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Abstract 

Background The epididymis is crucial for post-testicular sperm development which is termed sperm maturation. 
During this process, fertilizing ability is acquired through the epididymis-sperm communication via exchange of pro-
tein and small non-coding RNAs (sncRNAs). More importantly, epididymal-derived exosomes secreted by the epididy-
mal epithelial cells transfer sncRNAs into maturing sperm. These sncRNAs could mediate intergenerational inheritance 
which further influences the health of their offspring. Recently, the linkage and mechanism involved in regulating 
sperm function and sncRNAs during epididymal sperm maturation are increasingly gaining more and more attention.

Methods An epididymal-specific ribonuclease T2 (RNase T2) knock-in (KI) mouse model was constructed to inves-
tigate its role in developing sperm fertilizing capability. The sperm parameters of RNase T2 KI males were evaluated 
and the metabolic phenotypes of their offspring were characterized. Pandora sequencing technology profiled 
and sequenced the sperm sncRNA expression pattern to determine the effect of epididymal RNase T2 on the expres-
sion levels of sperm sncRNAs. Furthermore, the expression levels of RNase T2 in the epididymal epithelial cells 
in response to environmental stress were confirmed both in vitro and in vivo.

Results Overexpression of RNase T2 caused severe subfertility associated with astheno-teratozoospermia in mice 
caput epididymis, and furthermore contributed to the acquired metabolic disorders in the offspring, including hyper-
glycemia, hyperlipidemia, and hyperinsulinemia. Pandora sequencing showed altered profiles of sncRNAs especially 
rRNA-derived small RNAs (rsRNAs) and tRNA-derived small RNAs (tsRNAs) in RNase T2 KI sperm compared to control 
sperm. Moreover, environmental stress upregulated RNase T2 in the caput epididymis.
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Conclusions The importance was demonstrated of epididymal RNase T2 in inducing sperm maturation and inter-
generational inheritance. Overexpressed RNase T2 in the caput epididymis leads to astheno-teratozoospermia 
and metabolic disorder in the offspring.

Keywords Astheno-teratozoospermia, Intergenerational metabolic inheritance, Small non-coding RNAs, 
Ribonuclease T2, Sperm maturation

Background
Paternal exposure to environmental challenges plays a crit-
ical role in maintaining the offspring’s future health, espe-
cially against those causing metabolic diseases [1, 2]. Small 
non-coding RNAs (sncRNAs) serve as vectors mediating 
paternal intergenerational inheritance. Epididymal-derived 
exosomes often transfer sncRNAs to spermatozoa during 
their post-testicular maturation process in the epididymis 
[3]. During the epididymal transit, sperm receive addi-
tional payloads of proteins and sncRNAs from the epididy-
mal lumen through the epididymosomes delivery process 
[4, 5]. Epididymosomes are a type of exosome-like extra-
cellular vesicle generated from the epididymal epithelial 
cells and are able to interact with the sperm by transferring 
proteins, lipids, and sncRNAs into the sperm. This pro-
cess accounts for the association that exists between the 
epididymal epithelial cells and maturing sperm [6].

Sperm-exosome interaction is essential for sperm 
maturation and intergenerational inheritance of chronic 
disease. On the one hand, alteration of the sperm pro-
teome during epididymal maturation is related to exo-
some-mediated transfer of proteins, and this process is 
indispensable for the acquisition of sperm motility and 
fertility [7]. On the other hand, the remodeling of the 
sncRNA profiles in maturing sperm, especially tRNA-
derived small RNAs (tsRNAs, also termed tRNA frag-
ment), depends on the exosome-mediated trafficking of 
sncRNAs from the epididymal epithelial cells. The sperm 
sncRNAs are also delivered to the embryo by fertilization 
and subsequently have an impact on the health of the off-
spring during adulthood. These outcomes show that at 
least some of these epididymal-acquired sncRNAs have 
a crucial role in intergenerational or transgenerational 
inheritance [1, 8]. Some studies showed that changes in 
protein and sncRNA expression patterns always accom-
panied poor sperm quality in humans [3, 9]. This asso-
ciation suggests that these potential characteristics can 
be regarded as biomarkers for assessment of male fertil-
ity, although the precise underlying mechanism of such 
a correlation remains unknown. More importantly, it is 
reported that environmental exposure, lifestyle, and path-
ological status could induce the changes in the sncRNAs 
and functional protein expression patterns in exosomes 
[10–12]. Such changes in exosomes might impair sperm 
maturation through crosstalk between the epididymal 

epithelium and sperm. As a result, they can impair nor-
mal sperm maturation, induce poor sperm quality and 
even intergenerational inheritance can result in ill-health 
of the offspring [13–15]. Thus, environmental stress not 
only can lead to poor sperm quality but also epigenetic 
modification induced by changes in sncRNAs can con-
tribute to changes in intergenerational inheritance that 
underlie chronic disease.

Additionally, RNase T2 (also termed RNASET2 in 
humans), a sole member of the Rh/T2/S family of ribo-
nucleases in humans, also exists widely in eukaryotes 
[16]. As a ribonuclease, RNase T2 has a broad range of 
biological roles, including scavenging of exogenous RNA, 
degradation of self-RNA, serving as extra- or intracel-
lular cytotoxins, biogenesis of ribosomes, and immune 
regulation [17–19]. In particular, human RNASET2 
is gaining much attention for its key role in cancer and 
inflammation. For instance, human RNASET2 pos-
sesses antitumorigenic activity through regulating mac-
rophage polarization in the tumor microenvironment 
[20] and its inhibition of actin binding activity which 
suppresses tumor invasion and malignancy [21, 22]. On 
the other hand, the expression and secretion of RNase 
T2 can be largely induced by environmental stressors, 
such as inflammation or oxidative stress [23]. RNase T2 
has been reported to be a key contributor of both long 
and short tsRNAs biogenesis in Arabidopsis and Sac-
charomyces cerevisiae [24, 25]. Furthermore, overexpres-
sion of human RNASET2 in yeast also contributes to 
tRNA cleavage [25]. Notably, epididymal-acquired tsR-
NAs account for 65% of the total sncRNAs population 
in mature sperm. They have recently been identified as 
intergenerational carriers of epigenetic information and 
play an important role in paternal epigenetic inherit-
ance [1]. A recent study showed that angiogenin (ANG) 
in caput epididymis mediates paternal inflammation-
induced metabolic disorders in offspring by sperm tsR-
NAs [26]. However, the role of RNase T2 is still under 
investigation in tsRNA biogenesis in mammals and in 
mediating paternal epigenetic inheritance.

In previous studies, we found that a positive correla-
tion exists between the incidence of asthenozoospermia 
and RNase T2 expression in human sperm [27]. Herein, 
an epididymal-specific RNase T2 knock-in (KI) mouse 
model was constructed to explore its function in sperm 
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maturation. Increased expression of RNase T2 in the 
caput epididymis led to male subfertility associated with 
a series of sperm parameters describing sperm deformity 
and poor motility, and more importantly, altered sncR-
NAs expression patterns in the sperm and metabolic 
disorders appeared in the offspring. Mechanistically, 
epididymal-derived exosomes were identified containing 
RNase T2 involved in sperm maturation and the RNase 
T2 also regulated sncRNA biogenesis in the epididymal 
epithelial cells, which may further mediate intergenera-
tional metabolic inheritance induced by environmental 
stress.

Methods
Animals
All animal experiments were conducted in accordance 
with the International Guiding Principles for Biomedical 
Research Involving Animals on the protection of animals 
used for experimental purposes, and the experimen-
tal protocols were approved by the Ethics Committee of 
Shanghai Jiao Tong University School of Medicine (No. 
A2019-029 and A2022-048). All mice were maintained 
under pathogen-free conditions of ad  libitum water 
and food with temperature- and humidity-controlled 
and constant light–dark cycles, in the Animal Center of 
Shanghai Jiao Tong University School of Medicine.

Western blot analysis
Tissues or cells were homogenized in RIPA Lysis Buffer 
(Thermo Fisher Scientific, Rockford, IL, USA) containing 
Protease Inhibitor Mix (Roche, Mannheim, Germany) in 
an ice bath and the protein was extracted as described 
[28]. Then the BCA protein assay kit determined the pro-
tein concentrations (Thermo Fisher Scientific).

Protein samples (20  μg) were separated using 8–15% 
denaturing polyacrylamide gels and then transferred to 
polyvinylidene difluoride membranes (Millipore, Bill-
erica, MA, USA). The membranes were blocked by using 
5% bovine serum albumin (BSA) and then incubated at 
4 °C overnight with the primary antibodies against RNase 
T2 (1:2000 dilution, Abcam, Cambridge, UK), Dicer 
(1:2000 dilution, Abcam), ANG (1:2000 dilution, Abcam), 
Flotillin 1(1:2000 dilution, Abcam), and β-actin (1:5000 
dilution, CST, Boston, USA), α-tubulin (1:5000 dilution, 
CST), followed by incubation with secondary antibody 
conjugated to HRP (1:5000 dilution, Jackson ImmunoRe-
search, West Grove, PA, USA). The antibodies were all 
diluted in Primary&Secondary Antibody Diluent for WB 
(Yeasen Biotech., Shanghai, China). Signals were gener-
ated by enhanced chemiluminescence (Millipore) and 
detected with a luminescent image analyzer (GE Imagi-
nation LAS 4000, GE imagination at work, USA). Finally, 

the results of protein band intensity were quantified with 
ImageJ (NIH, Bethesda, MD, USA) software.

Immunofluorescence (IF) analysis
For IF analysis of sperm, the immature or mature sperm 
of mice were released from the caput or cauda epididymis 
and collected by centrifugation (600 × g, 20 min, 4 °C) in 
a 40% Percoll gradient (GE Healthcare, Waukesha, WI, 
USA) and then washed three times with PBS. In addition, 
the human sperm either poor or good quality were iso-
lated from semen samples by a 90%/45% discontinuous 
Percoll gradient according to the World Health Organiza-
tion (WHO) laboratory manual [29].

The frozen tissues were embedded in O.C.T. Com-
pound (Sakura Finetek USA, Inc, CA, USA) and then 
sectioned in 8-μm slices. The sperm smear preparation 
was performed according to the WHO laboratory man-
ual [29] as follows: 5 ~ 10 μL of semen is added to the end 
of the slide. Use a second slide to pull the drop of semen 
along the surface of the slide to form the smear. IF stain-
ing was performed using standard protocols. The frozen 
tissue sections (8  μm thick), cells cultured on slides, or 
sperm smears were prepared and then fixed with 4% par-
aformaldehyde for 20 min at 4 °C. The unspecific binding 
sites were blocked with 10% BSA/PBS for 60 min at room 
temperature, and then sections were incubated with the 
primary antibodies against RNase T2 (1:200 dilution, 
Abcam), Caveolin1 (1:400 dilution, Abcam), Flotillin 1 
(1:400 dilution, Abcam), Cytokeratin 8 (1:400 dilution, 
Abcam), or Vimentin (1:400 dilution, Abcam) overnight 
at 4 °C respectively. The antibodies were all diluted in Pri-
mary & Secondary Antibody Diluent for Immunostaining 
(Yeasen Biotech.). Then, relevant secondary antibodies 
(1:500, donkey anti-rabbit Alexa Fluor 488 or donkey 
anti-mouse Alexa Fluor 555, Jackson ImmunoResearch) 
were used for fluorescence-labeling. Nuclei were coun-
terstained with DAPI (Dojindo, Kumamoto, Japan). The 
fluorescence signals were detected under a laser scanning 
confocal microscope (LSM-510, Carl Zeiss, Jena, Ger-
many). Digital images were captured and processed using 
Aim software (Carl Zeiss).

Exosomes extraction and identification
For isolation of exosomes from cellular supernatants, 
serum-free culture media were collected and concen-
trated by ultrafiltration. The supernatant was con-
centrated by Amicon® Ultra-15 Centrifugal Filters 
Ultracel (normal molecular weight limited 100  K) (Mil-
lipore) at 4  °C, 3000 × g for 30  min. For isolation of 
epididymal-derived exosomes, the epididymal fluid was 
extracted and released in cold PBS. Epididymal fluid was 
collected as described [4, 28]. The epididymis was sepa-
rated from fat and connective tissue. Epididymal fluid 
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was aspirated from epididymis by cutting the tissue into 
multiple incisions with a razor blade, and then the tissue 
was subjected to mild agitation. The fluids were centri-
fuged at 600 × g for 10 min to remove sperm and twice at 
10,000 × g for 15 min to eliminate remaining debris. Then, 
the concentrated culture media or the epididymal fluid 
underwent a polymer-based precipitation by using Hieff 
Quick exosome isolation kits (Yeasen Biotech.) as previ-
ously described [28]. Finally, the precipitated exosomes 
were resuspended in PBS solution and further purified 
by Exosome Purification Column (Yeasen Biotech.). The 
purity of the exosomes was identified by transmission 
electron microscopy, nanoparticle tracking analysis, and 
Western blotting analysis as previously described [28].

Transmission electron microscopy analysis
Small pieces of epididymal tissue, exosome precipitates, 
or sperm isolated by Percoll were immersed in 2.5% glu-
taraldehyde lysate in 0.1 M phosphate buffer (pH 7.4) for 
1 day. Tissues were then fixed with 1% osmium tetroxide 
(Sigma-Aldrich), dehydrated through a graded ethanol 
series, and embedded in Epon 618 (TAAB laboratory 
equipment, Berks, UK). Ultrathin sections (70–90 nm) of 
the epithelial region of the spermatic cord were stained 
with lead citrate (Macklin, Shanghai, China) and ura-
nyl acetate (Macklin) and then examined with a Philips 
CM-120 (Philips, Eindhoven, the Netherlands) micro-
scope at 100 kV.

For immunoelectron microscopy analysis, sperm pre-
cipitates were fixed in 4% (w/v) PFA and processed via 
dehydration, infiltration, and embedding white resin by 
low temperature. Sections  (80  nm) were cut and placed 
on 200-mesh nickel grids. To immunolabel the RNase T2, 
sections were blocked in 3% (w/v) BSA in PBS for 30 min 
and incubated with RNase T2 antibodies (1:100, Abcam) 
or normal rabbit IgG (1:100) overnight at 4  °C. Subse-
quently, the sections were labeled with goat anti-rabbit 
antibody conjugated to 10-nm gold particles for 90 min 
at 37  °C. Labeled sections were then counterstained in 
2% (w/v) uranyl acetate and were examined with a Philips 
CM-120 (Philips) microscope at 100 kV.

Specimen procurement
Human semen specimens were obtained from the Shang-
hai Ninth Peoples’ Hospital, Shanghai Jiao Tong Univer-
sity School of Medicine. Enrollment occurred between 
January, 2018, and June, 2022. Use of the semen samples 
was approved by the Ethics Committee of these units, 
and all experiments were performed in accordance with 
relevant guidelines and regulations. All semen speci-
mens, both normozoospermia and asthenozoospermia, 
were collected from participants (20–35  years old) 
who gave written informed consent for the use of their 

leftover semen samples, and then were analyzed using 
computer-assisted semen analyzer (CASA, Hamilton-
Thorn Research, Beverly, MA, USA). Notably, individuals 
having a history of long-term medication, varicocele, and 
infection as indicated by a large number of leukocytes 
in the semen were excluded from the study. The semen 
specimens were selected according to WHO guidelines 
[29]. The specimens with the sperm density higher than 
1.5 ×  107 sperm/mL, the normal morphology higher than 
4%, and the total motility higher than 40% were defined 
as normozoospermia, whereas the specimens with the 
normal morphology lower than 4% associated with the 
total motility lower than 40% were defined as astheno-
teratozoospermia. Sperm samples were purified by Per-
coll gradient centrifugation and the spermatozoa pellet 
was washed with PBS. The collected specimens were 
stored at − 80 °C immediately for further use.

Generation of RNase T2 conditional knock‑in (KI) mice
Tissue-specific overexpression of RNase T2 was achieved 
on a C57BL/6  J background by knock-in of RNASET2 
(NCBI NM003730.6) [30] with an upstream floxed STOP 
to the ROSA26 locus. Rosa26-pCAG-STOP-RNase T2 
mice were generated by Shanghai Research Center For 
Model Organisms (Shanghai, China). Insertion of the 
Rosa26-RNASET2 loxP/loxP construct was confirmed by 
genotyping DNA from mice using the following prim-
ers: P1: GGG GCG TGC TGA GCC AGA CCT CCA T, P2: 
TCC CGA CAA AAC CGA AAA TCT GTG G, P3: TGC ATC 
GCA TTG TCT GAG TAGG, using a PCR protocol with 
an annealing temperature of 65  °C for 30 cycles. The 
size of the PCR product for the WT ROSA26 allele was 
435  bp and for the ROSA26- RNASET2 knock-in allele 
was 275 bp. Specifically, in the absence of Cre, RNASET2 
gene expression is blocked by the floxed stop sequences 
preceding the RNASET2 coding frame. When the floxed 
stop sequences are deleted by Cre, RNASET2 gene is 
expressed permanently as long as the Rosa26 promoter 
is continually active. Therefore, we crossed Rosa26-RNA-
SET2 loxP/loxP mice with Lcn5-cre mice, which expresses 
Cre in the caput epididymis, thus obtaining Rosa26-
RNASET2 loxP/loxP; Lcn5-Cre+ (RNase T2 KI) mice in 
order to allow increased expression of RNASET2 in the 
caput epididymis. The Rosa26-RNASET2 loxP/loxP; Lcn5-
Cre+ (RNase T2 KI) mice, both male and female, were 
development normal and healthy. The KI males as well 
as the littermate control used for experiment were gen-
erated by crossed Rosa26-RNASET2 loxP/loxP males with 
Rosa26-RNASET2 loxP/loxP; Lcn5-Cre+ females.

To generate the first filial generation (F1), individu-
ally housed sexually mature RNase T2 KI male mice 
(10  weeks old) or control males were cohabited with 
WT virgin female mice (10 weeks old) respectively. Both 
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RNase T2 KI-F1 and Control-F1 were maintained under 
pathogen-free conditions for metabolic analyses.

Histological analysis
Testes and caput epididymis fixed in Bouins’ solution 
overnight were embedded in paraffin and sliced into 
5-μm-thick sections, followed by de-paraffinization 
and rehydration according to standard procedures [31]. 
Sections of testicular and epididymal tissue were then 
stained with hematoxylin and eosin (HE) and observed 
under a microscope (Olympus BX53, Olympus, Tokyo, 
Japan).

Mice serum analyses and inflammatory cytokines analyses 
by ELISA
The sera were isolated and analyzed as previous report 
[32]. Testosterone (R&D Systems, USA), anti-sperm 
antibodies (MLbio, Shanghai, China), and inflamma-
tory cytokines including IL-1β, IL-6, and TNF-α (MLbio, 
Shanghai, China) in sera were detected, respectively, by 
using the immunoassay kits according to the manufac-
turer’s protocol.

Fertility evaluation
Individually housed sexually mature WT, control, or 
RNase T2 KI male mice (10  weeks old) were cohabited 
with two virgin female mice (10  weeks old) for 7  days 
and then separated from each other. During cohabita-
tion, the vaginal plugs of the female mice were examined 
daily as evidence of mating. Twenty days after the last day 
of cohabitation, the number of pups produced by each 
mated female mouse was counted and the pregnancy rate 
and number of pups were analyzed [33].

Sperm parameters analyses
The caudal epididymis was dissected and then placed 
in pre-warmed (37  °C) Tyrode buffer (Sigma-Aldrich, 
Irvine, CA, USA) to disperse the sperm. After 15  min, 
sperm suspensions were collected and analyzed for con-
centration, motility, and progressive motility by com-
puter-assisted sperm analysis (CASA) (Hamilton-Thorn 
Research). For the analysis of teratozoospermia, sperm 
smears were fixed and stained by the Diff-Quick method 
(Yeasen Biotech.). In addition, sperm acrosome reaction 
assessed by FITC conjugated PNA (Sigma-Aldrich) stain-
ing as described [33].

Sperm  Ca2+, capacitation, and mitochondrial membrane 
potential measurements
Mature sperm collected from the caudal epididymis in 
a Percoll gradient. Then, sperm suspensions from the 
caudal epididymis (nearly 5 ×  106/ml) were incubated 
with Fluo-4AM (Invitrogen, Frederick, MD, USA), 

merocyanine 540 (M540, Sigma-Aldrich), or tetramethyl 
rhodamine (TMRM, Invitrogen) for 30 min. After wash-
ing with PBS, the fluorescence signals of Fluo-4AM for 
calcium, M540 for sperm capacitation and TMRM for 
mitochondrial membrane potential were detected using 
flow cytometry (Becton Dickinson, Beckman Coulter, 
Brea, CA, USA). The Cell Quest software analyzed the 
emission originating from at least 30,000 events (Beck-
man Coulter), and three experiments were repeated for 
each sperm sample.

In vitro fertilization (IVF) and intracytoplasmic sperm 
injection (ICSI)
Female mice were superovulated by intraperitoneal injec-
tion of 5  IU of pregnant mare’s serum gonadotropin 
(PROSPEC, Rehovot, Israel), and 48 h later injected with 
5  IU of human chorionic gonadotropin (hCG) (Li Zhu 
drug plant, Zhuhai, China). Cumulus-enclosed oocyte 
complexes were collected 15 h after hCG administration 
and cultured in pre-warmed HTF media (Sigma-Aldrich). 
Male mice at 10-week-old were used as donor of sperm. 
Mature sperm were collected from the cauda epididymis 
and capacitated in the c-TYH medium (Sigma-Aldrich) 
for 30 min.

For IVF experiment, 1–2 million motile sperm per mil-
liliter were added to each oocyte complex and allowed to 
fertilize within 4 h. Then, the embryos were washed and 
cultured in HTF media overnight under oil and the num-
bers of 2-cell stage embryos were determined 24 h after 
fertilization. All fertilization embryo culture steps were 
carried out in a 5%  CO2 atmosphere at 37 °C.

For ICSI experiment, the sperm head was separated 
from the tail by ultrasonication, and only the sperm head 
was injected into the oocyte. After injection, the injected 
oocytes were transferred into KSOM medium (Sigma-
Aldrich) at 37  °C with 5%  CO2 for subsequent develop-
ment. The numbers of 2-cell and 4-cell stage embryos 
were determined 1.5 days and 2.5 days respectively after 
fertilization.

Flow cytometry assay for RNase T2 in sperm
Detection of RNase T2 on sperm was performed by indi-
rect immunofluorescence staining in combination with 
flow cytometry as described [34]. Sperm samples were 
labeled with mouse anti-RNase T2 monoclonal anti-
body (1:200 dilution, Santa Cruz Biotechnology, Texas, 
USA), followed by CF488-conjugated donkey anti-mouse 
IgG (1:400 dilution, Biotium, Hayward, CA, USA). Flow 
cytometry measured the fluorescence signal of sperm 
(Becton Dickinson, Beckman Coulter). The Cell Quest 
software analyzed the emission originating from at least 
30,000 events (Beckman Coulter).
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Glucose tolerance tests (GTT) in vivo
GTT was performed as described [1]. The mice were 
fasted for 16 h overnight and then tested for glucose tol-
erance. After measuring fasting blood glucose levels, the 
animals received an intraperitoneal bolus of 2 g glucose 
per kilogram of body weight. Blood glucose concen-
trations at 0, 15, 30, 60, and 120  min were immediately 
measured with a blood glucose meter (Roche, Man-
nheim, Germany). The blood samples were taken from 
tail end of mouse. Meanwhile, serum samples were col-
lected from the tail blood at the same times and the con-
centrations of blood insulin were detected by Insulin 
ELISA Kit (CRYSTAL CHEM INC, IL, USA).

Insulin tolerance tests (ITT) in vivo
ITT was performed as described [1]. The mice were 
fasted for 4 h and then tested for insulin tolerance tests. 
After measuring fasting blood glucose levels, the ani-
mals received an intraperitoneal bolus of 0.75 IU insulin 
(Biosharp, Hefei, China) per kilogram of body weight. 
Blood glucose concentration was immediately measured 
at 0, 15, 30, 60, 90, and 120  min with a blood glucose 
meter (Roche). The blood samples were taken from tail 
end of mouse.

Metabolic index analysis
The offspring of either RNase T2 KI males or control 
males were measured for serum biochemical indicators, 
including insulin, C-peptide, glucagon, leptin, adiponec-
tin, total cholesterol (T-CHO), low-density lipoprotein 
(LDL), high-density lipoprotein (HDL), triglyceride (TG), 
and non-esterified fatty acid (NEFA). The level of insulin, 
C-peptide, glucagon, leptin, and adiponectin in serum 
were detected by relevant ELISA kits (CRYSTAL CHEM 
INC). The level of T-CHO, LDL-C, HDL-C, and TG were 
detected by relevant assay kits (Jiancheng Bioengineer-
ing Institute, Nanjing, China). The level of NEFA was 
detected by LabAssay™ NEFA kit (Wako, Osaka, Japan).

Liver transcriptome analysis
The livers (middle lobe) of male F1 offspring at 10-week-
old or 20-week-old were collected and lysed with TRI-
zol reagent (Invitrogen) on ice to extract RNA. RNA 
sequencing of mRNA in liver samples were analyzed by 
Shanghai Yingbai Biotechnology Co., Ltd. The mRNA 
levels of control-F1 group and RNase T2 KI-F1 group 
were compared by transcriptome sequencing. The cDNA 
library construction and sequencing were performed 
using the Illumina standard operating pipeline, and the 
detailed RNA-seq data were analyzed as described [35]. 
The DESeq algorithm was used for differential gene 
screening. The differentially expressed genes (DEGs) 
were distinguished by a false discovery rate value < 0.05. 

In order to annotate gene functions, DEGs were com-
pared with GO databases. The raw transcriptome data-
sets have been uploaded and can be accessed in the 
NCBI Sequence Read Archive database (PRJNA893425, 
PRJNA835421).

RNA extraction, reverse transcription, and quantitative 
PCR analysis
The tissues or cells were homogenized in TRIzol rea-
gent (Invitrogen) on ice and the total RNA was extracted 
according to the manufacturer’s protocol. The RNA con-
centration and purification were detected by the Nan-
oDrop 2000 spectrophotometer (Fisher Scientific, IL, 
USA). cDNA was synthesized according to PrimeScript 
RT kit (Takara, Dalian, China), and total cDNA was 
amplified with TB Green Premix Ex Taq (Takara) by 7500 
real-time PCR system (Applied Biosystems, Foster City, 
CA, USA). Sequences of primers used for reverse tran-
scription and real-time quantitative polymerase chain 
reaction (RT-qPCR) analysis are listed in Additional 
file 1: Table S1.

Small RNA sequencing of sperm
For sperm RNA extraction, isolation of mature sperm 
was performed as described [1]. In short, sperm were 
released from the cauda epididymis into 5  ml of phos-
phate buffered saline (PBS) and filtered through a 40-μm 
cell strainer to remove tissue debris. Then, the sperm 
samples were treated with somatic cell lysis buffer (0.1% 
SDS, 0.5% TritonX-100 in DEPC  H2O) and lysed in TRI-
zol reagent.

Small RNA sequencing was performed by Shanghai 
Yingbai Biotechnology (Shanghai, China) to compare 
the small RNAs difference between RNase T2 KI sperm 
and control sperm. The sncRNAs were sequenced using 
Panoramic RNA Display by Overcoming RNA modifica-
tion Aborted sequencing technology [36]. The sncRNAs 
in the 15–50-nt region were resolved by performing 
enzymatic processing to convert the 3’ phosphate or 2’,3’ 
cyclic phosphate to 3’-OH and the 5 ’-OH to 5’-phos-
phate; and removal of specific RNA methylation modi-
fications (m1A, m1G, m3C, m22G) solved the problem 
that these modifications prevented the passage of reverse 
transcriptase. The sequencing results were presented by 
the small RNA annotation software SPORTS1.1(Reno, 
NV, USA) [37], which uncovers and annotates the origi-
nal small RNAs with these modifications in the sequenc-
ing results and analyzes them together with other small 
RNA. Reads were mapped to the following individual 
sncRNAs databases sequentially: (1) the miRNA data-
base miRBase 21 [38]; (2) the genomic tRNA database 
GtRNAdb [39]; (3) the rRNA databases assembled from 
the National Center for Biotechnology Information 
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nucleotide and gene database; (4) the piRNA databases, 
including piRBase [40]. The sncRNAs species with 
q-value < 10% and FC > 2 were deemed differentially 
expressed. The raw transcriptome datasets have been 
uploaded and can be accessed in NCBI Sequence Read 
Archive database (PRJNA916976).

The isolation, culture, and treatment of primary 
epididymal epithelial cells (EEC)
For the primary culture of epididymal epithelial cells, the 
caput epididymis was isolated from the 3-week-old male 
mice as described [34]. In brief, the tissue fragments were 
dispersed by type IV collagenase (2  mg/mL) / DNase 
I (0.5  mg/mL) and an additional digestion by accutase 
cell dissociation reagent (Innovative Cell Technologies 
San Diego, USA). The fluid was centrifuged at 1000 × g 
for 5 min to remove enzymes. Finally, the epithelial cells 
were purified by differential adhesion and cultured in the 
incubator at 34  °C with 5%  CO2. The purity of primary 
epididymal epithelial cells was routinely analyzed by 
immunofluorescent staining with cytokeratin 8 (a marker 
for epithelial cells) and vimentin (a marker for fibroblasts 
as negative control).

For stress challenge, primary epididymal epithelial cells 
were treated with 2 μM  H2O2 (Macklin) or 10 μg/mL of 
lipopolysaccharide (LPS) (Escherichia coli, O111:B4, 
Sigma-Aldrich) respectively for 48 h, to induce oxidative 
stress or inflammatory damage.

Induce of inflammation in mice
The inflammation model was constructed as described 
[26]. The 8-week-old male mice were intraperitoneally 
injected with 10 mg/kg LPS (Sigma-Aldrich) or the same 
volume of saline once every other day, for a total of four 
injections. All dilutions were made in endotoxin-free 
0.9% NaCl (w/v) water. Protein samples were collected 
from the caput epididymis after the last LPS treatment 
for 2 days.

Statistical analysis
All data were analyzed using Prism 8.0 (GraphPad Soft-
ware, La Jolla, CA, USA), and results are presented as 
mean ± SD. Group comparisons were made using Stu-
dent’s t-test where appropriate. The data were trans-
formed for normality by taking logarithms when data 
were not normally distributed. The comparison of acro-
some reaction rate and sperm deformity was assessed 
by chi-square analysis. Differences were considered sta-
tistically different when P < 0.05 (*P < 0.05; **P < 0.01; 
***P < 0.001).

Results
RNase T2 in caput epididymis can be transferred to sperm 
through epididymosomes (epididymal‑derived exosomes) 
during sperm maturation
Our previous study has reported the expression of RNase 
T2 in human and mouse sperm [27]. Herein, aggregated 
RNase T2 was localized in the post-acrosomal region of 
sperm (Fig. 1A) where during maturation exosomes fuse 
with sperm when they transit through the epididymis 
[41]. Immunoblotting analysis showed that RNase T2 
protein were present at a modest level in the caput sperm 
when they first entered the epididymis, while it was in 
strong abundance in the cauda sperm (Fig.  1B). Such 
increase of RNase T2 levels in sperm during epididymal 
maturation and its characteristic localization in sperm 
indicated that the secreted RNase T2 was transported to 
the maturing sperm during epididymal transit.

Subsequently, the expression patterns of RNase T2 
in testis and epididymis in mice were investigated by 
immunoblotting and immunofluorescence analyses. 
Notably, it was reported that RNase T2 is present in 
multiple forms in human cells and mouse tissues, that is, 
the 36-kDa band represents the full-length, glycosylated, 
and secreted form, while the 27- and 31-kDa bands are 
proteolytic products [42]. Herein, Western blotting 
analysis of RNase T2 in mouse testis and epididymis 
showed the expected band for RNase T2 at near 40 kDa 
(Fig.  1C), which represents its glycosylated full-length 

(See figure on next page.)
Fig. 1 RNase T2 in caput epididymis can be transferred to spermatozoa through release of exosomes into the seminal plasma. A 
Immunofluorescent staining of RNase T2 (red fluorescence) in mature spermatozoa. Yellow arrow indicates RNase T2 staining in the post-acrosomal 
region of spermatozoa. Differential interference contrast (DIC) images showed the sperm shape. Scale bar, 10 μm. B Western blot detection 
of RNase T2 protein in caput sperm, corpus sperm, and cauda sperm respectively. Quantification of Western blots, normalized to α-tubulin (n = 3). 
C, D Western blot detection (C) and immunofluorescence staining (D) of RNase T2 in the testis, caput epididymis, and cauda epididymis indicated 
its high abundance in the caput epididymis. Quantification of Western blots, normalized to β-actin (C, n = 3). Scale bar, 100 μm. E Nanoparticle 
tracking analysis of the isolated epididymal-derived exosomes showed that their diameters vary from 50 to 150 nm. F TEM analysis showed 
the size and the lipid bilayer structure of the isolated epididymal-derived exosomes. Scale bar, 10 nm. G Western blot analysis of exosome markers 
and RNase T2 in isolated epididymal-derived exosomes. H Immunofluorescence staining of RNase T2 (red) and Caveolin 1 (green) in mouse 
sperm. DIC images showed the sperm shape. Scale bar, 50 μm. I Schematic of RNase T2 in caput epididymis transference to spermatozoa 
through exosomes. Data are expressed as means ± SD; *P < 0.05, **P < 0.01 and ***P < 0.001
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Fig. 1 (See legend on previous page.)
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form. Thus, our results indicated that RNase T2 expres-
sion in caput epididymis was particularly higher than 
that in testis or cauda epididymis (Fig. 1C). Meanwhile, 
immunofluorescence analysis showed that RNase T2 in 
the caput epididymis was mostly distributed in the sub-
apical region of the principal cells facing the epididy-
mal epithelial lumen, which coincides with its secreting 
characteristic (Fig. 1D).

Since the localization of RNase T2 in the post-acro-
somal region (Fig.  1A) where the epididymal-derived 
exosomes fuse to sperm [41], we can wonder whether 
exosomes mediate transfer of RNase T2 to sperm. The 
exosomes in epididymal fluid were isolated by polymer-
based precipitation and validated by transmission elec-
tron microscopy, nanoparticle tracking analysis, and 
Western blotting analysis. The diameter of these epididy-
mal-derived exosomes detected by nanoparticle tracking 
analysis was in the range of 50 to 150 nm (Fig. 1E), which 
coincided with that defined for exosomes. The ultrastruc-
ture of the exosomes observed by transmission electron 
microscopy (Fig.  1F) showed the distinct bilayer mem-
brane structure and meanwhile an approximate diam-
eter of also 50 to 100  nm which is consistent with that 
detected by nanoparticle tracking analysis. Moreover, 
Western blot showed that the isolated exosomes were 
enriched in the exosome markers, TSG101 and Flotillin 
1, whereas they did not display Calnexin, an endoplas-
mic reticulum protein (Fig. 1G). As expected, RNase T2 
existed in these isolated epididymal-derived exosomes 
(Fig. 1G). In addition, the immunofluorescent staining of 
RNase T2 and the exosomes enriched lipid raft protein 
Caveolin 1 showed that both proteins aggregated signifi-
cantly more from the caput sperm to cauda sperm and 
they were especially colocalized in the post-acrosomal 
region of the cauda sperm (Fig. 1H). This colocalization 
of RNase T2 and Caveolin1 indicated that RNase T2 
might be transported to the maturing sperm through an 
exosome delivery process.

The association was also investigated between RNA-
SET2 and exosomes in human seminal plasma. Western 
blotting and transmission electron microscopy validated 
that the exosomes originated from the human seminal 
plasma (Additional file  2: Figure S1A, B). Furthermore, 
Western blot analysis of RNASET2 showed its presence 
in the different fractions of semen samples, i.e., sperm, 
seminal plasma, and exosomes isolated from seminal 
plasma (Additional file 2: Figure S1A). Meanwhile, colloid 
gold labeling and immune electron microscopy analysis 
showed that immunogold particles labeled to RNASET2 
were primarily restricted to the exosome-like-vesicles, 
which tend to fuse with sperm at post-acrosomal and 
mid-piece regions of the sperm (Additional file  2: Fig-
ure S1C). The immunofluorescence analysis showed that 

RNASET2 colocalized with Caveolin1 in human sperm 
(Additional file  2: Figure S1D), which was consistent 
with that in mouse sperm. Taken together, RNASET2 in 
human sperm was probably derived from seminal plasma 
through sperm-exosome interaction.

Taken together, these results indicated that RNase T2 
was highly expressed in caput epididymis and secreted 
into the epididymal fluid, at least partly in an exosome-
dependent manner. Thereby, it was transported into the 
maturing sperm during epididymal transit (Fig. 1I).

Conditional knock‑in (KI) of RNase T2 in caput epididymis
To identify the effect of RNase T2 in the caput epididymis 
on sperm maturation, Rosa26-Cre-based knock-in mice 
model was constructed. Accordingly, Rosa26-pCAG-
STOP-RNase T2 mice were cross-bred to caput epididy-
mal principal cell-specific Cre mouse lines (Lcn5-Cre) 
[43]. Therefore, in the Rosa26-RNase T2 conditional 
knock-in (KI) mice (Rosa26-RNASET2 loxP/loxP; Lcn5-
Cre+), Cre-mediated removal of the conditional Neo-
STOP fragment led to CAG promoter-driven RNase 
T2 expression in principal cells of the caput epididymis 
(Additional file  2: Figure S2A). Both immunoblot and 
immunofluorescence analyses verified that RNase T2 
expression was significantly increased in the caput 
epididymis and in mature sperm from RNase T2 KI mice 
(Additional file 2: Figure S2B-E), which confirmed RNase 
T2 overexpression in these KI mice. Notably, immunoflu-
orescence analysis showed that the aggregation of RNase 
T2 was mainly in the post-acrosomal region of the sperm 
head in RNase T2 KI sperm. RNase T2 KI male mice were 
healthy and underwent normal development. Histologi-
cal analysis of the testis and epididymis also showed no 
obvious defect in these mice compared with those in 
the wild type (WT) counterpart (Additional file  2: Fig-
ure S2F). Nevertheless, there were no significant differ-
ences between control (Rosa26-RNASET2 loxP/loxP, Cre 
negative) mice and RNase T2 KI mice in their concentra-
tions of testosterone, anti-sperm antibody in serum, and 
inflammatory cytokines in the epididymis. (Additional 
file 2: Figure S2G-I). These data suggested that this RNase 
T2 KI mouse model was suitable for the investigation of 
RNase T2 function in the caput epididymis.

Male subfertility and impaired sperm quality in RNase T2 
KI mice
To assess the fertility of the RNase T2 KI mice, each 
male was mated with two sextually mature females for 
1  week and then pregnancy rate and litter size were 
compared with their WT and control counterpart. As 
expected, RNase T2 KI males were sexually active and 
produced vaginal plugs in female partners. Over a 
21-day period of pregnancy, among 18 females mated 
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with RNase T2 KI males, only four females became 
pregnant and gave birth to nearly three pups on average 
(Fig. 2A). Both the pregnancy rate (4/18) and the litter 
size (2.67 ± 0.58, n = 4, P < 0.05) of females mated with 
RNase T2 KI males were significantly lower than those 
mated with the WT males (pregnancy rate, 18/18; litter 
size, 8.61 ± 0.92, n = 18) and control males (pregnancy 
rate, 17/18; litter size, 7.94 ± 1.98, n = 17) (Fig.  2A). 
Therefore, such extremely low pregnancy rates and lit-
ter sizes clearly indicate that the RNase T2 KI males 
were considered to be reflective of severe subfertility.

Computer-assisted sperm analysis (CASA) and mor-
phological analysis evaluated the sperm parameters 
of mature sperm in the cauda epididymis. The results 
indicate that there was no significant difference in 
sperm concentration between the WT males, control 
males and RNase T2 KI males (Additional file 2: Figure 
S3A). However, the percentage was significantly less of 
motile sperm and forward motile sperm in RNase T2 
KI males than those in WT and control males, even 
though both sperm motility and progressive motility in 
RNase T2 KI mice were modestly larger during capaci-
tation for 30 min and 60 min (Fig. 2B, C). Such incre-
ments of motility indicated that RNase T2 KI sperm 
were responsive to capacitation, but remained at a rela-
tively low level far from meeting the requirement for 
fertilization.

Moreover, plasma membrane fluidity, intracellular cal-
cium levels, and mitochondrial activity were employed to 
evaluate sperm capacitation capability. Using flow cytom-
etry analysis, a high percentage of both WT sperm and 
RNase T2 KI sperm exhibited strong merocyanine 540 
(MC540) fluorescence signals (Additional file  2: Figure 
S3B). Meanwhile, no significant differences were found 
between Fluo-4AM fluorescence intensity evaluation of 
intracellular calcium levels and mitochondrial membrane 
potential levels of tetramethyl rhodamine methyl ester 
perchlorate (TMRM) staining in WT sperm and RNase 
T2 KI sperm (Additional file  2: Figure S3C, D). On the 
other hand, the calcium ionophore A23187-induced inci-
dence of acrosome reaction in RNase T2 KI sperm was 
also the same as that in WT and control sperm (Addi-
tional file  2: Figure S3E). These results indicated that 

capacitation and acrosome reaction were the same in 
RNase T2 KI sperm as that in WT sperm.

Notably, RNase T2 KI sperm exhibited significantly 
higher incidence of sperm head deformity (79.06 ± 8.42%, 
n = 20) than that in WT sperm (8.17 ± 0.98%, n = 16) and 
Rosa26/Cre- sperm (6.86 ± 1.74%, n = 17) (Fig. 2D) evalu-
ated by Wright-Giemsa staining (Fig.  2E). Meanwhile, 
electron microscopic analysis revealed an intumescent 
cytoplasm in the sperm head of RNase T2 KI sperm 
(Fig.  2F), and thereby the cytoplasmic membrane, the 
acrosome, and nucleus were not appressed to each other. 
Such severe deformed morphology of the sperm head 
in RNase T2 KI sperm is referred to teratozoospermia. 
This condition likely accounts for poor sperm motility 
and male subfertility. On the other hand, TEM images 
suggested that the sperm from the caput epididymis of 
RNase T2 KI exhibited normal morphology compared 
to that from control mice (Additional file  2: Figure S4). 
This difference demonstrated that RNase T2 overexpres-
sion could cause sperm deformity during the epididymal 
maturation process.

Furthermore, assisted reproductive technology showed 
that in  vivo intracytoplasmic sperm injection (ICSI) 
could assist the RNase T2 KI sperm to conceive whereas 
in vitro fertilization (IVF) was ineffective (Fig. 2G, Addi-
tional file 2: Figure S5A, B). This difference indicated that 
RNase T2 KI sperm could fertilize the oocyte but was 
unable to reach the oocyte owing to poor motile ability.

Human RNASET2 in sperm inverse correlated with sperm 
quality
Our previous studies showed that there was a nega-
tive correlation between RNase T2 expression in the 
semen and sperm motility. This inverse relationship was 
presumed to be an indicator of asthenozoospermia in 
humans [27]. Herein, we further characterized the poten-
tial correlation between RNASET2 and sperm deformity. 
The donor populations for each group were 63 healthy 
and 44 astheno-teratozoospermic males. Immunofluo-
rescence staining followed by flow cytometry analysis 
identified RNASET2 content in the human sperm. Fluo-
rescence analysis revealed that sperm from astheno-
teratozoospermia individuals (n = 44) were labeled with 

Fig. 2 Poor male fertility and sperm quality in RNase T2 KI mice. A The litter sizes of the pregnant females showed that the RNase T2 KI males 
had lower fertility than WT and control males (n = 4 to 18 per group according to the number of pregnant females). B, C CASA of sperm motility 
showed that RNase T2 KI males display poor sperm motility (B) and progressive motility (C) in comparison to WT and control males (n = 3). D RNase 
T2 KI sperm exhibited significantly higher sperm head deformity (n = 16). E Wright-Giemsa staining showed head deformed sperm in RNase T2 KI 
mice. Scale bar, 50 μm. F Electron microscopic analysis showed intumescent cytoplasm (see the indicated asterisks) and displaced acrosome (see 
the indicated arrows) in sperm head of RNase T2 KI sperm. Scale bar, 2 μm and 1 μm respectively. G Comparison of the fertilization rates in IVF 
and ICSI experiments. Data are expressed as means ± SD; *P < 0.05, **P < 0.01 and ***P < 0.001

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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higher fluorescence intensity compared with those from 
healthy donors (n = 63, P < 0.01; Additional file 2: Figure 
S6A, B).

Meanwhile, RNASET2 content in different sperm pop-
ulations was further analyzed. Two populations of sperm 
in each semen samples were separated by Percoll gradi-
ents, that is, mature sperm with good quality separated 
by 90% Percoll and immature sperm with poor quality 
separated by 45% Percoll. Immunofluorescence analysis 
revealed that sperm with poor quality isolated by 45% 
Percoll were labeled with higher fluorescence intensity of 
RNASET2 compared with those sperm with good quality 
isolated by 90% Percoll (n = 16, P < 0.01; Additional file 2: 
Figure S6C, D). Moreover, immunofluorescence analy-
sis also showed intense aggregation of RNASET2 local-
ized in the post-acrosomal region of the head deformed 
sperm, i.e., small head (HS), small tapered head (HST), 
small amorphous head (HSA), small vacuolated head 
(HSV), large head (HL), large round head (HLR), large 
pyriform head (HLP), and large amorphous head (HLA) 
(Additional file 2: Figure S6E).

Furthermore, RNASET2 content in the seminal plasma 
detected by ELISA also revealed that RNASET2 expres-
sion significantly increased in the seminal plasma from 
astheno-teratozoospermia individuals (24.43 ± 4.39  μg/
mL, n = 63) compared with that from healthy semen 
specimens (17.07 ± 4.48  μg/mL, n = 44, P < 0.05, Addi-
tional file 2: Figure S6F).

Collectively, the results revealed that the overexpres-
sion of RNase T2 in caput epididymis led to more severe 
deformed sperm head morphology, which might further 
impair sperm motility and fertilizing capability.

RNase T2 KI mice conferred paternally acquired metabolic 
disorders on F1 offspring
It was reported that environmental stress caused inter-
generational metabolic abnormalities [2]. To confirm 
whether RNase T2-induced astheno-teratozoospermia 
also mediated intergenerational inheritance, RNase T2 KI 
mice were mated with WT female mice to generate the 
first filial generation (F1) (Fig.  3A). Then, the metabolic 
phenotypes were analyzed in the offspring from both 
RNase T2 KI mice (RNase T2 KI-F1) and control mice 
(Control-F1). The results showed that RNase T2 KI-F1 
mice, both 6-week-old males and females, were signifi-
cantly heavier than those age-matched control-F1 mice 
(Fig. 3B, C), and meanwhile, blood glucose levels also sig-
nificantly increased in 20-week-old RNase T2 KI-F1 mice 
(Fig. 3D, E). Since the F1 in male exhibited more promi-
nent changes in weight and blood glucose levels, the male 
offspring were chosen for the following experiments.

Subsequently, to more broadly investigate offspring 
metabolic phenotype variability, the male F1 offspring 

at 20-week-old were then used in the following experi-
ments. The results showed that the levels of insulin and 
C-peptides in serum significantly increased, while the 
glucagon level significantly decreased in RNase T2 KI-F1 
mice (Fig. 3F–H). C-peptide fragments of proinsulin that 
were difficult to degrade are an index for accurately clas-
sifying the function of islet cells. Our results showed that 
glucose metabolism and hyperglycemia were disrupted in 
RNase T2 KI-F1 mice. Furthermore, the glucose tolerance 
test (GTT) results showed that blood glucose and insulin 
were at higher levels in RNase T2 KI-F1 mice (Fig. 3I, J). 
These rises suggested that RNase T2 KI-F1 mice devel-
oped impaired glucose tolerance compared with those in 
the age-matched control-F1 mice. This onset of glucose 
metabolic disorders in RNase T2 KI-F1 mice definitely 
stemmed from a paternal factor that originated in the 
sperm of the RNase T2 KI mice. However, the insulin 
tolerance test (ITT) results were not significantly differ-
ent between the RNase T2 KI-F1 and control-F1 mice 
(Fig. 3K). This similarity is consistent with that reported 
by previous research [1].

Dysregulation always occurs simultaneously of glucose 
homeostasis and lipid metabolism [44]. For instance, 
insulin resistance can lead to dyslipidemia. Thus, the 
comparative analysis was significantly elevated of the 
serum lipid levels between RNase T2 KI-F1 mice and 
control-F1 mice. Their levels rose of high-density lipo-
protein cholesterol (HDL-C), low-density lipoprotein 
cholesterol (LDL-C), total cholesterol (T-CHO), non-
esterified fatty acid (NEFA), and triglycerides (TG) in 
RNase T2 KI-F1 mice. These increases indicated that 
disorders of lipid metabolism and hyperlipidemia devel-
oped in RNase T2 KI-F1 mice (Fig. 3L–P). As the levels of 
leptin and adiponectin reflect adipocyte function, we also 
found that their serum levels significantly increased in 
RNase T2 KI-F1 mice (Fig. 3Q, R). Several studies docu-
mented that elevation in serum leptin level inhibited eat-
ing and accelerated metabolism when the percentage of 
body fat increased, and increases in secreted adiponec-
tin also improved insulin resistance [45, 46]. Accordingly, 
these results were consistent with our findings that body 
weight of RNase T2 KI-F1 mice was heavier than that of 
control-F1 mice.

Taken together, our data strongly demonstrated that 
RNase T2 in caput epididymis played an important 
role in inducing inherited metabolic disorders in the 
offspring.

RNase T2 KI‑induced changes in the mRNA expression 
pattern in the liver of F1 offspring
To further probe the biological impact on liver RNase 
T2 function in KI mice, we performed RNA sequenc-
ing (RNA-seq) and compared the liver gene expression 
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Fig. 3 F1 of RNase T2 KI develop glucose and lipid metabolism disorders. A Schematic of the mating strategy and technical analyses. WT female 
mice were mated with either control males or RNase T2 KI males, respectively, to generate corresponding offspring (F1) for further analyses. B, C 
RNase T2 KI offspring, both males (B) and females (C). In 6-week-old mice, they had significantly higher body weight than control offspring (n = 8). 
D, E RNase T2 KI offspring, both males (D) and females (E). In 20-week-old mice, they had higher blood glucose levels than those in the control 
offspring (n = 12 to 33). F–H The levels of insulin, C-peptide, and glucagon were compared between RNase T2 KI-F1 and control-F1 mice (n = 5 to 7). 
I, J Result of glucose tolerance test (GTT) showed that there were higher levels of blood glucose and insulin in RNase T2 KI-F1 mice, indicating RNase 
T2 KI-F1 develop glucose tolerance impairment (n = 7). K Blood glucose dynamics during the insulin tolerance tests (ITT) showed no differences 
between two groups (n = 5). L–R The levels of HDL-C (L), LDL-C (M), T-CHO (N), NEFA (O), TG (P), leptin (Q), and adiponectin (R) were significantly 
higher in the serum of RNase T2 KI-F1 (n = 5 to 7). Data are expressed as means ± SD; *P < 0.05, **P < 0.01 and ***P < 0.001
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profiles in 10-week-old and 20-week-old RNase T2 KI 
mice and control mice (Fig.  4A–E). The results showed 
that 10 genes were upregulated, while 25 genes were 
downregulated in the liver from RNase T2 KI-F1 mice 
compared to that from control-F1 mice in the 10-week-
old mice. However, there were 57 genes up- and 83 genes 
were downregulated in the 20-week-old relative to those 
in the control group. The differentially expressed genes 
(DEGs) evidenced by the Gene Ontology (GO) func-
tional analysis were enriched in lipid metabolic processes 
between RNase T2 KI-F1 and control-F1 at 20  weeks 
(Fig. 4F). Moreover, the expression levels of some DEGs 
related to glucose and lipid metabolism were determined 
between the two groups of 20-week-old mice. Insulin-like 
growth factor binding protein 1 (Igfbp1), insulin recep-
tor substrate 2 (Irs2), perilipin-4 (Plin4), angiopoetin-like 
4 (Angptl4), and zinc finger and BTB domain containing 
16 (Zbtb16) levels were further confirmed by RT-qPCR 
(Fig. 4G). As Igfbp1 and Irs2 are related to insulin secre-
tion and insulin signaling, the results of RT-qPCR in the 
present study confirmed that the levels of Igfbp1 and Irs2 
significantly decreased in RNase T2 KI-F1 mice [47, 48]. 
Contrarily, the level of Plin4, contributing to the forma-
tion and function of lipid droplets [49], instead signifi-
cantly increased (Fig.  4G), suggesting that the levels of 
lipid droplets were significantly upregulated in RNase T2 
KI-F1 mice.

Furthermore, a volcano plot of the data showed the dif-
ference of liver mRNA expression during development 
of RNase T2 KI-F1 (Fig.  4C). There was a lot of DEGs 
between 10-week-old RNase T2 KI-F1 and 20-week-old 
RNase T2 KI-F1. These DEGs also identified in the DEGs 
between RNase T2 KI-F1 and control-F1 at 20  weeks, 
such as Angptl4 and Plin4. GO analysis of the DEGs 
between 10-week-old RNase T2 KI-F1 and 20-week-old 
RNase T2 KI-F1 revealed their involvement in glucose 
and lipid metabolism, specifically, in the regulation of 
type B pancreatic cell development, glycogen biosyn-
thetic process, and regulation of steroid metabolic pro-
cess and cholesterol metabolic process (Fig. 4H).

Taken together, these results confirmed that RNase 
T2 KI expression in caput epididymis could induce 
metabolic disorders in the offspring, which became 

increasingly more apparent as a function of age. This 
association suggests that epididymal RNase T2 partici-
pates in mediating intergenerational inheritance.

The expression level of sncRNAs altered in RNase T2 KI 
sperm
We thought more about how RNase T2 expression in 
the caput epididymis of RNase T2 KI-F1 mice promoted 
inheritance of metabolic disorders. To address this ques-
tion, small RNA sequencing analysis was performed 
on sperm isolated from RNase T2 KI mice and control 
mice (Fig.  5A). The small RNA-Seq showed that 11.8% 
of totally detected rRNA-derived small RNA (rsRNAs) 
and 15.3% of totally detected tsRNAs were significantly 
changed between the two groups (Fig.  5B, C). Mean-
while, the altered abundance of micro-RNAs (miRNAs) 
and piRNAs was only 5.98% and less than 0.02%, respec-
tively (Fig. 5D, E). Furthermore, among the 1884 tsRNAs 
altered, 973 were upregulated and 910 were downregu-
lated in the sperm of RNase T2 KI mice.

RNase T2 is a ribonuclease that takes part in the gen-
eration of sncRNAs, such as tsRNAs and rsRNAs [25]. 
tsRNAs have recently been revealed as intergenerational 
carriers of epigenetic information. As reported, tsR-
NAs are processed by several ribonucleases, including 
Dicer, ANG, and RNase T2 [24, 50, 51]. In the present 
study, we used RT-qPCR and immunoblotting to detect 
the expression levels of these three ribonucleases in the 
caput epididymis (Fig. 5F, G). The results indicated that 
the expression of RNase T2 was significantly higher than 
Dicer and ANG in this tissue (Fig. 5F, G). Therefore, the 
expression levels of sncRNAs altered in RNase T2 KI 
sperm, and RNase T2 could be the major ribonuclease 
that regulates the levels of sncRNAs in sperm.

Stress conditions upregulated the expression of RNase T2 
in epididymal epithelial cells
Several studies reported that inflammation or oxida-
tive stress could activate and induce RNase T2 ribonu-
clease activity [23, 52]. Here, we investigated the effect 
of imposing an in vitro and in vivo environmental stress 
on epididymal RNase T2 expression. On the one hand, 
primary epididymal epithelial cells (EEC) from caput 

Fig. 4 RNase T2 KI induced the mRNA expression changes in the liver of F1 offspring. A–C Volcano plot of differential expressed genes 
between following groups, RNase T2 KI-F1 vs. control-F1 at 10-week-old (A), RNase T2 KI-F1 vs. control-F1 at 20-week-old (B), and RNase T2 KI-F1 
at 10-week-old vs. that at 20-week-old (C) (n = 3). D, E Heatmap of the differential expression of genes in livers from RNase T2 KI-F1 and control-F1 
in 10-week and 20-week-old mice. Data were from 3 independent samples in each group respectively. F GO enrichment analysis of DEGs in the liver 
between RNase T2 KI-F1 and control-F1 in 20-week-old mice reveal the enrichment of lipid metabolism pathway. G RT-qPCR analysis confirmed 
the differential expression of some metabolism-related genes in the liver of F1 mice that coincide with their levels which were shown by RNA 
sequencing (n = 3). H GO enrichment analysis of DEGs between RNase T2 KI-F1 at 10-week-old and 20-week-old. Data are expressed as means ± SD; 
*P < 0.05 and **P < 0.01

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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epididymis were primary cultured (Fig.  6A) and identi-
fied (Additional file 2: Figure S7A). Immunofluorescence 
analysis showed that RNase T2 in EEC was colocalized 
with the exosome marker Flotillin 1(Fig. 6B). This asso-
ciation indicated that exosomes could mediate RNase 
T2 secretion. Meanwhile, Western blotting analysis 
confirmed the presence of RNase T2 in the exosomes 
isolated from the culture medium of EEC (Additional 
file  2: Figure S7B). Moreover, RNase T2 expression in 

both EEC (Fig.  6C) and exosomes (Fig.  6D) was signifi-
cantly increased in the presence of inflammation inducer 
lipopolysaccharide (LPS) and oxidative stress inducer 
 H2O2. On the other hand, LPS treatment upregulated 
RNase T2 expression in the caput epididymis (Fig. 6E, F). 
Furthermore, its content in epididymal-derived exosomes 
was also increased in inflammatory mice (Fig. 6G).

Therefore, these results indicated that exposure to an 
environmental stress could augment epididymal RNase 

Fig. 5 Alterations of sncRNAs expression levels in RNase T2 KI sperm. A rsRNAs, tsRNAs, miRNAs, and piRNAs in sperm were detected by using small 
RNA-seq and compared between RNase T2 KI and control. B–E Volcano plots illustrated the differential expression of rsRNAs (B), tsRNAs (C), miRNAs 
(D), and piRNAs (E) in sperm between RNase T2 KI and control (n = 3). F The mRNA levels of RNase T2, Dicer, and ANG in caput epididymis indicated 
the highest expression of RNase T2 in the caput epididymis (n = 3). G The immunoblot results showed the abundant expression of RNase T2 in caput 
epididymis while its expression was significantly higher than two other ribonucleases: Dicer and ANG. Quantification of Western blots, normalized 
to β-actin (n = 3). Data are expressed as means ± SD; **P < 0.01
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T2 expression in both epididymal epithelial cells and 
exosomes.

Discussion
Sperm maturation in the epididymis fulfills an essential 
role in sperm gaining progressive motility and epigenetic 
modification, defect in which always associated with 
astheno-teratozoospermia and causes male infertility or 
subfertility [53]. Notably, recent studies reveal the role of 
epididymis in regulating dynamic sperm sncRNAs and 
its involvement in intergenerational inheritance [1, 4]. 
In the current study, we documented that the epididy-
mal protein RNase T2 is involved in sperm maturation 
by regulating sperm morphology, motility, and sperm 
sncRNA composition, highlighting the mechanism in the 
regulation of sperm quality and epigenetic modification 
in response to environmental stress (Fig. 7). Our results 
showed that exosomes mediate epididymal RNase T2 
secretion and delivery to maturing sperm both in mice 
and humans. More importantly, epididymal RNase T2 
regulates sncRNA dynamic in sperm and in turn may 
induce metabolic disorders in the offspring. Collectively, 
we demonstrate the crucial role of environmental stress 
in inducing rises in epididymal RNase T2 levels that in 
turn lead to the development of poor sperm quality and 
intergenerational inheritance.

Since testicular sperm are immature cells unable to fer-
tilize an oocyte, post-testicular sperm maturation in the 
epididymis is essential to maintain sperm function and 
even contribute to offspring health [54–56]. In the cur-
rent study, we initially discovered abundant expression 
of RNase T2 in the caput epididymis that epididymal-
derived exosomes can package for delivery to sperm. 
To further investigate the function and mechanism of 
epididymal RNase T2 in sperm, an epididymal-specific 
knock-in mouse model (Rosa26-RNASET2 loxP/loxP; Lcn5-
Cre+ mice) was constructed. In these KI mice, a human 
RNase T2 gene was expressed in the principal cells of the 
caput epididymis which enhanced the effect of RNase T2 
on sperm maturation. Amino acid sequence alignment 
between human RNASET2 (NCBI NP003721.2) and 
mouse RNase T2 (NCBI NP001077407.1) showed 67% 
identity and 79% homology. Such highly homologous 

sequences account for their similarity in protein func-
tion between the human and mouse as reported [20, 
57–59]. In addition, inflammatory cytokine analysis 
and anti-sperm antibody assay indicated that expres-
sion of human RNase T2 in the caput epididymis did not 
account for immunological rejection or inflammation. 
This good compatibility may due to the blood-epididymal 
barrier that creates an immunoprotective site within the 
epididymal lumen [60]. Otherwise, many reports ben-
efitted from using the mouse model with knock-in or 
transgenic human gene to unravel novel pathological 
mechanisms that pinpoint potential targets for improved 
therapeutic disease management in vivo [61–63]. Herein, 
with the development and characterization of RNase T2 
KI mice, we found that increased expression of RNase 
T2 could cause severe male subfertility associated with 
poor sperm motility and deformed sperm morphol-
ogy, suggesting a probable defect in sperm maturation 
caused by the enhancement of epididymal RNase T2 
expression and function. Furthermore, in our previ-
ous and current studies, we verified that a positive cor-
relation exists between RNase T2 expression in human 
sperm and seminal plasma that underlie the development 
of asthenozoospermia and teratozoospermia [27, 64]. 
The potential mechanism that accounts for such sperm 
dysfunction may be related to the actin binding activity 
of RNase T2 [21, 57]. As actin polymerization contrib-
utes to the maintenance of sperm morphology as well as 
sperm capacitation in several mammalian species includ-
ing humans [65–67], excessive RNase T2 binding to 
actin might impede sperm motility and morphology and 
thereby induce astheno-teratozoospermia. In considera-
tion of the similar expression pattern of both human and 
mouse RNase T2 in sperm and its positive correlation 
with sperm motility and morphology, we evaluated the 
crucial role of RNase T2 in maintaining sperm function 
and male fertility.

Numerous reports on clinical studies showed that 
exposure to an environmental stress led to poor sperm 
quality. However, the connection has been ignored 
between sperm quality and intergenerational inherit-
ance of chronic disease. On the one hand, unhealthy 
paternal nutritional status, such as a high-fat, high-sugar, 

Fig. 6 Stress conditions induce upregulation of RNase T2 in epididymal epithelial cells. A Schematic of primary culture of EEC and isolation 
of exosomes in the medium. B Immunofluorescent staining of RNase T2 (green fluorescence) and Flotillin 1 (red fluorescence) showed their 
colocalization in EEC. Scale bar, 50 and 10 μm. C, D Western blot analysis of RNase T2 in EEC (C) and isolated exosomes (D) demonstration 
of upregulation of RNase T2 in the presence of LPS and  H2O2. Quantification of Western blots, normalized to β-actin (C, n = 3) and Flotillin 1 (D, 
n = 3). E Schematic representation of the isolation of epididymal-derived exosomes from inflammatory mice. F, G Western blot analysis of RNase T2 
in caput epididymis and the exosomes showed the increase of RNase T2 expression in caput epididymis (F) and exosomes (G) from mice with LPS 
treatment. Quantification of Western blots, normalized to β-actin (F, n = 3) and Flotillin 1 (G, n = 3). Data are expressed as means ± SD; *P < 0.05, 
**P < 0.01 and ***P < 0.001

(See figure on next page.)
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or low-protein diet in mammals can induce declines in 
sperm quality and non-DNA sequence-based epigenetic 
changes in the sperm and they can cause metabolic dis-
orders in the offspring [1, 2]. On the other hand, chemical 
exposure, such as bisphenol A and arsenic, can also con-
tribute to reproductive disorders and the ill-health of the 
offspring [68–71]. Our present study showed that RNase 
T2 KI induced asthenozoospermia and causes a meta-
bolic disorder to develop in offspring. Specifically, glucose 
and lipid metabolic disorders were evident in RNase T2 
KI-F1 mice. Other changes included higher body weight, 
hyperglycemia, hyperlipidemia, and hyperinsulinemia, 
especially impaired glucose tolerance, which indicated 
that the offspring of RNase T2 KI exhibits type 2 diabetes 
symptomology. Meanwhile, RNase T2 KI mice offspring 
exhibited liver gene expression profiles of some metabo-
lism-related genes at 20 weeks of age that were different 
than those in the in the control-F1 counterpart. All these 
data might partly explain the role of paternal stress in 
inducing inherited chronic metabolic disorders.

RNase T2 is a highly expressed ribonuclease in caput 
epididymis. Accordingly, we performed small RNA-Seq 
in the sperm of RNase T2 KI mice and control mice to 
figure out how increases in epididymal RNase T2 expres-
sion levels alter epigenetic inheritance. Numerous 
reports described that sperm tsRNAs mediated inter-
generational inheritance [1, 3, 72]. The involvement was 
described of changes in sperm tsRNA expression profile 
in mediating intergenerational inheritance. Mental stress, 
infection, and even exposure to inorganic arsenic could 
induce the changes in expression profile of sperm tsR-
NAs [73–75]. Our results of small RNA-seq showed that 
some sncRNAs, such as tsRNAs and rsRNAs, extremely 
significantly altered RNase T2 KI sperm. This finding 
confirmed that increased epididymal RNase T2 expres-
sion not only decreased sperm quality but also altered 

sncRNAs which may contribute to the intergenerational 
inheritance of chronic disease. Furthermore, a recent 
study reported that ANG participants displayed inflam-
mation-induced reshaping of the sperm tsRNAs profile 
[26]. Since RNase T2 activation and secretion were also 
induced by inflammation or exposure to oxidative stress 
[23], mammal RNase T2 appears to be a good candidate 
for future in  vivo studies in order to decipher how tsR-
NAs are generated in mammalian cells.

Of note, RNase T2 is characterized as a stress responder 
[23, 25, 76]. The expression and secretion of RNase T2 can 
be induced by tissue injury or oxidative stress. Exposure 
to oxidative stress induces increases in function of Rny1p 
which is the Rh/T2/S family homolog decreases yeast via-
bility [25]. In mammalian cells, the expression of RNase 
T2 is upregulated in response to hydrogen peroxide, ultra-
violet irradiation, and inflammatory stimuli and therefore 
lead to oxidative stress-induced apoptosis [23]. Herein, 
our results showed that RNase T2 was significantly upreg-
ulated in caput epididymis, EEC, and epididymal-derived 
exosomes in response to inflammation and oxidative 
stress. Thus, the harmful effects of environmental stress 
on sperm maturation, intergenerational inheritance, and 
metabolic disorder may at least partially be mediated by 
upregulation of epididymal RNase T2.

Conclusions
In this study, our data identify the role of RNase T2 in 
sperm maturation and intergenerational inheritance. 
We demonstrated that overexpression of RNase T2 in 
caput epididymis caused astheno-teratozoospermia and 
altered tsRNA and rsRNA profiles in sperm. RNase T2 
KI-F1 showed glucose and lipid metabolism disorders. 
Further exploration of these mechanisms will lead to a 
deeper understanding of the association between sperm 
quality and dynamic behavior of sperm sncRNAs.

Fig. 7 Schematic representation of RNase T2 function in sperm maturation and intergenerational inheritance. Increased expression of RNase 
T2 in caput epididymis, induced by environmental stressors, contributes to severe astheno-teratozoospermia in males and furthermore leads 
to metabolic disorders in the offspring. Both proteins and sncRNAs undergo transfer from the epididymal epithelial cells to maturing sperm 
through delivery by exosomes. These factors thereby contribute to regulation of sperm function and sncRNAs composition
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