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Spermatozoa were classically known as vehicles for the delivery of the paternal
genome to the oocyte. However, in 1962, spermatozoa were discovered to
carry significant amounts of RNA in them, which raised questions about the
significance of these molecules in such a highly specialized cell. Scientific
research in the last six decades has investigated the biological significance of
sperm RNAs by various means. Irrespective of what sperm RNAs do, their
presence in spermatozoa has attracted attention for their exploitation as
biomarkers of fertility. Research in this direction started in the year 2000 and
is still underway. A major hurdle in this research is the definition of the
standard human sperm RNAome. Only a few normozoospermic samples
have been analyzed to define the normal sperm RNAome. In this article, we
provide a perspective on the suitability of sperm RNAs as biomarkers of
fertility and the importance of defining the normal sperm RNAome before
we can succeed in identifying RNA-based biomarkers of sperm quality and
fertility. The identification of sperm RNA biomarkers of fertility can be
exploited for quality screening of donor sperm samples, explain infertility in
idiopathic cases, and RNA therapeutics for the treatment of male infertility.
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1 Introduction

Spermatozoa were thought to be the vehicles for the delivery of the paternal genome to
the oocyte. This miniature and the only actively motile cell in the human body prepares
itself for its journey in a unique manner, which requires packaging the paternal genome
tightly to safely deliver it to the oocyte. Over a period of time, it was realized that
spermatozoa carry a plethora of RNAs that are diverse in nature. The first evidence of
RNAs in spermatozoa was presented by Indian scientists at the Centre for Cellular and
Molecular Biology, Hyderabad, formerly the Regional Research Laboratory, Hyderabad,
India (1). Further investigations on sperm RNAs showed that spermatozoa are
unusually rich in small RNAs in comparison to coding RNAs (2). Transcription was
already proven to be shut off in spermatozoa, leaving no possibility of the production
of new RNAs (3). This meant that RNAs stored in spermatozoa were produced earlier
and packaged in the cell. Investigators at that time also proposed that sperm RNAs
might be the remnants of past activity, perhaps with no further biological functions. It
was suggested that a number of these RNAs have served key roles in the past and are
no longer required. Further investigations in this field revealed sperm sncRNAs to
undergo an epic journey of gain and loss during epididymal transition (4), which
highlighted their biological significance. The massive transformation of sperm RNAs in
the epididymis further heightens the curiosity regarding their roles.
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2 Massive makeover of sperm RNAs

The presence of a particular pattern in sperm RNAs suggests
that they are not randomly leftover RNAs; instead, they are
biologically selected RNAs that get packaged in spermatozoa.
Sperm RNAs also undergo an epic journey of gain and loss
during their epididymal transit that remodels the mature sperm
small RNA profile. Why a significant remodelling of sperm
RNAs is left to an organ beyond the primary reproductive
organ (testis) remains an interesting question. Studies focussing
on transgenerational inheritance and exposure to adverse
environmental conditions suggest that the epididymis offers a
window of plasticity in males to adapt to the environment in a
constant endeavour to inculcate adaptive changes for improved
survival of a species. Another important question to address is
whether sperm-borne RNAs are the key to initiating post-
fertilization development. The concept of the events in post-
fertilization development is beautifully depicted in an article on
consolidation and confrontation, which states that the molecular
events upon fertilization include molecular interactions to check
the compatibility of the gametes before they can proceed for
further development (5). According to this concept, both the
gametes (sperm and oocyte) have their own set of epigenomes
and small RNAs. Upon fertilization, the oocyte epigenome and
small RNAs perform a check on the sperm’s epigenome and
RNAs and vice versa. Sperm that pass this cytoplasmic and
genetic compatibility check can proceed with syngamy and
further post-fertilization development (5). Incompatibilities at
this level can lead to the cessation of embryonic genome
activation and further development even after successful
fertilization (5). With the first report on the functions of sperm
RNAs in post-fertilization development, interest in sperm RNAs
grew even further (6). Eventually, a number of these RNAs were
shown to be important for early embryonic development (7). In
addition to this, evidence from DICER and DROSHA knockout
sperm and individual miRNAs have shown that sperm-borne

RNAs play critical roles in post-fertilization development (6, 8).

3 Sperm RNAs as fertility biomarkers

Sperm RNAs might have served key roles in the testis or may be
critical to post-fertilization development. Irrespective of their
biological functions, their presence in spermatozoa can be taken
advantage as biomarkers for sperm quality analysis. Investigations
into the utility of sperm RNAs as biomarkers of fertility began in
early 2000. In one of the earliest studies on gene expression in
sperm, Patrizio et al. (2001) reported significant alterations in
testicular gene expression in infertile patients (9). Later, sperm
RNAs were found to echo gene expression in the testis in other
studies (10). However, prior to using sperm RNAs as fertility
biomarkers, the normal repertoire of sperm RNAs must be
defined. It has been proposed that the ‘universal core’ of gene
expression for spermatogenesis must be active, defining the
normal transcriptome in spermatozoa. Nevertheless, the process of
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spermatogenesis is quite heterogeneous due to its quantitative
nature, which may be further complicated by environmental
factors. Therefore, carefully planned studies to identify the
universal gene expression battery are critical to identifying RNA-
based biomarkers of male fertility.

Microarray studies were hypothesized in the early 2000s to
decipher spermatozoal RNA biomarkers. The first such study was
conducted on Spanish men, which identified hundreds of genes to
be differentially expressed (11). After this, a few other studies
reported similar findings (12-14). We undertook a microarray
study on sperm RNAs and found differential expressions of several
RNAs in infertile spermatozoa (15). With the advent of next-
generation transcriptome sequencing, a deeper investigation of
transcriptome changes became possible. With time, other studies
published in this regard showed that sperm RNAs were not
randomly packed in these cells; instead, they displayed a consistent
pattern. A study to analyze the consistency and quality of sperm
RNAs revealed the high potential of these molecules to serve as
biomarkers of sperm fertility (16). The utilization of sperm
sncRNAs in assisted reproduction has also been investigated with
significant success. For example, a comparison of sperm samples
resulting in high and low rate of good quality embryos revealed
significant differences in miRNA, tsRNA, and rsRNA profiles (17).
They used PCA and support vector machine classifiers to identify
the candidate sncRNAs that can be used as sperm quality
biomarkers in assisted reproduction (17). This way, several
microarray, qRT-PCR or sequencing studies between 2010 and
2022 investigated differential miRNA levels in sperm to identify
biomarkers of fertility (18-25). We compared the data from these
studies and identified a set of the most consistently differentially
expressed miRNAs (26). These miRNAs were subjected to further
in-depth analysis in a large sample size to critically evaluate their
potential as biomarkers of sperm fertility (26). We found that hsa-
miR-9-3p, hsa-miR-30b-5p and hsa-miR-122-5p had the highest
potential as biomarkers of male fertility and sperm quality (25).
However, this study investigated only seven miRNAs and several
other miRNAs are potential candidates for such investigations.

4 What is the normal sperm
transcriptome?

Irrespective of the past or futuristic roles of sperm-borne
RNAs, their consistent pattern in spermatozoa signifies their
suitability as biomarkers of sperm quality and fertility (26). As
mentioned above, a comparison of the sperm-RNA repertoire in
normozoospermic fertile individuals is required to define the
normal sperm transcriptome. A few studies have attempted to
identify universal small RNAs in normal human sperm. The
earliest study in this direction identified 3,281 transcripts
(mRNAs) in a pool of nine normozoospermic fertile men (10).
Salas-Huetos et al., (2014) undertook a microarray study on ten
donor samples received from normozoospermic fertile individuals
and identified 221 universal miRNAs. The data presented in this
study also emphasized huge variability in sperm RNAs, indicated
by the detection of 452 miRNAs in some individuals (27). In a
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transcriptome sequencing study on three normozoospermic
donors, Krawetz et al. (2011) identified miRNAs, piRNAs, and
repeat-associated small RNAs that would be critical to post-
addition to

across individuals, these studies also emphasized on individual-

fertilization ~development (2). In similarities
specific nature of a large number of sncRNAs in human sperm.
Despite the discovery of sperm RNAs about six decades ago,
studies to define the normal sperm RNA repertoire have been
limited. Lifestyle and diet, which differ significantly across

affect sperm RNA
composition significantly (28, 29), which poses another challenge

individuals, have been suggested to

to addressing the variability across samples.

5 Which RNAs are suitable as fertility
markers?

A major question that remains unanswered is the type of
RNAs that could be used as biomarkers of fertility. Among the
RNAs present in spermatozoa, there are two choices: long RNAs
(mRNAs and IncRNAs) and small RNAs (miRNAs, piRNAs,
tsRNAs, rsRNAs, snRNAs, snoRNAs, mt-tRNAs, mt-rRNAs, and
endo-siRNAs). Spermatozoa emerging from the testis are rich in
miRNAs; however, during epididymal transit, spermatozoal small
RNA profile gets transformed (4). While testicular small RNAs are
more likely to be required for spermatogenesis, epididymal RNAs
likely to
development. Interestingly, some reports on sperm RNAs have

are more serve functions in post-fertilization
shown that long RNAs in spermatozoa may get degraded,
resulting in the production of smaller RNAs, whose purpose and
functions remain unknown (30, 31). Some studies published on
sperm RNAs suggest that the breakdown of long RNAs
into smaller RNAs is required to degrade the coding RNAs into
smaller units, which helps the cell to get rid of what is not
required. Other studies have emphasized the biological importance
of small RNAs, suggesting that the small RNAs are generated to
serve biological functions that are not served by the regular RNAs
(32). It appears that apart from the presence of RNAs in
spermatozoa, a number of unique phenomena with regard to
RNA processing take place during germ cell maturation (33, 34).
Further in-depth research is required to understand this dogma.
Sequencing of complete transcripts using long-read sequencing in
spermatozoa would answer many questions; however, such studies
are scarce (35). Further, it is now well known that each mRNA is
regulated by several miRNAs, and each small RNA may regulate
several mRNAs post-transcriptionally. Interestingly, in the latter
stages of spermatogenesis, i.e., beyond round spermatids, post-
transcriptional regulation is suggested to play a major role as
transcription is shut down (34). Therefore, regulation at the level
of RNAs is more critical to successful sperm production. Since
each small RNA can regulate several coding RNAs, we can
substitute a large number of long RNA potential markers with a
much smaller number of small RNAs. Research till date has
largely focussed on mRNAs and miRNAs as biomarkers of
fertility; nevertheless, there are several other small RNAs that await

similar interrogation for their suitability as sperm quality
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Given the vast world of small RNAs and their
significant presence in spermatozoa, we have not even touched the

biomarkers.

tip of the iceberg.

6 Sperm RNA integrity and covering
sncRNAs

Assuming that some of the regular RNAs get biologically
degraded to generate smaller transcripts, we may find a lot of
fragmented RNAs in These RNAs
fragmented to different extents, which is not yet clear and is

spermatozoa. may be
subject to further research in this area. Like other cells, sperm do
not have intact ribosomal RNAs (31); therefore, the integrity of
the isolated RNA is a major question in sperm RNA preparation.
For small RNA sequencing in spermatozoa, libraries at present
are prepared using standard kits where the first step is adaptor
ligation, requiring 5 Phosphate and 3’OH, which at their best
cover unmodified sncRNAs (e.g, miRNAs) and suffer from
biased coverage of sncRNAs with modifications (e.g., piRNA and
tsRNA). However, to cover the modified sncRNAs, new protocols
have been developed, where the first step is RNA processing
depending upon the type of modification in the target RNAs.
These methods have been well-reviewed recently by Liu and
Sharma (32). The implementation of the new protocols along
with a good sample size which we have discussed in the later
sections of this article are required to define the true picture of
sperm RNAs. The identification of sperm RNA-based biomarkers
needs focused research for the identification of small RNAs
showing consistent expression, the optimization of protocol for
the isolation of good quality RNAs, the determination of RNA
quality for sperm samples, optimization of unbiased library
preparation protocols, and the replication of data across
independent cohorts (36, 37). The first landmark research in this
aspect has to be undertaken on normozoospermic fertile samples
looking for consistent expression of small RNAs in spermatozoa,
followed by the comparison of the most consistent RNAs with
infertile men, and possibly by a meta-analytical approach on all
published data on small RNAs, which can take care of the issue
of variations unrelated to fertility.

7 Sequencing depth and sample size
requirements

With regard to gene expression study design on spermatozoa,
two pertinent issues need consideration: sequencing depth and
sample size. According to an estimate in gene expression studies,
to cover 89% of genes, a sequencing depth of 25 million mapped
reads is required, and to cover 100% of genes, a sequencing
depth of 200 million is required; however, the gains for coverage
beyond 10 million mapped reads are minimal (38). Therefore, we
believe a sequencing depth of 10-25 million mapped reads is
sufficient for gene expression studies. According to statistical
estimates, to obtain a two-fold change in gene expression values
at 80% power with alpha at 0.001 and a sequencing depth of 25
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million mapped reads, the required sample size is highly dependent
on the coefficient of variation (38). With a coefficient of variation
of 0.4, 0.8, and 1.2, the required sample sizes would be about 6, 20,
and 40 (38). In our experience of gene expression profile in human
spermatozoa, expression values differ significantly from individual
to individual and gene to gene, and the coefficient of variation for
spermatozoal genes can be as high as 1.2, demanding sample sizes
of up to 40 to detect a two-fold change in gene expression.

8 Sperm sncRNAs in transgenerational
inheritance

In addition to acting as fertility biomarkers, sperm RNAs also
mediate intergenerational and transgenerational inheritance,
which have been suggested to have a significant impact on
health. Various studies in rodents have demonstrated alterations
in miRNAs, tsRNAs, and rsRNAs in response to environmental
toxicants, chronic stress, diet, malnutrition, and obesity (29, 39—
42). The most prominent study on this aspect was conducted
by subjecting mice to trauma early in life (28). In this study,
the newborn pups were separated from their mothers, followed
by their behavioural analysis. The abnormal behaviour of the
pups was interestingly inherited by the next generations as well,
which correlated with alterations in miRNAs in the sperm and
brain (28). Another interesting study reported that a stressful
condition experienced by a parent can be transferred to the
offspring through miRNAs (41). Nine miRNAs were increased
in response to chronic stress in sperm and were associated with
(HPA)
reactivity in offsprings. As a confirmatory test, these miRNAs,

reduced hypothalamic-pituitary-adrenal stress  axis
when injected in vitro into the zygote, showed a decreased

(41).

experiences and stresses in life improve cognitive function and

cortisol level There are other studies stating that
provide resilience (43); however, the exact mechanism of
transgenerational/intergenerational inheritance remains
unknown. Several early stressors and experiences in life have
been shown to improve tolerability in the future. Another
environmental factor that has been widely studied for epigenetic
inheritance is the high-fat diet phenotype. Studies have shown
that the abundance of miRNA let7c is altered in sperm in
response to high fat (44) and a low-protein diet (42). In
addition to miRNAs, the role of tRFs has been studied in
intergenerational inheritance, particularly about diet-governed
effects. Mice fed a low-protein diet gave birth to offsprings with
altered lipid and cholesterol biosynthesis, and their sperm
showed increased levels of tRFs derived from tRNAGIlyGCC,
which was functionally proven to regulate transcripts that were
MERVL-driven, and many MERVL-driven genes are known to
regulate zygotic genome activation (42, 45). Similarly, high-fat
diet experiments with tRF alterations and their involvement in
the transmittance of signals to the next generation were proven
with the help of ICSI-derived embryos microinjected with
30-40 nt tRFs derived from high-fat sperm (29). Thus, apart
epigenetic sperm  RNAs (a
mechanism) could be central to such inheritance. It must be

from changes, non-genetic
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that these effects have been

demonstrated only in experimental animals and not in humans.

noted transgenerational

9 Conclusion

In a nutshell, the identification of sperm-quality RNA
biomarkers is dependent on decoding the RNA repertoire of human
spermatozoa, which needs to focus on small RNAs. Various
laboratories have been looking for differences in gene expression
since 2000, but the normal transcriptome of human spermatozoa
has not yet been defined, which is a critical step in the identification
of biomarkers of fertility. The identification of sperm RNA
biomarkers would help in the selection of quality donor samples for
assisted reproduction, explain infertility in idiopathic cases, and
identify small RNAs for RNA therapeutics in infertility treatment.
This would be helpful in predicting the chances of success and
improving the success rate of assisted reproduction. Further, these
RNAs can be used as health biomarkers for transgenerational
inheritance of various exposures, which may or may not affect fertility.
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