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ABSTRACT: Extracellular RNAs are gaining clinical interest as biofluid-based noninvasive markers for diseases, especially cancer. In particular,
derivatives of transfer RNA (tRNA) are emerging as a new class of small-noncoding RNAs with high biomarker potential. We and others
previously reported alterations in serum levels of specific tRNA halves in disease states including cancer. Here, we explored seminal fluid for
tRNA halves as potential markers of prostate cancer. We found that 5’ tRNA halves are abundant in seminal fluid and are elevated in prostate
cancer relative to noncancer patients. Importantly, most of these tRNA halves are also detectable in prostatic tissues, and a subset were
increased in malignant relative to adjacent normal tissue. These findings emphasize the potential of 5" tRNA halves as noninvasive markers for
prostate cancer screening and diagnosis and provide leads for future work to elucidate a putative role of the 5’ tRNA halves in carcinogenesis.
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Introduction
Since their discovery in bodily fluids, extracellular RNAs, pri-
marily microRNAs (miRNAs), are increasingly recognized as
significant players in cell to cell communication.'® More
importantly, as they can be detected with noninvasive methods,
extracellular RNAs are gaining clinical interest as promising
markers of physiologic and pathologic states.*®

Recently, derivatives of small-noncoding RNAs (sncRNAs)
have emerged as a new class of molecules with important func-
tions and biomarker applications.*'? One such novel molecule
type, transfer RNA (tRNA) halves, has been detected in cell
lines, tissues, serum, plasma, and other bodily fluids, in both
normal and pathologic conditions.’316 The tRNAs are cleaved
in the anticodon loop by angiogenin to produce 5'- and 3'-
tRINA halves (30-35 nucleotides) or in the D-stem or T-stem
by Dicer or RNase Z to produce shorter fragments (13-
20nucleotides) called tRNA-derived RNA fragments
(tRFs).1017-23The 5’ tRNA halves were first observed in stressed
cultured cells'®?>%% where they associate with the translational
repressor YB-1 and suppress protein synthesis to redirect cel-
lular energy toward repairing the stress-induced damage.?>-%’
The tRNA halves also control other important cellular func-
tions, including regulation of the small interfering RNA
(siRNA) pathway by direct binding to Dicer-2.2% In support of
non-stress-related functions, tRNA halves were detected under
nonstress conditions in human cells’®? and plants; also,
stresses such as amino acid and glucose starvation and UV irra-
diation failed to induce tRNA half accumulation.!920.25

Furthermore, we have shown that 5" tRNA halves are highly
expressed in hematopoietic and lymphoid tissues of the mouse
and in human leukocytes in the absence of stress,'” suggesting a
role in hematopoietic and immune processes.’® The shorter
tRFs also have a wide functional scope.’> They regulate gene
expression by acting in a miRNA-like fashion,®-> inhibit
translation,3¢ and act as tumor suppressors through a mecha-
nism that destabilizes pro-oncogenic transcripts.’’

Using high-throughput small RNA sequencing in a series of
studies, we have shown that 5' tRNA halves circulate stably in
serum and plasma.!“1¢ Later studies reported tRNA-derived
small RNAs in human, rat, and monkey serum samples3$3? and
in extracellular vesicles from human semen.*> We also presented
evidence that associates changes in the abundance of circulating
5" tRNA halves with physiologic states (ie, aging, calorie restric-
tion, and dwarfism®!5), and disease states (ie, cancer!416).
Changes in the circulating levels of specific 5" tRNA halves cor-
related with breast tumor characteristics, including estrogen
receptor (ER), progesterone receptor (PR), and human epider-
mal growth factor receptor 2 (HER2) status.™* Such a correla-
tion suggests a link between carcinogenesis and specific 5' tRNA
halves; in support of this concept, tRNA-derived sncRNAs were
shown to influence cell proliferation and metastasis by regulating
translation and messenger RNA (mRNA) stability. 18374

Taken together, the observations presented above link extra-
cellular tRNA halves to pathophysiological states, including
cancer, and highlight the potential utility of this small RNA
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species as a novel noninvasive marker of disease. To gain fur-
ther evidence for this concept, we mined publicly available
small RNA-Seq data sets generated from seminal fluid and
prostate tumor tissues to explore 5’ tRNA halves as potential
markers of prostate cancer.

Methods

Bioinformatics analysis of a small RNA-Seq data
set generated from seminal fluid of men with and
without prostate cancer

Fastq files of raw sequencing reads were downloaded from
Gene Expression Omnibus (accession GSE56686%2). The data
set was generated by sequencing of small RNA extracted from
2 seminal fluid RNA pools, representing groups of 6 men with
prostate cancer or 6 men without cancer. The RNA popula-
tion sequenced in this data set was extracted from the non-
sperm fraction of seminal fluid, which includes prostatic
epithelial, urothelial, and inflammatory cells. The downloaded
sequencing reads were trimmed by removing adaptor sequences
with FASTX-Toolkit (hannonlab.cshl.edu) and aligned to the
GRCh38/hg38 human genome with Bowtie v1.1.2.4 The
alignment files were analyzed with Bedtools v2.25.0* to
annotate and count reads mapped to noncoding RNA genes
from Ensembl GRCh38 release 86, tRNA genes from
Genomic tRNA Database,** and YRNA from the UCSC
GENCODE v24 track.*” The obtained read counts were
compared with find differences in the abundance of tRNA
halves between noncancer and cancer seminal fluid samples.
Read counts were normalized by equalizing the total mapped
reads between cancer and noncancer samples before compari-
son and calculation of fold change. However, the statistical
significance of these findings is limited using pooled samples
instead of biological replicates.

Bioinformatics and statistical analysis of a small
RNA-Seq data set generated from prostrate

primary tumor and matched normal tissues

Fastq files of raw sequencing reads were downloaded from the
Gene Expression Omnibus accession GSE89193.48 This small
RNA-Seq data set was generated from formalin-fixed paraf-
fin-embedded (FFPE) tissue blocks isolated from prostatecto-
mies performed on men diagnosed with prostate cancer. The
study included 2 sequencing batches with read-length 37 and
50nucleotides. In our analysis, we used only the batch with
50-nucleotide read-length consisting of 25 patients; tRNA
halves are 30- to 34-nucleotide long and thus would not be
found in the batch with 37nucleotides read after adapter
removal.

Sequencing reads from 25 tumor-normal pairs were aligned
to the GRCh38/hg38 human genome using the same param-
eters used for the analysis of the small RNA-Seq from the

seminal fluid samples. Aligned sequencing reads were pooled

into 2 groups: normal and tumor. Pooled samples were ana-
lyzed to examine the length distribution of the reads, the pat-
tern and size of peaks, and the types and proportions of small
RNAs from which the reads originate; pooling is used only to
assess the characteristics of the reads and not to measure the
differential expression of small RNAs between control and
cancer groups. The sequencing reads were processed and
aligned to the GRCh38/hg38 human genome as described
above for the seminal fluid samples.

To detect statistically significant differential expression of
tRNA halves, read counts from 25 tumor-normal pairs were
analyzed with the Bioconductor package EdgeR using a statis-
tical test appropriate for paired designs.*’ The test adjusts for
baseline differences between patients using an additive linear
model with “Patient” as the blocking factor. P values were
adjusted for multiple testing using the Benjamini and Hochberg
method to control the false discovery rate (FDR).

Results

To evaluate 5’ tRNA halves as potential biofluid-based
cancer biomarkers, we interrogated a publicly available
small RNA-Seq data set generated from seminal fluid
samples collected from normal subjects and patients with
prostate cancer. Men with cancer had a mean prostate-
specific antigen (PSA) level of 6.6 (SD: 3.09, range: 3.2-
11.9), and noncancer controls had a mean PSA level of 6.0
(SD: 3.21, range: 2.5-10.5). As both groups had similarly
elevated levels of serum PSA, markers that can distinguish
between the groups could be better diagnostic markers
than PSA. Selth and colleagues** used this data set to
assess the potential of seminal fluid miRNAs as diagnostic
biomarkers of prostate cancer. Here, we analyzed the same
data set to determine whether 5’ tRNA halves are present
in seminal fluid and whether their abundance is altered in
association with prostate cancer.

Alignment of sequencing reads to the human genome and
annotation with noncoding RNA genes revealed that tRNAs
map to a 30- to 34-nucleotide peak, whereas miRNAs map to
a 20- to 24-nucleotide peak (Figure 1A). Comparable peaks
are present in both cancer and noncancer seminal fluid samples
(Figure 1A). We previously reported the same 2-peak pattern
in human and mouse serum samples.1*1>

In subsequent analyses, we only considered reads mapping
to tRNA genes in the 30- to 34-nucleotide peak as this is the
size range of 5’ tRNA halves. The total number of reads in
the 30- to 34-nucleotide peaks was highly comparable
between the noncancer (36242 600) and cancer (36481 628)
samples. Annotation analysis (Figure 1B and C) showed that
the reads in the 30- to 34-nucleotide peak map mainly to
tRNA: 88.1% in noncancer and 90.0% in cancer samples. The
remainingreads map to sequences annotated as encoding
YRNA, ribosomal RNA (rRNA), or other small RNAs
(scRNA, scaRNA, snRNA, snoRNA, vaultRNA).
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Figure 1. Length distribution and annotation of reads obtained by sequencing small RNAs extracted from seminal fluid. (A) Length of mapped reads from
seminal fluid of noncancer (blue bars) or patients with cancer (red bars). The length of small RNA sequencing reads is plotted against their abundance.
Shown here are only sequencing reads that map to the GRCh38/hg38 human genome and that are annotated as miRNA, tRNA, YRNA, rRNA, or other
sRNAs (snRNA, snoRNA, scRNA, scaRNA). (B, C) Annotation of reads located in the 30- to 34-nucleotide peaks. Pie charts showing the percent of reads
mapping to the indicated specific types of small RNAs in data sets obtained by sequencing of small RNAs in seminal fluid samples from (B) noncancer
patients or (C) patients with cancer. (D) Relative abundance of reads that map to the 5’ versus 3’ ends of tRNA genes. Pooled reads from seminal fluid
from patients with or without cancer and from prostate tumor and normal tissue pairs were analyzed to determine the number of reads that align with 5’ or
3’ ends of tRNA genes. Reads that map beyond the initial 5 nucleotides on either the 5’ or the 3’ ends are labeled “Internal.” The y-axis represents the
percentage of the total reads that map to 5’ end, 3’ end, or internally to tRNA genes.

The length of reads that map to tRNA (30-34 nucleotides)
is roughly half of the size of the full-length tRNAs. Therefore,
we classified the reads based on their overlap with 5" or 3" ends
of tRNA genes. We found more than 99.6% of the tRNA-
derived reads align with the 5’ end of a tRNA in both noncan-
cer and cancer samples (Figure 1D). Thus, only reads mapping
to the 5’ ends of tRNA genes are considered for subsequent
differential expression analysis.

5" tRINA halves are increased in seminal fluid of

patients with prostate cancer

To identify changes in seminal fluid 5" tRNA halves that
may associate with a prostate cancer diagnosis, we compared
their abundance in noncancer and cancer seminal fluid sam-
ples. We found that the seminal fluid from patients with
cancer had increased levels of 71 types of 5’ tRNA halves
derived from the isodecoders of tRNA-Ala, -Arg, -Cys,
-Gln, -Leu, -Lys, -Met, -Ser, -Thr, -Trp, and the pseudo-
gene tRNA-Und-NNN-4-1 (Table S1). Notably, the 5’
tRNA half derived from the pseudogene tRNA-Und-
NNN-4-1 is the most differentially expressed; its levels are

25-fold higher in cancer than in noncancer seminal fluid

(Table S1 and Figure 2).

Expression of tRINA halves in prostate cancer tissues
corroborates their presence in the seminal fluid

To investigate whether tRNA halves are also present in solid
prostate cancer tissue besides seminal fluid, we downloaded
and analyzed a small RNA-Seq generated from FFPE prostate
cancer samples.*® In this data set, prostate primary tumor and
matched normal tissues were collected from men diagnosed
with prostate cancer. Aligned sequencing reads from 25 tumor-
normal pairs were pooled into 2 groups (normal and cancer) to
examine the general characteristics of the reads including
length distribution and types and proportions of small RNAs
from which the reads originated. Similar to the seminal fluid
samples, high proportions of the reads in the 30- to 34-nucleo-
tide peak map to tRNA: 72.3% in the normal and 78.6% in the
tumor samples (Figure 3A and B). In both prostate cancer and
matched normal tissues, most of the tRNA-derived reads
(>95%) align with the 5" end of tRNA (Figure 1D). A com-
parison between the tRNA halves identified in the 2 data sets
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Figure 2. UCSC genome browser screenshots illustrating alignment of reads to the tRNA-Und-NNN-4-1 pseudogene. The alignment (number of reads,
y-axis) shows that the numbers of reads mapping to the 5’ end of tRNA-Und-NNN-4-1 gene are significantly higher in seminal fluid from patients with (red)

than without (blue) prostate cancer.

indicates that 94.1% of tRNA halves found in seminal fluid
were also detectable in prostate tissues (Figure 3C), suggesting
a prostatic origin.

A prostate cancer diagnosis is associated with
increased expression of 5" tRINA halves in prostate
tumor tissues and in seminal fluid

To identify potential tumor-associated changes in the levels of
5" tRNA halves, we compared read counts from 25 tumor-nor-
mal pairs using a statistical test designed for paired experi-
ments. We detected fifty-five 5' tRNA halves differentially
expressed between normal and cancer tissues using an FDR
<0.05 (Table S2). Furthermore, we compared the 5' tRNA
halves differentially expressed in solid prostate tumor tissues
(Table S2) to the 5’ tRNA halves that are increased in seminal
fluid from patients with cancer (Table S1). As illustrated in
Figure 3D and Table 1, 10 of the 5’ tRNA halves increased in
seminal fluid from patients with prostate cancer were simulta-
neously significantly upregulated in prostate cancer tissue rela-
tive to adjacent normal tissue.

Discussion

The easy access and remarkable stability of sncRNAs circulat-
ing in body fluids have raised clinical interest in developing
extracellular sncRNAs as minimally invasive disease markers.
Particularly, the differential abundance of circulating miRNAs
has proven useful in diagnosing various types of cancer, includ-
ing prostate cancer.>*® More recently, attention has shifted to a
new class of circulating sncRNAs also with great diagnostic
potential; these are smaller derivatives of known sncRNAs
including tRNA. We have previously reported that serum
abundance of 5’ tRNA halves changes in association with a
cancer diagnosis!41® and with physiologic states, ie, aging and
calorie restriction.’® In the present report, we show that 5'
tRINA halves are expressed in prostate tissue, enriched in semi-
nal fluid, and their abundance changes in association with a
prostate cancer diagnosis.

We found that tRNA halves represent the bulk of the
sequencing reads in both seminal fluid and prostate tumor tis-
sues. Also, as in previous studies,>*! we found that 5" tRNA
halves are significantly more abundant than their correspond-
ing 3'-end derivatives. Others confirmed the predominance of
the 5'-end derivatives of tRNA not only in body fluids (serum
from healthy mice® and cattle’®) but also in solid tissues.>
Specific 5 tRNA halves were also observed in breast cancer
cells under hypoxic stress®” and in the media of breast epithelial
cell lines.”® Thus, there may be a specific association between
certain pathophysiologic states and the biogenesis and/or sta-
bility of 5" tRNA halves. Factors responsible for the differences
in RNA stability between the 5'-end and 3'-end fragments are
yet to be investigated. However, a recent report underlined the
importance of factors such as sex, race, and disease type in
influencing the length, start and end points, and relative abun-
dance of human tRNA fragments.®

Levels of 5" tRNA halves were increased in seminal fluid
from prostate cancer relative to noncancer patients. Changes in
extracellular and intracellular levels of 5 tRNA halves have
been observed in cancer and other diseases even though their
functional roles have not yet been elucidated.131416:38 Thus, the
presence of 5 tRNA halves in seminal fluid and alterations of
their abundance in association with prostate cancer should
instigate studies to clarify the potential role of 5" tRNA halves
in prostate tumorigenesis and also may form the basis for
developing cancer markers. Seminal fluid is gaining impor-
tance as a clinically relevant “liquid biopsy” of the prostate
because it is more enriched in prostatic constituents than blood
and thus presents a better source of prostate cancer—specific
biomarkers.57

Interestingly, the most differentially expressed (ie, 25-fold
higher in cancer than in noncancer samples) 5 tRNA half is
derived from the pseudogene, tRNA-Und-NNN-4-1; this
tRNA pseudogene is predicted with tRNAscan-SE%® and its
anticodon remains undetermined. This observation suggests
that tRNA genes annotated as pseudogenes are not only highly
expressed but also specifically processed into sncRNAs that
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Figure 3. Analysis of the reads peak from prostate tumor and adjacent normal tissue and comparison with seminal fluid. (A and B) Annotation of reads
located in the 30- to 34-nucleotide peak. Pie charts showing the percent of reads mapping to the indicated specific types of small RNAs in pooled data
sets from (A) normal and (B) tumor tissue samples. Pooling is used only for qualitative analysis of the reads and not to measure the differential expression
of small RNAs between control and cancer groups. (C) Comparison of tRNA halves expressed in seminal fluid with those expressed in prostate solid
tissues. tRNA halves are considered expressed in prostate tissues if CPM >25. CPM is the average tRNA read counts-per-million computed over all
libraries; it represents a measure of the overall expression level of the tRNA halves. tRNA halves are considered expressed in seminal fluid samples if the
sum of normalized read counts from cancer and noncancer samples is higher than 25. (D) Comparison of 5" tRNA halves that are upregulated in seminal
fluid from prostate cancer relative to noncancer patients and 5’ tRNA halves that are upregulated in prostate cancer tissue relative to adjacent normal
tissue. The Venn diagram shows ten 5’ tRNA halves (see Table 1) that were upregulated in solid prostate tumor tissue and seminal fluid from patients with

prostate cancer.

can be secreted into body fluids in a manner that is affected by
pathophysiological states. The tRNA pseudogenes have also
been shown to be functional, eg, they regulate mRNA stabil-
ity>; based on this and our findings, pseudo-tRNAs should be
elevated to the status of tRNA genes and their potential func-
tions investigated.

The prostatic origin of the tRNA halves found in seminal
fluid is suggested by their significant coexpression in prostate
tissues: more than 94.1% of tRNA halves present in seminal
fluid are also expressed in prostate solid tissues. We found a
significant differential expression of 5’ tRNA halves in prostate
tumor relative to adjacent normal tissues. Even though expres-
sion changes in the 5’ tRNA halves have not been previously
reported, and shorter tRFs have been associated with prostate
cancer.%0! Particularly, Olvedy and colleagues identified a
small subset of tRFs that are differentially expressed across
increasing grades of prostate cancer with potential as prognos-
tic markers.®® However, they did not detect the longer 5 tRNA
halves because the sequenced read-length is 35 nucleotides; 5’

tRNA halves are 30- to 34-nucleotide long and will not be
present after adapter removal from 35-nucleotide reads.
Comparison of expression changes showed that ten 5'
tRNA halves are significantly upregulated in solid prostate
tumor relative to adjacent normal tissue and simultaneously
increased in seminal fluid from prostate cancer relative to
noncancer patients. Forty-three 5’ tRNA halves were upregu-
lated in prostate cancer tissues but did not increase in seminal
fluid from cancer relative to noncancer. Sixty-one 5’ tRNA
halves increased in seminal fluid from cancer relative to non-
cancer but did not change expression in prostate cancer tis-
sues relative to adjacent normal tissue. Functional
interpretation of these different classes of 5" tRNA halves in
relation to prostate cancer is challenging because a defined
role of 5’ tRNA halves in tumorigenesis has not been deter-
mined yet. However, possible involvement of 5’ tRNA halves
in prostate cancer is suggested by requirement of the 5’ half of
tRNA-Asp-GUC for the proliferation of prostate carcinoma
cells®?; siRNA knockdown of this 5 tRNA half, but not its
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Table 1. 5’ tRNA halves upregulated in solid prostate tumor tissue and simultaneously increased in seminal fluid.

tRNA GENE NAME? GENOMIC COORDINATES® PROSTATE TISSUES SEMINAL FLUID

CPMe FCd P VALUE¢ FDRY, % NORMALe CANCERs®

tRNA-Ala-CGC-2-1 chr6:28673835-28673907 571 2.5 .000 0.04 3 56 18.9
tRNA-Leu-TAA-1-1 chr6:144216546-144216629 981 2.2 .000 0.11 28 74 2.7
tRNA-Ser-CGA-2-1 chr6:27209848-27209930 186 241 .000 0.56 2 25 12.7
tRNA-Ala-CGC-1-1 chr6:26553502-26553574 1277 2.0 .000 0.39 25 123 5.0
tRNA-GIn-CTG-1-4  chr15:65869061-65869133 627 2.0 .001 1.63 39 169 4.3
tRNA-Ala-AGC-8-2  chr8:66114188-66114261 656 2.0 .000 0.69 62 194 3.1
tRNA-Ala-TGC-2-1 chr6:28643444-28643516 419 1.9 .001 1.65 24 142 6.0
tRNA-Ala-AGC-8-1 chr2:27051213-27051286 546 1.8 .001 1.65 54 209 3.9
tRNA-GIn-CTG-2-1 chr6:27547751-27547823 504 1.8 .002 2.56 30 168 5.7
tRNA-Ala-TGC-3-2 chr12:124921754-124921826 432 1.7 .003 3.60 7 48 7.0

Abbreviations: CPM, counts per million; FC, fold change; FDR, false discovery rate; tRNA, transfer RNA.

atRNA gene name from genomic tRNA database (gtrnadb.ucsc.edu).

bGenomic coordinates of the tRNA gene in the human GRCh38/hg38 genome.

cAverage tRNA read counts-per-million computed over all libraries and taking into account the estimated dispersions and the libraries sizes. It represents a measure of
the overall expression level of the tRNA fragments.

dFold change, P value, and FDR (<5%) for differential abundance computed by EdgeR.

°Read count of each tRNA half in the indicated sample. Read counts were normalized by equalizing the total mapped reads between cancer and noncancer samples.
fFold change represents read counts ratio of normal to cancer samples.

3'-counterpart, inhibited prostate carcinoma cell prolifera- in seminal fluid from prostate cancer relative to noncancer
tion. It was also shown that tRNA halves were significantly patients and simultaneously significantly upregulated in
more abundant in AR* than AR~ prostate cancer cells and in solid prostate tumor relative to adjacent normal tissue. These
ER* than ER- breast cancer cells, suggesting that the expres- findings underscore the potential of 5’ tRNA halves as non-
sion of tRNA halves is sex hormone dependent.®? As sex hor- invasive markers for prostate cancer screening and diagnosis
mones and their receptors are crucial to the development and and provide leads for future work to elucidate the putative
progression of prostate and breast cancers, %% the depend- carcinogenic mechanisms of the 5" tRNA halves. Although
ence of tRNA halves’ expression on sex hormones and their our findings do not establish causality, they suggest that 5’
importance in proliferation strongly suggest they play a sig- tRNA halves may be involved in some aspect of prostate
nificant role in tumorigenesis. Furthermore, we previously tumorigenesis. Thus, additional studies are warranted
reported that specific changes in the circulating levels of spe- to explore the potential of 5' tRNA halves as agents of car-
cific 5’ tRNA halves were associated with clinicopathologic cinogenesis and as novel markers and therapeutic targets for
characteristics of breast cancer including ER, PR, HER2, cancer.
inflammation, and subsequent relapse.* Other types of tRNA
derivatives have been linked to prostate carcinogenesis!®; Author Contributions
knocking down a particular tRF causes loss of cell viability JMD conceived and designed the experiments, analyzed the
and inhibition of prostate cancer cells’ proliferation. Taken data, and wrote the first draft of the manuscript. JMD, HA,
together, these observations imply potential involvement of and LAS agree with manuscript results and conclusions and
tRNA-derived sncRNAs in tumorigenesis, but the underly- made revisions and approved final version. All authors reviewed
ing mechanisms need to be investigated to establish any clini- and approved the final manuscript.
cal utility of 5’ tRNA halves in cancer diagnosis and
prognosis. Disclosures and Ethics
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