Cellular Physiology Cell Physiol Biochem 2018;49:419-431
OL

. . DO 10.1122/000402077 © 2018 The Author(s)
and BlOChemlstry Published online: 29 August, 2018 Published by S. Karger AG, Basel 419
www.karger.com/cpb
Accepted: 20 August, 2018

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution
for commercial purposes as well as any distribution of modified material requires written permission.

Original Paper

tRNA-Derived Fragments as Novel
Predictive Biomarkers for Trastuzumab-
Resistant Breast Cancer

Chunxiao Sun®® Fan Yang®* Yanhong Zhang®® Jiahui Chu®® Jian Wang?®®
Yifan Wang®® Yanqiu Zhang®* Jun Li*®* Yongfei Li#®  Ruihua Fan*¢ Wei Li®
Xiang Huang® Hao Wu? Ziyi Fu*c Zefei Jiang® Yongmei Yinaf

3Department of Oncology, the First Affiliated Hospital of Nanjing Medical University, Nanjing, *The
First Clinical College of Nanjing Medical University, Nanjing, ‘Nanjing Maternal and Child Health
Medical Institute, Obstetrics and Gynecology Hospital Affiliated to Nanjing Medical University, Nanjing,
dDepartment of Medical Oncology, Huai'an First People’s Hospital, Nanjing Medical University, Huaian,
¢ Department of Breast Cancer, The 307 Hospital of Chinese People’s Liberation Army, Beijing, fJiangsu
Key Lab of Cancer Biomarkers, Prevention and Treatment, Collaborative Innovation Center for Cancer
Medicine, Nanjing Medical University, Nanjing, China

Key Words
Breast cancer « Trastuzumab resistance * tRNA-derived fragments

Abstract

Background/Aims: Resistance to trastuzumab remains a common challenge to HER-2
positive breast cancer. Up until now, the underlying mechanism of trastuzumab resistance
is still unclear. tRNA-derived small non-coding RNAs, a new class of small non-coding RNA
(sncRNAs), have been observed to play an important role in cancer progression. However, the
relationship between tRNA-derived fragments and trastuzumab resistance is still unknown.
Methods: We detected the levels of tRNA-derived fragments expression in normal breast
epithelial cell lines, trastuzumab-sensitive and -resistant breast cancer cell lines using high-
throughput sequencing. qRT-PCR was conducted to validate the differentially expressed
fragments in serums from trastuzumab-sensitive and -resistant patients. A receiver operating
characteristic (ROC) curve analysis was performed to evaluate the power of specific tRNA-
derived fragments. Progression-free survival (PFS) was analyzed using Cox-regression. Results:
Our sequence results showed that tRNA-derived fragments were differentially expressed in
the HBL-100, SKBR3, and JIMT-1 cell lines. tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHO53KSN
were found significantly upregulated in trastuzumab-resistant patients compared to
sensitive individuals, and the ROC analysis showed that tRF-30-JZOYJE22RR33 and tRF-27-
ZDXPHO53KSN were correlated with trastuzumab resistance. In a multivariate analysis, higher
levels of tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHOS53KSN expression were associated with
significantly shorter PFS in patients with metastatic HER-2 positive breast cancer. Conclusion:
Our results suggest that tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHOS53KSN play important
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roles in trastuzumab resistance. Patients with high levels of tRF-30-JZOYJE22RR33 and tRF-27-
ZDXPHO53KSN expression benefitted less from trastuzumab-based therapy than those that
express lower-levels of these molecules. tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHO53KSN
may be potential biomarkers and intervention targets in the clinical treatment of trastuzumab-

resistant breast cancer. © 2018 The Author(s)

Published by S. Karger AG, Basel
Introduction

Human epidermal growth factor receptor-2 (HER-2) is overexpressed in 20-25% of
human breast cancers [1]. Amplification of HER-2 confers a more aggressive phenotype and
is associated with poor prognosis [2, 3]. Trastuzumab, a monoclonal anti-HER-2 antibody,
has been shown to significantly improve clinical outcomes in the management of early and
advanced breast cancers [4-6]. Despite this effectiveness, the disease will eventually progress
in most patients who have received trastuzumab because of the development of primary or
acquired resistance.

Up until now, trastuzumab resistance mechanisms have been found to mainly
include the dysregulation of the downstream PI3K-AKT-mTOR pathway or loss of PTEN ,
accumulation of truncated kinase active p95-HER-2, overexpression of MUC4, co-expression
of other HER receptors such as HER3 or epidermal growth factor receptor (EGFR), over-
activation of other signaling pathways such as insulin-like growth factor receptor signaling
, among other potential mechanisms [7-10]. Although several treatment options, including
trastuzumab emtansine (T-DM1), lapatinib, and continued trastuzumab in combination with
pertuzumab have been applied clinically to overcome trastuzumab resistance [11-14], the
benefit to patients has not been found significant [9]. Critically, the mechanism underlying
trastuzumab resistance remains unclear, and there are currently no definite biomarkers to
predict patients’ responses to trastuzumab.

Transfer RNAs (tRNAs) are a fundamental component of the translation machinery.
Several studies have indicated that tRNAs play roles in modulating cell proliferation and
cancer progression [15-17]. tRNA halves (tRHs) and tRNA-derived small RNA fragments
(tRFs) belong to a novel class of sncRNAs that are generated through precise cleavage of
tRNAs [18-20]. tRNA halves are produced through specific cleavage in the anticodon loop
under various stress conditions and are classified as 5’-tRNA halves (5’- tRHs) and 3’-tRNA
halves (3’- tRHs) [18, 19]. tRFs are generated through precise processing of both mature and
precursor tRNAs (pre-tRNAs) and classified into at least three types, including the 5’- tRF, 3’
- tRE tRF-1 series. 5’- tRFs and 3’ - tRFs are derived from the 5’-and 3’- ends of mature tRNAs,
respectively, whereas tRF-1s is derived from the 3’ends of pre-mature tRNAs [20]. Another
novel class of tRFs, which were identified recently as internal tRFs (i-tRFs), are typically
derived from the internal region of mature tRNAs [21, 22]. i-tRFs have atypical lengths, and
there is no uniform standard to identify the length of these novel tRFs [21].

Recently, accumulated evidence has demonstrated that these tRNA-derived fragments
play important roles in human cancers [23-29]. Lee YS et al. showed that knockdown of
tRF-1001 significantly inhibit cell proliferation with specific accumulation of cells in the G2
phase and inhibition of DNA synthesis in prostate cancer [20]. i-tRFs and their mimics can
suppress the stability of multiple oncogenic transcripts in breast cancer cells by displacing
their 3’ untranslated regions (UTRs) from the RNA-binding protein YBX1. Consequently, tRFs
antagonize the activity of YBX1 and suppress breast cancer progression [23]. Additionally,
tRNA halves can prevent apoptosis of cancer cells by binding to cytochrome C or promote the
assembly of stress granules that help cells survive in adverse conditions [30]. Another recent
study indicated that two specific tRFs derived from tRNAYs¢™" and tRNAPh44 were good
indicators of progression-free survival (PFS) and candidate prognostic markers [31]. Taken
together, these findings strongly suggest a functional role for tRNA-derived fragments in
cancer progression. However, whether tRNA-derived fragments play a role in trastuzumab-
resistance is not well understood.
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In this study, we aimed to excavate trastuzumab-resistance related tRNA-derived
fragments in HER-2 positive breast cancers, which might be helpful to understand the
undergoing mechanisms of trastuzumab-resistance, and probably afford the potential
biomarkers for diagnosis or therapy targets for clinical treatment.

Materials and Methods

Patient samples and processing

The study was approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical
University. Blood samples were collected from 57 women with HER-2 positive breast cancer after obtaining
informed consent. The histopathological examination and immunohistochemistry of the primary and
metastatic tissues were confirmed by two pathologists. The specimens with 2+ immunostaining scores were
identified as HER2 positive if the HER-2:CEP17 ratio was greater than or equal to 2 through fluorescence
in situ hybridization (FISH). All of the patients were treated with trastuzumab during the adjuvant and/or
advanced treatment. Whole blood samples were collected in EDTA-containing lavender top tubes (Becton
Dickinson, NJ) before trastuzumab and chemotherapy treatments. Then, the samples were incubated at room
temperature for 15 minutes and centrifuged at 5, 000 x g for 10 minutes. To remove the residual cells and
debris, the serum supernatant was transferred to new tubes and centrifuged at 16, 000 x g for 15 minutes.
Finally, theseparated serum were stored at-80°C until they were assessed. We used the unifying definition
of trastuzumab primary resistance: progression at first radiological reassessment at 8-12 weeks or within 3
months after first-line trastuzumab in the metastatic setting or new recurrences diagnosed during or within
12 months after adjuvant trastuzumab [10]. There were 28 trastuzumab-sensitive patients and 29 patients
with trastuzumab primary resistance in our data. The clinical characteristics of the patients are listed in
Supplementary Table 1 (For all supplemental material see www.karger.com/doi/10.1159/000492977).

Cell lines and culture conditions

Trastuzumab-sensitive cell lines SKBR3 and trastuzumab primary resistant cell lines JIMT-1 were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) [32, 33]. The normal breast
epithelial cells lines HBL-100 was obtained from Cell bank of Chinese Academy of Sciences (Shanghai,
China). SKBR3 cells were cultured in RPMI-1640 (Multicell, USA), and JIMT-1 along with HBL-100 cells were
cultured in DMEM (Gibco, UK) with 10% fetal bovine serum (FBS, Gibco), containing 100 U/ml penicillin
and 100 pg/ml streptomycin(Multicell, USA). Cells were cultured at 37°C in 5% CO, and the cell medium
was replaced every 48 h.

Cell Viability assay

SKBR3 and JIMT-1 cells (3000/well) were planted in 96-well plates. After 24 hours, they were treated
with trastuzumab (0, 0.2, 2, 20, 200ug/ml, 2mg/ml) for 1, 2, 3, 4, or 5days. Cell viability studies was analyzed
using a Cell Counting Kit-8 (CCK8, Dojindo) according to the manufacturer’s instructions [34]. The optical
density values were measured at 450 nm.

Flow cytometry analysis

SKBR3 and JIMT-1 cells were harvested after 20ug/ml trastuzumab for 48 and 72 hours. After
incubation with Annexin V-FITC and propidium iodide (PI) (BD Bioscience, San Jose, CA) according to the
manufacturer’s recommendations [35], cell apoptosis was then analyzed using flow cytometry (FACScan;
BD Biosciences) equipped with a Cell Quest software (BD Biosciences).

RNA isolation

Total RNA was extracted from cells using Trizol reagent (Life Technologies, USA) according to the
manufacturer’s protocol, and the RNA was prepared for high-throughput sequencing. Total RNA from
patients’ serums were isolated with Trizol LS (Life Technologies, USA), following the manufacturer’s
protocol. The quality and concentration of the isolated RNA were assessed using an Agilent 2100 Bioanalyzer
(Thermo Scientific). The OD 260/280 absorbance ratios of all of the samples were between 1.8 and 2.0.
Final RNA preparations were resuspended in RNase-free water and stored at -80°C.

421


http://dx.doi.org/10.1159%2F000492977

Cellular Physiology Cell Physiol Biochem 2018;49:419-431
DOL:

. . - 100129/000400077 © 2018 The Author(s). Published by S. Karger AG, Basel
and B|ochem|stry Published online: 29 August 2018 | www.karger.com/cpb

Sun et al.: tRNA-Derived Fragments as Novel Predictive Biomarkers for Trastuzumab-
Resistant Breast Cancer

RNA sequence processing and expression analysis

[llumina NextSeq 500 raw sequencing reads that passed the Illumina chastity filter were used for the
sequence analysis. After quality control, the sequencing reads were 5, 3’-adaptor trimmed, filtered for = 16
nt using cutadapt software. Then the sequencing reads were aligned to mature-tRNA on the entire genome
using MINTmap (https://github.com/TJU-CMC-Org/MINTmap/) [36]. Briefly, genomic tRNA sequences
are processed to simulate exon splicing, and then get modified to admit the non-templated CCA additi and
the “- 1” nucleotide of tRNA. The resulting sequences are fragmented computationally into (overlapping)
segments of variable lengths and entered into a lookup table: sequences that are not exclusive to tRNA
space are flagged at this point using metadata added to the table. The lookup table is then used to process
a (quality-filtered and adaptertrimmed) short RNA-seq dataset to generate a tRF expression profile table.
For each tRE, MINTmap identified whether it is exclusive to tRNA space [37, 38]. Because tRF-1s are derived
from the precursor tRNAs, they require a different type of analytical work than fragments that overlap with
the mature tRNA, and as such, tRF-1s were not included in our data. The adjusted p-values lower than
0.05 were considered significant. The data for high-throughput sequencing are deposited at GEO under the
accession number GSE107473.

Quantitative real-time PCR

Total RNA extracted from cells and clinical samples were pretreated with an rtStar™ tRF&tiRNA
Pretreatment Kit (Arraystar, USA) to remove terminal and internal methylations for efficient QRT-PCR.
Then, the RNA was quantified by qRT-PCR using a Bulge-Loop miRNA qRT-PCR Stater Kit (Ribobio, China)
according to the manufacturer’s instructions [39]. Briefly, the post-treated RNA was reverse transcribed to
cDNA using stem loop primers specific for each target tRNA-derived fragments of interest. The RT mixtures
were incubated for 60 min at 42°C and 10 min at 70°C. Then, qPCR was performed using SYBR Green Mix
containing Taq enzyme, dNTP mix, PCR buffer, and SYBR Green I [39]. After adding forward primer and
reverse primers, the reaction mixtures were incubated at 95°C for 10 min, followed by 40 cycles of 95°C
for 2 s, 60°C for 20 s, and 70°C for 10 s in an Applied Biosystems 7300 Real Time PCR System (Applied
Biosystems, Foster City, CA). U6 were used as an internal control [21, 40]. The 2724 and ACt [34, 41] methods
were used for analysis of the differential expression of tRFs in cells and serum samples, respectively. The
names of tRFs, their sequences and specific primer sequence are given in Supplementary Table 2.

Statistical analysis

The differences in tRF levels were determined with an ANOVA and multiple hypothesis testing. The
optimal sensitivity and specificity determined from ROC curves were used in the standard method. An FDR
value or p-value less than 0.05 was considered statistically significant. Calculations were conducted using
SPSS version 20.0 (SPSS Inc., Chicago, USA) and GraphPad Prism 6 (GraphPad Software, California, USA).

Results

Effect of trastuzumab on the viability of SKBR3 and JIMT-1 cells

In order to confirm the sensitivity of SKBR3 and JIMT-1 cells to trastuzumab, CCK-8 and
flow cytometry analysis were carried out to determine the cell proliferation and apoptosis
rates after trastuzumab treatment. Cell proliferation was confirmed by constructing time-
dependent and concentration-dependent growth curves. Inhibition of cell viability increased
in both SKBR3 and JIMT-1 cells with an increase in the concentration of trastuzumab,
whereas inhibition of SKBR3 was greater than that in JIMT-1 cells (Fig. 1A). In addition, the
loss of SKBR3 cell viability was >30% compared to that of JIMT-1 cells after 5 days of 20pg/
ml trastuzumab (Fig. 1B), which was consistent with a previous study [33]. Furthermore,
apoptosis of SKBR-3 cells was significantly increased compared to that of JIMT-1 cells after
treatment with 20pg/ml trastuzumab (Fig. 1C and D).These results indicated that SKBR3
cells were sensitive to trastuzumab, whereas JIMT-1 cells were resistant to trastuzumab.
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tRNA-derived fragments expressed in HBL-100, SKBR3, and JIMT-1 cells

We used a high-throughput sequencing technique to determine differential expression
of tRNA-derived fragments in normal breast epithelial cell lines, trastuzumab-sensitive and
-resistant breast cancer cell lines. The copy number and sequences of each unique read in
the distribution of sequence read lengths were recorded (Supplementary Fig. 1A-C). Based
on the results of sequencing analysis, 6309 tRNA-derived fragments were identified in the
HBL-100, SKBR3, and JIMT-1 cell lines. All of the cytosolic tRNAs and 18 mitochondrial
tRNA (mtRNAY¥, mtRNAM, mtRNAA", mtRNAMS, mtRNAS", mtRNAP™®, mtRNAS", mtRNAL,
mtRNAY2 mtRNA®, mtRNA™", mtRNAT™, mtRNA”e, mtRNA", mtRNA™®, mtRNA®s, mtRNA™"
, mtRNA#?) were found to produce tRNA-derived fragments. After further screening, a total
of 998 tRNA-derived fragments were identified with fold-change filtering (absolute fold-
change > 2.0), a standard Student’s t-test (p < 0.05), and multiple hypothesis testing (FDR <
0.05). In addition, tRNAs with different sequences may have the same anticodon and transfer
the same amino acid. We divided the tRNAs into several groups with the same anticodons.
tRFs and tRNA halves derived from the same anticodon tRNA are showed in Supplementary
Fig. 1D-F.

Differentially expressed tRFs and tRNA halves in HER-2 positive and trastuzumab-resistant

cell lines

To analyze the tRNA-derived fragments differentially expressed in HBL-100, SKBR3 and
JIMT-1 cells, all of the differentially expressed tRNA-derived fragments were compared in
a heatmap (Fig. 2A). The differences among the three cell lines are shown by a principal
component analysis (Supplementary Fig. 2). In addition, the percentage of each subtype
of differentially expressed tRNA-derived fragments indicated that more than 80% of the
fragments were tRFs in all three cell lines (Fig. 2B-D). The scatter plot indicated that the
expression level in the two groups (up- and down-regulated fragments) in all three cell lines
correlated well (Fig. 3A-C). All of the upregulated and downregulated tRNA-derived fragments
are summarized in Fig. 3D (SKBR3 vs. HBL-100; JIMT-1 vs. HBL-100; JIMT-1 vs. SKBR3).
Because SKBR3 and JIMT-1 are both HER-2 positive cell lines from different sources [32, 33],
we first selected those fragments that were not only differentially expressed between SKBR3
and HBL-100 but also that were differentially expressed in JIMT-1 and HBL-100 cells. We
found several fragments to be significantly differentially expressed in HER-2 positive tumor
cell lines (SKBR3 and JIMT-1) when compared to the normal breast epithelial cell line (HBL-
100). In total, 36 upregulated and 21 downregulated tRNA-derived fragments with read

Fig. 1. Validation of the sensitivity
of SKBR3 and JIMT-1 cell lines to
trastuzumab. Cell viability in the
presence of various concentrations
of trastuzumab (0, 0.2, 2, 20,
200 pg/ml, 2 mg/ml) for 5 days
determined by CCK8 assay (A).
Cell viability curves for JIMT-1
and SKBR3 cells grown for 5 days
in 20 pg/ml trastuzumab (B). The
apoptosis rate in SKBR3 and JIMT-
1 cells was determined by flow
cytometry analysis (C-D). Asterisks
indicate significant differences
between groups (“*”: p<0.05, “**”:
p<0.01,n = 3).
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density more than 100 were
identified as differentially
expressed in SKBR3 and
JIMT-1 cells compared to
those in HBL-100 (Fig.
3E). Subsequently, we
found 11 upregulated and
1 downregulated tRFs in
JIMT-1 cells compared
with those in SKBR3 cells,
among the 57 dysregulated
tRNA-derived  fragments
described above. Finally,
we selected 5 upregulated
(tRF-30-JZOYJE22RR33,
tRF-27-ZDXPHO53KSN,
tRF-26-XIP2801MKS8E,
tRF-29-1YEVFMDOSR17Z,
tRF-22-8B8871K92)  and
1 downregulated (tRF-
30-SERXPIN2NYDR) tRFs
with the most significant
difference  for  further
investigation. According
to the cleavage position on
the cloverleaf secondary
structure of the derived

Fig. 3. Differentially expressed
tRFs and tRHs in HER-2 positive
and trastuzumab-resistant cell
lines. tRFs and tRHs expression
levels were measured and
normalized as tag counts per
million of total aligned tRNA reads
(TPM). The values of X and Y axes
in the scatter-plot are the averaged
TPM values of each group (log,
scaled). Genes above the top line
(red dots, up-regulation) or below
the bottom line (green dots, down-
regulation) showed changes of
more than 2.0 fold (default fold
change value is 2.0) between the
two comparison groups. Gray dots
indicate tRFs and tRNHs that were
not differentially expressed. (A)
SKBR3 vs. HBL-100. (B) JIMT-1 vs.
HBL-100. (C) JIMT-1 vs. SKBR3.
(D) All of the upregulated and

Sun et al.: tRNA-Derived Fragments as Novel Predictive Biomarkers for Trastuzumab-
Resistant Breast Cancer

Fig. 2. tRNA-derived fragments expression profiling and subtypes
in HBL-100, SKBR3, and JIMT-1 cells. Heatmaps of differentially
expressed tRNA-derived fragments in HBL-100, SKBR3 and JIMT-1 cells
(A). Differential expression of each subtype of unique tRNA-derived
fragments in HBL-100 (B), SKBR3 (C), JIMT-1 (D) cells.

downregulated tRNA-derived fragments in each of the two groups are summarized in the circle. (E) Thirty-
six upregulated and 21 downregulated tRNA-derived fragments were identified as differently altered in
SKBR3 and JIMT-1 cells compared to those in with HBL-100 cells.
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tRNAs, all of these tRFs were identified as i-tRFs (Fig. 4A). Then, we verified the expression
levels of the dysregulated tRFs in the HBL-100, SKBR3 and JIMT-1 cell lines by qRT-PCR.
The qRT-PCR results showed that tRF-30-JZ0YJE22RR33, tRF-27-ZDXPHO53KSN, and
tRF-26-XIP2801MK8E were significantly upregulated and tRF-30-SERXPIN2ZNYDR was
significantly downregulated in both two HER-2 positive cell lines (compared with HBL-
100) and in trastuzumab-resistant cells (compared with SKBR3) (Fig. 4B). The differential
expression of tRF-29-IYEVFMDOSR1Z and tRF-22-8B8871K92 were not fully consistent with
the expression trends in HER-2 positive cells and trastuzumab-resistant cells. These results
indicated that several dysregulated tRFs may play important roles in primary resistance to
trastuzumab in HER-2 positive breast cancer.

Specific tRFs are associated with resistance to trastuzumab and poor prognosis

In order to determine the association between the expression of dysregulated tRFs and
patients’ responses to trastuzumab, qRT-PCR was performed to quantify the expression of
dysregulated tRFsinclinical serum samples. Intotal, the expression of these eight selected tRFs
was validated in the sera of 28 trastuzumab sensitive patients and 29 patients with primary
resistance. The results showed that tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHO53KSN (both
derived from tRNA®*%4) were significantly upregulated in patients with primary resistance
compared to those in trastuzumab-sensitive patients (Fig. 5A and B). We did not detect a
statistically significant difference in the expression of tRF-26-XIP2801MK8E and tRF-30-
SERXPIN2NYDR (Fig. 5C and D). tRF-29-IYEVFMDOSR1Z and tRF-22-8B8871K92 were not
detected in our serum samples. In addition, a ROC curve analysis was performed to evaluate
the power of tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHOS53KSN to predict trastuzumab
resistance. The results showed that the ROC curve for tRF-30-JZ0YJE22RR33 had an area
under the curve (AUC) of 0.7147 (P value =0.02370, 95% CI = 0.5476 to 0.8817) (Fig. 5E),
and the tRF-27-ZDXPHO53KSN AUC was 0.8308 (P value =0.00298, 95% CI = 0.6811 to
0.9805) (Fig. 5F). In addition, four prognostic factors were identified in a univariate analysis:
primary tumor stage (I/1II, III/IV), Ki67 (<30%,>30%) , tRF-30-JZ0YJE22RR33, and tRF-

Fig. 4. Validation of six dys-regulated tRNA-derived
fragments associated with trastuzumab resistance
in HBL-100, SKBR3, and JIMT-1 cells. Examples of
tRNA or pre-tRNA structures for each species of
the six identified tRNA-derived fragments were
depicted. The black nucleotides at the 3’ end
indicate the presence of a terminal CCA sequences
(A). qRT-PCR analysis of tRF-30-JZOYJE22RR33,
tRF-27-ZDXPHO53KSN, tRF-26-XIP2801MKS8E,
tRF-29-YEVFMDOSR1Z, tRF-22-8B8871K92, and
tRF-30-SERXPIN2NYDR expression in HBL-100,
SKBR3 and JIMT-1 cells. Gene expression was
normalized to U6 expression, and fold differences
were calculated using the 24%% method by
comparing gene expression levels to those in
HBL-100 cells (B). All data were analyzed using
the Student’s t test. Asterisks indicate significant
difference between groups (“*”: p<0.05, “**”:
p<0.01,n = 3).
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Fig. 5. Validation of tRF-30-
JZOYJE22RR33, tRF-27-ZDX-
PHOS53KSN, tRF-26-XIP2801MKS8E,
tRF-29-IYEVFMDOSR1Z, tRF-22-
8B8871K92, and tRF-30-SERX-
PIN2NYDR expression in the
sera of trastuzumab-sensitive
and -resistant patients. tRF-30-
JZOYJE22RR33 and tRF-27-ZDX-
PHOS53KSN were significantly up-
regulated in trastuzumab-resistant
patients compared to trastuzum-
ab-sensitive individuals (A and
B). The difference in expression
of tRF-26-XIP2801MK8E and tRF-
30-SERXPIN2NYDR between the
sensitive and resistant groups

was not statistically significant (C
and D). tRF-29-IYEVFMDOSR1Z and tRF-22-8B8871K92 were not detected in serum samples. A ROC curve
analysis showed the power of tRF-30-JZ0YJE22RR33 and tRF-27-ZDXPHO53KSN to predict trastuzumab
resistance (E and F).

Table 1. Univariate and multivariate analyses of the clinicopathological factors for PFS in 52 patients with
metastatic breast cancer. Lower ACT represent high expression of tDR-1960 and tDR-1969. (*P<0.05.
**P<0.01.Abbreviation: HR, hazard ratio)

Univariate analysis Multivariate analysis
Risk factors
P-Value HR P- 95% Cl
Value

tRF-30-JZOYJE22RR33 (ACT<11.0,>11.0) 0.002** 2.754 0.040* 1.038-5.219
tRF-27-ZDXPHO53KSN (ACT<10.5,>10.5) 0.004** 2.265 0.019* 1.187-6.756
Primary tumor stage(1/11, I11/IV) 0.011* 2.696 0.015* 1.197-5.243
Ki67%(<30%,>30%) 0.012* 1461 0.081 0.913-4.744
Age(=<50,>50) 0.872

Prior adjuvant Trastuzumab treatment 0.343

Prior endocrine therapy 0.477

Estrogen receptor (positive, negative) 0.512

Progesterone receptor (positive, negative) 0.74

Chemotherapy(taxanes, non taxanes) 0.639

Line of chemotherapy(<1,>1) 0.76

27-ZDXPHO53KSN expression (Table 1). High expression levels of tRF-30-JZ0YJE22RR33
and tRF-27-ZDXPHO53KSN were associated with worse PFS (Fig. 6A and B). No relationship
between PFS and other factors, for example, age (< 50, >50), estrogen receptor (positive,
negative), progesterone receptor (positive, negative), chemotherapy (taxanes, non taxanes),
was found in our study. Notably, a multivariate analysis further revealed that higher
expression of tRF-30-JZ0YJE22RR33 and tRF-27-ZDXPHO53KSN, as well as primary tumor
stage (P= 0.015; Table 1), were associated with significantly shorter PFS (P = 0.040, 0.019).
Therefore, reasoned that patients with high levels of tRF-30-JZOYJE22RR33 and tRF-27-
ZDXPHO53KSN expression would benefit less from trastuzumab-based therapy. tRF-30-
JZOYJE22RR33 and tRF-27-ZDXPHO53KSN could be potential biomarkers and intervention
targets for the clinical treatment of trastuzumab-resistant breast cancer.
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Fig. 6. Progression-free survival (PFS) for the 52
metastatic HER-2 positive breast cancer patients
who received advanced Trastuzumab therapy. (A).
Patients with high level of tRF-30-]JZ0YJE22RR33 ex-
pression (ACT<:11.0) had significantly shorter PFS
(P = 0.002) than patients with low level of tRF-30-
JZOYJE22RR33 expression (ACT>11.0). (B) Patients
with high level of tRF-27-ZDXPHO53KSN expression
(ACT=:10.5) had significantly shorter PFS (P = 0.004)
than those with low expression of tRF-27-ZDXPHO53KSN (ACT>10.5) (“*”: p<0.05, “**”: p<0.01, n=3).

Discussion

Despite numerous efforts to identify biomarkers of response to trastuzumab in HER-2
positive patients, there are currently no definitive biomarkers available for use in clinical
practice. With the development of genome sequencing technologies, tRNA-derived fragments
have been identified in association with a number of human diseases, including cancer,
infection, neurodegeneration, and other pathological conditions. tRFs and tRNA halves with
dysregulated expression in cancer were considered as potential diagnostic biomarkers or
therapeutic targets in cancer cells [42].

To explore the potential role of tRNA-derived fragments in trastuzumab resistance, we
performed high-throughput sequencing to determine the expression profile of tRFs and
tRHs in normal breast epithelial cell lines and cells sensitive and resistant to trastuzumab.
Based on the sequencing data, we conducted a comprehensive analysis of tRNA-derived
fragments in HER-2 positive breast cancer cells in comparison with that in normal epithelial
cells (Fig. 2A). The sequencing data showed that tRFs were more common than tRNA halves
in all three cell lines (Fig. 2B-D). Shozo Honda et al. demonstrated that several tRNA halves
were prominently enriched only in estrogen receptor (ER) positive breast cancer cell lines
and patient tissues, whereas ER negative breast cancer cell lines and tissues expressed low
levels of tRNA halves [40]. Because both SKBR3 and JIMT-1 both are ER negative cell lines,
this may explain why the expression of tRNA halves were less than tRFs in our data structure.
Therefore, we reason that sex hormone sensitivity and hormone receptor expression could
be associated with the production of tRFs and tRNA haves in breast cancer.

Initially, tRFs were classified into tRF-5, tRF-3, and tRF-1 series found in prostate cancer
[20]. Recently, Aristeidis et al. found a novel fragment class, referred to as i-tRFs, in breast
cancer cell lines and tumor tissues [21]. Until now, there has been little information on the
biological function of i-tRFs in cancer progression. In our sequencing data, we detected
four series of tRFs and also found a number of i-tRFs in HER-2 positive breast cancer cells.
i-tRFs are wholly internal to the respective mature tRNAs, and can straddle the anticodon.
We also showed examples of tRNA structures for each species, depicting the positions of
the identified tRFs (Fig. 4A). The composition and abundance in the transcriptome of tRNA-
derived fragments has been proposed to be dependent on gender, tissue, disease and even
disease subtype [21]. On the other hand, we may reasonably infer that the expression of
i-tRFs in breast cancer cell lines, tissues and serums are common, and might be a general
characteristic of the tRFs expression in breast cancer.

To select tRNA-derived fragments relevant to trastuzumab resistance, we chose
fragments among those that were differentially expressed in SKBR3 and JIMT-1 vs. HBL-100
cells to confirm the stable expression of fragments in HER-2 positive cell lines. Then, we
used the sera of HER-2 positive patients treated with trastuzumab to validate the differential
expression of selected tRFs in JIMT-1 and SKBR3. qRT-PCR was conducted to detect the
differential expression in trastuzumab-sensitive and -resistant patients. Previous studies
showed that tRF expression has been detected in cancer patient samples from multiple
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tissue sites and accessible samples like human urinary [43-45]. In the 1970s, Borek E found
the presence of tRNA-derived fragments in the serums of cancer patients [46]. Recently,
Dhahbi et al. reported that tRFs in serum were circulating at different levels in breast cancer
patients compared to those in healthy individuals [47]. However, no further studies have
explored the potential roles of these tRNA-derived fragments in the serum of cancer patients
or their biological functions in the progression of the cancer [48]. Our data also elucidated
the origin of tRNA-derived fragments in SKBR3, JIMT-1, and HBL-100 cells and analyzed the
differential expression of these molecules (Fig. 2 and 3). In addition, tRF-30-JZOYJE22RR33
and tRF-27-ZDXPHO53KSN were found to be overexpressed in trastuzumab-resistant
patients compared to drug sensitive individuals (Fig. 5A and B). The ROC analysis showed
that tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHO53KSN were associated with trastuzumab
resistance (Fig. 5E and F). Remarkably, overexpression of tRF-30-JZOYJE22RR33 and tRF-27-
ZDXPHO53KSN predicted a poor prognosis and could be regarded as independent predictors
of PFS in HER-2 positive breast cancers (Fig. 6A and B). The development of biomarkers
is a complicated process. A convenient and high-efficiency method for patient sample
collection and analysis of extracellular RNA will be critical as biomarker studies of tRFs move
forward [49-51]. Given the broad range of human tumors in which tRNA-derived fragments
are dysregulated, our observations in the serum of breast cancer patients resistant to
trastuzumab may be more generally applicable to other malignant tumors and tRNA-derived
fragments may be used as fluid-based biomarkers for future prospective screening studies.

Exploration of the mechanism of tRF/tRH-mediated cancer progression is still at its
infancy. Different types of tRNA-derived fragments have been found to have a variety of
different functions [29]. 5’-tRHs, but not 3’-tRHs, play a role in inhibiting protein synthesis
and promoting the assembly of stress granules [52, 53]. tRFs have been identified to co-
purify with Argonaute and Piwi complexes, which suggests that such tRNA-derived
fragments could function as miRNAs or piRNAs [54-56]. Recently 5’-tRF series were also
found to inhibit translation independently of siRNA [57]. Specific i-tRFs have been shown
to compete with mRNAs for the binding to RNA-binding proteins in breast cancer [23]. In
addition, tRF-1001 derived from a pre-tRNA is necessary for cell growth, and knockdown
of tRF-1001 causes significant inhibition of cell proliferation in prostate cancer [20]. Our
results indicate that i-tRFs, which have rarely been studied, are involved with trastuzumab
resistance. On the other hand, some limitations of our study should also be acknowledged.
Firstly, the verification method of Mircury/Tagman may measure similar molecules
at the same time. In addition, we have no further research about the mechanism of tRF-
mediated trastuzumab resistance. However, based our previous bioinformatic analysis (data
not present), we speculate that tRF-30-JZOYJE22RR33 and tRF-27-ZDXPHOS53KSN may
participate in trastuzumab resistance through regulating the expression product of target
genes or competing with mRNAs for the binding to RNA-binding proteins. The mechanism
underlying the effects of tRNA-derived fragments on trastuzumab resistance is extremely
complicated and further research is needed.

In conclusion, we comprehensively analyzed tRNA-derived fragments in trastuzumab-
sensitive and -resistant breast cancer. We also identified tRF-30-JZOYJE22RR33 and tRF-27-
ZDXPHO53KSN as potential therapeutic response and prognostic biomarkers and as possible
intervention targets for trastuzumab-resistant breast cancer. We believe that results of our
study could provide leads for the further exploration of biological functions of these novel
tRNA -derived fragments in trastuzumab-resistant breast cancer.
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