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As delayed parenthood becomes more prevalent, understand-
ing age-related testosterone decline and its impact on male
fertility has gained importance. However, molecular mecha-
nisms concerning testicular aging remain largely undiscovered.
Our study highlights that miR-143-3p, present in aging Sertoli
cells (SCs), is loaded into extracellular vesicles (EVs), affecting
Leydig cells (LCs) and germ cells, thus disrupting testicular tis-
sue homeostasis and spermatogenesis. Intriguingly, in SCs,
transforming growth factor-b signaling promotes miR-143
precursors transcription, increasing mature miR-143-3p levels.
This inhibits Smurf2, activating Smad2, and further enhancing
miR-143-3p accumulation. EVs transporting miR-143-3p,
originating from SCs, contribute to the age-related decline of
testosterone and male fertility by targeting the luteinizing hor-
mone receptor and retinoic acid receptor. Diminishing endog-
enous miR-143-3p in SCs postpones testis aging, preserving
and prolonging male fertility. Thus, our study identified
miR-143-3p as a key regulator of testicular function and
fertility, revealing miR-143-3p as a potential therapeutic target
for male abnormal sexual and reproductive function.

INTRODUCTION
The average age of first-time fathers has been increasing within indus-
trialized countries. Similar to female reproductive health, male repro-
ductive health declines with increasing age, albeit in a more gradual
way.1 This age-related decline in fertility can have significant implica-
tions for reproductive health. As men get older, they may experience
reduced sperm quality and quantity, decreased testosterone,
decreased libido, and an increased risk of infertility.2 Furthermore,
age-related decline in male fertility has been associated with an
increased risk of certain health conditions, such as cardiovascular dis-
ease and prostate cancer.3,4 Understanding the mechanisms underly-
ing age-related decline in male fertility is therefore crucial for repro-
ductive medicine and aging-related therapies.

Sertoli cells (SCs) are a unique type of somatic cell found within the
seminiferous tubules of the testes. Their primary function is to support
and regulate the process of spermatogenesis, which occurs within these
tubules. This intricate process involves the delicate balance between the
M
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self-renewal and differentiation of spermatogonial stem cells (SSCs).5,6

SCs create a favorable testicular microenvironment by providing phys-
ical support, maintaining structural integrity, and supplying essential
nutrients to developing germ cells.7,8 These crucial roles ensure the
proper maturation of germ cells into fully functional spermatozoa. Na-
gano and colleagues transplanted SSCs from young male mice into the
testes of both young and agedmice. After 2months, they found that the
SSCs regenerated spermatogenesis in the testes of the young recipients,
but not in the aged recipients.9 This indicated that the testicular somatic
environment of agedmicemaynot effectively support spermatogenesis
regeneration, as compared with younger mice.

In addition to supporting germ cells, SCs also play a critical role in the
regulation of testosterone production and hormonal homeostasis in
the testes. The production of testosterone in Leydig cells (LCs) is regu-
lated by luteinizing hormone (LH). When LH binds to LH receptors
(LHCGR) expressed in LCs, it stimulates LCs to synthesize and
release testosterone. Testosterone is essential for the development
and maintenance of male reproductive organs, as well as the regula-
tion of various reproductive processes.4,10,11 Furthermore, SCs ex-
press receptors for follicle-stimulating hormone (FSH). Upon binding
to FSH, SCs initiate molecular signaling pathways that are crucial for
germ cell differentiation and survival. This FSH stimulation also trig-
gers the production and secretion of factors by SCs, such as inhibin
and anti-Müllerian hormone. These factors play a role in regulating
the production of testosterone by the LCs, thereby maintaining hor-
monal balance within the testes.12,13 It has been reported that Sertoli
cell function may decline earlier than Leydig cell function. A reduc-
tion in Sertoli cell number/proliferation at any age will therefore
lead to a proportional decrease in germ cell and Leydig cell numbers,
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with consequential effects on fertility and health.14 SCs are the key so-
matic cell population dictating the number of LCs and SSCs niches in
mammalian testes.15,16 The proper functioning of SCs is essential for
overall male reproductive health. Dysregulation or dysfunction of SCs
can lead to impaired spermatogenesis, decreased testosterone produc-
tion, and reproductive disorders such as infertility.

Extracellular vesicles (EVs) are small membrane-bound particles
released by cells into the extracellular environment. They play crucial
roles in intercellular communication and cellular microenvironment17

by carrying various bioactive molecules such as proteins, lipids, nucleic
acids (including DNA, mRNA, and non-coding RNAs), and metabo-
lites. EVs are classified into different subtypes based on their biogen-
esis pathways, including exosomes, microvesicles, and apoptotic
bodies. They are known to carry small RNAs like microRNAs
(miRNAs), which are widely studied and play substantial roles in a va-
riety of biological or pathological processes.18 miRNAs within EVs can
be transferred to recipient cells, eliciting regulatory effects. In recent
years, the role of EV-mediated intercellular communication in testes
has become increasingly prominent. EVs from the reproductive tract
can convey stress-related information from the paternal environment
to the sperm, potentially influencing fetal development.19,20 SCs have
been identified as critical in supporting spermatogenesis through their
released exosomes. These exosomes propel miRNAs such as miR-486-
5p toward SSCs, instigating upregulation of genes such as Stra8, inte-
gral for germ cell differentiation.21 Furthermore, studies have shown
that exosomes from SCs can regulate Leydig cell survival via chemo-
kine CCL20 secretion.22 This orchestrated interaction between SCs,
germ cells, and LCs through EV-derivedmiRNAs is vital for spermato-
genesis and testicular hormone production regulation. Dysregulated
EV-derived miRNAs may impair hormone signaling pathways and
adversely affect male fertility. In our study, we identified that the
age-related decline in testosterone levels and subfertility correlated
with increased miR-143-3p expression within the testes. The exact
role and regulatory mechanism of miR-143-3p in this testosterone
and fertility decline, however, remain unclear.

Here, our findings revealed that the primary miR-143 (pri-miR-143)
was strongly and exclusively expressed in aged SCs. SC-derived
miR-143-3p could be transferred to LCs and SSCs via EV secretion,
leading to inhibition of SSC differentiation and testosterone produc-
tion both in vitro and in vivo. These findings suggested that miR-143-
3p plays a crucial role in maintaining testicular microenvironment
Figure 1. miR-143-3p involved in age-associated decline of male reproductive

(A) miR-143-3p levels in serum of young, middle-aged, and old men detected by quantit

young, middle-aged, and old men (n = 14) measured by radioimmunoassay (RIA). (C)

quantitative reverse-transcription PCR (n = 4). (D) miR-143-3p levels in serum of youn

testicular tissue of young and old male mice, and the statistics results of gray values (n =

out by a green arrow. (F) RIA analysis of testosterone concentrations in young and old m

tissue of young and old mice, scale bar, 100 mm. (H) Image of young and old male mice a

number of pups produced by the young and old mice mating with female mice of appro

mice, scale bar, 200 mm and 100 mm. (L) H&E staining of testis from young and old male

unpaired t test (A–F, I). **p < 0.01, ***p < 0.001, ****p < 0.0001.
homeostasis by modulating SSC and LC functions, and may offer
diagnostic markers and potential therapeutic strategies for age-related
decline in fertility testosterone.

RESULTS
miR-143-3p is involved in age-associated decline of male

reproductive capacity

In our study, we found that the content of miR-143-3p in serum was
increased significantly in old men compared with young men (Fig-
ure 1A). The levels of serum testosterone in oldmenwere significantly
lower compared with the middle-aged and young men. Mean testos-
terone concentration in young men is 1182.6 ng/dL, the middle is
999.1 ng/dL, and the old is 881.7 ng/dL (Figure 1B). The miR-143-
3p expression and testosterone production were inversely correlated
with increasing age. We then detected the miR-143-3p in testis and
serum of mice, the level of miR-143-3p was higher in the testis and
serum of aged mice (18 months old) compared with young mice
(3 months old) (Figures 1C–1E). Along with the increase of miR-
143-3p, the testosterone level of serum also showed a dramatic
drop as male mice aged (Figure 1F). In young mice, we found that
the expression level of miR-143-3p was different in cells, with the
highest expression in SCs, followed by SSCs and the lowest expression
in LCs (Figure S1A). Furthermore, Oil Red O staining showed that
elderly mice exhibited more severe lipid accumulation in the testes
compared with young mice (Figure 1G), which suggested abnormal
testosterone synthesis in the testes of the older mice.

As serum testosterone levels decrease, reproductive ability of aged
mice undergoes changes. The fertility rates and number of pups per
litter significantly decreased in aged mice (Figures 1H and 1I).
Many seminiferous tubules in 18-month-old wild-type mice ex-
hibited an “empty” appearance due to the loss of spermatogenic cells.
Similar to the phenotypes observed in the seminiferous tubules (Fig-
ure 1J), most of the epididymides from 18-month-old wild-type mice
showed low sperm count (Figure 1K). More important, the testes of
elderly men also exhibited a similar loss of spermatogenic cells as
observed in aged mice (Figure 1L).

These results indicated that testicular aging is associated with
increased expression of miR-143-3p, disrupted hormonal homeosta-
sis, and reduced spermatogenesis. This led us to question whether
miR-143-3p is involved in the male age-related decline in reproduc-
tive capacity.
capacity
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Overexpression of miR-143-3p induced testicular dysfunction in

vivo

To investigate the potential role of miR-143-3p in age-related subfer-
tility and reduction in testosterone levels, we first examined the
expression of genes and proteins involved in the spermatogenesis
and synthesis of testosterone. The number of differentiating sper-
matogonia expressing SYCP3 (a marker for differentiated spermato-
gonia) or TNP1 (a marker for differentiating spermatogonia) and
LHCGR expression were significantly decreased in aged mice
(Figures 2A, 2B, and S2A). In contrast, no significant change in the
expression of steroidogenic-related genes (Star, Cyp11a1, Cyp17a1,
3b-Hsd3, 17b-Hsd3) and Gfra1 (a marker for A single, A paired,
and A aligned spermatogonia) was observed with aging (Figure 2C).

To further examine the relationship between miR-143-3p expression
and the expression of LHCGR and spermatogenesis markers, miR-
143-3p agomir (a chemically modified double-strand miRNA of
miR-143-3p) was injected into the interstitium of adult testes of
mice, while control mice were injected with corresponding scrambled
miRNAs (Figure 2D). After 4 weeks of treatment, the miR-143-3p
agomir did not cause a significant increase in the number of apoptotic
cells (Figures S2B and S2C), indicating that the miR-143-3p agomir
did not exhibit cytotoxicity in the testes. Based on in situ hybridiza-
tion and quantitative reverse-transcription PCR analyses, it was
found that the amount of miR-143-3p was significantly increased in
testis treated with miR-143-3p agomir (Figures 2E and S2D). More-
over, overexpression of miR-143-3p was associated with a decrease
in the concentration of serum testosterone (Figure 2F). And there
was a notable accumulation of lipid droplets accumulated in the inter-
stitium of testes (Figures 2G and S2E), indicating that free cholesterol
was not efficiently converted to testosterone. Interestingly, miR-143-
3p agomir treatment also resulted in significant decreases in the levels
of LHCGR, STRA8, and SYCP3 in the testis (Figures 2H, S2F, and
S2G), with fewer SYCP3-positive cells observed (Figures 2I and
S2H). These phenotypes were similar to those observed in testes of
18-month-old male mice, suggesting that miR-143-3p overexpression
inhibited testosterone synthesis and spermatogonia differentiation.

In addition, miR-143-3p antagomir (a miR-143-3p inhibitor) was in-
jected into the interstitium of adult testes of mice to block miR-143-
3p in vivo (Figure S3A). The results showed that miR-143-3p antago-
mir upregulated the serum testosterone level of the mice (Figure S3B),
reduced lipid droplets (Figure S3C), and increased the protein expres-
Figure 2. Overexpression of miR-143-3p induced testicular dysfunction in vivo
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sions of LHCGR, STRA8, and SYCP3 (Figures S3D and S3E). These
data indicated that inhibition of miR-143-3p promoted testosterone
synthesis and spermatogonia differentiation.
miR-143-3p attenuated testosterone synthesis by targeting

LHCGR

To investigate the mechanism underlying how miR-143-3p inhibits
testosterone production, we isolated and characterized Leydig cells
(LCs) from 6-week-old mice (Figure S4A). LCs were transfected
with miR-143-3p mimics, which resulted in a significant suppression
of testosterone production (Figure 3A). As LH binds to the LHCGR in
LCs, activating the cAMP steroidogenic pathway, cAMP production
was measured. Treatment with the miR-143-3p mimic significantly
inhibited cAMP production (Figure 3B). Additionally, Oil Red O
staining and transmission electron microscopy (TEM) revealed an
accumulation of lipids and formation of lipid droplet clusters in
LCs after miR-143-3p overexpression. In contrast, LCs treated with
the mimic negative control did not exhibit any obvious lipid droplet
cholesterol aggregation (Figures 3C and 3D). These findings sug-
gested that miR-143-3p overexpression interferes with cholesterol
metabolism in LCs, ultimately leading to the inhibition of testos-
terone production.

Next, the targets of miR-143-3p in LCs were predicted. Among targets
of miR-143-3p, we found that LHCGR, which exhibited significant
changes in expression during mice aging, was a potential target. A po-
tential binding site for miR-143-3p was found in the 30 UTR of
LHCGR, which is highly conserved among different species (Fig-
ure 3E). To confirm the interaction between miR-143-3p and
LHCGR, a luciferase reporter assay was performed. The results
showed that miR-143-3p mimic bound to the 30 UTR site of Lhcgr
suppressing luciferase activity. When the sequence of the 30 UTR
was mutated, the suppression was relieved (Figure 3F). In contrast,
the miR-143-3p inhibitor disrupted the binding of miR-143-3p to
Lhcgr 30UTR rising luciferase activity (Figure S4B). Additionally,
miR-143-3p mimics significantly downregulated the expression of
LHCGR in LCs (Figures 3G and S4C) and miR-143-3p inhibitors
dramatically upregulated the protein level of LHCGR (Figure S4D).
Blocking the expression of LHCGR significantly inhibited cAMP syn-
thesis and testosterone production, similar to the effects of the miR-
143-3p mimic (Figures 3H, 3I, and S4E). Moreover, incubation with
the cAMP agonist FSK effectively rescued low testosterone levels
etected by immunofluorescence, scale bar, 50 mm. (B) Expression level of LHCGR in

xpression of steroid-related genes (Lhcgr, Star, Cyp11a1, Cyp17a1, 3b-Hsd3, 17b-

gomir (miR-143-ago) injection into interstitium of adult mice testes (n = 10). (E) In situ

d with miR-143-3p agomir (n = 6), scale bar, 100 mm. (F) Serum testosterone was

ntative images of Oil Red O staining for 4 weeks after miR-143-3p agomir injections,

protein expression in testes was analyzed by western blotting for 4 weeks after miR-
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(F), and (H), one-way ANOVA with multiple comparisons tests (C), ***p < 0.001, and
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Figure 3. miR-143 attenuated testosterone synthesis by targeting LHCGR

(A) After LCs were transfected with miR-143-3p mimic (mimic-143) or NC mimic (mimic-NC) for 24 h, the complete medium was collected to detect testosterone con-

centration. (B) LCs transfected with miR-143-3p mimic or NC mimic for 24 h, the cells were collected to detected cAMP by ELISA. (C) Representative images of Oil Red O

staining of LCs transfected with the miR-143-3p mimic or NCmimic, scale bar, 50 mm. (D) TEM images showing the formation of lipid droplet clusters in LCs overexpressing

miR-143-3p, scale bar, 2 mm. (E) TargetScan predicted that miR-143-3p binds to the 30 UTR of Lhcgr. (F) The wild-type andmutant vectors (Psi-Check 2 containing wild-type

or 3 0UTR Lhcgrmutant) were co-transfected with NCmimic ormiR-143-3pmimic into HEK293T cells, and the relative renilla luciferase activity wasmeasured and normalized

to firefly luciferase activity. (G) LHCGR protein levels in LCs transfected with the miR-143-3p mimic. (H) The protein level of LHCGR in LCs transfected with control siRNA

(legend continued on next page)
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caused by miR-143-3p mimic (Figure 3J). These findings suggest that
miR-143-3p attenuated testosterone synthesis by targeting the 30 UTR
of LHCGR and inhibiting cAMP production.
miR-143-3p inhibited SSC differentiation by targeting Rarg

To investigate the regulatory role of miR-143-3p in SSC differentia-
tion, the SSCs were transfected with anmiR-143-3p mimic. No signif-
icant difference in GFRɑ-1 expression was observed (Figure 4A), sug-
gesting miR-143-3p did not affect the maintenance of SSCs. However,
overexpression of miR-143-3p significantly suppressed STRA8 and
SYCP3 expression (Figures 4A and S5A). Similarly, the proportion
of SYCP3-positive cells decreased after miR-143-3p mimic transfec-
tion (Figure 4B). These results suggested that miR-143-3p overex-
pression inhibited SSC differentiation by down-regulating STRA8
and SYCP3 expression.

We then predicted potential targets of miR-143-3p involved in regu-
lating SSC meiosis, identifying retinoic acid (RA) receptor RARg as a
candidate target. Luciferase reporter assays confirmed that miR-143-
3p bound to the 30UTR of Rarg (Figure 4C). In contrast, the miR-143-
3p inhibitor disrupted the binding of miR-143-3p to Rarg 30UTR ris-
ing luciferase activity (Figure S5B). Overexpression of miR-143-3p
downregulated RARg expression (Figures 4D and S5C). Similar to
the effects of the miR-143-3p mimic, blocking the expression of
RARg significantly inhibited STRA8 and SYCP3 expression
(Figures 4E and S5D), and reduced the proportion of SYCP3-positive
cells (Figures 4F and S5E).

RARg is one receptor of RA, and to investigate its role in the regula-
tion of SSC differentiation, we added exogenous RA to stimulate the
response of RARg and compared the response of RA by the SSCs
transfected with miR-143-3p. We found that the expression of
SYCP3 was significantly upregulated after SSCs stimulated with RA.
In contrast, exogenous overexpression of miR-143-3p inhibited RA
binding to RARg, thereby decreasing SYCP3 expression
(Figures 4G and S5F). These results suggested that miR-143-3p in-
hibited SSC differentiation by targeting Rarg.
EVs mediate the transfer of miR-143-3p from SCs to both LCs

and SSCs

MiR-143-3p was observed to be abnormally highly expressed in the
testis of aged mice, particularly in SCs (Figure 5A). To investigate
the origin of miR-143-3p in LCs and SSCs, SCs were co-cultured
with LCs and SSCs for 48 h, respectively. We found the amount of
mature miR-143-3p in either LCs or SSCs was significantly upregu-
lated in the same pattern after being co-cultured with SCs (Figure 5B),
but this effect was blunted when SCs were treated with the EV inhib-
itor GW4869 (Figure 5B). However, no differences in pri-miR-143
(si-NC) or Lhcgr siRNA (si-Lhcgr) for 48 h. Statistical data are shown in Figures S2A and S

was collected to test testosterone by RIA, and LC was collected to detected cAMP by EL

143-3p or NC mimic for 48 h. The data are presented as the mean ± SD of at least three

with multiple comparisons tests (F) and (J); **p < 0.01, ***p < 0.001, ****p < 0.0001, an
levels were detected (Figure 5C). This suggested that mature miR-
143-3p may be generated from SCs and delivered to LCs and SSCs
by EVs. EVs are particles that are released by cells and encase lipid bi-
layers, which are important mediators of intercellular communica-
tion. Additionally, to further determine whether miR-143-3p transfer
was mediated by the release of SC-derived EVs, we co-cultured SCs
with either LCs or SSCs, where the cells were separated by a mem-
brane of 0.4 mm pore size to prevent direct cell contact or transfer
of larger vesicles. FAM-labeled miR-143-3p-transfected SCs were
placed in the upper chamber of a transwell co-culture system. Either
LCs or SSCs were seeded in the lower chamber (Figure 5D). FAM-
labeled-miR-143-3p in either LCs or SSCs was also significantly
increased when SCs were cultured with either LCs or SSCs
(Figures 5E and S6A), suggesting that EVs mediated the transfer of
mature miR-143 from SCs to either LCs or SSCs.

We then isolated EVs from both young and old SCs, and confirmed
their identity and purity through various methods. TEM and nano-
particle tracking analysis (NTA) revealed a typical cup or sphere-
shaped morphology, with a size range of approximately 80–140 nm
(Figures 5F and 5G). Western blot analysis showed enrichment of
exosomal surface markers CD63 and CD81, while the endoplasmic
reticulum marker Calnexin was not detected, confirming these vesi-
cles were EVs (Figure 5H).

The expression level of miR-143-3p in EVs derived from old SCs was
found to be significantly higher than that in EVs derived from young
SCs (Figure 5I). When we added EVs derived from old SCs (old SC-
Ev) into cultured LCs and SSCs, we observed a significant decrease in
the level of LHCGR (target protein of miR-143-3p) in the LCs (Fig-
ure 5J). These findings suggested that the observed increase in miR-
143-3p levels in recipient cells was due to EV-mediated transfer of
miR-143-3p from SCs to LCs and SSCs, rather than induction of
endogenous miR-143-3p expression in the recipient cells.
TGF-b induces the enrichment of miR-143-3p in SCs

Next, we explored the manner in which miR-143-3p expression is
regulated during SC senescence. We found that compared with young
mice, TGF-b1 levels were significantly increased in old mice
(Figures 6A and S6B) and TGF-b1 induced an increase in the expres-
sion of primary miR-143 (pri-miR-143) and mature miR-143-3p in
SCs (Figure 6B). Additionally, treatment of SCs with SB431542
(SB4), a specific inhibitor of the TGF-b receptor ALK5, completely
abolished the induction of miR-143-3p (Figure 6B). Similarly, TGF-
b1 increased the expression of mature miR-143-3p and SB431542 in-
hibited the levels (Figure 6C) in EVs from SCs. These results sug-
gested that TGF-b1 signaling positively regulates transcription of
miR-143.
2B. (I) After LCs were transfected with Lhcgr siRNA for 24 h, LC culture supernatant

ISA. (J) Testosterone concentration of LCs co-treated with the FSK (5 mM) and miR-

independent experiments, unpaired t test (A), (B), (G), (H), and (I); one-way ANOVA

d ns = not significant.
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Figure 4. miR-143-3p inhibited SSCs differentiation by targeting Rarg

(A) The protein expressions of STRA8, GFRa1, and SYCP3 after miR-143-3p overexpression in spermatogonial stem cells (SSCs) were detected. Statistical data are shown in

Figure S5A. (B) Detection of SYCP3 (green) in SSCs transfected with the miR-143-3p mimic or NC mimic by immunofluorescence, mimic-NC = simulated negative control.

Scale bars, 50 mm. (C) TargetScan predicted that miR-143-3p binds to the 30 UTR ofRarg. Thewild-type andmutant vectors (Psi-Check 2 containing wild-type or 30UTRRarg

mutant) were co-transfected with NC mimic or miR-143-3p mimic into HEK293T cells, and the relative renilla luciferase activity was measured and normalized to firefly

luciferase activity. (D) RARg protein levels in SSCs transfected with the miR-143-3p mimic. The statistics are shown in Figure S5C. (E) The protein level of RARg, STRA8, and

(legend continued on next page)
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In the TGF-b1 signaling pathway, TGF-b1 binds to transmembrane
receptors, which in turn activates the Smads. In the nucleus, the
Smad complex interplays with DNA to control gene expression. In
SCs, we found that TGFb1 increased the protein level of phospho-
rated Smad2 (p-Smad2) and had no obvious influence on Smad3
and Smad2 (Figure S6C), indicating that TGF-b1 plays a role in tran-
scriptional regulation by activating Smad2 in SCs. To gain insight into
the mechanism of miR-143 transcription regulation, we analyzed the
pri-miR-143 promoter. Our findings suggested that Smad2 may func-
tion as a transcription factor that binds to the promoter of the miR-
143 gene. Overexpression of Smad2 significantly increased the
expression of miR-143-3p (Figure 6D). We identified two putative
Smad2 response elements within the 1.5-kb sequence of the miR-
143 promoter at positions (�850) and (�568) through the Database:
JASPAR (Figure 6E). To investigate the functional significance of
these sites, we generated luciferase reporter constructs driven by the
miR-143 promoter, with or without a mutated Smad2 binding site
(Figure 6F). Notably, luciferase activity was strongly decreased in cells
when the site at position (�850) were mutated, and the activity of the
promoter was enhanced when the sites at position (�568) were
mutated (Figure 6G), indicating that the site (�850) is necessary
for TGF-b-dependent induction of miR-143. Our results demon-
strated that TGF-b signaling may activated miR-143 expression,
and the Smad2 could bound to the promoter of miR-143 and subse-
quently initiated miR-143 transcription.
miR-143-3p mediated feedback loop that directly regulates the

Smad2 by targeting Smurf2

Interestingly, we also observed miR-143-3p overexpression resulted
in an increase in Smad2 phosphorylation in SCs, while inhibition of
miR-143-3p led to a decrease in Smad2 phosphorylation
(Figures 7A and 7B). These findings suggested that miR-143-3p
may have a positive effect on the transcription of its own precursor.

We then found that Smurf2, which functions as a negative regulator
of the TGF-b signaling pathway by degrading phosphorylated Smad2,
is downregulated by miR-143-3p overexpression. In contrast, the
miR-143-3p inhibitor led to a significant increase in Smurf2 expres-
sion and decrease in phosphorylated Smad2 (Figures 7C and 7D).
To further investigated whether Smurf2 is a direct target of miR-
143-3p, we inserted the 30UTR of Smurf2 downstream of a luciferase
reporter and co-transfected it with miR-143-3p constructs (Fig-
ure 7E). Our results showed that miR-143-3p mimics inhibited re-
porter activity, while mutations on the 30UTR relieved this suppres-
sion (Figure 7F). These findings suggested that miR-143-3p
suppressed Smurf2 translation by binding to the 30-UTR of Smurf2,
leading to enhanced activation of Smad-dependent TGF-b signaling.
SYCP3 in SSCs transfected with control siRNA (siRNA-NC), Rarg siRNA (siRNA-Rarg) fo

detected by immunofluorescence in SSCs transfected with siRNA-NC and siRNA-Rar

Protein levels and the result of RARg in SSCs co-transfected with the RA and miR-143

shown as the mean ± SD of at least three independent experiments, unpaired t test (A), (

****p < 0.0001, and ns = not significant.
This subsequently activated the transcription of pri-miR-143, leading
to accumulation of miR-143-3p (Figure 7G).

These results suggested that TGFb activation promotes the transcrip-
tion of miR-143 precursors, leading to an increase in mature miR-
143-3p. miR-143-3p then inhibited Smurf2, which activates Smad2,
further increasing the accumulation of miR-143-3p. This creates a
positive feedback loop that drives the continuous accumulation of
miR-143-3p, ultimately exacerbating the effects of the loop.

Deletion of miR-143 in SCs alleviates male reproductive aging

To investigate the specific role of miR-143-3p derived from SCs in
testis aging, we utilized Amh-Cre: miR-143 fL/fL (miR-143 condi-
tional knockout, miR-143 CKO) mice to delete miR-143 specifically
in SCs (Figure 8A). MiR-143 CKO mice were physically identical to
the wild-type mice (Figure 8B). The size of testes between the two
has no significant difference. This approach resulted in a reduction
of miR-143-3p levels specifically in Sertoli cells (Figures S7A
and S7B).

Though levels of testosterone and overall anatomical structure of
seminal vesicles did not differ between 4-month-old wild-type and
miR-143 CKO (Figures S7C–S7G). The testosterone levels were
significantly higher in 20-month-old miR-143 CKO mice compared
with age-matched wild-type mice (Figure 8C), and the expression
of miR-143-3p remained at a significantly low level (Figure S8A).
We then evaluated the physical performance of wild-type and miR-
143 knockout mice using a series of functional assays. Results showed
that, compared with 20-month-old wild-type mice, miR-143 CKO
mice had a significantly increased grip strength and maximal rotarod
time in age-matched mice, without a significant effect on body weight
(Figures 8D and 8E). These findings suggested that increasing testos-
terone levels in agingmicemay improve their overall health and phys-
ical activity.

Furthermore, the testes of 20-month-old wild-type mice appeared
atrophic and weighed less than those of miR-143 CKO (Figure 8F).
The epithelium of the seminal vesicles in wild-type mice showed ir-
regularities, with spaces separating the epithelium and the liquid
compartment. In contrast, the seminal vesicle epithelial cells from
age-matched 143-knockout mice were tightly packed, similar to
young mice. Additionally, many of the seminiferous tubules in
wild-type mice had lost their cells, giving them an “empty” appear-
ance, while over 90% of the seminiferous tubules from
143-knockout mice still appeared normal (Figure 8G). Additionally,
although no significant changes were observed in the expression of
steroidogenic genes between wild-type and 143-knockout mice (Fig-
ure S8B), the expression of LHCGR, RARg, STRA8, and SYCP3, the
r 48 h. The statistical data are shown in Figure S5D. (F) Protein level of RARg (green)

g for 48 h, scale bars, 50 mm. Fluorescence statistics are shown in Figure S5E. (G)

-3p or NC mimic for 48 h, b-actin was used as the internal reference. The data are

D), and (E), one-way ANOVA with multiple comparisons tests (C) and (G). **p < 0.01,
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targets of miR-143-3p in the testes of 20-month-old miR-143 CKO
male mice, were significantly higher than those in age-matched
wild-type mice (Figures 8H and S8C). The number of SYCP3-positive
spermatogonia was reduced in wild-type male mice compared with
age-matched miR-143 CKO mice at the age of 20 months (Fig-
ure S8D), suggesting that the differentiating spermatogonia popula-
tion is larger in miR-143 CKO male mice than in wild-type male
mice in aging.

Moreover, compared with wild-type mice, miR-143 CKO mice also
exhibited significantly different phenotypes in their epididymides.
Most of the epididymides from 20-month-old wild-type mice had
few sperm, whereas most of the epididymides of age-matched miR-
143 CKO mice were full of sperm (Figure S8E). Moreover, miR-143
CKO mice had a higher total sperm count per ejaculate, as well as a
higher percentage of sperm viability and progressively motile sperm
with normal morphology (Figure 8I). Interestingly, sperm concentra-
tion did not decline with increasing age in miR-143 CKO mice.

To examine the reproductive system of aged miR-143 CKO mice and
their fertility, we conducted breeding experiments by mating
20-month-old male mice with pairs of 10-week-old wild-type female
mice. Out of the five (40%) wild-typemale mice, twomice successfully
sired pups, while five out of five (100%) 143-knockout males re-
mained fertile (Figures 8J, 8K, and S8F).

These findings indicated that the reproductive organs of miR-143
CKO mice maintain a more youthful morphology and function
compared with age-matched wild-type mice even into advanced
age, suggesting that inhibition of miR-143 plays a crucial role in alle-
viating testis aging.

DISCUSSION
Aging is often accompanied by decline in testosterone levels and
decreased fertility,3,4,23 which have a negative impact on pregnancy
outcomes and child development, both in natural conception and as-
sisted reproductive techniques.3,24 The testicular somatic cells are
important components of the testicular microenvironment, which
play a critical role in regulating testicular function and spermatogen-
esis.16 We found that no other steroidogenic genes other than
LHCGR were downregulated in aged mouse testes. It has been re-
Figure 5. EVs mediate the transfer of miR-143-3p from Sertoli cells to both Ley

(A) Detection of the expression of miR-143-3p (green) in testis of young and old mice, sc

expression of miR-143-3p in LCs or SSCs co-cultured with SCs in medium with or witho

miR-143 expression in LCs and SSCs co-cultured with SCs for 48 h were measured by

control. Taqman probe of pri-miR-143was synthesized by Thermo Fisher Scientific (assa

SCs transfected with FAM-labeled miR-143-3p. SCs transfected with FAM-labeled miR

SSCs were plated in the lower chamber. (E) Representative fluorescence images of FAM

143-3p for 24 h, then co-cultured with LCs for 48 h in medium with or without GW4869

from the culture supernatant of young SCs and old SCs, scale bars, 100 nm. (G) NTA w

Western blot analysis of EV markers (CD63 and CD81) and Calnexin in EVs secreted by

EVs (9.0 � 109 particles) from young and old SCs determined by quantitative reverse-tr

(�3.0� 108 particles/mL) from the young or old SCs. The presented data are themean ±

way ANOVA with multiple comparisons tests (D). *p < 0.5, ***p < 0.001, ****p < 0.0001
ported that the expression levels of steroidogenic genes such as
StAR, CYP11A1, CYP17A1, 3b-HSD2, and 17b-HSD3 were not
significantly different in human testis at different ages,25 indicating
that LHCGR is a key target of aging-induced testosterone decline.

EVs have emerged as important mediators of the effects of senescent
cells on their microenvironment.17 EV-derived miRNAs have been
proposed as a non-invasive approach to diagnose diseases or monitor
treatment efficacy.17,18,26 Our study revealed a correlation between
above-normal levels of miR-143-3p in the blood of elderly men and
serum testosterone deficiency. Deletion of miR-143-3p in SCs pre-
vented the decline of age-related testosterone and subfertility, high-
lighting the importance of miR-143-3p-containing EVs in maintain-
ing testicular microenvironment homeostasis and spermatogenesis.
Additionally, the levels of miR-143-3p in serum were positively corre-
lated with those in the testis, indicating that circulating miR-143-3p
may serve as a diagnostic and monitoring marker for age-related
reproductive dysfunction. These findings suggest the potential utility
of miR-143-3p as biomarkers for reproductive dysfunction.

SCs play important roles in mammalian spermatogenesis and testic-
ular function. It has been reported that in men during aging, the
decline in Sertoli cell function occurs earlier than the decline in Leydig
cell function.27 A reduction in Sertoli cell number or proliferation at
any age can lead to a proportional decrease in germ cell and Leydig
cell numbers, ultimately impacting fertility and overall health.28

Our results demonstrate that pri-miR-143 expression was signifi-
cantly higher in SCs from aged mice, suggesting that SCs play a crit-
ical role in age-related testicular dysfunction and impaired spermato-
genesis. The miR-143-3p has been reported to be involved in various
biological processes such as cell proliferation,29,30 differentiation,31,32

apoptosis,33 and autophagy.34,35 In the reproductive system, miR-
143-3p is highly enriched in the mouse ovary and has been shown
to negatively regulate granulosa cell proliferation, cell cycle-related
gene expression, and steroid hormone synthesis.36 However, its role
in the testis is still not fully understood and requires further
investigation.

Our results showed that miR-143-3p targets the Lhcgr gene, inhibiting
testosterone synthesis in LCs and aberrant expression of LHCGR
contributed to aging-associated decline in testosterone. LHCGR
dig cells and SSCs

ale bars, 100 mm. (B) Quantitative reverse-transcription PCR was used to detect the

ut GW4869 for 48 h. Untreated LCs and SSCs were used as the control. (C) The pri-

quantitative reverse-transcription PCR. Untreated LCs and SSCs were used as the

y ID: Mm03306564_pri). (D) Schematic of the co-culture system of LCs or SSCswith

-143-3p were plated in the upper chamber of transwell culture plates, and LCs or

-labeled miR-143-3p (green) in LCs. SCs were transfected with FAM-labeled miR-

, scale bars, 50 mm. (F) Transmission electron microscopy of images of EVs isolated

as used to evaluate the size distribution of EVs secreted by young and old SCS. (H)

adult SCs (ASCs-Ev) or old SCs (OSCs-Ev). (I) The expression level of miR-143-3p in

anscription PCR. (J) LHCGR protein levels and the statistics in LCs treated with EVs

SD of at least three independent experiments, unpaired t test (E), (H), (I), and (J), one-

, and ns = not significant.
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Figure 6. TGF-b triggers the transcription of miR-143 in Sertoli cells

(A) In situ hybridization images show TGF-b1 expression in the testis of young and aged mice, scale bar, 100 mm. (B) The mRNA levels of pri-miR-143 and miR-143-3p in

primary SCs treated with TGFb1 (5 ng/mL) or SB431542 (2 mM) for 24 h. (C) The expression of miR-143-3p in EVs of primary SCs treated with TGF-b1 and SB431542 for 24 h.

(D) miR-143-3p was detected after overexpression of Smad2 in SCs by quantitative reverse-transcription PCR. (E) and (F) Schematic diagram of potential binding sites of

Smad2 in miR-143 gene and mutation in the 50 upstream region sequence of miR-143 recombined to PGL-3 basic vector. It was used to study the promoter motif of miR-

143. (G) The luciferase reporter vector and PRL-TK vector were co-transfected with Smad2 overexpression vector in HEK293T cells for 48 h. The relative luciferase activity of

firefly wasmeasured and normalized to renilla luciferase activity. Data are presented as the mean ± SD of at least three independent experiments, unpaired t test (D), one-way

ANOVA with multiple comparisons tests (B), (C), and (G). *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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mutations can lead to receptor inactivation due to abnormalities in re-
ceptor trafficking and signaling. Previous studies have indicated that
deficiency in LHCGR can lead to a reduction in differentiating sper-
matogonia.37–39 Due to the diversity of miRNA targets, although we
demonstrated a targeting relationship between miR-143-3p and
LHCGR, miR-143-3p still has the possibility of regulating other genes
to cause different phenotypes. Our study also observed that miR-143-
3p played a role in inhibiting spermatogenesis by targeting Rarg,
which is involved in the meiotic initiation process of both sexes and
is expressed by A aligned (Aal) spermatogonia, as well as during
the transition from Aal to A1 spermatogonia.40 RARg requires RA
as a ligand, which binds to RA response elements in the promoter re-
gions of the target gene Stra8.41 The ablation of RARg can impair the
12 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
Aal to A1 transition in some seminiferous epithelium cycles.42 Our
findings suggested that the overexpression of miR-143-3p inhibits
the binding of RA to RARg, thereby reducing SYCP3 expression
and ultimately inhibiting SSC differentiation by targeting RARg.
These results suggested miR-143-3p plays important roles in the
age-related decline of reproductive capacity.

To investigate the regulatory mechanisms underlying the age-related
increase of miR-143-3p in the testis of mice, we examined the expres-
sion of both primary miR-143 (pri-miR-143) and mature miR-143.
Our results showed that TGF-b signaling activated pri-miR-143
expression in a Smad-dependent manner. Specifically, Smad2
was found to bind to the promoter of miR-143 gene and initiate



Figure 7. miR-143-mediated feedback loop that directly regulates the Smad2 by targeting Smurf2

(A) The protein level of p-Smad2, Smad2, and Smad3 in SCs transfected with mimic of miR-143-3p for 48 h. (B) The protein level of p-Smad2, Smad2, and Smad3 in SCs

transfected with inhibitor of miR-143-3p for 48 h. (C) Expression of Smurf2, p-Smad2, and Smad2 in SCs transfected with miR-143-3pmimic for 48 h. (D) The protein levels of

Smurf2, p-Smad2, and Smad2 in SCs transfected with miR-143-3p inhibitor for 48 h. (E) and (F) TargetScan predicted that miR-143-3p binds to the 30 UTR of Smurf2. The

wild-type andmutant vectors (Psi-Check 2 containing wild-type or 30UTR Smurf2mutant) were co-transfected with mimic-NC or miR-143-3pmimic into HEK293T cells, and

the relative renilla luciferase activity was measured and normalized to firefly luciferase activity. (G) Schematic diagram of Smurf2/Smad2/miR-143-3P loop regulation

expression. Data are presented as the mean ± SD of at least three independent experiments, unpaired t test (A–D), one-way ANOVA with multiple comparisons tests (F).

*p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = not significant.
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miR-143 transcription. TGF-b1 has been reported to play a role in a
broad range of biological processes, including development, cell death
and maintenance, aging, and disease.43–45 In the context of reproduc-
tive aging, TGF-b signaling has been shown to regulate oocyte and
germline quality maintenance.46 In our study, we observed an age-
related increase in TGF-b1 expression in the testis of old mice.
TGF-b1 was found to enhance the activation of Smad2 and subse-
quently activate the transcription of pri-miR-143. miR-143-3p was
then shown to inhibit the expression of Smurf2, leading to the
enhanced activation of Smad2. The continuous activation of Smad2
caused by the running of the Smurf2/Smad2/miR-143-3P loop could
lead to the accumulation of miR-143-3p, which could, in turn, termi-
nate the continuous inhibition of testosterone production and SSC
differentiation. It may be possible to mitigate the negative effects of
aging on the reproductive system by disrupting the Smurf2/Smad2/
miR-143-3P loop. However, further studies are needed to fully under-
stand the complex regulatory mechanisms involved and to evaluate
the safety and efficacy of potential therapeutic interventions.

In summary, our study demonstrated the role of SCs in age-related
testicular dysfunction and identified miR-143-3p as a key player in
age-related decline of reproductive capacity. miR-143-3p-containing
EVs secreted by SCs inhibited testosterone synthesis and SSC differen-
tiation, contributing to age-related decline of reproductive capacity.
The Smurf2/Smad2/miR-143-3P loop played a critical role in accumu-
lation ofmiR-143-3p. TargetingmiR-143-3p could be a potential strat-
egy for treating age-related subfertility and reduced testosterone levels.

MATERIALS AND METHODS
Animals and treatments

Four-week-old C57BL/6 mice were purchased from the Experimental
Animal Center of Guangdong Province, China. Animals were main-
tained under 12 h light and dark cycle at controlled temperature (24 ±
2�C) with relative humidity (50%–60%). Standard rodent diet and
drinking water are free. Young mice were raised in the laboratory un-
til 3 months of age, while old mice were raised in the laboratory until
18 months of age. All experiments were carried out accordance with
the National Institute of Health Guidelines for the Care and Use of
Animals and approved by the Institutional Animal Care and Use
Committee(IACUC) of the Jinan University (IACUC Approval:
20210630-04).

Young and old men volunteers recruited

Sixteen young men (aged 21–29 years), 17 middle-aged men (aged
30–49 years), and 16 old men (aged 60–70 years) without underlying
Figure 8. Deletion of miR-143 in SCs alleviates the male reproductive aging

(A) Schematic diagram of specific conditional knockout of miR-143 in SCs performed in

mice. (C) Serum testosterone was measured by radioimmunoassay in 20-month-old W

strength test) in WT and CKOmice (n = 6). (E) Body weight of 20-month-oldWT and CKO

of 20-month-old WT and CKOmice (n = 6). (H) The protein expression of LHCGR, STRA

in Figure S8C. (I) Statistical results of spermatozoa detection (sperm viability, sperm m

Differences in fertility betweenWT and CKOmice. (K) Presentation of the fertility of WT an

test (C)–(F), (H)–(J), *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = not sig
diseases were recruited, and 5 mL of venous blood was collected from
each person before 10:00 a.m. for serum testosterone detection and
circulating RNA isolation. The testicular HE staining samples used
in this study were generously provided by the First Affiliated Hospital
of Sun Yat-sen University. These samples were obtained from pa-
tients with prostate cancer across various age groups. All experiments
were performed in accordance with institutional review board of
Jinan University (JNUKY-2021-052).
Spermatogonial stem cell isolation and culture

Primary spermatogonial stem cells (SSCs) were derived from the
testis of 7-day-old male mice. Testes were treated with 5 mL type
IV collagenase (1 mg/mL) at 37�C for 10 min to remove LCs, Myoid
cells, and blood cells. Digestion was terminated with 10 mL DMEM
medium (Gibco, C11995500BT) without FBS. The suspension was
centrifuged at 100 � g for 2 min and secondly digested with
0.25% trypsin containing 1 mmol/L EDTA (Gibco, 25200072) at
37�C for 10 min. Double volume of DMEM medium containing
10% FBS (ExCell, FSD500) was added to stop the digestion. After
digestion, the cell pellets were re-suspended in complete medium.
and cultured in a cell culture dish for 24 h. The SCs completely
attached to the bottom of the cell dish and SSCs suspended in the
medium. Then, the SSCs were collected and cultured with DMEM
medium with 10% FBS.
Leydig cell and Sertoli cell isolation and culture

Primary Leydig cells (LCs)47 and Sertoli cells (SCs) were obtained
from the testis of a 6-week-old male mouse. Briefly, the testicle strip-
ped of tunica albuginea was incubated with 1 mg/mL type IV collage-
nase (Biosharp, C-5138) in DMEM on a 37�C shaker for 10 min.
Digestion was terminated and divided into two parts: supernatant
and precipitation. The Leydig cells in suspension were collected and
centrifuged at 250 � g for 5 min after filtering through a 40-mm
cell strainer (Falcon, 352340). Cells were re-suspended in DMEM
containing 10% FBS and incubated at 37�C with 5% CO2. Subse-
quently, 0.25% trypsin solution was added to the precipitation for
further digestion on a 37�C shaker for 15 min. The suspension was
filtered through a 100-mm cell filter (Falcon, 352360) and centrifuged
at 250 � g for 5 min to collect the digested cells and re-suspended in
DMEM with 10% FBS. The cell suspension was cultured at 37�C with
5% CO2 for 24 h, the adherent cells were collected and treated with
hypotonic solution (20 mmol/L Tris, pH 7.4) for 2 min to obtain
pure SCs. LCs and SCs were cultured in DMEM supplemented with
10% FBS at 37�C and 5% CO2.
C57 mice. (B) Representative appearance of 20-month-old wild-type (WT) and CKO

T (n = 7) and CKO (n = 6) mice. (D) Detection of motor capacity (Rotarod and Grip

mice (n = 6). (F) Testis weight of WT and CKOmice (n = 6). (G) H&E staining in testes

8, RARg, and SYCP3 in WT and CKOmouse testes, the statistical results are shown

otility, sperm abnormal rate) in 20-month-old WT (n = 7) and CKO (n = 6) mice. (J)

d CKOmice in co-cagemating (n = 5). Data are shown as the mean ± SD, unpaired t

nificant.
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Cell transfection

Primary LCs (5� 105) and SSCs (1� 106) were respectively seeded in
a six-well plate for 24 h. Thirty picomoles siRNA (miR-143 mimic,
inhibitor or respective NC) was transfected to cells with 7.5 mL Lipo-
fectamine RNAiMAX (Invitrogen, 13778150) reagent. After culturing
for 24 or 48 h, the cells were collected for further analysis.

Serum RNA isolation and miR-143-3p detected

Serum was isolated from blood by centrifugating for 15 min at
3500 rpm. Trizol LS reagent (Invitrogen, 10296010) was used to
extract total from 300 mL serum. The collected RNA was dissolved
in 15 mL RNase free water. The quality was determined by Nanodrop
2000 (Thermo Scientific, USA), with 260/280 wavelength being in
range of 1.8–2.0, and yield reaching 400–1000 ng.

The quantitative reverse-transcription PCR was performed by
2 � All-in-One qPCR kit (GeneCopoeia, QP115). The extracted
RNA is polyadenylated using poly(A) polymerase. This enzyme
adds a poly(A) tail to the 30 end of RNA molecules, including micro-
RNAs, which typically lack a poly(A) tail. The reverse-transcription
PCR is performed using a poly(T) primer containing a universal
adapter sequence and a specific oligo (dT) sequence. In detail,
400 ng RNA was used to synthesize cDNA in a 20-mL reaction
including 4 mL 5� PAP/TR buffer, 1 mL RTase mix, and 1 mL
2.5U/mL poly A polymerase. Then performed 37�C for 60 min,
and at 85�C for 5 min. Subsequently, the quantitative PCR was per-
formed using a universal adapter primer and specific primers for
miRNA-143-3p (TGAGATGAAGCACTGTAGCTCAAA). BioRad
CFX manager system (BioRad, USA) was used to perform 95�C for
10 min, followed by 40 cycles of 95�C for 10 s and 60�C for 20 s
and 72�C for 10 s. The relative expression of miR-143-3p was calcu-
lated by the 2�DDCt method normalized by U6.

Quantitative reverse-transcription PCR

Total RNA was extracted from EVs or cells using Trizol reagent (In-
vitrogen, 15596026) according to the manufacturer’s instructions and
levels of specific mRNA were measured by quantitative reverse-
transcription PCR. Total RNA was reverse transcribed using
PrimeScript RT Master Mix (Takara, RR036B). qPCR was conducted
with ChamQ SYBR qPCR Master Mix (Vazyme, Q311-02) according
to the manufacturer’s instructions. All primers were designed by
Primer-BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the
primers used are described in supplemental information (Table S1).
The data were normalized to b-actin or U6. The comparative 2�DDCt

method was used to calculate relative gene expression.

Taqman pri-miR-143 detected assay

The quantitative reverse-transcription PCR taqman probe and
primers of pri-miR-143 were designed by Thermo Fisher. First, 2 mg
RNA was used to synthesize cDNA in a 20 mL reaction, performed
37�C for 60 min, and at 95�C for 5 min (Thermo Fisher, 4387406).
Then, quantitative PCR was performed using pri-miR-143 specific
primers and taqman probe mix (Thermo Fisher, assay ID
Mm03306564_pri) and TaqMan Fast AdvancedMasterMix (Thermo
16 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
Fisher, 4444556) with conducting 50�C for 2 min, 95�C for 20 s, fol-
lowed by 40 cycles of 95�C for 3 s and 60�C for 30 s. The relative
expression of pri-miR-143 was calculated by the 2�DDCt method
normalized by snRNA202.

Western blot

Cells were washed twice with phosphate buffered saline (PBS) at
room temperature. RIPA lysis buffer (Fude, FD008) containing
1 mM PMSF (Fude, FD0100) and phosphatase inhibitor PhosSTOP
(Roche, 4906845001) was added to the cells for 30 min in ice. Then
cell lysate protein concentrations were determined by BCA Protein
Assay Kit (Thermo Fisher Scientific, 23225). Thirty-microgram total
protein samples were separated by electrophoresis on 10% SDS-
PAGE and electro-transferred for 90 min onto PVDF membranes.
Sealing with 5% skimmed milk for 60 min, antibodies (Table S2)
were added and incubated overnight at 4�C.Membranes were washed
five times with Tris-buffered saline containing 0.1% Tween 20 (TBST)
and incubated with a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (1:5,000) at room temperature for 60 min. Mem-
branes were washed again and protein levels were detected by
enhanced chemiluminescence (ECL) kit (Fude, FD8020). The protein
expression levels were normalized by b-actin.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 10 min and washed
with PBS three times. Cells were treated with 0.5% Triton X- for
10 min to increase membrane permeability. Five percent bovine
serum albumin was used to blook the non-specific adhesion sites
for 1 h at room temperature. The cells were incubated with primary
antibodies (Table S2) at 4�C overnight and washed with PBS three
times, then incubated with secondary antibodies (Abcam,
Ab150077) at room temperature for 1 h. Cell nuclei were stained
with 1 mg/mL DAPI solution (Boster, AR1177). The stained samples
were imaged in real time with an ECLIPSE Ni-U upright microscope
(Nikon) and analyzed with ImageJ software.

Co-culture assay

Co-culture experiments were carried out in a 24-mm transwell (Corn-
ing, 3412). Primary SCs were seeded in the upper chamber of the
transwell and transfected with miR-143-3p (FAM) for 24 h. Primary
LCs or SSCs were seeded in the down chamber for 24 h. Then, me-
dium from the upper chamber was removed, and SCs were washed
three times with PBS to remove excess miR-143-3p (FAM) probe.
SCs were co-cultured with LCs or SSCs for 48 h, meanwhile, 10 mM
GW4869 (MedChemExpress, HY-19363) was added to the culture
system to inhibit the production of EVs.

TUNEL assay

Frozen sections of testicular tissue were taken out of the refrigerator at
�80�C and returned to room temperature. Slices were soaked in 1%
Triton X-100 permeable solution for 3–5 min, then washed with PBS.
TdT enzyme reaction solution was added to cover the tissue, and the
samples were placed in a wet box and incubated at 37�C for 60 min in
the dark. In addition, DNase I reaction solution was added to the
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positive group, and the reaction was carried out at 37�C for 30 min
without TdT enzyme. The fluorescein markers were then added to
streptavidin-fluorescein labeling solution and placed in a wet box
for 30 min at 37�C under light. Finally, the nuclei were stained with
DAPI and covered with fluorescence quencher. The stained samples
were imaged in real time using a Nikon forward microscope.

Luciferase reporter assay

The dual-luciferase reporter plasmid and miR-143-p mimic or inhib-
itor were transfected into 293T or TM3 cells for 48 h. Dual-Luciferase
Reporter Assay System kit (Promega, E1910) was used to detect biolu-
minescence. Briefly, 100 mL of Luciferase Reagent was added per well,
mixed with a shaker for 15 s, and incubated at room temperature for
10 min. The fluorescence signal of firefly was detected with full-func-
tion enzyme marker and recorded. Then 100 mL of Stop & Glo Re-
agent was added to each well, and the above operation was repeated.
The fluorescence signal of the kidney was detected 10 min later, and
the data were recorded and analyzed.

EV extraction and isolation

Primary cells were cultured in T75 flasks with completemedium for 24
h. Medium was changed to DMEM containing 5% Knockout Serum
Replacement (Gibco, 10828028) to eliminate the EVs from fetal bovine
serum and continued to culture for 72 h. Then, the medium was
collected and filtered through a 0.22-mm filter (Millipore, slgp033rb).
EVs were collected by differential centrifugation. In short, the super-
natant was centrifuged at 4�C as follows: 300 � g for 10 min, 10,
000 � g for 30 min, and 100,000 � g for 70 min. For EV purification,
particles were subsequently subjected to an additional washing step
with PBS at 160,000 � g for 1 h. Finally, EVs were stored at �80�C.

Nanoparticle tracking analysis

EVs from P1 and P4 generation of SCs were thawed in a 37�C water
bath and re-suspended in 70 mL PBS. Then, 10 mL of EV suspension
was taken for analysis of its size and concentration using Malvern’s
NanoSight NS300 (England).

Transmission electron microscopy

EVs were suspended in 100 mL frozen PBS. Samples were dripped
onto a copper mesh, fixed with 2.5% glutaraldehyde for 5min, washed
with deionized water 10 times, and negatively stained with 40 g/L ura-
nyl acetate for 10 min. The copper mesh was allowed to dry naturally.
Photographs were taken using an electron microscope.

Testosterone measurement

Testosterone concentrations of serum and LC culture supernatant
were measured using radioimmunoassay (RIA) with iodine labeling,
according to the iodine 125I testosterone radioimmunoassay kit (Bei-
jing North Institute of Biotechnology). Blood was centrifuged at
3,500 rpm for 15 min and the upper serum was collected. The cell cul-
ture supernatant was obtained from LC cells cultured in DMEM con-
taining 10% FBS for 24 h. A 50-mL sample and a series of standard
solutions (0, 0.1, 0.5, 2.0, 8.0, 20 ng/mL) were added to 5-mL test
tubes, respectively. Then 100 mL of testosterone antibody was added
to each tube and incubated at room temperature for 1 h. Subse-
quently, 500 mL 125I-T reagent was added and incubated in a 37�Cwa-
ter bath for 1 h to competitively bind with the testosterone antibody.
Next, iodine-labeled separation reagent was added and incubated for
15 min, centrifuged at 3,500 rpm for 15 min to collected precipitate.
Finally, radioactivity was detected by a gamma counter. The curve
was fitted according to the concentration of the standard samples
and the radioactive detection values, and the testosterone concentra-
tion of the samples was calculated.

In situ hybridization of miR-143-3p

After routine dewaxing and rehydration, paraffin sections of mouse
testis tissue were treated with 3% hydrogen peroxide for 5–10 min
at room temperature, and pepsin containing 3% citric acid was added
and digested for 15 min at room temperature, and fixed with 1% para-
formaldehyde for 10 min at room temperature. Pre-hybridization so-
lution was dripped and incubated at 42�C for 2–4 h in the wet box,
and then the tissues were incubated with miR-143-3p probe
(Table S3) at 42�C overnight. The unhybridized probes were washed
away with saline sodium citrate and blocking solution was added to
block non-specific adhesion sites for 30 min at 37�C. The tissues
were then incubated with biotinylated mouse anti-digoxin at 37�C
for 60 min, followed by incubation with streptavidin biotin-peroxi-
dase complex (SABC) for 20 min, incubated with biotinylated perox-
idase for 20 min, stained with DAB substrate, and washed with water.
Then, tissues were dehydrated with alcohol, transparent with xylene,
sealed and observed using the Nikon microscope. This customized
miR-143-3p probe for detection purposes was provided by Boster.

Oil red O staining

The frozen sections of testicular tissue were washed three times in
distilled water for 3 min each time, soaked in 60% isopropanol for
30 s, and then stained in modified Oil Red O staining solution for
10 min. Then the sections were washed in 60% isopropyl alcohol to
remove the background staining, and stained with hematoxylin for
5 min. The sections were dried and sealed with glycerin gelatin, and
then the morphology of tissue lipid droplets was observed and photo-
graphed by microscope (Nikon).

Testicular injection of miR-143-3p agonist and antagonist

After randomization of 4-week-old male C57BL/6J mice, the mice
were kept for 1 week, and after anesthesia with 1% sodium pentobar-
bitone, 50 nmol of the miR-143-3p agomir (a double-strand miR-
143-3p mimic with cholesterol and 20OME modification), miR-143-
3p antagomir or their controls were dissolved in 400 mL of PBS and
slowly injected into the bilateral testis of 10 mice with 15 mL per testis.
This is equivalent to 1.875 nmol siRNA per testis. These nucleic acid
drugs (Table S4) were purchased from Ribobio. In addition, the se-
quences of miR-143-3p agomir and antagomir are listed in the
Table S4.

Sperm motility quality test

One side of the cauda epididymis was taken out and placed into a 1.5-
mL EP tube containing 1 mL PBS at 37�C, then, cut and incubated at
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37�C for 10 min to release sperm. After the sperm were fully released,
the sperm suspension was mixed thoroughly, and 10 mL of sperm sus-
pension was aspirated to a sperm counting plate with a depth of
60 mm. The motility, viability, and number of mouse sperm were
analyzed by computer-assisted semen analysis system (CASA), and
malformation rate was calculated manually.

Statistical analysis

All experiments were repeated at least three times, and data were ex-
pressed as the mean ± 1 standard deviation around the mean (SD).
Statistical analyses were performed by GraphPad prism 8 software.
Statistical analyses were performed with an unpaired Student’s t
test or one-way ANOVA using Dunnett’s multiple comparisons test
for more than two groups. A p value <0.05 was considered statistically
significant.
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