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Dear editor,

The discovery of sperm-borne RNAs (mRNAs and
small non-coding RNAs) has opened the possibility of
additional paternal contributions aside from provid-
ing the DNA [1]. It has been reported that the incoming
sperm can provide information for its host egg cyto-
plasm, which functionally influences the order of cell
division [2], possibly via delivering RNAs. Indeed, the
sperm-borne miRNA and mRNA have been demonstrat-
ed as active players in early embryo development [3] and
transgenerational epigenetic inheritance [4]. However,
given the diversity of small RNA classes (miRNA, endo-
siRNA, piRNA, etc.) generated during spermatogenesis,
the contents and profiles of the small RNA population
carried by mature sperm remain undefined. In the pres-
ent study, we isolated mature sperm from the cauda
epididymis of adult male mice (Supplementary infor-
mation, Data S1). The purity of sperm was > 99% as
evaluated by microscopy and was confirmed by RT-PCR
analyses of different biomarkers (Supplementary infor-
mation, Figure S1A and S1B). The RNA extracted from
mature sperm, adult testis, and uterus were processed for
small RNA (< 40 nt) deep sequencing (Supplementary
information, Figure S1C, SI1D, S1E and Data S1). The
total small RNA reads and genome-mapping statistic
data (Supplementary information, Table S1) showed an
abundance of small RNAs carried by mature sperm. The
overall length distribution of small RNAs (Figure 1A)
revealed that the dominant reads from mature sperm
were at 29-34 nt, slightly different from adult testis (26-32
nt), and distinct from uterus (21-23 nt). The majority of
the 26-32 nt small RNAs in mouse testis are piwi-inter-
acting RNAs (piRNAs), which are actively involved in
retrotransposon silencing that protects the integrity of the
genome [5]. As it was initially suggested that piRNAs
are absent in the cauda epididymis [6] and that mam-
malian PIWI proteins (MILI, MIWI, MIWI2) are not
expressed in mature sperm [5], the abundant existence of

29-34 nt small RNAs in the mature sperm is somewhat
surprising to us and suggests that they might be different
from the well-known piRNA population from testis. Fur-
ther analysis has revealed a distinct signature for these
mature-sperm-enriched small RNAs, which represent a
novel class of abundantly expressed small RNAs that can
be grouped into distinct families. The small RNAs within
each family showed identical 5’ sequences and only dif-
fered at their distal 3’ ends (Figure 1B and Supplemen-
tary information, Figure S2), suggesting that they are
derived from the same precursor sequence. Particularly,
two of these small RNA families were extremely en-
riched, which comprised 38.19% (family-1) and 19.14%
(family-2) of all small RNA reads, respectively (Figure
1B), and together they accounted for the majority of the
30-34 nt small RNA population (Figure 1C).

To further characterize these mature-sperm-enriched
small RNAs, we performed BLAT searches for the top
two abundant families against the mouse genomic da-
tabases (mm9). As shown in Figure 1D, these small
RNAs are located at multiple sites on the genome, with
several clusters on chromosomes 1, 8 and 13. Most strik-
ingly, each of these genomic locations corresponds to a
tRNA locus (Figure 1D). By further comparing with the
genomic tRNA database, we found that each of these
small RNA families unanimously matches to the 5 half
of a specific tRNA, with cleavage sites located prefer-
entially at the anticodon loop (30-34 nt from the 5’ end),
as illustrated for families 1-2 (Figure 1E and 1F) and for
families 3-7 (Supplementary information, Figure S2).
Their ultra-high enrichment (Figure 1G) and the pref-
erential cleavage sites and length distributions strongly
suggested that these small RNAs are not generated ran-
domly by tRNA degradation, but under strict cleavage
regulations. As these small RNAs are highly enriched in
mature sperm and are derived from tRNAs, we termed
them “mature-sperm-enriched tRNA-derived small
RNAs” (mse-tsRNAs).

Indeed, recent evidence has demonstrated that tRNA-
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derived RNA fragments are biologically functional [7],
and their production could be induced under various
stress conditions (physical or chemical stress) by specific
RNase [8]. The mature sperm is produced from testicular
spermatogenesis followed by maturation during passage
through the epididymis. The physiological condition and
specific enzyme governing mse-tsRNAs production and
accumulation in mature sperm are currently unknown.
To monitor the biogenesis of mse-tsRNAs during
sperm formation, we next analyzed purified mouse
testicular spermatogenic cells (type A spermatogonia,
pachytene spermatocytes, round spermatids and elon-
gated spermatids) and mature sperm. We found that the
levels of mse-tsRNA family-1 and -2 were relatively
constant during the early stages of spermatogenesis, and
were substantially increased at late- (family-1) or post-
spermatogenesis (family-2) (Figure 1H). The RT-PCR
results were further confirmed by analyzing small RNA
deep-sequencing data obtained from purified mouse tes-
ticular spermatogenic cells [9] and mature sperm (Figure
11 and 1J). By analyzing the PCR product size followed
by product sequencing, we could find both mse-tsRNAs
and their tRNA precursors, supporting the hypothesis that
the mse-tsRNAs are derived from tRNA cleavage (Figure
1H). Interestingly, we consistently observed a sequence
(52 nt) in mse-tsRNA family-2 PCR products, which
is shorter than the expected length of intact tRNA and
mapped to its 5" portion (Figure 1H), suggesting the in-
volvement of a two-step cleavage of tRNA in generating
mse-tsSRNA family-2. The increase of mse-tsRNA fam-
ily-1 and -2 seems not to correlate with the expression of
mammalian PIWI proteins (MILI, MIWI, MIWI2) [5],
suggesting that they might not be closely related to the
piRNAs, and their ultra-high enrichment in mature sperm
might be due to specific tRNA cleavage and/or selec-
tive accumulation of cleavage products at late- or post-
spermatogenesis (such as during epididymal transition).
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The underlying mechanisms are currently unknown.

We also analyzed the relative expression of miR-34c
by RT-PCR as a quality control, as its expression in sper-
matogenic cells and mature sperm have been previously
reported [3, 10]. As shown in Figure 1H, our results were
consistent with previous reports that miR-34c was almost
absent in spermatogonia, but was highly expressed from
pachytene spermatocytes and continued to be highly
expressed in spermatids [10] and mature sperm [3]. Note
that miR-34c expression in mature sperm is much less
than that of mse-tsRNA family-1 and -2, as shown by
the RT-PCR results and by the reads number from our
miRNA profiling database (Supplementary information,
Figure S3).

It is important to determine whether the sperm-borne
mse-tsSRNAs are located in sperm head, which could
indicate their potential delivery into oocytes at fertiliza-
tion. Using established methods to isolate purified sperm
heads, we demonstrated that mse-tsSRNAs are abundantly
localized in the purified sperm head (Figure 1K and 1L),
suggesting that they could be delivered into oocytes at
fertilization. We next analyzed the expression levels of
mse-tsRNA family-1 in oocytes, zygotes and partheno-
genetically activated oocytes. Surprisingly, quantitative
RT-PCR analysis revealed that the level of mse-tsRNA
family-1 in zygotes is significantly lower than that in
the oocytes and parthenogenetically activated oocytes
(Supplementary information, Figure S4). These results
might suggest a fertilization-triggered usage/consump-
tion of mse-tsRNAs, which may reflect a functional role
for mse-tsRNAs in early embryo events.

As the mse-tsRNAs are derived from their tRNA tem-
plates, their sequence conservation could simply reflect
the evolutionary conservation of their tRNA precursors.
As shown in the evolutionary conservation analysis (Fig-
ure 1M and Supplementary information, Table S2), the
tRNAs generating mse-tsSRNA families 1-7 are highly
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Figure 1 Identification and characterization of tRNA-derived small RNAs in mature mouse sperm. (A) Length distributions of
small RNAs in uterus, testis and mature sperm. (B) Alignments and statistics of small RNA family-1 and -2 in mature sperm,
testis and uterus; the top three enriched RNAs for each family were highlighted. (C) Small RNA family-1 and -2 comprised
the majority of 30-34 nt small RNA population. (D) Chromosome locations of small RNA family-1 and -2. (E, F) lllustrations
showing that mse-tsRNA family-1 (E) and mse-tsRNA family-2 (F) are derived from 5' halves of tRNA®" and tRNA®" respec-
tively; top three cleavage sites for each tRNA were marked by arrow heads. (G) Catalogue of small RNA populations in ma-
ture mouse sperm. (H) RT-PCR analyses of mse-tsRNA family-1, -2 and miR-34c in purified spermatogenic cells and mature
sperm, followed by product sequencing. The variable nucleotides were marked by shade. Samples for RT-PCR were equally
loaded by calibration of RNA concentration. Similar results were obtained in 3 independent experiments. (I, J) Percentages of
mse-tsRNA family-1 (1) and -2 (J) reads from deep-sequencing datasets of purified spermatogenic cells and mature sperm. (K)
Representative photos of intact sperm and purified sperm heads. (L) RT-PCR analyses of mse-tsRNA family-1, -2 and miR-
34c in intact sperm and purified sperm heads. (M) Evolutionary tree showing that the tRNA precursors of mse-tsRNA family-1
and -2 are highly conserved in vertebrate species. (N) RT-PCR analyses of mse-tsRNA family-1 and -2 in mature sperm from
mouse, rat and human.
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conserved in vertebrate species, from fish to mammals,
but absent from the worms, flies and plants. Indeed,
besides our reported data for mouse sperm, existing
small RNA datasets have shown that the mse-tsRNA
family-1 is among the most highly expressed small RNA
sequences in zebra fish testis (NCBI GEO Datasets:
GSM830247) [11] and human sperm (NCBI GEO Data-
sets: GSM530235) [12], supporting the spermatozoal
expression of mse-tsRNAs in a wide range of species.
The expression of mse-tsSRNA family-1 and -2 in mature
sperm from mouse, rat and human were further analyzed
using RT-PCR and confirmed by product sequencing
(Figure 1N). These results suggest that mse-tsRNAs
might serve as an ancient paternal element with evolu-
tionarily conserved functions.

Taken together, the present study revealed a previous-
ly hidden layer of sperm-borne small RNAs, identifying
a novel class of tRNA-derived mse-tsRNAs with ultra-
high accumulation in mature sperm. The biogenesis and
function of these mse-tsRNAs are interesting topics that
warrant future investigations.
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