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Small RNAs derived from tRNAs are attracting considerable
attention; however, the effects of tRNA-derived fragments
(tRFs) and tRNA halves (tiRNAs) as biomarkers have not
been investigated in early-stage breast cancer (EBC). The study
aimed to explore whether tRFs and tiRNAs could be detected in
plasma and whether they could serve as diagnostic biomarkers.
The study was conducted in four phases. Thirty tRFs and tiR-
NAs were selected by high-throughput sequencing in screening
phase and then assessed in training, testing, and external
validation phases by qRT-PCR. Six tRFs (tRF-Glu-CTC-003,
tRF-Gly-CCC-007, tRF-Gly-CCC-008, tRF-Leu-CAA-003,
tRF-Ser-TGA-001, and tRF-Ser-TGA-002) were found signifi-
cantly downregulated in plasma samples of patients with EBC
compared with normal controls, and all were derived from 50

ends of tRNAs. Patients with HER2+ EBC with low expression
levels of tRF-Glu-CTC-003 were related to worse disease-free
survival and overall survival. The identified tRFs were further
examined in cell supernatants, exosomes isolated from plasma,
and tissues. In conclusion, our study identified six tRFs from
the 50 ends of tRNAs as novel diagnostic biomarkers for EBC,
providing additional evidence for, and a better understanding
of, circulating tRFs and EBC.
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INTRODUCTION
Breast cancer (BC) is the most common cancer and the second lead-
ing cause of cancer-related death among women.1 The screening
methods for BC are primarily mammography, ultrasound, and
MRI.2,3 These methods have several limitations, such as radiation,
invasiveness, and inconvenience.4 All methods require a minimum
tumor volume for detection, which could miss early-stage cancer
and translate into advanced stage. Early-stage BC (EBC) refers to
BC that has not spread beyond the breast or the axillary lymph nodes,
including ductal carcinoma in situ and stage I, stage IIA, stage IIB, and
stage IIIA BC. The 5-year relative survival rate for stage I BC ap-
proaches 98%, whereas the rate for stage IV BC declines to 26%.5

Therefore, the diagnosis of EBC has great clinical significance. Liquid
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biopsy is non-invasive and is conducive to early diagnosis, personal-
ized treatment, and disease monitoring.6 Common tumor markers,
such as carcinoembryonic antigen (CEA), CA125, and CA153, can
be used for screening, but these markers lack sensitivity and speci-
ficity. Materials derived from tumors include circulating tumor cells
(CTCs), proteins, RNAs, and extracellular vesicles.7–10 Some studies
have focused on the diagnostic and prognostic functions of extracel-
lular RNA, mainly microRNAs.11–13 However, few studies have
focused on tRNA-derived fragments (tRFs) and tRNA halves
(tiRNAs) for the diagnosis and prognosis of BC, not to mention EBC.

tRNAs are non-coding RNAs that recognize codons on mRNA by
their own anti-codons and transfer corresponding amino acids to
the polypeptide chain in the ribosome. Small RNAs derived from pre-
cursor or mature tRNAs, including tRFs and tiRNAs, are attracting
considerable attention. tRFs and tiRNAs have an abundance of
methylation modifications and terminal modifications and are
more stable than other small RNAs. Based on their biogenesis, tRFs
include tRF-1, tRF-3, tRF-5, and i-tRF, and tiRNAs include 50 tiRNA
and 30 tiRNA. These tRFs and tiRNAs are heterogeneous in biogen-
esis, length, and function. Several lines of evidence indicate that
tRFs and tiRNAs have a variety of biological functions, not only
related to signal regulation but also involved in various diseases,
The Author(s).
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Figure 1. Flowchart of the Experimental Design

BC, breast cancer; NC, normal control.
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such as tumors, neurodegenerative diseases, metabolic diseases, and
infectious diseases.14–17 Recent studies have revealed that tRFs can
be found in circulation, indicating that tRFs are potential biomarkers
for the diagnosis and prognosis of cancers.18,19

The aim of this study was to explore whether tRFs and tiRNAs could
be detected in plasma and whether they could serve as diagnostic bio-
markers for EBC. We found that six tRFs belonging to the tRF-5 class
were significantly downregulated in plasma samples of patients with
EBC compared with normal controls (NCs). The identified tRFs were
further evaluated in cell supernatants, exosomes isolated from
plasma, and tissues. In addition, the associations between different
subtypes were assessed, along with other clinicopathological features.
The findings of this study provide more choices for the diagnosis and
prognosis of EBC.

RESULTS
Characteristics of Study Subjects

A total of 316 plasma samples (176 patients with EBC and 140 NCs)
and 35 paired tissues were included in our study (Figure 1). The clin-
ical characteristics of all participants were shown in Table 1. Plasma
samples were analyzed in four phases: the screening phase, the
training phase, the testing phase, and the external validation phase.
There was no significant difference in age distribution between pa-
tients with EBC and NCs at any phase (p > 0.05).

Identification of Endogenous Reference in Plasma Samples

The potential endogenous references (microRNA [miR]-16-5p, miR-
1228-3p, miR-103a-3p, U6, andmiR-191-5p) were first examined and
analyzed by GeNorm because they were reported to represent little
variation and indicate high stability.20–23 miR-103a-3p and miR-
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191-5p both yielded the lowest M values
(Figure S1) and could be used as appropriate
endogenous references. Based on the results of
GeNorm analysis and threshold cycle (Ct)
values (means ± SD) for each reference (miR-
103a-3p: 33.23 ± 2.46 and miR-191-5p:
28.93 ± 2.34), miR-191-5p was selected as the
endogenous reference.

Profiling of Plasma tRFs and tiRNAs

High-throughput sequencing was used to
screen differentially expressed tRFs and tiRNAs,
and 30 tRFs and tiRNAs were selected based on
fold changes and p values. The selected tRFs and
tiRNAs were assessed in 48 plasma samples (24
patients with EBC and 24 NCs) in the training
phase (Table S1). Twelve tRFs were found
significantly dysregulated (p < 0.05) and were
validated in a larger cohort in the testing phase
(120 patients with EBC and 88 NCs) (Table S2). Notably, six tRFs
from the 50 ends of tRNAs were expressed at lower levels in plasma
samples from patients with EBC than they were in NCs. Combining
the training and testing phases, tRF-Glu-CTC-003, tRF-Gly-CCC-
007, tRF-Gly-CCC-008, tRF-Leu-CAA-003, tRF-Ser-TGA-001, and
tRF-Ser-TGA-002 were significantly downregulated in plasma sam-
ples of patients with EBC (Table 2), and the relative expression levels
are shown in Figures 2A–2F. To further assess those results, the
external validation phase, an external cohort that included 24 patients
with EBC and 24 NCs from another hospital, was employed to verify
the reliability and reproducibility (Table S3).

Diagnostic Values of the Identified tRFs

To evaluate the diagnostic values of the identified tRFs, we generated
receiver operating characteristics (ROC) curves and calculated area
under ROC the curves (AUCs). The AUCs for the six-tRF panels
were 0.953 (95% confidence interval [CI] 0.893–1.000, p < 0.001)
and 0.853 (95% CI 0.802–0.904, p < 0.001) in the training and testing
phases, respectively (Figures S2A and S2B). Combining the two
phases, the AUCs were 0.684 (95% CI 0.619–0.749, p < 0.001),
0.758 (95% CI 0.699–0.817, p < 0.001), 0.630 (95% CI 0.562–0.698,
p < 0.001), 0.772 (95% CI 0.715–0.829, p < 0.001), 0.740 (95% CI
0.677–0.803, p < 0.001), and 0.739 (95% CI 0.675–0.804, p < 0.001)
for tRF-Glu-CTC-003, tRF-Gly-CCC-007, tRF-Gly-CCC-008, tRF-
Leu-CAA-003, tRF-Ser-TGA-001, and tRF-Ser-TGA-002, respec-
tively (Figure 2G). The AUC for the six-tRF panel was 0.844 (95%
CI 0.795–0.892, p < 0.001) (Figure 2H), which was better than that
of any identified tRFs, with a sensitivity of 87.5% and a specificity
of 68.8%. The optimal cutoff value was determined at the highest
Youden index (0.492) for these identified tRFs. Then, the six tRFs
were used to construct a panel, and a logistic-regression model was
y: Nucleic Acids Vol. 21 September 2020 955
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Table 1. Clinical Characteristics of Individuals Contributing 316 Plasma Samples and 35 Paired Tissue Samples in the Study

Characteristics

Screening Phase Training Phase Testing Phase External Validation Phase Tissue Samples

BC (%) NC (%) BC (%) NC (%) BC (%) NCs (%) BC (%) NCs (%) BC (%)

Number 8 4 24 24 120 88 24 24 35

Age (years)

<50 4 (50.0) 2 (50.0) 14 (58.3) 12 (50.0) 44 (36.7) 46 (52.3) 15 (62.5) 11 (45.8) 15 (42.9)

R50 4 (50.0) 2 (50.0) 10 (41.7) 12 (50.0) 76 (63.3) 42 (47.7) 9 (37.5) 13 (54.2) 20 (57.1)

TNM Stage

In situ 2 (25.0) 2 (8.3) 11 (9.2) 2 (8.3) 3 (8.6)

I 1 (12.5) 1 (4.2) 32 (26.7) 5 (20.8) 8 (22.9)

II 3 (37.5) 13 (54.2) 56 (46.7) 13 (54.2) 16 (45.7)

III 2 (25.0) 8 (13.3) 21 (17.5) 4 (16.7) 8 (22.9)

Grade

I 2 (25.0) 1 (4.2) 12 (10.0) 2 (8.3) 3 (8.6)

II 4 (50.0) 13 (54.1) 59 (49.2) 8 (33.4) 14 (40.0)

III 2 (25.0) 10 (41.7) 49 (40.8) 14 (58.3) 18 (51.4)

Ki-67

%20% 3 (37.5) 10 (41.7) 17 (14.2) 6 (25.0) 7 (20.0)

>20% 5 (62.5) 14 (58.3) 103 (85.8) 18 (75.0) 28 (80.0)

Subtype

Luminal 3 (37.5) 19 (79.2) 40 (33.3) 11 (45.8) 11 (31.4)

Triple-negative 2 (25.0) 2 (8.3) 34 (28.3) 4 (16.7) 15 (42.9)

HER2-enriched 1 (12.5) 1 (4.2) 35 (29.2) 6 (25.0) 6 (17.1)

In situ 2 (25.0) 2 (8.3) 11 (9.2) 3 (12.5) 3 (8.6)

Lymph Node

0 3 (37.5) 16 (66.7) 65 (54.2) 13 (54.2) 15 (42.9)

>0 5 (62.5) 8 (33.3) 55 (45.8) 11 (45.8) 20 (57.1)
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predicted by the equation: Logit(P) = �6.445 + 0.036 � tRF-Glu-
CTC-003 + 0.222 � tRF-Gly-CCC-007 + 0.056 � tRF-Gly-CCC-
008 + 0.391 � tRF-Leu-CAA-003 + 0.353 � tRF-Ser-TGA-001 �
0.041 � tRF-Ser-TGA-002. Furthermore, the AUC of the external
validation phase was 0.828 (95% CI 0.713–0.943, p < 0.001)
(Figure S2C).

Associations between the Identified tRFs and

Clinicopathological Characteristics

As shown in Figure 3A, the expression levels of the six tRFs were
consistently less in plasma samples of patients with invasive BC
compared with NCs. Moreover, the expression levels of tRF-Gly-
CCC-008, tRF-Leu-CAA-003, and tRF-Ser-TGA-002 were less in
plasma samples of patients with breast carcinoma in situ than they
were in NCs (p = 0.036, 0.029 and 0.040, respectively). The p values
of the other tRFs were greater than 0.05, but relatively low. We also
found that the six tRFs could distinguish patients with or without
lymph node metastasis from NCs, but no statistical difference was
found in the comparison of those with metastatic and non-metastatic
lymph nodes (Figure 3B). There were also apparent differences
among patients with each subtype and NCs, without tRF-Glu-CTC-
956 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
003 of HER2+ type and tRF-Gly-CCC-008 of luminal type (Fig-
ure 3C). The expression levels of all identified tRFs were significantly
less in patients with grades I + II or III than they were in NCs
(Figure S3).

Prognostic Values of the Identified tRFs

To analyze disease-free survival (DFS) and overall survival (OS), a
log-rank test was performed. According to the expression levels, pa-
tients were categorized into high or low expression group. HER2+ pa-
tients with a low tRF-Glu-CTC-003 expression level seemed to have a
worse DFS (Figure 4A) and OS (Figure 4B) than those with high
expression levels. No meaningful results could be found with other
tRFs in all samples or HER2+ samples (Figure S4).

The Expression Levels in Cell Supernatants, Exosomes Isolated

from Plasma, and Tissues

The expression levels of the six tRFs were assayed in cell supernatants,
and the expression level of each tRF was less in at least five BC cell lines
than itwas in thehumanbreast epithelial cell lineMCF-10A(Figure5A).
Furthermore, we examined the expression levels in exosomes isolated
from plasma samples of 24 patients with EBC and 16 NCs. Exosomes



Table 2. The Levels of the Identified tRFs in the Training and Testing Phases

Training Phase Testing Phase Combined

NC BC Fc p Value NC BC Fc p Value Fc p Value

tRF-Glu-CTC-003 8.196 ± 1.119 9.769 ± 0.782 0.277 0.001 9.036 ± 2.038 10.221 ± 2.086 0.459 0.001 0.437 0.001

tRF-Gly-CCC-007 0.283 ± 1.543 1.991 ± 2.496 0.406 0.004 1.581 ± 3.187 4.452 ± 2.347 0.063 0.001 0.089 0.001

tRF-Gly-CCC-008 4.828 ± 3.454 7.184 ± 2.685 0.141 0.012 6.557 ± 2.981 7.809 ± 2.888 0.363 0.003 0.272 0.001

tRF-Leu-CAA-003 8.974 ± 1.718 10.082 ± 1.524 0.392 0.039 7.179 ± 1.623 9.417 ± 1.948 0.282 0.001 0.299 0.001

tRF-Ser-TGA-001 6.171 ± 1.602 7.925 ± 1.646 0.214 0.002 4.728 ± 3.092 7.27 ± 1.974 0.078 0.001 0.086 0.001

tRF-Ser-TGA-002 6.353 ± 1.262 8.203 ± 1.496 0.273 0.001 4.753 ± 3.221 7.034 ± 1.818 0.100 0.001 0.110 0.001

Data are presented as means ± SD. DCt, relative to the combination of cel-miR-39 and miR-191-5p; Fc, fold change.
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were verified by western blotting (Figure S5). tRF-Ser-TGA-001 and
tRF-Ser-TGA-002 exhibited significantly lower levels in exosomes
from patients with EBC than the levels in NCs (Figure 5B). To investi-
gate any similarity between plasma and tissue samples, we assessed 35
paired tissues. The expression levels of the six tRFs were significantly
less in BC tissues than in the adjacent normal tissues (Figure 5C).

Bioinformatics Analysis of the Identified tRFs

The positions of the identified tRFs on the cloverleaf secondary struc-
ture of their respective tRNAs are shown in Figure 6A. The structures
of tRF-Gly-CCC-007 and tRF-Gly-CCC-008 were similar, as were
tRF-Ser-TGA-001 and tRF-Ser-TGA-002. Previous research has
strongly suggested that tRFs enter into AGO complexes by pairing
with their targets, and that the anatomy of a tRF-Target-Ago complex
is similar to that of a microRNA-Target-Ago complex.24–27 tRFs are
surprisingly associated with the AGO family of proteins, specifically
AGO1, 3, and 4. We predicted target genes using the TargetScan pre-
diction program (Figure 6B). Gene Ontology (GO) analysis was then
performed, including assessment of molecular function, biological
processes, and cellular components. Target genes of tRF-Glu-CTC-
003 and tRF-Leu-CAA-003, such as AKT1 andMYD88, were primar-
ily intracellular and involved in biosynthetic and catabolic processes.
For tRF-Gly-CCC-007 and tRF-Gly-CCC-008, CDC42 was the target
gene, mainly found in intracellular organelles; the key molecular
function was participation in Ras and Rho GTPase binding, and the
main biological process was regulation of GTPase activity. tRF-Ser-
TGA-001 and tRF-Ser-TGA-002 were located in structures involved
in protein synthesis, affecting the activity of protein transmembrane
transporters and took part in the regulation of bicellular tight junction
assembly (Figure S6). Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis showed that the signaling pathways of target genes
mainly included the AMPK signaling pathway, the TNF signaling
pathway, and the FoxO signaling pathway (Figure S7). To explore
intrinsic mechanisms, a protein-protein interaction (PPI) network
for these genes was established by the STRING database (Figure 6C).

DISCUSSION
Some studies have reported the effects of circulating tRFs in the diag-
nosis of epilepsy, clear cell renal cell carcinoma, gastric cancer, and so
on.17,18,28 Most studies directly verified the selected tRFs in tissues or
blood, whereas we designed a four-phase study to identify tRFs for the
diagnosis of EBC. High-throughput sequencing was applied to iden-
tify differentially expressed tRFs and tiRNAs. The training phase was
conducted to assess the identified tRFs. Then, the testing phase was
used to test the selected tRFs in a larger cohort. We also verified reli-
ability and reproducibility in the external validation phase. Interest-
ingly, all identified tRFs belonged to the tRF-5 class.

Similar tomiRNAs, tRFs can regulate gene expression by competitively
binding to mRNA or translation initiation complex. tRF-5 is produced
by cleavage at the D-loop of tRNA or the stem region between the
D-loop and anticodon loop. tRF-5 has a 50 phosphate and is mostly
found in the nucleus.26 The cleavage sites of tRF-3 are at the T-loop,
and tRF-3 has a 30 hydroxyl moiety containing a CCA sequence and
is mainly cytoplasmic.25 Some researchers believe that both tRF-5
and tRF-3 are associated with RNA silencing, whereas others believe
that tRF-5 can inhibit the process of protein translation and is regarded
as a new mechanism of gene regulation.29,30 The mechanism underly-
ing the roles of tRF-5 and tRF-3 needs to be further studied.

The associations between the expression levels and the number of
involved lymph nodes were analyzed. There were significant differ-
ences between patients with or without lymph node metastasis and
NCs, but there was no statistical difference between patients with
metastatic and non-metastatic lymph nodes. According to Fisher’s
theory, BC is a systemic disease in its early stage. It has been reported
that one or more CTCs can be detected in 25.2% of EBC cases.31 The
number of CTCs is closely related to tumor size, and CTCs can act as
an independent prognostic factor. As rare cells, the use of CTCs for
the diagnosis of EBC has the problem of low sensitivity. tRFs, as novel
plasma markers, show high diagnostic efficacy for early-stage disease,
particularly for early-stage disease without lymph node metastasis.

The expression levels of the six tRFs were notably less in patients
with invasive carcinoma. In addition, these tRFs appeared to have
unique characteristics in the diagnosis of breast carcinoma in situ.
The expression levels of tRF-Gly-CCC-008, tRF-Leu-CAA-003,
and tRF-Ser-TGA-002 were notably less in patients with breast
carcinoma in situ than they were in NCs, and tRF-Glu-CTC-003,
tRF-Gly-CCC-007 and tRF-Ser-TGA-001 slightly missed the margin
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 957
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Figure 2. Profiling of Plasma tRFs and tiRNAs

(A–F) Relative expression levels of identified tRFs—tRF-Glu-CTC-003 (A), tRF-Gly-CCC-007 (B), tRF-Gly-CCC-008 (C), tRF-Leu-CAA-003 (D), tRF-Ser-TGA-001 (E), and

tRF-Ser-TGA-002 (F)—in plasma samples of 144 patients with EBC and 112 NCs (combining the training and testing phases). The y axis represents the relative expression

level (2�DDCt). Horizontal line shows means with SEM. (G) ROC curves of the identified tRFs for discriminating patients with EBC from NCs in the combination of the training

and testing phases (144 patients with EBC and 112 NCs). (H). ROC curve of the six-tRF panel in combination of the training and testing phases (144 patients with EBC and

112 NCs).
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of significances. Breast carcinoma in situ, some cases of which present
without a mass, poses a higher requirement for diagnosis. Because tu-
mor cells do not break through the basement membrane, diagnosis
via CTCs is theoretically ineffective. Some studies have focused on
proteomic changes in serum samples of patients with ductal carci-
noma in situ to make early diagnoses.32,33 Surprisingly, we found
that the selected tRFs have great significance in the diagnosis of car-
cinoma in situ. However, because of the limited samples and unclear
molecular mechanism, these tRFs can only provide new ideas for the
958 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
diagnosis of carcinoma in situ and need to be verified in a larger sam-
ple size.

Although the expression levels of the six tRFs in all patients with EBC
were significantly less than those inNCs, tRF-Glu-CTC-003 showed no
difference betweenNCs and patientswithHER2+ disease, and tRF-Gly-
CCC-008 showed no difference between NCs and patients with
luminal-type disease. These results suggested that tRF-Glu-CTC-003
and tRF-Gly-CCC-008 may result in increased false-negative rates in



Figure 3. Associations between the Identified tRFs and Clinicopathological Characteristics

(A) Associations of the identified tRFs with NCs, breast carcinoma in situ, and invasive carcinoma. (B) Associations of the identified tRFs with the number of lymph nodes. (C)

Associations of the identified tRFs with different subtypes. The y axis represents the relative expression level (2�DDCt). Horizontal line shows means with SEM.
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certain subtypes. In contrast, tRF-Glu-CTC-003 and tRF-Gly-CCC-
008 were significantly less in triple-negative BC (TNBC) than it was
in other subtypes, suggesting that tRF-Glu-CTC-003 and tRF-Gly-
CCC-008 may have specific mechanisms in TNBC.

With standard treatment, the rates of metastasis and recurrence were
significantly reduced, and OS was prolonged. Although the follow-up
time in this study was limited, we found some significant differences.
The lower expression level of tRF-Glu-CTC-003 was related to worse
DFSandOSamongpatientswithHER2+disease. These results suggested
that tRFs could be used as an evaluation index for the prognosis of EBC.

To obtain more information about the six tRFs, we analyzed the
expression levels of the identified tRFs in cell supernatants. The gen-
eral subtypes of these cell lines include luminal, TNBC, and HER2+.
As expected, the six tRFs were significantly downregulated in at least
five cell lines, compared with their expression levels in normal human
breast epithelial cell line MCF-10A, but there was no discernible dif-
ference among different subtypes. These results were consistent with
differences in plasma samples between different subtypes and NCs.
Exosomes are small membranous vesicles containing RNA and pro-
tein secreted by many cells under normal or pathological conditions
and can be detected in various body fluids. Recent studies have shown
that plasma exosomal tRFs could be used to detect osteoporosis.34 We
also evaluated the expression levels of tRFs in exosomes isolated from
plasma; the expression levels of tRF-Ser-TGA-001 and tRF-Ser-TGA-
002 were less in exosomes from patients with EBC than they were in
NCs. Therefore, we speculated that exosomes may be involved in the
development of BC. These tRFs were also studied in tissues. Intrigu-
ingly, the expression levels of the six tRFs were less in BC tissues than
they were in adjacent normal tissues, which suggested that these tRFs
may be inhibitors of BC.

Based on the bioinformatics analysis, we investigated target genes of
tRF-Glu-CTC-003 and selected the proteins theymost frequently inter-
acted with, such as AKT1. AKT1 is one of three closely related serine/
threonine-protein kinases (AKT1, AKT2, and AKT3) and regulates
many processes. Gao et al.35 found that deletion of AKT1 stimulated
the b-catenin pathway to promote prostate cancer metastasis. Target
genes of tRF-Gly-CCC-007 and tRF-Gly-CCC-008 were also analyzed,
and the results showed that the affected proteins were mainly GTPases,
suchasCDC42, a smallGTPase linked todifferent cancers and related to
epithelial to mesenchymal transition, migration, invasion, and angio-
genesis.36–39 The target genes of tRF-Leu-CAA-003 were mainly con-
cerned with catabolic processes. MYD88, a toll-like receptor signaling
adaptor protein, is critical in the development of pancreatic cancer,
epithelial ovarian cancer, and bladder cancer.40–42 Finally, the roles of
these tRFs in the development of BC were further confirmed by
analyzing their target genes, and theywere considered to serve as poten-
tial biomarkers for the detection of EBC.

In conclusion, our study identified six tRFs from the 50 ends of
tRNAs (tRF-Glu-CTC-003, tRF-Gly-CCC-007, tRF-Gly-CCC-008,
tRF-Leu-CAA-003, tRF-Ser-TGA-001, and tRF-Ser-TGA-002) as
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 959
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Figure 4. Prognostic Values of the Identified tRFs

High expression levels of tRF-Glu-CTC-003 indicated a

trending association with prolonged DFS (A) and OS (B) in

patients with HER2+ EBC.
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promising, novel biomarkers for the diagnosis of EBC, providing
additional evidence for, and a better understanding of, the effects of
tRFs in the development of EBC.

MATERIALS AND METHODS
Collection of Samples

All samples (blood and tissues) were collected at the First Affiliated
Hospital with Nanjing Medical University between January and
December 2015, except for 48 blood samples in the external validation
phase (24 patients with EBC and 24 NCs), which are collected at
Nanjing First Hospital. The study got the approval of the institutional
ethical committee of the First Affiliated Hospital with Nanjing Med-
ical University and written, informed consent from all participants. A
total of 316 females were enrolled in our study, including 176 patients
with BC without any neoadjuvant therapy and 140 NCs who under-
went routine physical examination. All participants were selected
randomly. In addition, 35 paired formalin-fixed, paraffin-embedded
sections of BC tissues and adjacent normal tissues were randomly
selected from the 176 patients with BC. Two-milliliter blood samples
were collected from each participant. Plasma samples were separated
from blood within 4 h after collection and then stored at �80�C for
further analysis. Tissues were stored in liquid nitrogen.

Classification of Subtypes

According to the status of estrogen receptor (ER), progesterone
receptor (PR), and HER2, assessed by immunohistochemistry or fluo-
rescence in situ hybridization based on the guidelines,43,44 BC mainly
includes hormone-receptor-positive (ER+ and/or PR+, including
luminal A and luminal B), HER2+ (ER�, PR�, and HER2 amplified),
and TNBC (ER�, PR�, and HER2�) disease.

Collection of Cell Supernatants

Human breast epithelial cell line MCF-10A and human BC cell lines
(ZR-75-1, T47D, MCF-7, SUM-1315, MDA-MB-231, HCC1806,
BT474, SK-BR-3, and MDA-MB-453) were used in this study. All
cells, except SUM-1315, were obtained from the America Type Cul-
ture Center (Manassas, VA, USA). The SUM-1315 cell line was pro-
vided by Stephen Ethier at University of Michigan. All cells were
cultured in Dulbecco’s Modified Eagle Medium (Gbico, Suzhou,
China) with 10% fetal bovine serum and 1% penicillin-streptomycin
and were maintained at 37�C with 5% CO2. Cells were seeded at a
density of 106 cells in 100- � 20-mm cell culture dishes. Cell super-
natants were collected after 24 h, and 200 mL of supernatant was
collected after centrifugation and stored at�80�C for further analysis.
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Isolation of Exosomes

Exosomes were isolated from plasma samples
with Exo-Quick Exosome Precipitation Solu-
tion (System Biosciences, Palo Alto, CA, USA)
according to the manufacturer’s instructions. First, 200 mL of plasma
was pretreated with 2 mL of thrombin and then mixed with 50 mL of
ExoQuick Exosome Precipitation Solution. After the supernatants
were discarded, the exosome pellets were lysed in 200 mL of RNase-
free water for further RNA extraction.

RNA Extraction

Total RNAs fromplasma, cell supernatants, and exosomeswere isolated
with the mirVana PARIS Kit (Thermo Fisher Scientific Baltics, Vilnius,
Lithuania) according to the manufacturer’s protocol. Each sample was
mixed with 5 mL of synthetic Caenorhabditis elegansmiRNA (cel-miR-
39, 5 nM/L; RiboBio, Guangzhou, China) to normalize differences
before extraction. Total RNAs from tissues were extracted with RNAiso
plus (Takara Bio, Kusatsu, Japan) according to the manufacturer’s pro-
tocol. Total RNAs were eluted with RNase-free water. RNA concentra-
tion and purity were measured with a Nanodrop 2000 spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE, USA). The ratios of
the optical density for all samples were between 1.8 and 2.0. All samples
were stored at�80�C for further analysis.

qRT-PCR Assay

Each RNA was reverse transcribed to cDNA using the Bulge-Loop
MicroRNA qRT-PCR Primer Sets (Ribobio, Guangzhou, China),
specially designed for tRFs. The bulge-loop reverse transcription
primers were 40–60 nt and included stem 1, bulge, stem 2, ring, stem
3, and an extension from the 50 end to 30 end. Stem 3 was complemen-
tary with stem 1 and stem 2, and the extension was complementary
with small RNA. The method could specifically amplify identical se-
quences without detecting precursors that contained identical se-
quences. The reverse transcription reaction assays were performed at
70�C for 10 min, followed by 42�C for 60 min and 70�C for 10 min.

The qRT-PCR assay was run on the Roche LightCycler� 480 System
(Roche, Basel, Switzerland) in 384-well plates at 95�C for 20 s, fol-
lowed by 40 cycles at 95�C for 10 s, 60�C for 20 s, and 70�C for 10
s. The PCR forward primers were 20–40 nt, with extensions and se-
quences similar to small RNAs. The similarity is part of the comple-
mentary sequence of the cDNA. General reverse primers were 20–40
nt. All samples were run in triplicate. The expression levels of each
tRF in plasma, cell supernatants, and exosomes were relatively
quantified to the expression level of the combination of cel-miR-39
(exogenous reference) and miR-191-5p (endogenous reference)
(DCt = CttRF � 0.5 � [Ctcel-miR-39 + CtmiR-191-5p]). U6 was used as
an internal control for tissues. The expression level of each tRF in



Figure 5. The Expression Levels of the Identified tRFs in Cell Supernatants, Exosomes Isolated from Plasma, and Tissues

(A) The expression levels in cell supernatants. The y axis represents the relative expression level (2�DDCt). Horizontal line shows means with SEM. (B) The expression levels in

exosomes isolated from plasma samples of 24 patients with BC and 16 NCs. The y axis represents the relative expression level (2�DDCt). Horizontal line shows means with

SEM. (C) The expression levels in tumor tissues and the adjacent normal tissues. The y axis represents the relative expression level (2�DDCt). *p < 0.05, **p < 0.01, ***p <

0.001.
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different samples was assessed via the 2�DDCt method. The relative
expression level of each sample was divided by the mean of the
expression levels of the NCs.

To ensure the accuracy of primers, synthetic standard RNAs were
used, which were identical to the target sequence. Melting curve
and melting temperature for each primer in the standard RNA and
the RNA isolated from plasma were examined, and they were consis-
tent (Figure S8A). Moreover, the specificity of the primers was also
determined by agarose gel electrophoresis (AGE) (Figure S8B).

Agarose Gel Electrophoresis

The qRT-PCR amplified products were detected by AGE and
observed by staining with Goldview (YBscience, Shanghai, China).
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Figure 6. Bioinformatics Analysis of the Identified tRFs

(A) Position of the identified tRFs in the cloverleaf secondary structure of their respective tRNAs. (B) Target sites of the identified tRFs. (C) Protein-protein interaction (PPI)

networks of the target genes.
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AGE was performed with 3% agarose gels (Biowest, Nuaillé, France)
in Tris-borate-EDTA (TBE) buffer (Beyotime, Shanghai, China).
Each qRT-PCR product was mixed with 10� loading buffer (Takara),
and all samples were run by electrophoresis (100 V, 30 min). DL500
DNA Marker (Takara) was used as a marker.

Gene Ontology and Pathway Analyses

The position of each tRF in the secondary structure of derived tRNA
was based on GtRNAdb (http://gtrnadb.ucsc.edu/), and target genes
were predicted by TargetScan (http://www.targetscan.org/vert_72/).
GO and pathway analyses were performed to explore potential func-
tions of the identified tRFs. Pathway analysis was used to describe the
pathways of the identified target genes based on the KEGG. The
STRING database was used to clarify PPIs among these genes.

Statistical Analysis

GeNorm (version 3.5) was used to assess the stability of endogenous
references and to calculate the stability value (M). A high M value im-
plies low stability and high variation, whereas a low M value implies
high stability and low variation. The Mann-Whitney U test was used
to compare the expression levels of tRFs between patients with EBC
and NCs. ROC curves and the AUCs were used to evaluate the values
of the identified tRFs. Logistic-regression analysis was used to estab-
lish the tRF panel. The associations between the identified tRFs and
clinical characteristics were evaluated via one-way analysis of vari-
ance. Least significance difference (LSD) was used to adjust p values.
Each tRF was compared between EBC tissues and adjacent normal tis-
sues by paired t tests. All statistical analyses were performed with
962 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
SPSS software (version 25.0, SPSS, Chicago, IL, USA), and all graphs
were plotted with GraphPad Prism software (version 8.0, GraphPad
Software, La Jolla, CA, USA). Analysis items with p < 0.05 were
considered statistically significant.
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