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Abstract: The epididymis represents a pivotal organ for sperm maturation and male fertility
maintenance. During the epididymal journey, sperm cells undergo morphological and
molecular changes that need to acquire the morpho-functional skills necessary for successful
oocyte fertilization. Not last, a great enrichment of the spermatozoa RNA payload occurs
via an epithelium-derived epididymosome transfer. Currently, circular RNAs (circRNAs), a
class of non-coding RNAs (ncRNAs), are acquiring a prominent role in the setting of sperm
quality parameters. In this regard, they are considered potential targets in several male
infertility conditions. Despite their consolidated role, few notions are known regarding the
alleged epididymal backsplicing activity. In the current review, we discuss the main aspects
of spermatozoa maturation along the epididymis and the circRNA role in the field of male
reproduction. We also report the most recent findings on the circRNA biogenesis that
occurs in the epididymal duct, providing new fascinating evidence on epididymal-derived
circRNAs. Finally, we show preliminary compelling data on epididymal backsplicing by
exploiting the experimental mouse model of aging. Collectively, these data evidence a
remarkable role of the epididymis in remodeling the circRNA payload and in shaping its
profile in maturating spermatozoa.
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1. Introduction
Spermatogenesis is a highly complex biological process that occurs in the testis, which

is responsible for spermatozoa production. Beyond the testis, immature spermatozoa
transit along the epididymal duct undergoing the deep molecular and morpho-functional
changes needed to acquire fertilizing abilities [1,2]. Functionally, during the epididymal
journey, spermatozoa acquire motility, whereas at the morphological level, they modify
the distribution of surface proteins involved in sperm–oocyte binding and expel residual
cytoplasmic droplets. More importantly, the continuous exchange of molecules within
the epididymal lumen, such as ions and antioxidants, promotes sperm nourishing and
protection [1,3,4]. In addition, the spermatic uptake of epididymosomes, which consist
of epididymal-derived exosomes released by the epididymal epithelium, leads to a sub-
stantial enrichment in the sperm transcriptome and proteome [4–10]. As a consequence,
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any inadequate epididymal mechanism and physio-pathological condition attributable
to it can compromise sperm maturation, leading to several dysfunctions. In this context,
circular RNAs (circRNAs) are gaining growing scientific interest. Indeed, recent findings
highlighted the modulation of spermatic circRNAs depending on the (i) morpho-functional
quality parameters, such as sperm structural integrity and motility [11]; (ii) asthenozoosper-
mia and obesity pathological conditions [12–15]; (iii) sperm actin remodeling dynamics [16];
and (iv) teratozoospermic phenotype related to environmental contaminant exposure [17].

Despite this background, a functional link between circRNAs and sperm epididymal
maturation is under-investigated. In this review, we summarize the main aspects regarding
sperm epididymal maturation, focusing on the essential role of the epididymis in ensuring
sperm reproductive skills. Additionally, we outline the role of circRNAs in the field of
male reproduction, showing new fascinating insights into epididymal-derived circRNAs.
In detail, we report the most recent findings on circRNA biogenesis that occurs in the
epididymal duct obtained from the study of poor fertility animal models, including data
that resulted from a mouse model of aging, shown here for the first time.

2. Epididymal Structure
Sperm maturation occurs along the epididymis [10]. This organ consists of an elon-

gated and convoluted duct, connecting efferent ducts to the vas deferens, mainly divided
into four anatomical regions: the initial segment, caput, corpus and cauda (Figure 1) [18–21].
Morphologically, the epididymal epithelium contains several cell types whose metabolic,
secretory and endocytic activities ensure the functionality of the organ [4,19,22]. The major
cell type in the epididymal duct is represented by Principal cells, which appear along the
entire epithelium length with different density grade depending on the epididymal anatom-
ical region. These cells especially modulate the secretion of epididymosomes, extracellular
vesicles containing a cargo of proteins and RNAs to be carried by the spermatozoa in tran-
sit [4,6,7,19]. The Narrow cells regulate the secretion of H+ ions into the epididymal lumen
involved in the modulation of the endocytic activity. Similarly, the Apical cells, located
at the initial segment of the epididymal epithelium, regulate the transport of electrolytes
and, in turn, the epididymal fluid pH [22,23]. The Basal cells are primarily located in the
initial and intermediate regions, adhering to the basement membrane, and participate
in the luminal environment control [24–29]. Finally, the Clear cells, present in the caput,
corpus and cauda regions, take part in the endocytic mechanism modulating the absorption
of proteins from the lumen, whereas the Halo cells represent the immunological cellular
counterpart of the epididymis [22,27,30].

The intricate architecture of the epididymal epithelium is ensured by the establishment
of the epithelial intercellular junctions (tight, adherens and gap junctions) that underlie
the functionality of the Blood–Epididymal Barrier (BEB) [7,10,31,32]. The BEB acts as an
epididymal immunological barrier that ensures the appropriate microenvironment needed
to prevent harmful autoimmune responses. In addition, the BEB—by regulating epididy-
mal lumen acidification—promotes the morpho-functional sperm maturation along the
epididymal duct and, not least, the proper biogenesis and transfer of the epididymosomes
from the epithelial cells to spermatozoa [7,10,31]. As a consequence, any BEB structural
alterations may lead to male infertility conditions.

In this context, the main epithelial intercellular junctions participating in the BEB
integrity consist of (i) the tight junctions (TJs), which are the most prevalent intercellular
junctions established among adjacent Principal cells via the interaction of several trans-
membrane proteins, such as claudins (CLDNs), intracellular zona occludens proteins (ZOs)
and occludins (OCLNs) [32,33]; (ii) the adherens junctions, which are formed by cadherin
and nectin proteins [32,34,35]; and (iii) the gap junctions, which mainly occur between
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Principal cells and Basal cells, as well as between Clear cells and Basal cells, and they are
molecularly dependent on connexin proteins [32,36].

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 3 of 15 
 

 

junctions established among adjacent Principal cells via the interaction of several 
transmembrane proteins, such as claudins (CLDNs), intracellular zona occludens 
proteins (ZOs) and occludins (OCLNs) [32,33]; (ii) the adherens junctions, which are 
formed by cadherin and nectin proteins [32,34,35]; and (iii) the gap junctions, which 
mainly occur between Principal cells and Basal cells, as well as between Clear cells and 
Basal cells, and they are molecularly dependent on connexin proteins [32,36]. 

 

Figure 1. An overall view of the mouse epididymis. Representation of the anatomical regions 
(caput, corpus and cauda) of the mouse epididymis. Epididymal epithelium cell types and sperm 
maturation occur along the epididymis, as schematized on the left and on the right sides, 
respectively. 

3. Sperm Epididymal Maturation 
The principal function of the epididymis consists of the transport of spermatozoa 

from the rete testis to the vas deferens [27]. Sperm epididymal transit is achieved by the 
contractions of smooth muscle layers surrounding the epididymis, which also modulate 
the direction of transit [27,37]. During the epididymal maturation, spermatozoa undergo 
morphological and molecular changes to acquire the progressive motility and molecular 
factors necessary for a successful oocyte fertilization. All processes that occur during the 
epididymal transit are finely regulated by the epididymal lumen environment, which 
depend on the epididymal region and finely orchestrate each spermatic feature [19,27]. 
The acquisition of sperm motility is associated with a vast set of morphological 
modifications. Indeed, the modulation of the sperm plasma membrane lipidic 
composition; the migration of cytoplasmic droplet along sperm tail; and finally, the 
activation of cytoskeletal flagellar machinery represents the main morphological changes 
that lead to proper motility acquisition [3,19]. In addition to the latter, spermatozoa also 
display molecular factors that mediate zona pellucida penetration and the binding to the 
oocyte. This fundamental molecular interaction underling sperm–oocyte binding occurs 
between receptor proteins localized on the sperm membrane and oligosaccharides 
expressed on the oocyte membrane [38,39]. In this context, many proteins localized on the 
acrosome surface are actively involved in sperm–oocyte binding, and most of them 
molecularly maturate during the epididymal transit. Among them, worthy of note are 
sperm–zona binding (ZP) proteins, ADAM family proteins, acrosin, IZUMO1 and Binder 
of SPerm (BSP) family proteins [38,40–43]. 

Figure 1. An overall view of the mouse epididymis. Representation of the anatomical regions (caput,
corpus and cauda) of the mouse epididymis. Epididymal epithelium cell types and sperm maturation
occur along the epididymis, as schematized on the left and on the right sides, respectively.

3. Sperm Epididymal Maturation
The principal function of the epididymis consists of the transport of spermatozoa

from the rete testis to the vas deferens [27]. Sperm epididymal transit is achieved by the
contractions of smooth muscle layers surrounding the epididymis, which also modulate
the direction of transit [27,37]. During the epididymal maturation, spermatozoa undergo
morphological and molecular changes to acquire the progressive motility and molecular
factors necessary for a successful oocyte fertilization. All processes that occur during the
epididymal transit are finely regulated by the epididymal lumen environment, which
depend on the epididymal region and finely orchestrate each spermatic feature [19,27]. The
acquisition of sperm motility is associated with a vast set of morphological modifications.
Indeed, the modulation of the sperm plasma membrane lipidic composition; the migration
of cytoplasmic droplet along sperm tail; and finally, the activation of cytoskeletal flagellar
machinery represents the main morphological changes that lead to proper motility acquisi-
tion [3,19]. In addition to the latter, spermatozoa also display molecular factors that mediate
zona pellucida penetration and the binding to the oocyte. This fundamental molecular
interaction underling sperm–oocyte binding occurs between receptor proteins localized
on the sperm membrane and oligosaccharides expressed on the oocyte membrane [38,39].
In this context, many proteins localized on the acrosome surface are actively involved in
sperm–oocyte binding, and most of them molecularly maturate during the epididymal
transit. Among them, worthy of note are sperm–zona binding (ZP) proteins, ADAM family
proteins, acrosin, IZUMO1 and Binder of SPerm (BSP) family proteins [38,40–43].

Additionally, along the epididymis, spermatozoa are protected from the reactive
oxygen species (ROS)-mediated damage derived from the external environment. Indeed,
many antioxidant enzymes are produced by the epididymal epithelial cells and released
into the epididymal lumen in order to neutralize the ROS [44]. Accordingly, the BEB
protects sperm from harmful immune responses [7,10,27,31,32,45].

Lastly, the epididymis acts as a storage site for mature spermatozoa before ejaculation.
Interestingly, during caudal storage, spermatozoa persist in a quiescent state that is ensured
by the secretion of specific epididymal-derived factors into the lumen [19,27]. In this
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scenario, the epididymal secretory activity also modulates the enrichment of the spermatic
protein and non-coding RNA (ncRNA) payload [42].

4. CircRNAs and Male Fertility
CircRNAs consist of covalently closed single-stranded circular molecules derived

from a backsplicing mechanism. This latter, which promotes the inter-site covalent closure
between the downstream (3′) splice donor site and the relative upstream (5′) splice acceptor
site, is finely orchestrated by several RNA-binding proteins (RBPs), especially by the fused
in sarcoma (FUS) and quaking (QKI) proteins [46–48]. The circRNAs were identified in
(i) mammalian testis, (ii) seminal plasma and (iii) spermatozoa, thus evidencing a key role
for these molecules in the regulation of male fertility (Table 1) [11–14,16,49–59].

Table 1. CircRNA implications in male fertility.

Biological Target Functional Implications References

Germ cells CircRNAs implicated in control of male germ cell lineage [60]

Spermatogenesis CircRNAs implicated in spermatogenesis and testis development [61–64]

Sperm morpho-functional skills CircRNAs implicated in sperm morphology and motility [11,65,66]

Zygote CircRNAs implicated in embryo development [67–71]

In support of this, by using sophisticated high-throughput sequencing techniques, se-
lective circRNA expression patterns were profiled in several fertility experimental models.
Zhou and co-authors have reported the expression of circRNAs in a testicular spermatogonial
stem cell population, highlighting the involvement of these molecules in the control of the
male germ cell lineage [58,60]. Accordingly, the importance of circRNAs in spermatogenesis
and testis development was also shown in a goat animal model [61]. In Holstein bull’s testes,
3.032 differentially expressed (DE)-circRNAs bioinformatically predicted to regulate chromo-
some segregation, sperm tail formation and sperm motility were identified [62], whereas a
set of 2.326 DE-circRNAs potentially implicated in spermatogenesis regulation and sperm
motility were profiled in boar testis [63]. Accordingly, the global transcriptomic analysis
performed in goat spermatozoa has highlighted spermatogenesis-related circRNAs [64].

In addition, the detection of testis-derived circRNAs in human seminal plasma sug-
gests their potential applicability as biomarkers for various fertility diseases. Interestingly,
they are bound to proteins and carried through exosomes [49,54,55]. However, alternative
transfer mechanistic pathways of testis-derived circRNAs, such as cell-to-cell contact, are
poorly investigated.

To date, scientific evidence has highlighted a new emerging role of circRNAs as
spermatic markers of quality. In human spermatozoa, within a cargo of 10.726 circRNAs, a
set of 148 appeared differentially expressed relative to the cellular morphology and motility
grade [11]. In the context of sperm quality parameters, El-Gamal and colleagues have
reported circANKLE2 and circL3MBTL4, which were up- and downregulated in immature
spermatozoa collected from normozoospermic men, respectively [65]. In agreement, the
potential role of testis-specific circBOULE as a biomarker for sperm quality has been recently
reported. Then, the expression of circEx2-6 negatively correlates with the sperm DNA
fragmentation index, thus acting as a prognostic marker of sperm DNA quality [66].

In addition, in spermatozoa, preferential subcellular localization in the head or tail
was demonstrated, suggesting a putative paternal-derived circRNA delivery to the em-
bryo [11,67]. This hypothesis was confirmed by the profiling of circRNAs in both murine
and human preimplantation embryos. Indeed, the dynamic modulation of their expression
during embryo developmental stages (mainly in the four-to-eight-cell transition) and their
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potential involvement in the regulation of chromosome organization, cell cycle regulation
and DNA repair mechanisms support this hypothesis well [68–70]. The first evidence of
this came from the studies of Ragusa and colleagues that showed for the first time the con-
tribution of paternal circRNAs to the zygote. Indeed, they revealed the physical interaction
between the sperm-derived circNAPEPLDiso1 and miRNAs (miR-146a-5p, miR-203a-3p,
miR-302c-3p, miR-766-3p and miR-1260a) primarily implicated in the control of the cell
cycle and in the modulation of initial embryo development stages [67].

Subsequent studies in murine and human spermatozoa further confirmed the alleged
contribution of paternal-derived circRNAs to embryo development. Indeed, it was experi-
mentally proved that circCNOT6L, expressed in spermatozoa and not in oocytes, exerts
a regulatory role in the zygote transition toward the two-cell-like state in the Embryonic
Stem Cell (ESC) system [71]. Furthermore, both murine and human spermatozoa possess
an intrinsic endogenous ability to produce circRNAs that are molecularly modulated by
the interactive FUS-QKI-RNApol2 protein complexome [71]. Therefore, it is highly con-
ceivable that any interference in the spermatic circRNA cargo can compromise paternal
transgenerational epigenetic inheritance, impairing offspring health downstream.

In this scenario, several physio-pathological conditions that affect spermatic circRNA
cargo have been reported (Table 2). Asthenozoospermia, which consists of the reduction in
total (40%) and progressive (32%) sperm motility, promotes 1.432 spermatic DE-circRNAs,
which are mainly involved in circRNA/miRNA/mRNA (ceRNET) networks that control
sperm motility, as demonstrated by their responsiveness following amino acid supplemen-
tation therapy, which is commonly used to improve sperm motility [12,13]. In agreement, a
set of circRNAs (circTRIM2, circEPS15, circRERE) was found to regulate the master genes
(CRISP2, CATSPER1, PATE1) of sperm motility [72–76]. Similarly, the profiling of circRNAs
in testicular tissue from Yili geese animal models with high and low sperm motility showed
circRNAs associated with variations in sperm motility [77]. Interestingly, the impairment
of the circANKLE2 and circL3MBTL4 expression profiles occurs in asthenozoospermia,
astheno-teratozoospermia and oligo-astheno-teratozoospermia, whereas reduced levels of
selective circBOULE were observed in asthenozoospermic (circEx3-6) and teratozoospermic
(circEx2-6 and circEx2-7) patients [65,66].

Table 2. Pathological conditions that affect circRNAs involved in male fertility regulation.

Pathological Condition Functional Implications References

Asthenozoospermia CircRNAs implicated in sperm motility pathways [12,13,65,66,77]

Non-obstructive azoospermia (NOA) CircRNAs implicated in axoneme assembly and
microtubule-based pathways [55,78–80]

Sertoli cell-only syndrome (SCOS) CircRNAs implicated in Sertoli cell and
microenvironmental dysfunctions [52]

Obesity CircRNAs implicated in sperm oxidative stress pathways [14,15]

Advanced paternal age (APA) CircRNAs implicated in DNA repair and meiotic
recombination pathways [81]

Regarding non-obstructive azoospermia (NOA), a pathological condition in which
testes are unable to produce spermatozoa, high-throughput circRNA microarray analyses
performed in the testes of NOA patients compared with normal controls led to the identifi-
cation of a vast set of DE-circRNAs implicated in axoneme assembly and microtubule-based
processes [55,78,79]. In addition, the selective expression of circRNAs in whole blood and
seminal plasma of idiopathic NOA patients has also been reported [75,80]. In this con-
text, DE-circRNAs also play a key role in Sertoli cell-only syndrome (SCOS), a subtype
of NOA characterized by the absence of germ cells in the seminiferous tubules. Indeed,
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Zhu and co-authors identified 1.594 DE-circRNAs expressed in SCOS testes compared
with NOA patients [52] that were potentially implicated in Sertoli cell and spermatogenic
microenvironment dysfunctions.

Obesity represents another pathological condition that affects male fertility. Studies
carried out on male mice fed with a high-fat diet (HFD) showed 109 DE-circRNAs in
spermatozoa collected from HFD mice compared with healthy controls [14]. The affected
spermatic circRNA cargo is dependent on two distinct pathways: (i) increased sperm
backsplicing activity and (ii) inefficient epididymal-derived circRNA release. In addition,
in vivo studies stressed the involvement of circRNAs in the triggering of spermatic ox-
idative stress pathways observed in the HFD condition, confirming a direct role of these
molecules in modulating the sperm quality parameters [15].

It is noteworthy that circRNAs have been reported to be ideal candidates useful for
assessing decreased fertility skills dependent on the advanced paternal age (APA). RNA
sequencing analyses performed in spermatozoa collected from APA vs. younger men iden-
tified 1.056 down- and 1.228 upregulated circRNAs, which were mainly involved in DNA
repair and meiotic recombination pathways, thus suggesting a new intriguing role for these
molecules in the regulatory mechanisms underlying the sperm quality in aged men [81].

5. CircRNAs and Epididymis: New Insights into Epididymal Backsplicing
The drawing of the spermatozoa RNA landscape is an intriguing multi-faceted topic;

in this regard, the epididymis plays a key role. The epididymal epithelial cells, and in
particular, the Principal cells, are responsible for the production and secretion into the
lumen of epididymosomes. Such epididymal-derived exosomal vesicles physically interact
with transiting spermatozoa to dissolve and release them into the containing cargo [6,82]. In
terms of the RNA content, the epididymosomes appear particularly enriched with ncRNAs,
including (i) microRNAs (miRNAs), (ii) piwiRNAs (piRNAs) and (iii) tRNA- and rRNA-
derived fragments (tRFs and rRFs, respectively) [5,83–85]. Interestingly, the abundance of
the spermatozoa ncRNA cargo undergoes a significant modulation along the epididymis,
and the epididymosomes actively mediate these changes, which are necessary to ensure
multiple downstream functions [4].

Several studies demonstrated that the enrichment of selected miRNAs and tRFs that
occurs in caudal spermatozoa ensures embryo development [84,86–91]. As a consequence,
pathological conditions, as well as harmful lifestyles and environmental factors, including
diet and stress, can induce a profound variation of the spermatozoa ncRNA cargo. The
impairment of epididymosome-dependent miRNA and tRF delivery compromises offspring
health. Indeed, an unbalanced paternal diet increases the incidence of metabolic disorders in
the offspring, whereas paternal stress can affect offspring behavioral development [92–97].

Despite the primary role of epididymosomes in the modeling of the spermatozoa
ncRNA payload during the epididymal journey, few notions have been reported regarding
circRNA cargo modulation. Sun and co-authors performed RNA-seq experiments to profile
circRNAs in adult donkey testis compared with the caput epididymis. They identified
totals of 12.648 and 6.261 circRNAs in the testis and caput epididymides, respectively.
Among them, 3.928 circRNAs are shared by the two tissues. By contrast, 1.971 circRNAs
are differentially expressed in the testis, with 499 up- and 1.472 downregulated circRNAs
compared with the caput epididymis [53]. Functionally, bioinformatic analyses revealed the
involvement of DE-circRNAs in GnRH, estrogen and calcium signaling pathways [53]. Li
et al. investigated the epididymal circRNA landscape between yaks and cattle yaks. They
identified 1.298 circRNAs shared in both types of epididymis, of which 137 were differ-
entially expressed between the two species and potentially involved in the regulation of
reproductive functions and spermatozoa activities [98]. Paternal exposure to HFD induces
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109 DE-circRNAs in HFD spermatozoa, consisting of 43 up- and 66 downregulated [14].
Interestingly, while upregulated circRNAs appear molecularly dependent on the enhanced
ability of HFD spermatozoa to perform endogenous backsplicing, the downregulated coun-
terpart is dependent on an inefficient epididymal circRNA biogenesis and delivery. In mice,
the FUS protein, localized for the first time in the epididymal Principal cells, is physically
and functionally connected to the QKI protein to modulate backsplicing [14]. In the HFD
condition, the loss of the typical multilayered columnar arrangement of the epididymal
Principal cells negatively affects the epididymal epithelial architecture needed to coordinate
protein-to-protein interactions [10,19,32,99] and the proper FUS–QKI physical interaction
underling epididymal circRNA biogenesis [14]. In addition, in vitro experiments that pro-
moted the transfer of epididymosome-derived circSMAD2 into sperm cells induced the
recovery of circSMAD2-dependent ceRNET, which positively modulated sperm motility,
and thus, experimentally confirmed the key role of epididymosome-mediated circRNAs in
the field of male fertility.

In the current review, taking advantage of the experimental mouse model of aging,
we provide new unpublished findings on the (i) epididymal backsplicing mechanism and
(ii) epididymal expression of molecular actors that promote backsplicing. This experimental
model represents an excellent physio-pathological condition with affected male fertility. In
fact, it has recently been reported that the mouse model of aging shows (i) decreased sper-
matogonia proliferation, (ii) testicular germ cell depletion, (iii) decreased sperm number,
(iv) decreased sperm motility, (v) increased morphological sperm anomalies, (vi) somatic
cell senescence in both the testis and epididymis, and (vii) epididymal epithelial layers de-
fects [95,100]. In order to add a piece of knowledge to what has already been demonstrated,
we first evaluated the morphology of the epididymis collected from Young vs. Aged mice.
As shown by hematoxylin and eosin (H&E) staining (Figure 2A), an anomalous epididymal
morphology characterized by a severe disorganization in the layered epithelium, which
mainly occurred in the caput epididymal segment, was observed in the Aged epididymis.
To assess the integrity of the BEB, the expression analysis of epithelial junction markers was
carried out in the Young vs. Aged epididymis by Western blot analysis. The results show a
significant reduction in all the epithelial junction markers analyzed (Figure 2B). Regarding
tight junctions, we observed lower expression levels of OCLN and CLDN5 proteins in the
Aged than the Young epididymis. Similarly, a significant reduction in CX43 protein, which
is a marker of epithelial gap junctions, occurred in the Aged epididymis in comparison
with the Young one, demonstrating a complete deregulation of BEB epithelial junctions
(Manfrevola, F; Chioccarelli, T; Cobellis, G; Chianese, R. (University of Campania “Luigi
Vanvitelli”, 80138 Naples, Italy). Unpublished work, 2025 [101]). To investigate whether the
damaged epididymal epithelial architecture could compromise epididymal backsplicing,
we morphologically characterized the FUS protein in the epididymal epithelium. Immuno-
cytochemistry analysis performed in caput and cauda epididymal sections of Young vs.
Aged mice using the FUS antibody showed a well-defined FUS localization in epididy-
mal Principal cells that progressively increased from the caput to the cauda in the Young
epididymis (Figure 2C). Although the same trend occurred in the Aged epididymis, an
evident reduction in the intensity of the FUS signal was observed, suggesting that the aging
promoted the reduction in the epididymal FUS content likely affected the biogenesis of FUS-
dependent epididymal-derived circRNAs. Accordingly, a significant increase in the FUS
protein from the caput to cauda sections, though less pronounced in the Aged epididymis,
was demonstrated by Western blot analysis (Figure 2D) (Manfrevola, F; Chioccarelli, T;
Cobellis, G; Chianese, R. (University of Campania “Luigi Vanvitelli”, 80138 Naples, Italy).
Unpublished work, 2025 [101]).
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Figure 2. Characterization of backsplicing machinery in Aged epididymis. (A) H&E staining of 
Bouin’s fixed caput and cauda epididymides (sections: 7 μm; scale bar: 50 μm) collected from Young 
and Aged mice (sample size: 5 different samples for each experimental group). (B) Western blot 
analysis of OCLN, CLDN5 and CX43 proteins in Young and Aged epididymides (sample size:   5 
different samples for each experimental group). Signals were quantified by densitometry analysis 
and normalized to Ponceau Red (Pon.S). Data are expressed in fc values and reported as mean ± 
SEM. **: p < 0.01; *: p < 0.05. (C) Immunocytochemistry of FUS in Bouin’s fixed caput and cauda ep-
ididymis of Young and Aged mice (sections: 7 μm) (sample size:   5 different samples for each 
experimental group). The FUS protein localization in Principal cells is indicated by black arrows 
(scale bar: 50 μm; inset scale: 20 μm). (D) Western blot analysis of FUS protein in caput and cauda 
epididymides of Young and Aged mice (sample size: 5 different samples for each experimental 
group). Signals were quantified by densitometry analysis and normalized to Ponceau Red (Pon.S). 
Data are expressed in OD values and reported as the mean ± SEM. Experimental groups with sta-
tistically significant differences (p < 0.01) were indicated with different letters. (E) Expression 
analysis of circATRN and circMAGE-D1 in Young and Aged epididymides (sample size: 5 different 
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Figure 2. Characterization of backsplicing machinery in Aged epididymis. (A) H&E staining of Bouin’s
fixed caput and cauda epididymides (sections: 7 µm; scale bar: 50 µm) collected from Young and Aged mice
(sample size: 5 different samples for each experimental group). (B) Western blot analysis of OCLN, CLDN5
and CX43 proteins in Young and Aged epididymides (sample size: 5 different samples for each experimental
group). Signals were quantified by densitometry analysis and normalized to Ponceau Red (Pon.S). Data
are expressed in fc values and reported as mean ± SEM. **: p < 0.01; *: p < 0.05. (C) Immunocytochemistry
of FUS in Bouin’s fixed caput and cauda epididymis of Young and Aged mice (sections: 7 µm) (sample
size: 5 different samples for each experimental group). The FUS protein localization in Principal cells is
indicated by black arrows (scale bar: 50 µm; inset scale: 20 µm). (D) Western blot analysis of FUS protein
in caput and cauda epididymides of Young and Aged mice (sample size: 5 different samples for each
experimental group). Signals were quantified by densitometry analysis and normalized to Ponceau Red
(Pon.S). Data are expressed in OD values and reported as the mean ± SEM. Experimental groups with
statistically significant differences (p < 0.01) were indicated with different letters. (E) Expression analysis
of circATRN and circMAGE-D1 in Young and Aged epididymides (sample size: 5 different samples for
each experimental group). qRT-PCR data were normalized using cyclophilin, expressed as fold expression
(nfe) and reported as mean value ± S.E.M. **: p < 0.01. (F,G) The enrichment levels of circATRN and
circMAGE-D1 in RIP assay (FUS-IP compared with IgG-IP) performed in caput and cauda epididymides of
Young and Aged mice. qRT-PCR data are reported as the mean± SEM from three independent experiments.
** p < 0.01. For all investigations, the Shapiro–Wilk test was used to assess the data normality and to confirm
the normal distribution of data. Following the data confirmation, Student’s t-test (for two independent
group comparisons) was used to identify the groups with different means. Differences with p < 0.05 were
considered statistically significant (Manfrevola, F; Chioccarelli, T; Cobellis, G; Chianese, R. (University of
Campania “Luigi Vanvitelli”, 80138 Naples, Italy). Unpublished work, 2025 [101]).
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In order to assess the potential defective epididymal backsplicing, we analyzed the
expression levels of circATRN and circMAGE-D1, which have been reported to be down-
regulated in the epididymis of the HFD model [14]. The expression of both circRNAs was
significantly reduced in the Aged compared with the Young epididymis (Figure 2E), sug-
gesting that the aging compromised the epididymal circRNA biogenesis. To confirm this
hypothesis, we carried out an RNA-Binding Protein Immunoprecipitation (RIP) Assay in
the Aged epididymis by using the FUS antibody. Once again, circATRN and circMAGE-D1
were chosen as representative circRNAs downregulated in the Aged epididymis. Relative
to the use of the IgG control, significant 7.56- and 17.34-fold enrichments of circATRN were
observed when the anti-FUS antibody was used in the caput and cauda Young epididymides,
respectively (Figure 2F). Despite a similar trend, which consisted of significant 3.45- and
7.45-fold enrichments of circATRN, observed in the caput and cauda Aged epididymis, re-
spectively, a less efficient backsplicing was highlighted (Figure 2F). The RIP experiments for
circMAGE-D1 recapitulated this molecular trend. Indeed, significant 8.94- and 18.94-fold
enrichments of circMAGE-D1 occurred in the Young caput and cauda epididymides, re-
spectively, whereas a less efficient enrichment of circMAGE-D1 (2.46-fold in the caput and
7.54-fold in the cauda) was observed in the Aged epididymis (Figure 2G) (Manfrevola,
F; Chioccarelli, T; Cobellis, G; Chianese, R. (University of Campania “Luigi Vanvitelli”,
80138 Naples, Italy). Unpublished work, 2025 [101]).

Collectively, these preliminary data provide compelling evidence for the epididymal
backsplicing mechanism, highlighting the tight association between the correct tissue
morphology and its molecular functionality.

6. Conclusions
The epididymis drives sperm maturation, allowing for the acquisition of new func-

tional skills and changing the sperm molecular and epigenetic payload. In the context of
sperm RNA cargo, circRNAs have gained considerable attention in recent years. Here, we
aimed to shed light on the epididymal backsplicing and, in turn, on the role of epididymo-
somes in the remodeling of the sperm circRNA payload. Interestingly, bringing attention
to aging, we characterized FUS-dependent epididymal backsplicing, which suggested
impaired epididymal circRNA biogenesis in a mouse model of aging (Figure 3).
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