLOMAX 96 spectro-
photometer (Promega) according to the manufacturer’s instructions.
Scramble control (forward, 50-CGCGACGUCUGAGGUAGAC
GAC-30; reverse, 50-GUCGUCUACCUCAGACGUCGCG-30) was
used as negative control. Each experiment was carried out triplicate
and data are expressed as the means ± SD.

AGO-RIP assay

Briefly, tRF-T11 mimics were transfected into A2780 cells (2� 107) at
the concentration of 20 nM. After 48 h, the cell pellets were collected
and lysed in RIPA buffer according to the manufacturers’ instruc-
tions. After centrifugation at 20,000 � g for 15 min at 4�C, the super-
natant was collected and incubated with Dynabeads M-280 Sheep
Anti-Mouse immunoglobulin (Ig) G (Thermo) coated with rat anti-
AGO2 antibody (Active Motif, USA) for 3 h at 4�C, while rabbit
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anti-rat IgG antibody was used as a negative control (Santa Cruz). The
beads were washed by NET buffer (50 mM Tris-HCl at pH 7.5,
150 mM NaCl, 1 mM NaF, and 0.05% NP-40) and were enriched
with a magnetic stand. Total RNA was then extracted by TRIzol on
a silicon-membrane column. TRPA1 mRNA and tRF-T11 mimic in
the purified total RNA were detected by quantitative real-time PCR.
Normalization of RIP results was carried out by quantifying in paral-
lel the relative levels of U6 snRNA in the immunoprecipitation
sample.
Preparation of HKP nanoparticles of tRF-T11 mimic

HKP (a gift from Dr. Yang Lu, Sirnaomics, USA) dissolved in RNase-
free water (240 mg/mL) was first prepared overnight at 4�C. Equal vol-
umes of tRF-T11 mimic solutions at a concentration of 80 mg/mL
were then mixed and incubated at room temperature for 30 min.
The particle sizes and zeta potential of the resulting nanoparticles
were then evaluated by a Malvern Zetasizer Nano ZS90 (Malvern In-
struments, UK).
In vivo models for tumor therapy

A2780 cells (4.0 � 106) were injected subcutaneously under the arm-
pits of 6–8-week-old BALB/c nude mice. When the tumors reached
50 mm3, tRF-T11 mimic (GeneDesign, Osaka, Japan) encapsulated
in HKP nanoparticles was administered by intratumoral injection
(71 nmol/kg, 177 nmol/kg) once every 3 days. Taxol (2,928 nmol/
kg or 5,855 nmol/kg) and HKP were used as positive and negative
controls, respectively. The animals were sacrificed on day 20. Tumor
diameters were measured at the points of maximum length and
maximum width with digital calipers. Tumor volumes were calcu-
lated by the following formula: volume = (width)2 � length/2. Data
were statistically analyzed using GraphPad Prism 5.0.
Histological analysis

The tissues were fixed in 4% PFA and embedded in paraffin. For
immunohistochemistry, slides were deparaffinized in xylene and
gradually rehydrated in a graded concentration of ethanol (100%,
95%, and 70%). Subsequently, antigen retrieval was carried out by
incubating the slides with 10 mM sodium citrate (pH = 6.0) for
30 min at 95�C, followed by incubating with 3% H2O2 for 15 min
and washing in PBS three times (3 min for each). The slides were
then blocked by 5% BSA and then incubated with anti-ki67 antibody
or anti-PCNA antibody at 4�C overnight, followed by washing in PBS
and incubating with GTVison secondary antibody. Finally, antibody
complexes were detected by 3,30-diaminobenzidine (DAB) and coun-
terstained with Mayer’s hematoxylin. Paraffin sections of 3–5 mm
were cut and were stained with hematoxylin and eosin to determine
the side effects of tRF-T11 mimic treatment.
Statistical analysis

Data are presented as means ± SD. Statistical analyses were per-
formed using GraphPad Prism using multiple two-tailed Student’s t
tests or two-way ANOVA followed by post hoc analysis. For analysis
of tumor growth rate in animal studies, data are presented as means ±
SEM. Throughout all figures, significance was tested at *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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