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Abstract

The small RNA (sRNA) landscape of mammalian spermatozoa is considerably altered as these gametic cells migrate
through the segment specific microenvironments of the epididymis. More specifically, the microRNA (miRNA)
species of SRNA dominates the sRNA landscape of spermatozoa of the proximal caput segment of the epididymis.
However, in sperm cells sourced from the distal cauda epididymal segment, the transfer RNA (tRNA)-derived RNA
fragment (tRF) sRNA species is the most abundant. Here we show that the 5" halves of fifteen mature tRNAs were
used as processing substrates for the production of a specific subpopulation of tRF sRNAs, 30 to 33 nucleotides
(30-33-nt) in length. A quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) approach was used to
experimentally validate the sRNA sequencing identified trend of enriched abundance of this specific 30-33-nt tRF
subpopulation in cauda spermatozoa. The length, and exclusive alignment of the cauda spermatozoa enriched tRF
subpopulation to the 5" half of each processed tRNA precursor, identified ANGIOGENIN (ANG) as the endonuclease
likely responsible for tRF production in the mouse epididymis: a prediction confirmed via immunoblotting
assessment of ANG abundance in spermatozoa sourced from the caput, corpus and cauda epididymal segments.
When taken together with our previous profiling of miRNA and Piwi-interacting RNA (piRNA) sRNA abundance in
spermatozoa sourced from the three segments of physiologically normal mouse epididymides, the tRF profile
reported here adds greater depth of coverage to the global sSRNA landscape of the mouse epididymis; a roadmap

imposed environmental stressors.

constructed to assist with the future molecular characterization of sRNA-directed responses to a wide range of
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Background

In mammals, spermatozoa must undergo sequential
phases of mitosis, meiosis and cytological differentiation,
before they are rendered morphologically mature [1].
Despite the level of specialization achieved during these
combined phases of spermatogenesis, the spermatozoa
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generated by the germinal epithelium of the testes are
functionally immature upon release into the epididymal
tubule. Indeed, it is not until their prolonged migration
through the caput, corpus and cauda segment-specific
microenvironments of the epididymis, that sperm gain
forward progressive motility and capacitation compe-
tency as well as acquiring an affinity for the cumulus-
oocyte complex [2]. As part of their epididymal matur-
ation, sperm undergo a conspicuous morphological
transformation via the shedding of the remnants of their
cytoplasm held within the cytoplasmic droplet, and the
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extensive remodelling of their haploid genome [3-5]. The
drastically altered morphology of mature spermatozoa
renders these cells silent, both at the transcriptional and
translational level. Therefore, their functional maturation
in the epididymis must be driven extrinsically: a process
made possible by the secretive and absorptive activity of
the epithelium that lines the lumen of the tract [6].

Historical research has focused heavily on the
characterization of the complex interplay between the
secretory and absorptive activity of the soma of each epi-
didymal segment, and the maturing spermatozoa de-
scending the tract [7]. More specifically, much of this
research attention was aimed at documenting the com-
plex segment-specific protein complement secreted into
the epididymis lumen in an attempt to identify the mole-
cules that direct the functional maturation of spermato-
zoa [8, 9]. Via apocrine secretion, a heterogenous
population of membrane enclosed extracellular vesicles,
collectively termed epididymosomes, are now viewed as
a central component of epididymal soma-spermatozoa
intercellular communication [10-15]. As demonstrated
for exosome populations generated by various other
somatic cell types, epididymosomes are likely capable of
mediating the transfer of a rich and functionally diverse
RNA and protein cargo to their recipient cells [16-22].
Considering that the recipient spermatozoa are rendered
transcriptionally and translationally silent prior to entry
into the tract, the communicative role occupied by epidi-
dymosomes takes on further significance.

The more recent application of high throughput se-
quencing technologies to the male reproductive tract has
repeatedly demonstrated that in addition to carrying an
impressive repertoire of functionally diverse protein
cargo, the soma, extracellular vesicles and spermatozoa
of the mammalian epididymis, also harbor rich RNA
payloads [16-20, 23]. Furthermore, the RNA profile of
epididymal sperm is modified considerably as these cells
descend the tract, a consequence believed to be the re-
sult of the considerable transcriptomic plasticity of the
epithelium along the length of the tract with at least six
transcriptionally distinct regions identified in the mouse
model [24]. Such diversity in epididymal soma gene ex-
pression indicates that a multi-tiered regulatory network
is at play to finetune the composition of the segment-by-
segment transcriptome profile with neither androgens,
nor other testis synthesized lumicrine factors believed
sufficient to mediate such intricate gene expression co-
ordination [25]. Small RNAs (sRNAs), short non-
protein-coding RNA molecules form a functionally di-
verse class of gene expression regulatory molecule, in
both somatic and gametic cells. As such, sSRNA-directed
RNA silencing forms a prime candidate to add an add-
itional layer of complexity to gene expression regulation
in the epididymis [26]. Accordingly, the seminal work
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conducted by the Zhang [27-31], Sipild [32], and Sulli-
van and Belleannee [33, 34] research teams, has provided
elegant demonstration of such a role for gene expression
regulation by distinct sRNA-directed RNA silencing
mechanisms in the mammalian epididymis.

Due to their folding to form RNA secondary structures as
part of their maturation [35-41], ribosomal (rRNA) and
transfer RNA (tRNA) transcripts form suitable substrates for
endonuclease catalyzed cleavage. To date, numerous sSRNA
species have been documented to accumulate in mammalian
cells from the processing of RNA transcripts that adopt sec-
ondary structures, including the microRNA (miRNA), en-
dogenous small-interfering RNA (endo-siRNA), anti-sense
RNA (asRNA), interference RNA (iRNA), tRNA-derived
RNA fragment (tRF), piwi-interacting RNA (piRNA), rRNA,
small nuclear RNA (snRNA) and small nucleolar RNA
(snoRNA) species of SRNA [14, 42—45]. Among these, and
in the mammalian male reproductive tract, the miRNAs and
piRNAs are the most thoroughly characterized due to the re-
spective regulatory roles that these two sRNA species direct
in the control of developmental gene expression and trans-
poson activity suppression, respectively [17, 18, 20, 46-48].
However, due to the now readily apparent role that sSRNAs
play in directing transgenerational inheritance has come a
flourish of recent research activity into uncovering the exact
regulatory roles mediated by the other, less well character-
ized species of sSRNA, such as the tRF species of small regula-
tory RNA (extensively reviewed in [15, 21]).

Here, we report on our ongoing sRNA profiling of
spermatozoa as these cells transit the mouse epididymis
[16, 23, 48-50] specifically focusing on the tRF species
of sRNA, which undergoes a 2.7-fold enrichment in
abundance in cauda compared to caput spermatozoa.
The tRF profile reported here adds greater depth of
coverage to the global sRNA landscape of the mouse
epididymis, and when taken together, our studies form a
timely series of experimental analyses which facilitate
the construction of an extensive roadmap of the sSRNA
landscape of the mouse epididymis: a roadmap that will
allow for the future assessment of sRNA-directed gene
expression regulatory responses to a wide range of im-
posed environmental stressors.

Results

The small RNA accumulation profile of mouse
spermatozoa is dramatically altered during their
epididymal transit

Assessment of the distribution of sSRNA molecules 19-36-
nt in length across spermatozoa sourced from the proximal
caput, to distal cauda segment of the mouse epididymis, re-
vealed strikingly different abundance profiles (Fig. 1la).
More specifically, at 18.6%, sRNAs 22-nt in length
dominated the accumulation profile of caput spermatozoa
(Additional file 1: Table S1). This predominant peak was
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not observed in either the corpus or cauda spermatozoa
profiles with 22-nt sRNA accumulation only representing
5.2 and 6.2% of total sSRNA read counts, respectively (Fig.
la; Additional file 1: Table S1). In spermatozoa sourced
from the corpus segment of the mouse epididymis, the
sRNA accumulation profile was evenly distributed across

the 19-29-nt size window, however in comparison, 30—36-
nt sRNAs were determined to accumulate to a higher
degree in corpus sperm cells (Fig. 1a; Additional file 1:
Table S1). For spermatozoa sourced from the distal cauda
segment of the mouse epididymis, further elevation to the
abundance of 30-36-nt sRNAs formed a distinct
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accumulation peak (Fig. la), with sRNAs of this size
range accounting for 47.6% of the total sSRNA popula-
tion of cauda sperm. In comparison, 30-36-nt sSRNAs
only represented 23.8 and 33.4% of the total 19-36-nt
sRNA populations of caput and corpus spermatozoa,
respectively (Additional file 1: Table S1).

We have previously demonstrated that in spermatozoa
sourced from the caput, corpus and cauda segments of
the mouse epididymis, piRNA accumulation is enriched
in cauda sperm [23]. More specifically, 348,445 sRNA
reads were aligned to known mouse piRNAs in cauda
spermatozoa (to represent 4.9% of total cauda sperm
mapped sRNA reads) compared to only 18,742 (0.2% of
total reads) and 3991 reads (0.1% of total reads) mapping
to mouse piRNA sRNAs in caput and corpus spermato-
zoa, respectively (Additional file 1: Table S2). Of the
348,445 reads mapped to piRNAs in cauda sperm, 60%
(~ 209,067 reads) were 29-31-nt in length, a SRNA size
that indicated the requirement of PIWIL1 for their pro-
duction [51-53]. The remaining piRNA sRNAs detected
in cauda spermatozoa (~ 139,378 reads) were slightly
shorter in length at 26-28-nt, to suggest that this piRNA
cohort represented products of the secondary piRNA
production pathway mediated by PIWIL2 and PIWIL4
[51-53]. Therefore, considering that mouse piRNAs at
26-31-nt are slightly shorter in length, and only partially
overlap with the accumulation peak observed in cauda
spermatozoa at 30—33-nt by 2-nt, we next sought to de-
termine which of the other sSRNA species known to ac-
cumulate in mammalian spermatozoa this cauda sperm
enriched sRNA size class belonged to.

Mapping of sRNA sequencing reads to each of the
sRNA species known to accumulate in mammalian
sperm, including the miRNA, piRNA, tRF, snoRNA,
snRNA and rRNA species of sRNA, revealed that miR-
NAs and tRFs accumulated to the highest levels in epi-
didymis sourced spermatozoa (Fig. 1b), to represent
29.9% (6,017,472 reads) and 45.4% (9,126,637 reads) of
the 20,094,840 sRNA reads detected across caput, corpus
and cauda sperm cells, respectively (Additional file 1:
Table S2). Considering the documented peak in sSRNA
abundance at 22-nt in caput spermatozoa (Fig. la), it
was unsurprising to subsequently determine that the
miRNA species of sSRNA was the most abundant in
sperm cells sourced from the proximal segment of the
mouse epididymis, representing 49.8% (4,125,107 reads)
of the 8,287,165 mapped sRNA reads (Fig. 1c; Additional
file 1: Table S2). miRNA abundance was reduced in
spermatozoa sourced from the two more distal epididy-
mal segments to only represent 16.5% (Fig. 1d) and
15.7% (Fig. 1le) of the 4,653,242 and 7,154,433 reads
mapped to known sRNAs in corpus and cauda sperm,
respectively (Additional file 1: Table S2). Reduced
miRNA abundance in corpus sperm was primarily
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accounted for by the increased accumulation of the tRF
species of sRNA. Specifically, tRF sRNAs only repre-
sented 24.2% of the total mapped sRNA population of
caput sperm (Fig. 1c), however the abundance of this
sRNA species increased by 2.2-fold to represent 53.4% of
the total mapped sRNA population of corpus sperm
(Fig. 1d; Additional file 1: Table S2). Increased tRF levels
also accounted for the reduction to miRNA abundance
in sperm cells sourced from the distal cauda segment of
the epididymis (Fig. 1e). Namely, of the 7,154,433 sRNA
reads mapped to known mouse sRNAs, 64.7% (4,631,726
reads) were aligned to tRFs (Additional file 1: Table S2).
Therefore, although we have previously shown that
piRNA accumulation is enriched in cauda sperm [23],
the profiling data presented in Fig. 1 clearly shows that
the 3.2-fold reduced abundance of the miRNA species of
sRNA in cauda (15.7%) versus caput (49.8%) spermato-
zoa, was largely accounted for by the reciprocal 2.7-fold
increase in the levels of the tRF species of sRNA in
cauda spermatozoa (64.7%), compared to the abundance
(24.2%) of this sSRNA species in caput sperm cells (Add-
itional file 1: Table S2).

A specific subpopulation of transfer RNA-derived RNA
fragment small RNAs is enriched in cauda spermatozoa
Profiling of the size distribution of the SRNA population
of spermatozoa sourced from each segment of the mouse
epididymis revealed that the accumulation of SRNA mole-
cules 30-36-nt in length was enriched in corpus sperm
cells (Fig. 1a). Figure 1a further shows that the abundance
of 30-33-nt sSRNAs was enriched to an even greater de-
gree in spermatozoa sourced from the distal cauda seg-
ment of the mouse epididymis, and subsequently, the tRF
species of SRNA was determined to account for the major-
ity of the cauda spermatozoa sRNA landscape (Fig. le).
Therefore, in order to further assess the degree of enrich-
ment of tRF accumulation in spermatozoa, the read abun-
dance of tRFs 27-35-nt in length was next determined for
epididymal spermatozoa (Fig. 2).

In cauda sperm cells, a total of 4,631,726 reads
mapped to 27-35-nt tRFs (Additional file 1: Table S3).
In comparison, only 937,329 and 986,027 reads mapped
to tRF sRNAs 27-35-nt in length in caput and corpus
sperm, respectively (Additional file 1: Table S3). This
represents a 4.9- and 4.7-fold enrichment in the abun-
dance of 27-35-nt tRFs in sperm cells sourced from the
distal cauda segment of the epididymis, compared to this
size of tRF sRNA that accumulated in spermatozoa
sourced from the two more proximal segments of the
mouse epididymis (Fig. 2a; Additional file 1: Table S3).
Furthermore, Fig. 2a also clearly shows the highly
enriched abundance of 30-33-nt tRFs in cauda sperm
cells compared to the abundance of tRF sRNAs of this
size in spermatozoa sourced from either the caput or
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Fig. 2 Composition of the transfer RNA-derived RNA fragment small RNA population of epididymal spermatozoa. a Profiling of the size distribution of
27-35-nt tRF sRNAs in spermatozoa sourced from the caput, corpus and cauda segments of the mouse epididymis. b Small RNA read numbers
for the 15 tRF5s with enriched abundance in the cauda spermatozoa in sperm cells sourced from the caput, corpus and cauda epididymis. c
Cleavage site preference for the tRNA®Y, tRNAY and tRNAY?' substrates from which the three most abundant tRF5 sRNAs (tRF5°", tRF5°Y and

tRF5") in cauda spermatozoa were processed

corpus epididymal segment. More specifically, 4,105,965
reads were mapped to the tRF species of SRNA, 30-33-
nt in length, in cauda sperm (Additional file 1: Table
S3). In comparison, only 734,168 and 800,197 reads were
mapped to 30-33-nt tRFs in caput and corpus sperm-
atozoa, respectively (Fig. 2a; Additional file 1: Table S3).
In addition, tRF sRNAs 33-nt in length were determined
to accumulate to the highest level in cauda sperm to
total 1,624,413 reads. However, comparison of cauda
sperm tRF abundance to either caput or corpus epididy-
mis sourced sperm cells, revealed that the accumulation
of 32-nt tRFs was enhanced to the greatest degree, with
the abundance of 32-nt tRF sRNAs upregulated by 6.6-
and 9.3-fold in cauda spermatozoa (1,027,237 reads)
compared to caput (156,118 reads) and corpus sperm-
atozoa (110,061 reads), respectively (Fig. 2a).

Previous research conducted across a diverse range of;
(1) species; (2) cell and/or tissue types, and; (3) experi-
mental/environmental conditions has revealed that the
tRF species of sRNA is composed of multiple, distinct,
subpopulations [42, 43, 54—57]. Post transcription, pro-
cessing, modification of specific ribonucleotides for sec-
ondary structure reinforcement, and the addition of a
CCA trinucleotide at the 3’ terminus, each tRNA folds
to form a highly conserved ‘three leaf clover structure
composed of four structurally distinct arms, including
the D-loop, anticodon arm, TWC arm and the variable
loop [38, 42, 44, 58, 59]. Endonuclease catalyzed cleavage
of any of the highly conserved structural features of a
mature tRNA, or of the precursor transcript (pre-tRNA)
intermediates of a tRNA, results in the production of a
distinct tRF subpopulation. Namely; (1) the 5" series of
tRF sRNAs (tRF5s) results from endonuclease-catalyzed
processing of the D-loop of the tRNA molecule back to
the 5’ terminus of the tRNA; (2) the 3’ tRF series
(tRF3s) is generated via cleavage of the TWC arm
through to the 3’ terminus of the molecule; (3) the U
tRF3 series of tRF sRNAs (also referred to as the tRF-1
series) are produced via the cleavage of the 3" side of the
pre-tRNA/tRNA, past the terminus of the transcript and
to which a variable number of uracil (U) residues are
added, and; (4) internal tRFs (itRFs) are generated by a
double cleavage event (cleavage sites are usually located
in the D-loop and TWYC arm of the processed pre-tRNA/
tRNA, respectively) of the pre-tRNA/tRNA across the
anticodon arm of the molecule [44, 58, 59]. In addition
to each of these tRF subpopulations, numerous mature

tRNA molecules are cleaved at, or immediately adjacent
to, the anticodon trinucleotide of the anticodon arm. The
sRNAs produced by the cleavage of the anticodon arm of
a mature tRNA generates tRF molecules of a greater
length (30—-40-nt) than the other subpopulations of tRFs
reported, and as such, are classed as ‘tRNA halves’ [31, 45,
59-61]. Alignment of the sRNA sequence of each cauda
spermatozoa enriched tRF, revealed that this subpopula-
tion exclusively aligned to the 5° half of each mature
tRNA molecule used as a substrate for tRF processing.
This analysis further revealed highly specific cleavage of
the anticodon arm, 2- to 3-nt immediately 5" (upstream)
of the anticodon triplet of each processed mature tRNA.
From herein, we therefore refer to each tRF that belonged
to the cauda spermatozoa enriched tRF subpopulation
(Fig. 2b; Additional file 1: Table S4), as a tRF5 sRNA,
followed by the three-letter abbreviation of the tRNA from
which the tRF5 sRNA was processed.

Assessment of the tRF5 landscape of caput, corpus
and cauda spermatozoa, revealed that 15 tRNAs were
used as processing substrates for tRF5 production (Fig.
2b; Additional file 1: Table S4). The sRNA, tRF5%", ac-
cumulated to the highest degree to total 2,258,567 reads,
with 460,049, 434,536 and 1,363,982 reads detected in
caput, corpus and cauda sourced sperm cells, respect-
ively (Fig. 2b; Additional file 1: Table S4). Although con-
siderably reduced in abundance compared to the tRF5™
sRNA at 1,439,663 reads, tRF5%Y was the second most
abundant tRF5 sRNA across the caput (106,104 reads),
corpus (114,735 reads) and cauda (1,218,824 reads)
spermatozoa sequencing datasets. After the tRF5™ and
tRF5%"Y sRNAs, tRF5'* was the third most abundant
tRF5 sRNA detected in mouse spermatozoa (1,189,651
reads) sourced from the caput (102,593 reads), corpus
(119,400 reads) and cauda (967,658 reads) epididymis
(Additional file 1: Table S4). Taken together, the three
most abundant tRF5 sRNAs detected in epididymal
spermatozoa, including tRF5CM (34.5%), tRE5SY (22.0%)
and tRF5Y (18.1%), accounted for 74.6% (4,887,881 of
6,555,082 reads) of the total enriched tRF5 subpopula-
tion (Fig. 2b; Additional File 1: Table S4). In addition to
the three most abundant tRF sRNAs, Fig. 2b clearly
shows that the accumulation of 11 other tRF5s (includ-
ing tRF5"1, tRF5%'8, tRF5", tRF5", tRF5", tRF5",
tRE5M, tRE5™, tRF5%C, tRF5° and tRF5™™) was also
enriched in cauda spermatozoa, compared to the abun-
dance of each of these sRNAs in sperm cells sourced
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from either the caput or corpus epididymis. Therefore,
of the 15 tRF5 sRNAs determined to belong to the cauda
spermatozoa enriched tRF5 subpopulation, only the ac-
cumulation of the tRF5™ sRNA was determined to be
higher in caput (142,366 reads) and corpus (182,475
reads) spermatozoa than in cauda (112,043 reads) sperm
cells (Additional file 1: Table S4).

The size of each cauda spermatozoa enriched tRF5
sRNA (Fig. 2a), together with the exclusive alignment of
each tRF5 sRNA sequence to the 5’ half of the 15 tRNA
molecules from which these SRNAs were processed (Fig.
2b), led us to next map the sRNA read sequences for the
three most abundant tRF5s to their respective tRNAs (Fig.
2c). For the tRF5%™ and tRF5°Y sRNAs, three cleavage
sites were mapped to the tRNA“™ and tRNASY mole-
cules. More specifically, the 3" terminal nucleotide of 26,
27 and 13% of tRF5™ sRNA sequencing reads aligned to
the 31%, 32™ and 33" nt from the 5’ terminus of the
tRNAS™ molecule to account for 587,227, 609,813 and
293,614 of the 2,258,567 tRF5S™ sequencing reads, re-
spectively (Fig. 2c). Alignment of sSRNA sequencing reads
to the tRNA®Y molecule revealed a highly similar result,
that is; 22% (316,726 reads), 24% (345,519 reads) and 18%
(259,139 reads) of tRF5Y sSRNA reads mapped to the 31%,
32" and 33" nt from the 5° terminal nt of the tRNASY
molecule (Fig. 2c). Detection of tRF5s of the same length,
and of a similar cleavage frequency from the tRNA®™ and
tRNASY molecules, indicated that in epididymal sperm-
atozoa, these two tRNA substrates are processed at a simi-
lar degree of accuracy by the endonuclease responsible for
tRF5 production. Mapping of tRF5"* sequencing reads to
the tRNA"? molecule indicated that tRNAY* formed a
more suitable substrate for accurate endonuclease-
catalyzed processing than did either tRNAS™ or tRNASY
(Fig. 2¢). Only two tRF5s, 33- and 34-nt in length, domi-
nated the sSRNA population generated from the 5" half of
tRNA 2. More specifically, of the 1,049,093 reads mapped
to tRNAY?, 91% (954,675 reads) aligned to the 33" nt
from the 5 terminus of tRNA"Y, and 7% (73,437 reads)
aligned to the 34™ nt from the 5’ end of the tRNA"? mol-
ecule (Fig. 2c). Taken together, the data presented in Fig.
2c¢ strongly suggested that in epididymal spermatozoa, the
endonuclease responsible for tRF5 processing from tRNA
substrates has a cleavage preference for the 5" half of its
tRNA substrates, and that this cleavage event results in
the generation of tRF5 sRNAs, predominantly 31-33-nt in
length.

Experimental validation of the enrichment of a specific
subpopulation of transfer RNA-derived RNA fragment
small RNAs in cauda spermatozoa

Profiling of the tRF5 landscape of epididymal spermato-
zoa clearly revealed that the abundance of the tRF54%,
tRF59", tRF5SY, tRF5"", tRF5" and tRF5"* sRNAs
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was enriched in spermatozoa sourced from the distal cauda
segment of the mouse epididymis (Additional file 1: Table
S4). Therefore, tRF5*?, tRF5%", tRE5?Y, tRF5'", tRF5""*
and tRF5" abundance was quantified across the spermato-
zoa samples sourced from the caput, corpus and cauda seg-
ments of the mouse epididymis via the quantitative reverse
transcriptase polymerase chain reaction (RT-qPCR) ap-
proach. RT-qPCR readily confirmed the sRNA sequencing
identified trend of enriched tRF5 abundance in cauda
sperm, compared to caput sperm, for the six tRF5 sRNAs
assessed (Fig. 3). Although the degree of variation identified
by the sRNA sequencing and RT-qPCR approaches dif-
fered, these two analyses did however reveal the matching
trend of elevated tRF5 abundance in cauda spermatozoa
compared to the abundance of this specific tRF5 subpopu-
lation in sperm cells sampled from the proximal caput seg-
ment of the mouse epididymis (Fig. 3; Additional file 1:
Table S6). In addition, RT-qPCR also confirmed the sSRNA
sequencing identified trend of elevated tRF5*® (Fig. 3a),
tRE5S™ (Fig. 3b), tRF5SY (Fig. 3c), tRE5™" (Fig. 3d), tRF5™*
(Fig. 3e) and tRF5V2 (Fig. 3f) abundance in cauda sperm-
atozoa, compared to the respective level of each of the six
quantified sSRNAs in spermatozoa sourced from the corpus
epididymis (Additional file 1: Table S5). Therefore, when
taken together, the data presented in Fig. 3 clearly confirms
that tRF5 abundance was enriched in sperm sourced from
the distal cauda epididymis segment compared to the level
of this specific tRF5 subpopulation in spermatozoa sourced
from either of the two more proximal segments of the
mouse epididymis.

ANGIOGENIN is the endonuclease likely responsible for
the production of the cauda spermatozoa enriched
transfer RNA-derived RNA fragment small
RNA subpopulation
Previous research has revealed the involvement of nu-
merous endonucleases in the production of the various
subpopulations of tRF sRNAs that accumulate in mam-
malian cells, including Dicer (DCR), RNase P, RNase Z
and ELAC2 [31, 45, 54, 58, 60]. The endonuclease
ANGIOGENIN (ANG) has also been demonstrated to
play a role in tRF production, specifically; the production
of tRNA halves [31, 38, 42, 62, 63]. Due to the exclusive
mapping of the tRF5 sRNAs which belonged to the
cauda spermatozoa enriched tRF5 subpopulation to the
5" half of each mature tRNA from which they were
processed, together with alignment of the 3’ terminal
nucleotide of members of this sSRNA subpopulation to
immediately adjacent to the anticodon trinucleotide of
the tRNA anticodon arm, ANG was identified as the
endonuclease likely responsible for tRF5 production.
Considering that tRF5 accumulation was repeatedly
demonstrated to be enriched in cauda sperm cells over
spermatozoa sourced from the two more proximal
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Fig. 3 Experimental validation of enriched tRNA-derived RNA fragment small RNA abundance in cauda spermatozoa. a to f The sRNA sequencing
identified trend of enriched tRF5 abundance in cauda spermatozoa was experimentally validated via the use of the RT-qPCR approach for the
tRFS sRNAs, tRF5*2 (@), tRF5 (b), tRF5Y (c), tRF5-Y (d), tRF52* () and tRF5'® (f). For RT-qPCR assessments (right panel) the error bars represent
the standard error of the mean (SEM) of three biological replicates. Asterisks indicate significant difference (p <0.05="% p <001 =**p <

0.001 =***) compared to tRF5 sRNA abundance quantification in caput spermatozoa

epididymal segments, ANG abundance was assessed via
a standard immunoblotting approach in spermatozoa
sourced from the caput, corpus and cauda epididymis
(Fig. 4). Immunoblotting readily revealed that the ANG
endonuclease was highly abundant in caput sperm cells,
lowly abundant in spermatozoa sourced from the corpus
epididymis, and remained below the detection sensitivity
level in cauda spermatozoa. Failure to detect ANG in
sperm cells sourced from the cauda segment of the mouse
epididymis, the segment of the tract in which sRNA se-
quencing and RT-qPCR revealed tRF5 accumulation to be
highly enriched, may seem counterintuitive. However, pre-
vious research has demonstrated that sSRNA molecules
must be in an ‘unbound’ or ‘free’ state from either their ef-
fector protein machinery, or targeted nucleic acids, in
order to facilitate their efficient detection by methods such
as those employed here (ie, RNA sequencing and RT-
qPCR) [64, 65]. Therefore, considering the ANG abun-
dance data presented in Fig. 4, together with the tRF5

accumulation data presented in Fig. 3, our results strongly
suggest that tRF5 sRNAs were readily detected in cauda
spermatozoa due to much higher levels of ‘unbound’ or
‘free’ tRF5 sRNAs being harbored by the sperm cells
sourced from the distal segment of the mouse epididymis
in the absence of binding of this SRNA species by the tRF-
specific endonuclease, ANG.

Profiling of the sRNA landscapes of our epithelium,
epididymosome and spermatozoa specific datasets [16,
23, 48-50] to determine the degree of extracellular com-
munication between the epididymis soma and the tran-
siting spermatozoa has previously revealed contrasting
results. Namely, the abundance profiles of numerous
miRNA sRNAs closely matched across the soma and
spermatozoa samples sourced from the three epididymal
segments, with similar trends in abundance for these
miRNAs also documented in caput, corpus and cauda
epididymosomes [16]. This suggested that members of
this miRNA cohort are initially produced in the
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Fig. 4 Assessment of the abundance of the ANGIOGENIN endonuclease
in caput, corpus and cauda spermatozoa. The abundance of the ANG
endonuclease in spermatozoa sourced from the caput, corpus and
cauda segments of the mouse epididymis was assessed via a
standard immunoblotting approach. The specificity of the anti-ANG
antibodies was confirmed via the inclusion of whole tissue lysates
sampled from the mouse liver and anti-GAPDH (GLYCERALDEHYDE
3-PHOSPHATE DEHYDROGENASE) antibodies were used as the
internal loading control. The red colored arrowhead indicates the
immunoblot product of the expected size specific to the ANG
endonuclease (~ 15 kDa). The ANG and GAPDH antibodies were
commercially sourced from suppliers Abcam (antibody ID: ab10600)
and Sigma-Aldrich (product number: G9545), respectively

epithelial cells that line the tract, and post their produc-
tion, these miRNAs are subsequently packaged into the
epididymosomes that are secreted into the epididymal
lumen to facilitate their delivery to the transiting sperm-
atozoa. However, for the piRNA species of sSRNA, abun-
dance profiling failed to identify matching piRNA
abundance trends for either the epithelial cells or epidi-
dymosomes isolated from the cauda segment of the epi-
didymis, compared to sperm cells sampled from the
same epididymal segment [23]. This initially formed an
unexpected result to suggest that this sSRNA species is
produced in the sperm cells themselves, rather than be-
ing transferred to the transiting spermatozoa by epididy-
mosomes post exosome production and packaging in
the epididymis epithelial cells. We therefore next sought
to determine whether the cauda spermatozoa enriched
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tRF5 subpopulation was either; (1) produced in the
soma, selectively packaged into epididymosomes, and
then transferred to the spermatozoa via an
epididymosome-mediated mode of delivery (as we have
demonstrated previously for numerous miRNA sRNAs),
or; (2) generated in the sperm cells themselves as the
spermatozoa progress through their epididymal matur-
ation (as we have demonstrated previously for a subset
of piRNA sRNAs).

The tRF5 subpopulation enriched in cauda spermato-
zoa was determined to total 6,555,082 reads across the
caput, corpus and cauda spermatozoa sequencing data-
sets (Additional file 1: Table S4). In comparison, only
716,268 and 1,330,172 sRNA reads specific to the cauda
spermatozoa enriched tRF5 subpopulation were detected
in the epithelial cell and epididymosome sequencing
datasets, respectively (Additional file 1: Table S6). Com-
pared to epididymal spermatozoa, the 9.2- and 4.9-fold
reduction in the abundance of tRF5 sRNAs in soma and
epididymosome samples respectively, revealed that al-
though sRNA sequences specific to the cauda spermato-
zoa enriched tRF5 subpopulation were detected in
epididymal epithelial cells and the extracellular vesicles
that these cells secrete, they accumulated to considerably
reduced degrees in both samples. Further evidence of
enrichment of the tRF5 subpopulation in cauda sperm-
atozoa is provided via comparison of the degree that this
subpopulation represents of the total tRF population for
each sample. In spermatozoa for example, the cauda
enriched tRF5 subpopulation (6,555,082 reads) repre-
sented 71.8% of the 9,126,637 reads mapped to tRF
sRNAs (Additional file 1: Table S2). However, in the epi-
didymal epithelial cell and epididymosome sequencing
datasets, SRNA sequences aligning to the cauda sperm-
atozoa enriched tRF5 subpopulation only represented
17.7 and 20.6% of the total tRF populations (4,057,449
and 6,457,554 tRF sRNA reads, respectively) of these re-
spective samples (read data not shown).

The heatmap presented in Fig. 5 clearly shows the
enriched abundance of the tRF5 subpopulation in cauda
spermatozoa with the abundance of 14 out of the 15
tRF5 sRNAs accumulating to their highest degree in
cauda spermatozoa (Additional file 1: Table S6). Only
the tRF5™ sRNA failed to accumulate to its highest
abundance level in cauda spermatozoa (Fig. 5) with
higher tRF5'™* read numbers detected in epididymo-
somes sampled from the caput, corpus and cauda seg-
ments of the mouse epididymis, and in sperm cells
sourced from the caput and corpus epididymal segments
(Additional file 1: Table S6). The analysis presented in
Fig. 5 (Additional file 1: Table S6) also shows that the
abundance of 11 out of the 15 sRNAs belonging to the
cauda spermatozoa enriched tRF5 subpopulation was
higher in the three epididymosome samples than in the
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Fig. 5 Heat map depicting the abundance of the cauda spermatozoa enriched tRNA-derived RNA fragment small RNA subpopulation in epithelial cells
and epididymosomes sourced from the caput, corpus and cauda epididymis. To determine the degree (%) that each assessed sample contributed to
the total population of each of the 15 cauda spermatozoa enriched tRF5 sRNAs, the normalised read number for the epithelial cells,
epididymosomes and spermatozoa samples sourced from the caput, corpus and cauda segments of the mouse epididymis was divided by the
total read number of each tRF5 sRNA across all nine samples included in this analysis, namely the soma, epididymosomes and spermatozoa
sourced from the caput, corpus and cauda epididymis

epithelium sample of each corresponding segment of the
mouse epididymis: a finding that strongly suggests that
the majority of the members of this tRF5 subpopulation
are selectively packaged into epididymis extracellular
vesicles in the soma that lines the tract prior to epididy-
mosome secretion into the epididymal lumen. Further-
more, post epididymosome-mediated delivery of their
tRF5 cargo to the transiting spermatozoa, the observed
enrichment to the abundance of a specific subpopulation
of tRF5 sRNAs, is likely due to the loss of ANG from
the sperm cells harbored in the distal cauda segment of
the mouse epididymis (Fig. 4), resulting in the ready de-
tection of the now ‘unbound’ or ‘free’ tRF5 sSRNAs in the
cauda spermatozoa.

Discussion

In this study, we continue to build on our existing profil-
ing of the global sRNA population of spermatozoa
sourced from the caput, corpus and cauda segments of
the epididymis of a physiologically normal mouse [16, 23,
48-50]. Of central importance to the findings reported
here was the identification of the sRNA species respon-
sible for the dramatic change in the sSRNA size distribution

profile of spermatozoa sourced from the distal cauda seg-
ment of the mouse epididymis compared to the compos-
ition of the SRNA population of sperm isolated from the
proximal caput epididymis. More specifically, the tRF spe-
cies of SRNA was demonstrated to dominate the sRNA
landscape of cauda spermatozoa, representing 64.7% of
the 7,154,433 sRNA reads detected in cauda sperm (Fig.
le). In direct contrast, miRNA sRNAs accounted for
49.8% of the global sSRNA population (8,287,165 reads) of
spermatozoa sourced from the proximal caput segment of
the mouse epididymis (Fig. 1c).

Across numerous mouse cell or tissue types, miRNAs
remain the most well characterised sSRNA species owing
to their repeated demonstration as central regulators of
gene expression during standard growth and development
[66—68], a regulatory role that miRNA sRNAs continue to
direct when a cell is either exposed to stress [69, 70], or
enters a diseased state [71, 72]. Considering the central
role occupied by miRNA-directed gene expression regula-
tion in development, our finding that miRNA abundance
is reduced by 3.2-fold in cauda sperm, compared to
miRNA abundance in sperm cells sourced from the caput
epididymis, is not surprising with the latter population of
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sperm cells having completed much of their developmental
and functional maturation during its prolonged residence
in the tract [2, 6].

We further show that the observed reduction to
miRNA abundance in cauda sperm, compared with
caput sperm, is largely accounted for by the reciprocal
2.7-fold enhancement in tRF sSRNA abundance. Further-
more, much of the tRF enrichment in cauda sperm was
the result of the elevated levels of tRFs of a specific size,
namely tRFs of 30-33-nt in length (Fig. 2). Previous re-
search across a diverse range of cells, tissues, organisms,
and/or experimental conditions, has revealed that the
tRF species of sRNA can be further categorized into
functionally distinct subpopulations based on the size of
the tRF molecule processed from the pre-tRNA/tRNA
substrate, in combination with the position on the sub-
strate from which the tRF sRNA is processed [42-44,
54, 57, 63]. tRF molecules of longer length, specifically
30-35-nt tRFs, have been putatively assigned a role in
mediating transgenerational heritance, potentially direct-
ing methylation status changes and/or chromatin struc-
tural modifications at the transcriptional level to
regulate gene expression from the outset of embryo de-
velopment [14, 19, 46, 55, 73-76]. Mediating such epi-
genetic modification is afforded to this tRF size class due
to the additional demonstrations that members of this
sRNA subpopulation are preferentially loaded by the
cleavage incompetent AGO proteins, AGO1, AGO3 and
AGO4 (and not by the cleavage competent AGO2) [42,
56, 57], and by the piRNA pathway machinery proteins,
PIWI1, PIWI2 and PIWI4 [56, 63]: sSRNA effector pro-
teins demonstrated to function at the transcriptional
level to regulate sSRNA target sequence activity. There-
fore, the enriched accumulation of 30-33-nt tRF5
sRNAs in spermatozoa sourced from the distal cauda
epididymis suggests that this specifically sized tRF sub-
population could indeed form an important paternally
derived ‘epigenetic signal’ passed on to the oocyte upon
fertilization to regulate gene expression in early embryo
development.

An extreme processing bias of the 15 tRNA molecules
identified to act as substrate for the production of the cauda
spermatozoa enriched tRF5 subpopulation was observed.
More specifically, each member of the cauda spermatozoa
enriched tRF subpopulation exclusively aligned to the 5
half of the processed tRNA substrate to encompass the D-
loop of the processed tRNA, and with a 3" terminal nucleo-
tide that extended to almost immediately adjacent to the
anticodon triplet of the anticodon arm of the tRNA: a find-
ing that strongly indicated that the production of this tRF5
subpopulation was the result of the activity of a specific
endonuclease (Fig. 2¢). It is important to note here that a
similar dramatic biasing in tRF processing (i.e., preferential
processing of the 5° half of mature tRNAs) and size
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distribution (i.e., 30—34-nt in length) has been reported pre-
viously for spermatozoa sourced from the mammalian epi-
didymis [14, 17-20, 47, 74, 77]. Comparison of the data
reported here to that documented in this series of previous
findings indicates that the extreme tRF processing prefer-
ence for the 5" half of each tRNA substrate was not the re-
sult of an artefact, or a biasing, of the high throughput
sequencing approach that was applied in this study to pro-
file the sSRNA landscape of epididymal spermatozoa.

A number of endonucleases have been previously asso-
ciated with the production of the distinct subpopulations
of tRF sRNAs that accumulate in mammalian cells,
which together, represent the total tRF profile of the
sample. For example, DCR, the RNase IlI-like endo-
nuclease central to pre-miRNA processing for miRNA
production [78—80], has been shown to also be required
for the production specific tRF subtypes, namely; smaller
sized tRFs of 19-22-nt in length, and which are predom-
inantly processed from the 3’ half of mature tRNAs [45,
54, 58]. However, these studies, and other reports [56,
60, 61, 63], also revealed that the production of tRFs of
an equivalent size from other tRNA molecules is inde-
pendent of DCR-catalyzed cleavage. When taken to-
gether, these contrasting findings suggest that only
mature tRNA molecules with the ability to adopt sec-
ondary folding structures similar to those adopted by
miRNA precursor transcripts, specifically the stem-loop
folding structures of pre-miRNA transcripts, are recog-
nized as a substrate by DCR for processing [45, 58].
Interestingly, tRFs of a shorter length (19-22-nt), such
as those that are the result of DCR-catalyzed tRNA pro-
cessing appear to predominantly accumulate in the cell
cytoplasm, whereas longer length tRF sRNAs (30-35-nt)
that have originated from endonuclease processing of
the 5" side of the tRNA precursor, have been demon-
strated to be imported back into the cell nucleus post
production [56, 57, 63]. In addition, tRFs that accumu-
late in the cell cytoplasm, and which are of a similar size
to miRNA sRNAs, have been associated with AGO?2, the
cleavage competent endonuclease central to miRNA-
directed gene expression regulation in mammalian cells
[31, 74]. Again however, not all tRF sRNAs of this size
class, and which accumulate in the cell cytoplasm, are
loaded by AGO2 [31, 74]. This suggests that AGO2
loads sRNAs based on ‘features’ additional to size. Taken
together, these findings indicate that this class of tRF
sRNA acts in both an analogous and a distinct manner
to the miRNA species of sSRNA to modulate gene ex-
pression at the posttranscriptional level.

In addition to DCR, the endonuclease ELAC2 has also
been demonstrated to play a role in the production stage
of the tRF-directed RNA silencing pathway [44, 58, 60].
Specifically, ELAC2 is required for the production of the
U tRF3/tRF-1 subpopulation of tRF sRNAs via the
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processing of the variable number of uracil residues at-
tached to the 3" terminus of the cleaved tRNA precursor
transcript [44, 58, 60]. In addition to ELAC2, the RNase
P and RNase Z endonucleases have also been assigned
functional roles in pre-tRNA/tRNA processing for pro-
duction of either the 5" or 3" tRF subpopulations [31,
45, 63]. However, due to our failure to detect tRF sRNAs
of origins that mapped to outside of the 5" half of the 15
mature tRNAs determined to be used as processing sub-
strates for the production of the cauda spermatozoa
enriched tRF5 population, the ELAC2, RNase P and
RNase Z endonucleases were considered to not play a
functional role in the production of the cauda spermato-
zoa enriched tRF5 subpopulation detected in this study.
Alignment of the sSRNAs to their respective tRNA pre-
cursors for all tRF5 sequences identified across the
spermatozoa datasets for the three most abundant tRF5s
in cauda sperm, including the tRF55M (2,258,567 reads),
tRF5Y (1,439,663 reads) and tRF5' (1,189,651 reads)
sRNAs (Additional file 1: Table S4), revealed highly pre-
cise cleavage-based processing of the tRNAS"™, tRNASY
and tRNAY? precursors, respectively (Fig. 2c). More spe-
cifically, three sRNAs of 31-, 32- and 33-nt in length
dominated the tRF5°™ and tRF5%Y tRF populations
processed from tRNA®™ and tRNASY precursors, and
two tRF5"% sRNAs (33- and 34-nt in length) were pro-
duced from the processing of the tRNAY? precursor
(Fig. 2c). Mapping of only 2 tRF sequences to tRNA"?,
compared to the alignment of three highly abundant
tRF5 sRNAs to tRNAS™ and tRNAY, strongly indicated
that tRNA"? formed the preferred substrate for accurate
endonuclease-mediated tRF5 sSRNA processing in sperm-
atozoa sourced from the mouse epididymis. The sSRNAs,
tRF5M, tRF5Y and tRF5Y, have been previously dem-
onstrated to accumulate to high levels in spermatozoa
sourced from the proximal caput segment of the mouse
epididymis, and for the levels of these three highly abun-
dant tRFs to be further enriched in cauda spermatozoa
[17]; a finding that closely aligns with the tRF profile
constructed here. Cropley and colleagues [74] have also
reported that the abundance of these three tRFs is en-
hanced in sperm extracted from obese males, compared
to their accumulation levels in male mice of normal
weight. The level of the tRF sRNA tRF5", has also been
demonstrated previously to be upregulated in the sperm-
atozoa of male rats (Fy animals) and their offspring (F;
animals) post paternal exposure to a high fat diet [46].
Documentation of highly similar tRF accumulation pro-
files across mice and rats readily highlights the potential
functional importance of highly abundant tRF sRNAs in
mammalian spermatozoa. Adding to this is the demon-
stration that the target genes of tRF5%™ in the mouse
play central roles in regulating transcription, alternate
splicing, acetylation and phosphoprotein activation [18],
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molecular processes that are all involved in gene expres-
sion regulation. Furthermore, the expression of the tar-
get genes of the tRF5°"Y sRNA were determined to be
reduced in 2-cell stage embryos fertilized with spermato-
zoa from male mice fed a low protein diet, a diet that
greatly enhanced the abundance of the tRF5%"Y sRNA in
the cauda sperm of these animals [19]. Taken together,
these elegant findings readily highlight the importance
of profiling the tRF landscape of the male reproductive
tract of physiologically normal animals.

The predominance of 30-33-nt tRF5 sRNAs deter-
mined to originate from the 5 half of each processed
tRNA via a single cleavage event of the nucleotides im-
mediately adjacent to the anticodon triplet of the anti-
codon arm, identified ANG as the endonuclease likely
responsible for tRNA processing to produce the cauda
spermatozoa enriched tRF5 subpopulation. ANG is an
RNase A-like endonuclease that cleaves mature tRNAs
into their 5" and 3" halves with the resulting SRNA sub-
populations mapping to distinct cleavage positions on
each processed tRNA precursor [38, 42, 59, 62, 63]. Fur-
ther confidence that ANG was the endonuclease respon-
sible for the production of the cauda spermatozoa
enriched tRF5 subpopulation detected here was provided
by the fact that none of the mapped sRNAs belonging to
this subpopulation harbored sequences that aligned with
either the leader or trailer sequences of any of the pre-
tRNA molecules of the 15 tRNAs from which the
mapped tRF sRNAs were determined to be processed
from. The enriched abundance of a specific population
of 30-33-nt tRF5s detected in our cauda spermatozoa
sequencing dataset [16, 23, 48-50], together with our
complete failure to map any of the sequences of the
sRNAs belonging to this specific tRF subpopulation to
tRNA sequences outside of the 5' and/or 3’ terminal
residues of the respective mature tRNA substrates indi-
cated that; (1) folded mature tRNAs formed the pre-
ferred substrate for ANG-catalyzed processing in mouse
epididymal tissues, and; (2) the generated tRF5 sRNAs
formed a distinct tRF subpopulation, and do not simply
represent random degradation products of their highly
abundant tRNA precursors.

Interestingly, tRNA halves form a distinct tRF subpop-
ulation based on their longer length of 30—40-nt, com-
pared to other tRF subpopulations which accumulate in
other mammalian cell or tissue types, and which are of
shorter length at 15-25-nt [18, 31, 43, 47, 57, 63]. Fur-
thermore, longer length tRFs, such as tRNA halves, have
been shown to accumulate in both the nuclear and cyto-
plasmic compartments of a cell, whereas shorter length
tRFs (15-25-nt tRFs) appear to only accumulate in the
cell cytoplasm [43, 45, 54, 63]. The observed enrichment
in the abundance of 30-33-nt tRF5 sRNAs in cauda
spermatozoa, could in part, be explained by the loss of
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tRF molecules of a shorter length, along with the major-
ity of the remainder of the cytoplasmic contents of ma-
turing spermatozoa when these cells shed their
cytoplasmic droplets during their protracted descent
through the caput, corpus and cauda segments of the
epididymis. Adding to this theory is the demonstration
that longer length tRF sRNA specifically accumulate in
the head of the sperm [14, 47, 73], a position within the
mature male gamete that would readily facilitate their
transfer to the oocyte upon fertilization. It is important
to note here that tRF sRNAs of longer length are pre-
dicted to preferentially target DNA-based sequences in
either the promoter or 5’ untranslated region (UTR) of
their target genes [14, 18, 58, 73, 74]: a finding that indi-
cates that tRFs, which are of a similar size to piRNA
sRNAs, may also potentially direct their mechanism of
gene expression regulation at the transcriptional level,
and not at the posttranscriptional level, as demonstrated
for the well characterized miRNA species of sRNA: a
sRNA species that almost exclusively regulates target
gene expression at the posttranscriptional level in the
cytoplasm of mammalian cells.

Both the sRNA sequencing and RT-qPCR (Fig. 3) ap-
proaches used to profile the sRNA landscape of sperm-
atozoa showed that the accumulation of a distinct
subpopulation of tRF5 sRNAs was enriched in sperm
cells sourced from the cauda segment of the mouse epi-
didymis. This highly biased tRF accumulation profile re-
peatedly identified ANG as the endonuclease likely
responsible for tRF5 production. Immunoblot assess-
ment of ANG abundance in caput, corpus and cauda
spermatozoa revealed an initially curious abundance
trend, that is; ANG was highly abundant in spermatozoa
sourced from the proximal caput segment, of low abun-
dance in corpus sperm, and failed to accumulate to de-
tectable levels in spermatozoa sourced from the distal
cauda segment of the epididymis (Fig. 4). However,
when taken together with the previous demonstrations
that; (1) tRFs of longer length (30-40-nt) preferentially
accumulate in the cell nucleus (the head of cauda
spermatozoa) [14, 47], and; (2) sSRNAs need to be com-
pletely free from their interacting molecules (proteins
and/or other nucleic acids to which they are usually
bound) to facilitate accurate determination of their
abundance [64, 65], the loss of ANG, potentially via
ANG being shed along with the other remnants of the
sperm cell cytoplasm in the cytoplasmic droplet, may
provide an explanation for the observed enrichment of a
specific subpopulation of tRF sSRNAs in cauda spermato-
zoa. The loss of ANG in cauda sperm may also indicate
that removal of the endonuclease responsible for the
production of this specific SRNA subpopulation is re-
quired in the male gamete to ensure that tRF sRNAs are
in an ‘unbound’ or ‘free’ state in order to promote their
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loading by the tRF effector machinery proteins to direct
their specific mechanism of target gene expression regu-
lation upon oocyte fertilization.

Conclusion

Here we report on our continued mapping of the
sRNA landscape of the spermatozoa sourced from a
physiologically normal mouse epididymis. The tRF
species of sRNA is the most abundant species of
sRNA in cauda sperm, which is in direct contrast
with spermatozoa sourced from the proximal caput
epididymis where the miRNA sRNA species is the
most abundant. In cauda sperm, the accumulation of
a specific tRF5 subpopulation was enriched, specific-
ally tRF sRNAs of a longer length, 30-33-nt, and
which were exclusively derived from the 5° half of
each tRNA molecule used as a substrate for tRF
sRNA processing. Furthermore, the RNase A-like
endonuclease, ANG, was determined to be the endo-
nuclease likely responsible for tRF sRNA production
in mouse epididymal spermatozoa. We have now pro-
filed the abundance trends of the three most thor-
oughly characterized sRNA species (the miRNA,
piRNA and tRF sRNA species), in spermatozoa
sourced from a physiologically normal mouse epididy-
mis. Together, this work forms an important starting
point for future studies to document alternations to
the sRNA landscape of the mouse epididymis when
the reproductive tract of the male mouse is exposed
to various stressors. For cauda sperm specifically, 30—
33-nt tRF5 sRNAs form an ideal candidate to func-
tion as a ‘epigenetic signal’ in transgenerational stud-
ies that document the consequence of exposure of
the paternal linage to stress.

Methods

Ethics statement and animal care

Each of the experimental protocols described here were
conducted according to the University of Newcastle’s
Animal Care and Ethics Committee approval number A-
2013-322, and in accordance with the relevant national
and international guidelines. All samples were exclu-
sively extracted from Swiss mice that were housed under
controlled conditions of 16 h (h) of light and 8 h of dark
and a constant temperature of 21-22°C. Animals were
supplied with food and water ad libitum and prior to
sampling from 2-month-old male mice, animals were
euthanised via treatment with CO,.

Sampling of epididymal spermatozoa, epithelium and
epididymosomes

The epididymides were removed from 2-month-old male
mice that had had their vasculature perfused with pre-
warmed phosphate buffered saline (PBS) to minimise the
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possibility of blood contamination immediately after
these animals were euthanised. Post separation from any
remaining fat or connective tissue, the extracted epididy-
mides were dissected into the three anatomically distinct
segments of the epididymis (caput, corpus and cauda
segments) and spermatozoa from the cauda epididymis
extracted via a method [23] distinct to that used for caput
and corpus sperm extraction [49, 50]. For collection of the
samples used to obtain the SRNA sequencing data for the
construction of the Fig. 5 heatmap, epithelial tissue was
sampled as previously described [49, 50] using an ap-
proach adapted from the originally reported methodology
[81]. Similarly, epididymosome fractions were obtained
using our previously described protocols [16, 23].

Total RNA extraction and sequencing of the small RNA
fraction

The Direct-zol RNA MiniPrep kit was used to extract
total RNA from the caput, corpus and cauda epididymis
sourced spermatozoa according to the manufacturer’s
protocol (Zymo Research Corporation, Australia). Post
extraction, each total RNA preparation was treated with
DNase (Promega, Australia) to remove any contaminat-
ing DNA and sample purity assessed using a spectropho-
tometer and the absorbance wavelengths, 260 and 280
nm. Only samples with an A,gg / Ay absorbance ratio
of greater than 1.8 were deemed to be of an appropriate
level of quality to include in the subsequent sRNA se-
quencing experiments. Each biological replicate analysed
by the sRNA sequencing approach was composed of
preparations from at least nine animals and two such
biological replicates were sequenced for analysis of the
sRNA landscape of epididymal spermatozoa. All samples
were prepared for high throughput sequencing of the
sRNA fraction via the Illumina TruSeq small RNA sam-
ple preparation protocol according to the manufacturer’s
methods (Illumina, Australia) at the Melbourne node of
the Australian Genome Research Facility (AGRF). As
previously described [16, 23, 48-50], sRNA libraries
were generated using an Illumina HiSeq-2000 RNA se-
quencing platform and 50 base-pair single end chemistry
at the AGRF. The resulting sequencing libraries were
processed and normalised according to our previously
reported approach [23] with the exception that tRF
sRNA abundance was normalised against the abundance
of U6, a snRNA demonstrated to uniformly accumulate
across the three segments of the mouse epididymis. Fur-
thermore, each dataset can be publicly accessed via its
deposition in the Gene Expression Omnibus (GEO) at
the National Center for Biotechnology Information
(NCBI) and the use of the GEO accession numbers,
GSE70198 (spermatozoa), GSE70197 (epithelium), and
GSE79500 (epididymosomes).
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Quantitative reverse transcriptase polymerase chain
reaction experimental validation of transfer RNA-derived
RNA fragment small RNA enrichment in cauda
spermatozoa

The sequencing identified enrichment of tRF5 sRNA
abundance in cauda epididymis sourced spermatozoa
was experimentally validated using a standard quantitative
reverse transcriptase polymerase chain reaction (RT-qPCR)
approach with custom (non-locked nucleic acid modified)
Tagman sRNA assay reagents according to the manufac-
turer’s instructions (Thermo Fisher Scientific, Australia).
The adopted approach allows for the specific detection and
amplification of the targeted tRF sRNA under assessment
via the use of the primer sequences, tRF5*? (5" - GGGG
ATGTAGCTCAGTG GTAGAG - 3'), tRE5S™ (5" - TCCC
TGGTGGTCTAGTGGTTAGGATTCGG C - 3'), tRF5SY
(5" - GCATTG GTGGTTCAGTGGTAGAATTCTCGC
CT - 3'), tRF5™" (5’ - GGTAGCGTG GCCGAGCGGT
CTAAGGC - 3'), tRF5™* (5’ - GCCCGGATAGCTCAGT
CGGTAGAGCATCAGAC - 3') and tRF5"™ (5 - GTTT
CCGT AGTGTAGTGGTTATCACGTTCGCCTIC - 3)
for complementary DNA (cDNA) synthesis. A Light Cycler
96 SW 1.1 (Roche, Australia) cycling machine was used for
the RT-qPCR-based quantification of the six tRFs assessed
with the abundance of each quantified tRF5 sRNA normal-
ised against the abundance of the U6 snRNA (snRNA; assay
ID 001973; Thermo Fisher Scientific, Australia), a SRNA
known to uniformly accumulate across the three anatomic-
ally distinct segments of the mouse epididymis. The quanti-
fication of tRF abundance was performed in biological
triplicate and each biological replicate was composed of
samples sourced from six to nine, 2-month-old male mice,
which were separate from those animals used for sRNA
sequencing.

Immunoblot assessment of the abundance of the
ANGIOGENIN endonuclease

Total protein was extracted from spermatozoa sourced
from the caput, corpus and cauda epididymal segments of
2-month-old male mice via boiling the extracts at 100 °C
for 5 min in modified sodium dodecyl sulphate, polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer (2%
w/v SDS, 10% w/v sucrose in 0.1875M Tris, pH 6.8, sup-
plemented with protease inhibitor cocktail). Following the
initial extraction, the insoluble protein fraction was re-
moved via centrifugation at 20,000 x g for 10 min at room
temperature. Post centrifugation, the supernatant was
used to perform protein estimations with a DC Protein
Assay kit (Bio-Rad, Australia) according to the manufac-
turer’s instructions. Based on these estimations, each sam-
ple was diluted to a working concentration of 15
micrograms ({g) in modified SDS-PAGE buffer (2% v/v p-
mercaptoethanol, 2% w/v SDS, 10% w/v sucrose in 0.1875
M Tris, pH 6.8, supplemented with bromophenol blue)
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and then boiled at 100°C for 5min. Denatured samples
were immediately transferred to ice and incubated for 5
min, and post this incubation period, samples were next
resolved by SDS-PAGE and then transferred to a nitrocel-
lulose membrane by electroblotting. Blotted membranes
were blocked with 3% w/v bovine serum albumin (BSA; in
Tris buffered saline (TBS), pH7.4) for 1h at room
temperature, before being probed overnight at 4 °C with
anti-ANG (1:500 dilution) primary antibodies in TBS
containing 1% w/v BSA and 0.1% v/v polyoxyethylene
sorbitan monolaurate (Tween-20; TBST). The probed
membrane was washed with three changes of fresh TBST,
followed by incubation for 1h at room temperature with
the appropriate horseradish peroxidase-conjugated sec-
ondary antibody (1:1000 dilution) in 1% w/v BSA in TBST.
Membranes were washed three times with fresh changes
of TBST and the labelled proteins visualized via the use of
an enhanced chemiluminescence kit (GE Healthcare,
Australia) and an ImageQuant LAS 4000 imager (Fujifilm,
Australia). Each immunoblotting experiment was repeated
three times with a representative blot presented here (Fig.
4). A parallel approach (as reported above for ANG) was
used to probe for the housekeeping protein, GAPDH (1:
1000 dilution), to compare the total amount of protein
loaded for each spermatozoa sample post stripping of the
ANG-probed membrane. Furthermore, and post stripping
of the GAPDH-probed membrane, a negative control was
included in these analyses via repeating all blocking and
probing steps exactly as outlined above except that the
primary antibody was substituted with antibody buffer
(secondary antibody only controls). The ANG and GAPD
H antibodies were commercially sourced from suppliers
Abcam (antibody ID: ab10600) and Sigma-Aldrich (prod-
uct number: G9545), respectively.
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