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Abstract

Extracellular vesicles (EVs) originating from testicular somatic cells act as pivotal intermediaries in cell signaling cross-
talk between spermatogenic cells and the testicular microenvironment. The intricate balance between palmitoyla-
tion and depalmitoylation governs the positioning of protein cargos on the membrane, thereby influencing cellular
activities by concentrating these proteins in EVs for delivery to recipient cells. Here, we reveal that GNA13 undergoes
specific S-palmitoylation at Cys14 and Cys18 residues in Sertoli cells (SCs), a modification essential for its localization
to the plasma membrane. We identify DHHC13, a member of the zinc finger DHHC-type palmitoyltransferase fam-
ily that catalyzes protein S-palmitoylation, as the enzyme responsible for this critical post-translational modification.
Additionally, GNA13 palmitoylation is indispensable for its selective enrichment in EVs emanating from SCs. Intrigu-
ingly, we discovered the presence of palmitoylated GNA13 in SC-derived EVs significantly downregulates autophagy
levels in spermatogonial stem cells (SSCs), and the inhibition of GNA13 palmitoylation attenuates its interaction

with ARHGEF12 which leads to diminished RhoA activity and consequent elevation of autophagy in SSCs. Our results
illuminate the crucial role of DHHC13-mediated GNA13 S-palmitoylation in modulating autophagy levels in SSCs
through SCs-derived EVs, suggesting that PM-GNA13-EV may serve as a potential candidate for further exploration

in addressing fertility-related challenges during spermatogenesis.
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revealing their instrumental roles in the preservation
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of testicular spermatogenesis [6—8]. Specifically, within
the seminiferous tubules, these EVs have been found to
carry MicroRNA- 486 - 5p, a critical factor that promotes
the differentiation of spermatogonial stem cells (SSCs)
[9]. Our latest study further corroborates the protective
effects of EVs, demonstrating that small RNAs within EVs
derived from mouse Sertoli cells effectively mitigate SSC
apoptosis [10]. While post-translational modifications
(PTMs) of proteins encapsulated within EVs are emerg-
ing as promising biomarkers for various clinical applica-
tions [11-13], the repertoire and functional significance
of PTMs in Sertoli cell-derived EVs during spermatogen-
esis remain largely unexplored.

S-palmitoylation is a dynamic and reversible post-
translational lipid modification characterized by the
covalent attachment of a 16-carbon palmitic acid moi-
ety to cysteine residues via labile thioester bonds. This
enzymatic process is chiefly mediated by palmitoyl acyl-
transferases (PATs), which are defined by their signature
DHHC (Asp-His-His-Cys) motif. Through modulating
membrane affinity or protein conformation, S-palmi-
toylation exerts a profound influence on a range of cel-
lular activities, including protein-membrane interactions,
intracellular trafficking, stability, and protein—protein
interactions [14—17]. Accumulating evidence increas-
ingly emphasizes the critical function of palmitoylated
proteins in the regulation of male spermatogenesis. The
abnormal palmitoylation disorder plays a key role in the
destruction of blood-testis barrier (BTB), the blocking of
autophagy degradation, and the abnormality and apop-
tosis of sperm during spermatogenesis [18—21]. Recent
studies also spotlight the heterogeneity in the composi-
tion of palmitoylated proteins within EVs originating
from differently sized prostate cancer cells [22]. Addi-
tionally, the palmitoylation of Alix, a well-established
EV marker, is implicated in the preservation of vesicu-
lar architecture [23]. Remarkably, the palmitoylation of
ACE2, localized on the surface of EVs, has been shown
to confer protective effects against SARS-CoV- 2-induced
pulmonary inflammation [24].

Guanine nucleotide binding protein, alpha 13
(GNA13), also known as Gal3, is a key a-subunit of
heterotrimeric G proteins, responsible for mediating
signal transduction from G protein-coupled receptors
(GPCRs) [25]. Its expression is ubiquitous across vari-
ous tissues, encompassing liver [26], lymphatic system
[27], and testes [28]. In the context of human spermato-
genesis, GNA13 not only contributes to the process but
also undergoes nuclear translocation, underscoring its
multifaceted role [28]. Although GNA13 in EVs has been
reported in breast cancer cells [29], whether it plays a
role in EVs of testicular cells remains unknown. Intrigu-
ingly, recent discoveries have highlighted the capability of
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GNA13 to modulate the expression of BCL2 in germinal
center B-cell-like diffuse large B-cell lymphoma (GCB-
DLBCL) cells, and this regulatory activity is contingent
on its palmitoylation status [30].

In this study, we elucidate the functional role of GNA13
S-palmitoylation at Cysl4 and Cysl8 residues within
mouse Sertoli cells, a modification crucial for its plasma
membrane localization. We identify DHHC13 as the
key palmitoyl acyltransferase responsible for this post-
translational modification. Intriguingly, the palmitoylated
form of GNA13 is selectively enriched in EVs released by
Sertoli cells and acts as a modulator of autophagy levels in
SSCs. We further demonstrate that inhibition of GNA13
palmitoylation compromises its interaction with ARH-
GEF12, leading to a subsequent decline in RhoA activity
and elevated autophagy in SSCs. Our findings shed light
on the complex interplay between DHHC13-mediated
GNA13 palmitoylation and autophagy regulation in SSCs
via SCs-derived EVs, offering novel mechanistic insights
into spermatogenesis. These discoveries also contribute
to a deeper understanding of the pathological basis and
potential therapeutic strategies for male infertility linked
to aberrant palmitoylation levels.

Results

Collection and identification of extracellular vesicles

from primary mouse sertoli cells

Mouse Sertoli cells (SCs) were isolated and purified at the
pubertal stage, specifically at 3 weeks postpartum. The
expression of SC-specific markers, GATA4 and SOXO9,
was confirmed through immunodetection (Figs. 1A and
B). Extracellular vesicles (EVs) were harvested from the
conditioned medium of SCs, which was pre-cleared of
EVs. Scanning electron microscopy revealed that these
SCs-derived EVs exhibited a consistent morphology,
with a characteristic diameter of approximately 50—-100
nm (Fig. 1C). Nanoparticle tracking analysis (NTA) fur-
ther corroborated these findings, demonstrating that
the majority of EVs fell within the size range of 50-100
nm, with a peak in the diameter distribution at 96 nm
(Fig. 1D). Western blot analysis was conducted to vali-
date the presence of canonical EVs markers, including
CD63, HSP70, and ALIX (Fig. 1E).

The palmitoylation inhibitor 2-BP alters the protein
distribution in extracellular vesicles from mouse sertoli
cells

To more definitively ascertain the presence of protein
palmitoylation in SCs-derived EVs, we performed a pro-
teomic analysis on both native and 2-bromopalmitate
(2-BP)-treated EVs harvested from primary mouse SCs.
Initially, we employed lentiviral vectors carrying specific
palmitoylation modification sites to infect primary SCs.
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Fig. 1 Separation and identification of extracellular vesicles derived from mouse primary Sertoli cells. A The Sertoli cells (SCs) purity was verified
by PCR assay for the detection of GATA4, SOX9, PLZF, and 3B-HSD gene expression. B Detection of the expression of SCs-related markers SOX9
and GATA4 by immunofluorescence. Scale bar, 100 um. C Observation of extracellular vesicles (EVs) morphology through scanning electron
microscope (SEM). D Hydrodynamic size distribution of SCs-derived EVs measured by NanoSight. E WB of testis and EVs fractions blotted

with antibodies raised against membrane EV-positive marker CD63 and cytosolic EV-positive markers (HSP70 and ALIX)

Under the influence of 125 pM of 2-BP, we observed a
significant retention of red fluorescence in the cellular
cytoplasm (Fig. 2A). Thereafter, we utilized 4D label-free
proteomics to quantify the proteomes of SCs and their
corresponding EVs, both in control and 2-BP-treated
conditions. Our analyses identified 2,724 and 2,515 pro-
teins in the control and 2-BP-treated EVs, respectively,
while 5,421 and 5,414 proteins were identified in the cor-
responding SCs (Supplemental Material 1). Among these,
2,148 proteins were common to all four sample types.
Furthermore, a total of 2,169 proteins were concurrently
identified in both control and 2-BP-treated EVs sets
(Figs. 2B and C). Correlation analyses between the sam-
ples revealed a modest correlation coefficient of 0.489
between the proteomes of control and 2-BP-treated EVs
(Figs. 2D and E).

Analysis of differentially expressed proteins in mouse
sertoli cell-derived extracellular vesicles treated with 2-BP
To analyze differentially expressed proteins between NC
(Normal Control) EVs and 2-BP-treated EVs, we iden-
tified 385 proteins with a Log2 FC >1 as listed in Sup-
plemental Material 2. Gene Ontology (GO) enrichment
analysis revealed that, in comparison to the 2-BP-treated

group, NC EVs exhibited differential expression of pro-
teins involved in DNA replication, protein transport,
and intracellular protein trafficking. Additionally, KEGG
pathway enrichment highlighted differences in protein
processing within the endoplasmic reticulum, protea-
some function, RNA transport, splicing, endocytosis, and
fatty acid metabolism (Figs. 3A and B). To assess poten-
tial palmitoylation sites, we employed GPS-Palm soft-
ware to analyze the top 15 highly enriched proteins in the
NC EVs. Remarkably, all 14 analyzed proteins exhibited
predicted palmitoylation sites, with 10 of them show-
ing prediction scores above 0.9. This group included the
palmitoylated protein STAT3 [31] (Table S1). To vali-
date these findings, 10 putative palmitoylated proteins
were shortlisted (Table S2) and cloned into GFP-tagged
expression vectors for transfection into primary SCs.
Cells were then treated with 125 pM 2-BP for 24 h. Flu-
orescence microscopy revealed that the GFP-GNAI3
control group showed membrane localization, whereas
upon 2-BP treatment, GFP-GNAI3 remained in the
cytoplasm (Fig. 3C). The subcellular localization of the
other nine proteins remained largely unchanged (Fig-
ure S1). Cell fractionation analysis also confirmed that
treating TM4 cells with 2-BP significantly reduced the
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Fig. 2 The palmitoylation inhibitor 2-BP alters the expression of the proteome in Sertoli cells and their derived extracellular vesicles. A Treatment
of primary mouse Sertoli cells (SCs) infected with palm-mCherry lentivirus with 0 uM and 125 uM 2-BP for 24 h. Scale bar, 50 um. B Venn diagram

of the number of proteins identified in four different studies (n = 3). C and D Two-dimensional and three-dimensional principal component analysis
reveal the expression patterns and correlations of four different groups of proteins (n = 3)

levels of endogenous GNA13 associated with the PM
fraction, without affecting the overall GNA13 protein
levels (Fig. 3D). Western blot analysis further confirmed
a marked reduction in GNA13 levels in EVs from 2-BP-
treated SCs compared to NC EVs (Fig. 3E). These obser-
vations suggest that palmitoylation is a key modulator of
GNA13 enrichment in SCs-derived EVs.

DHHC13 mediates the palmitoylation of cysteine residues
at positions 14 and 18 in GNA13

To investigate the palmitoylation status of GNA13 in
primary mouse Sertoli cells, we employed an acyl-PEG
exchange (APE) assay. This allowed for the isolation and
semi-quantitative assessment of palmitoylated proteins.
We found that endogenous GNA13 was extensively

palmitoylated, with up to 90% modification observed.
The omission of hydroxylamine (HAM) treatment
effectively negated this palmitoylation, suggesting that
GNA13 undergoes S-palmitoylation via thioester link-
ages (Figs. 4A and B). We then proceeded to identify the
specific cysteine residues in GNA13 that could poten-
tially be subject to palmitoylation. Computational analy-
sis using GPS-Palm software predicted the L-cysteine
sites at positions C14, C18, and C329 as likely candidates
for palmitoylation modification. To validate these predic-
tions, HA-tagged GNA13 as well as a series of cysteine
mutants (GNA13-C14S, GNA13-C18S, GNA13-C329S,
GNA13-C14S/C18S, GNA13-C14S/C329S, GNAI3-
C18S/C329S, and GNA13-C14S/C18S/C329S) were
transfected into TM4 cells (Fig. 4C). Notably, HA-GNA13
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Fig. 3 2-BP inhibits the membrane localization of GNA13 and suppresses its enrichment in EVs derived from SCs. A and B GO and KEGG pathway
analysis charts of differentially expressed proteins in EVs and 2-BP EVs (n = 3). C Immunofluorescence distribution of the GFP-GNA13 in TM4 cells
treated with 125 uM 2-BP for 24 h. D In TM4 cells expressing GNA13 and treated with 125 pM 2-BP for 24 h, the GNA13 levels in the PM and ICM
were examined using Western blot. ATP1 A1, Calnexin, and 3-Actin were utilized as indicators for PM, ICM, and WCL, respectively. PM plasma
membrane, ICM intracellular membrane, WCL whole-cell lysate. E Western blot analysis of GNA13 expression in 125 uM 2-BP treated SCs and their

derived EVs

localized to the cell membrane, while the GNA13-C14S
and GNA13-C18S mutants were predominantly found
in the nucleoplasm. Furthermore, the GNA13-C329S
mutant exhibited a subtle relocalization from the mem-
brane to the cytoplasm (Fig. 4D). Subcellular fractiona-
tion assays confirmed that transfection of TM4 cells with

the GNA13-C14S and GNA13-C18S mutants led to a
significant decrease in membrane-bound GNA13 lev-
els without affecting overall GNA13 protein expression
(Fig. 4E). Using the acyl-biotinyl exchange (ABE) method,
it was demonstrated that the GNA13 of C14/18S could
not be palmitoylated (Fig. 4F). This strongly suggests that
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the C14 and C18 sites are the primary loci for palmitoyla-
tion modification in GNA13. The palmitoylation of pro-
teins is catalyzed by the DHHC family of palmitoylation
modifiers [32]. The proteomic analysis revealed that six
palmitoyl acyltransferases (PATs)—DHHC5, DHHC6,
DHHC13, DHHC17, DHHC20, and DHHC2l—are
expressed in primary mouse SCs, as detailed in Table S3.
Co-immunoprecipitation (Co-IP) assays showed that
when HA-tagged GNA13 was co-transfected with any
of the six Flag-tagged PATs into TM4 cells, a specific
interaction between GNA13 and DHHC13 was observed
(Fig. 4G). Furthermore, the reconstituted expression of
GNA13-C14S and GNA13-C18S mutants weakened their
interaction with DHHC13 (Fig. 4H).

The palmitoylated GNA13 carried in sertoli cell-derived
extracellular vesicles inhibits the autophagy

of spermatogonial cells

To further explore the role of GNA13 palmitoylation in
EVs enrichment, we collected exosomes from TM4 cells
transfected with either HA-tagged GNAI13 or its palmi-
toylation-deficient mutants HA-GNA13-C14S/C18S.
Western blot analysis revealed a substantial decrease in
HA levels in EVs from TM4 cells transfected with HA-
GNA13-C14S/C18S, compared to those transfected with
WT-GNA13 (Fig. 5A). We then exposed primary mouse
SCs-derived EVs to both primary mouse spermatogonia
and the C18 -4 cell line. The results showed that SCs-
derived EVs notably attenuated autophagy levels in both
cell types (Figures S2 A and B). To assess the influence of
GNA13 on autophagy in spermatogonial cells, we trans-
fected C18 -4 cells with GNA13-siRNA and HA-GNA13
(Figure S3). Knockdown of GNA13 led to a marked
decrease in ATG5 and LC3B expression levels while
increasing P62 protein levels (Figs. 5B and C), suggesting
GNA13 plays a critical role in autophagy in spermatogo-
nial cells. Subsequent transfections of HA-GNA13 into

(See figure on next page.)
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C18 -4 cells confirmed that GNA13 significantly sup-
pressed autophagy (Figs. 5C and D). Together, these find-
ings indicate that the palmitoylation of GNA13 not only
affects its enrichment in EVs but also significantly inhib-
its the level of autophagy in spermatogonial cells.

The palmitoylated GNA13 binds with ARHGEF12 to promote
RhoA signaling in spermatogonial cells

To explore how GNA13 regulates autophagy, we trans-
fected C18 -4 cells with HA-GNA13 and performed co-
immunoprecipitation (Co-IP) assays using HA-specific
antibodies. Silver staining revealed differential protein
enrichment profiles between the experimental and con-
trol groups (Fig. 6A). Proteomic analysis identified 373
proteins in the IgG control group and 541 proteins in
the HA-targeted group; among these, 219 proteins were
uniquely enriched in the HA group (Figs. 6B and C). A
combined analysis using STRING database and our pro-
teomic data highlighted three key interacting proteins:
ARHGDIA, ARHGEF12, and GNBI1 (Figs. 6D and E). It
is well-established that RhoA operates as a downstream
effector in G-protein-coupled receptor pathways linked
to GNA13 [33]. RhoA has also been implicated in the
regulation of autophagy [34]. Notably, ARHGEF12 has
a strong association with the RhoA signaling pathway.
Co-IP assays confirmed a direct interaction between
GNA13 and ARHGEF12, and this interaction was signifi-
cantly diminished when the GNA13-C14S/C18S mutant
was employed (Fig. 6F). Immunofluorescence assays
further corroborated the reduced affinity between the
GNA13-C14S/C18S mutant and ARHGEF12 in C18 -4
cells (Fig. 6G). Subsequent Western blot analysis showed
that while wild-type GNA13 elevated the expression
levels of RhoA in C18 -4 cells, the GNA13-C14S/C18S
mutant had no discernible impact on RhoA expression
(Fig. 6H).

Fig. 4 DHHC13 palmitoylates GNA13 at Cys14 and Cys18 to maintain GNA13 PM localization. A Palmitoylation of GNA13 was analyzed by ABE

and Western blot in SCs. The presence or absence of hydroxylamine (HAM) during the reaction was used as a control for reaction specificity. Western
blot analysis with streptavidin-beads pulldown is shown depicting the banding pattern of S-palmitoylated GNA13. B APE assay was performed

to analyze the GNA13 palmitoylation in SCs. The top band indicates the palmitoylated GNA13 (PEG-GNA13). C Information on point mutation
vectors for the GNA13 protein. D In TM4 cells expressing either WT-HA-GNA13 or GNA13-C14/18S, Western blot was employed to examine GNA13
levels within PM and ICM fractions. ATP1 A1, Calnexin, and 3-Actin were utilized as indicators for PM, ICM, and WCL respectively. PM plasma
membrane, ICM intracellular membrane, WCL whole-cell lysate. E TM4 cells with reconstituted expression of WT-HA-GNA13 or GNA13-C14/18S
were incubated with Goat Anti-Mouse Alexa Fluor 594. GNA13 cellular localization was visualized by immunofluorescent staining using an antibody
against HA. Scale bar, 25 um. F TM4 cells with reconstituted expression of WT-HA-GNA13 or GNA13-C14/18S were treated with 125 uM 2-BP for 24 h.
Palmitoylation levels of GNA13 were analyzed by ABE assay. Western blot analysis with streptavidin-beads pulldown is shown depicting the banding
pattern of S-palmitoylated GNA13. G Immunoprecipitation (with an anti-HA antibody) and immunoblot analysis of TM4 cells transfected

with plasmids encoding WT-HA-GNA13 and Flag-DHHCS5, Flag-DHHC6, Flag-DHHC13, Flag-DHHC17, Flag-DHHC20 or Flag-DHHC21 for 24 h. HTM4
cells with reconstituted expression of Flag-DHHC13 and WT-HA-GNA13 or GNA13-C14/18S for 24 h. Palmitoylation levels of GNA13 were analyzed
by ABE assay. Western blot analysis with streptavidin-beads pulldown in the absence or presence of HAM is shown depicting the banding pattern

of S-palmitoylated GNA13
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Fig. 5 GNA13 inhibits the level of autophagy in C18 -4 cells. A TM4 cells with reconstituted expression of HA-GNA13 and GNA13-C14/18S for 24

h. GNA13 protein levels in TM4 cells-derived EVs were assessed by Western blot. B Western blot analysis was performed to determine changes

of autophagic molecules when GNA13 knockdown (si-GNA13) or control non-specific siRNA (si-NC) were transfected in C18 -4 cells for 24 h.

C Western blot analysis was performed to determine changes of autophagic molecules when GNA13 overexpressed (HA-GNA13) or empty vector
(HA-Vector) were transfected in C18 -4 cells for 24 h. D MDC stained vesicles were visualized in HA-GNA13 or HA-Vector, and si-GNA13 or si-NC were

transfected in C18 -4 cells for 24 h. Scale bar, 25 um

Discussion

Testicular somatic cell-derived extracellular vesicles
(EVs) are gaining recognition as pivotal mediators of cel-
lular signaling cross-talk between spermatogonial cells
and the testicular microenvironment [6]. These EVs orig-
inating from Sertoli cells have been shown to orchestrate
spermatogenesis through the transfer of miRNAs and
proteins [8]. Notably, these EVs have been implicated in
processes such as spermatogonial stem cells (SSCs) dif-
ferentiation [9] and proliferation [35]. In this study, we
substantiate the inhibitory role of GNA13, enriched in

EVs from Sertoli cells, in regulating autophagy levels in
spermatogonial cells. The enrichment of GNA13 in EVs
is predominantly mediated by its palmitoylation modifi-
cation. Additionally, DHHC13 within Sertoli cells (SCs)
catalyzes the palmitoylation of GNA13 at the position
14 and 18 cysteine residues. Impeding palmitoylation
of GNA13 leads to reduced content of GNA13 in EVs.
Notably, the GNA13-mediated regulation of spermato-
gonial cell autophagy relies on the interaction between
palmitoylated GNA13 and ARHGEF12, activating RhoA
expression.
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Fig. 6 Palmitoylated GNA13 promotes the expression of RhoA protein in C18 -4 cells by binding to ARHGEF12. A C18 -4 cells transfected

with control vector or HA-GNA13 were lysed, anti-HA antibody was used for immunopurification, and irrelevant IgG was used for control. We used
mass spectrometry to analyze protein bands that were acquired by dealing with eluent with silver staining. Some binding proteins were verified

in C18 -4 cells. B and C Differential enrichment analysis of HA and IgG groups in Co-IP pull-down assay. D and E Interactive analysis of STRING

data and Co-IP mass spectrometry results. F C18 -4 cells transfected with WT-GNA13 and GNA13-C14/18S for 24 h. Whole cell lysates (WCL) were
used for Co-IP and western blotting with anti-HA and irrelevant IgG (Control). G Representative images of GNA13 immunostaining colocalization
with ARHGEF12 in C18 -4 cells with transfecting WT-GNA13 and GNA13-C14/18S for 24 h. Scale bars, 50 um. H Western blot analysis was performed
to determine changes of RhoA when WT-GNA13 or GNA13-C14/18S were transfected in C18 -4 cells for 24 h

Membrane localization plays a pivotal role in sorting
cargo into EVs [36]. The membrane localization of pro-
tein cargo relies on dynamic regulation of palmitoylation
and depalmitoylation [37-40]. To investigate whether
cargo within EVs derived from SCs is associated with
protein palmitoylation modifications, we observed pro-
found changes in the protein spectrum of SCs-derived
EVs upon treatment with the palmitoylation inhibitor
2-bromopalmitate (2-BP). Although our Sertoli cell iso-
lation protocol achieved >95% purity, a minor presence
of other testicular cell types cannot be entirely ruled
out. However, the proteomic analysis focused on EVs
derived specifically from Sertoli cells, as evidenced by
the enrichment of SC-specific marker SOX9. Addition-
ally, stringent criteria (Log2 FC > 1) were applied to filter
out proteins potentially contributed by non-target cells.
Intriguingly, the current study revealed that under 2-BP

treatment, GFP-GNA13 localization underwent a signifi-
cant shift from the plasma membrane to the cytoplasm,
which is consistent with previous report by Xia et al. [30]
Additionally, we observed a substantial reduction in the
enrichment of GNA13 within SCs-derived EVs following
2-BP treatment. These findings indicate that palmitoyla-
tion regulates the secretion of GNA13 in EVs. Utilizing
acyl-biotin exchange (ABE) assays, we confirmed that
GNAI13 can be strongly palmitoylated at Cysl4 and
Cys18 residues. Moreover, the substitution of serine for
the Cys14 and Cys18 residues eliminated the palmitoyla-
tion of GNA13, leading to a disruption in its membrane
localization and reduced secretion into EVs. Addition-
ally, we identified the palmitoyl transferase DHHC13 as
the enzyme responsible for the palmitoylation of GNA13.
Given recent evidence suggesting that the enrichment of
palmitoylation in exosomes impacts various physiological
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and pathological processes [22, 24, 41, 42], the role of
GNA13 within SCs-derived EVs cannot be overlooked in
its impact on SSCs.

Autophagy plays a critical role in the proliferation, dif-
ferentiation, meiotic progression, and spermatogenesis
of SSCs [43—45]. EVs exert an influence on autophagy
levels in target cells through the transfer of miRNAs
and protein cargo [46—49]. In our previous research, we
demonstrated that miR- 10b derived from EVs originat-
ing from mouse SCs inhibits apoptosis in primary sper-
matogonial cells [10]. In the current study, we discovered
that treatment of in vitro cultured SSCs with EVs derived
from SCs significantly suppresses their autophagy lev-
els, which expanded the view of the functions of EVs in
SSCs. Moreover, we found that inhibiting the expres-
sion of GNA13 substantially enhances autophagy and
GNA13 significantly inhibit autophagy levels in C18 -4
cells. This suggests that palmitoylation-modified GNA13
not only affects its enrichment in exosomes but also par-
ticipates in regulating autophagy in spermatogonial cells.
We further identified an interaction between GNA13
and ARHGEF12, a guanine nucleotide exchange factor
(GEF) that specifically activates RhoA by promoting the
exchange of GDP for GTP. ARHGEF12, also known as
LARG (leukemia-associated RhoGEF), is a critical media-
tor of G protein-coupled receptor (GPCR) signaling, link-
ing extracellular signals to intracellular RhoA activation.
Our data demonstrate that inhibiting the palmitoylation
of GNA13 significantly suppresses its binding to ARH-
GEF12, indicating that this interaction is dependent on
GNA13’s palmitoylation status. RhoA, a small GTPase
and proximal downstream effector of GNA13 [50], is
a well-established regulator of autophagy [34, 51-53].
RhoA suppresses autophagy through multiple mecha-
nisms, including the inhibition of autophagosome-lyso-
some fusion and the stabilization of mTORCI1 signaling,
a key negative regulator of autophagy. Notably, we found
that wild-type GNA13 promotes RhoA protein expres-
sion in C18 -4 cells, while the palmitoylation-deficient
mutant GNA13-C14S/C18S fails to do so. This suggests
that palmitoylation of GNA13 within SCs-derived EVs
is essential for maintaining RhoA activity, thereby sup-
pressing autophagy in SSCs. This suggests that palmi-
toylation of GNA13 within SCs-derived EVs suppresses
autophagy in SSCs. Palmitoylation of GNA13 appears to
be essential both for its sorting into EVs and its interac-
tion with ARHGEF12. Palmitoylation may contribute
to more intricate signal interactions in the regulation of
spermatogonial autophagy, thereby influencing the pro-
cess of spermatogenesis.

A critical question arising from our findings is how
Sertoli cell-derived EVs deliver palmitoylated GNA13 to
SSCs within the complex testicular microenvironment.
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Sertoli cells, as polarized epithelial cells, are known to
secrete EVs from both apical and basolateral domains,
targeting distinct cellular niches. For instance, basolateral
EV release may facilitate communication with interstitial
cells or SSCs near the basement membrane, while apical
secretion could directly influence germ cells within the
adluminal compartment [6]. Although our study did not
explicitly map EV release sites, the enrichment of palmi-
toylated GNA13 in EVs suggests a spatially coordinated
mechanism to ensure its delivery to SSCs. Notably, EVs
may bypass the BTB through pre-BTB release or trans-
cytosis, as evidenced by the detection of Sertoli-derived
exosomes in seminal fluid [54]. Importantly, even trace
amounts of EV cargo can exert potent biological effects.
For example, Sertoli EVs carrying miR- 486 -5p have
been shown to robustly activate differentiation path-
ways in SSCs via PTEN downregulation [9]. Similarly,
our data demonstrate that palmitoylated GNA13 in EVs
suppresses SSC autophagy through RhoA activation,
highlighting the functional sufficiency of EV-mediated
protein transfer in modulating stem cell behavior. These
observations collectively support a model wherein Sertoli
cells utilize EV trafficking as a precision tool to regulate
SSC homeostasis, with palmitoylation serving as a criti-
cal determinant of cargo sorting and signaling efficacy.

Conclusion

In conclusion, given the overarching implications of
palmitoylation in various physiological processes and
its evident role in EVs content and signaling [22-24],
there’s a need to delve deeper into the nuanced interac-
tions influenced by this post-translational modification.
Our research findings not only elucidate the palmitoyla-
tion-dependent mechanism of GNA13 but also provides
a foundation for future studies to explore PM-GNA13-
EV as a potential therapeutic avenue for fertility-related
disorders. Additionally, the potential influence of EV-
mediated signaling in the broader context of cell-to-cell
communication in the testicular environment warrants
further investigation. The challenge lies in deciphering
these complex interactions and harnessing them for clini-
cal applications.

Materials and methods

Materials

Mouse monoclonal anti-Gal3(Santa Cruz, Cat#sc-
293424),Mouse monoclonal anti-CD63 (Santa
Cruz,Cat#sc-  5275),Rabbit  polyclonal anti-Hsp70

(abcam, Cat#ab79852), Rabbit monoclonal anti-ALIX
(abways, Cat#CY7215), Mouse monoclonal anti-GATA4
(Santa Cruz, Cat#sc- 25310), Mouse monoclonal anti-
Sox9 (Santa Cruz, Cat#sc- 166505),Mouse monoclo-
nal anti-DDDDK-Tag (ABclonal, Cat#AE005), Mouse
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monoclonal anti-HA-Tag (ABclonal, Cat#AE008), Rab-
bit monoclonal anti-BAX (abways, Cat#CY5059), Rab-
bit monoclonal anti-Bcl- 2 (abways, Cat# CY5032),
Rabbit monoclonal anti-Cleaved Caspase- 3 (CST,
Cat#9664), Rabbit monoclonal Anti-SQSTM1/p62
(PTM BIO, Cat#PTM- 6434), Rabbit monoclonal Anti-
LC3II(PTM BIO, Cat#PTM- 6384), Mouse monoclo-
nal anti-STAT3 (Santa Cruz, Cat#sc- 293151),Rabbit
monoclonal Anti-Rho A (abways, Cat#CY5640),Rabbit
polyclonal anti-ARHGEF12 (proteintech, Cat#22,441—
1-AP), Rabbit monoclonal Anti-ATP1 Al (PTM BIO,
Cat#PTM- 6271), Rabbit monoclonal Anti-Calnexin
(abways, Cat#CY5839), Mouse monoclonal anti-beta
Actin (abways, Cat#AB0011). All antibodies were incu-
bated overnight at 4 °C unless otherwise specified.
HRP-labeled Goat Anti-Rabbit IgG(H +L) (Beyotime,
Cat#A0208), HRP-labeled Goat Anti-Mouse IgG(H +L)
(Beyotime,Cat#A0216),Goat Anti-Rabbit IgG (H +L)
Alexa Fluor 488 (abways, Cat#AB0141), Goat Anti-Rab-
bit IgG (H +L) Alexa Fluor 594 (abways, Cat#AB0151),
Goat Anti-Mouse IgG (H +L) Alexa Fluor 488 (abways,
Cat#AB0142), Goat Anti-Mouse IgG (H +L) Alexa Fluor
594 (abways, Cat#AB0152); 2-Bromopalmitate (2-BP)
(MilliporeSigma, Cat#21604), N-ethylmaleimide (NEM)
(Thermo Scientific”, Cat#23030), BeyoMag ~ Strepta-
vidin Magnetic Beads (Beyotime, Cat#P2151), NH,OH
(Merck, Cat#467804), Dimethylsulfoxide (DMSO)
(Sigma-Aldrich, Cat#D2650), KnockOut SR Medium
(Thermo Scientific'", Cat#10828028),DMEM high glu-
cose (HyClone, Cat#SH30243.01B), fetal bovine serum
(FBS) (zeta-life, Cat#Z27010 FBS- 500), Penicillin-Strep-
tomycin Liquid (Solarbio, Cat#P1400), Lipofectamine "
3000 (Invitrogen, Cat#L3000015), DMEM/F- 12
(HyClone, Cat#SH30023.01B), collagenase type IV
(Sigma-Aldrich, Cat#C5138 -25M@G), 2X RealStar
Power SYBR qPCR Mix (GenStar, Cat#A311), Immo-
bilon® UltraPlus Western HRP Substrate (Millipore,
Cat#WBULP- 20ML), phosphate-buffered saline (PBS)
(Hyclone, Cat#SH30256.LS), Protease Inhibitor Cocktail
(100X) (CST, Cat#5871), Trizol (Beyotime, Cat#R0016),
RIPA Lysis Buffer (MedChemExpress, Cat#HY-K1001),
DAPI (Beyotime, Cat#C1005), Bovine Serum Albumin
(BSA) (Sigma-Aldrich, Cat#V900933), HBSS (Solarbio,
Cat#H1025).

Animals and ethical statement

A total of 30 ICR mice (5-7 days old) were obtained
from the Laboratory Animal Center of Northwest A&F
University (Yangling, China). Mice were euthanized by
cervical dislocation under deep anesthesia induced via
intraperitoneal injection of sodium pentobarbital (100
mg/kg body weight). The care and use of experimental
animals completely conformed to the university animal
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welfare laws, guidelines, and policies. All experimental
procedures were approved by the Institutional Animal
Care and Use Committee of Northwest A&F University
in China.

Cell culture and plasmid construction

Adult mice were obtained from an approved animal
facility and were euthanized them using an approved
method. Sterilize surgical tools with ethanol and sterile
water. Make a midline incision on the scrotum to expose
the testes, then excise and transfer them to a Petri dish
containing chilled HBSS. Rinse the testes with HBSS to
remove blood and connective tissue. Finely mince the
testes using sterile scissors in a clean Petri dish. Digest
the minced tissue with collagenase type IV (1 mg/mL in
DMEM/E- 12) at 37 °C for 20—30 min. Neutralize the col-
lagenase, centrifuge the mixture at a low speed (300 X g)
for 5 min, discard the supernatant, and resuspend the
pellet in DMEM/F- 12 supplemented with FBS (10%).
Plate the cell suspension onto poly-L-lysine-coated cul-
ture dishes and incubate at 37 °C with 5% CO2 and 95%
humidity. After 3 h, remove non-adherent cells (primar-
ily germ cells and interstitial cells) by washing three times
with pre-warmed DMEM/F- 12. Add fresh DMEM/E-
12 with FBS (10%) to the adherent cells and continue
the incubation. Perform media changes every 48 h until
confluency is achieved. Cells were confirmed to be Ser-
toli cells by immunofluorescence staining for SOX9 and
GATA4.

C18 -4 cells were grown in DMEM high glucose sup-
plemented with 10% fetal bovine serum (FBS) and 1%
Penicillin—Streptomycin Liquid. TM4 cells were grown
in DMEM high glucose supplemented with 10% FBS and
1% Penicillin—-Streptomycin Liquid. The expression plas-
mids encoding WT-GNAI3 (NM_010303.3) (pCMV-
HA-GNA13 and pCAG-GFP-GNA13) were constructed.
The variant (C14S, C18S, C329S) was introduced into the
WT-GNAI3 plasmid using the MutExpress MultiS Fast
Mutagenesis Kit (Vazyme, C215) following the manufac-
turer’s instructions. Knockdown of GNA13 expression
using siRNA. The information about siRNA and plasmids
involved in this experiment is shown in Table S3. Trans-
fection of the plasmids into cell lines was performed
using Lipofectamine 3000 Reagent according to the man-
ufacturer’s protocol.

Isolation and characterization of exosomes derived

from mouse sertoli cells

Mouse Sertoli cells were cultured in DMEM/F12 supple-
mented with 12% KnockOut SR Medium and 1% penicil-
lin—streptomycin solution. After 48 h of incubation at 34
°C and 5% CO2, the supernatant was collected. EVs were
isolated from cell culture supernatants using differential
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ultracentrifugation as per MISEV guidelines. Briefly,
media were sequentially centrifuged at 300 X g at 4 °C for
10 min to remove cells, 2,000 X g at 4 °C for 20 min to
eliminate large debris, and 10,000 x g at 4 °C for 20 min
to pellet apoptotic bodies. Finally, EVs were pelleted at
120,000 x g at 4 °C for 2 h and washed once with PBS
under identical conditions. The supernatant was filtered
through a 0.22 pm filter. The filtered liquid was then
transferred to ultracentrifuge tubes and centrifuged at
120,000 x g at 4 °C for 2 h. After discarding the superna-
tant, the pellet was resuspended in PBS and centrifuged
at 120,000 x g at 4 °C for 1 h. The supernatant was dis-
carded, and the pellet was resuspended in 50-100 pL of
PBS and stored at — 80 °C for further use.

In this study, we employed scanning electron micros-
copy (SEM) and nanoparticle tracking analysis to com-
prehensively characterize exosomes. For SEM analysis,
exosome samples were fixed, dehydrated, coated with a
conductive material, and capturing images to visualize
their morphology and surface characteristics. Nanosight
NS300 was utilized to determine exosome size distri-
bution and concentration by recording the Brownian
motion of exosomes.

MDC staining

Monodansylcadaverine (MDC), an autofluorescent dye
that selectively accumulates in acidic autophagic vacu-
oles, was used to visualize autophagosome formation.
C18 -4 cells, a mouse spermatogonial cell line, were
plated in a 6-well plate with 1 mL of MDC staining solu-
tion added to each well. The plate was then incubated
at 37 °C in a light-avoiding cell culture incubator for 40
min. The MDC staining solution was aspirated, and the
cells were washed three times with 1 mL of Assay Buffer.
Finally, the cells were excited with ultraviolet light under
a fluorescence microscope to observe green fluorescence.

Protein extraction western blot analysis

Wash the cells three times with PBS and extract total
protein using RIPA lysis buffer. Separate a minimum of
15 pg of the sample on a 12% SDS-PAGE gel, then trans-
fer it to a PVDF membrane. Block the membrane with
5% skim milk powder dissolved in tris-buffered saline
with 0.1% Tween- 20 (TBST) for 1 h, followed by over-
night incubation at 4 °C with the primary antibodies.
Subsequently, incubate with horseradish peroxidase-
conjugated goat anti-rabbit IgG (H +L) and horserad-
ish peroxidase-conjugated goat anti-mouse IgG (H +L).
Visualize the stained proteins using Immobilon® Ultra-
Plus Western HRP Substrate and normalize to -Actin
expression. Image analysis was performed using Image]
1.8.0 software.
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Acyl-biotinyl exchange (ABE) assay

Cell lysis: TM4 cells were lysed in ice-cold lysis buffer for
30 min to extract total proteins while preserving post-
translational modifications.

Blocking free thiols: To prevent non-specific labeling
of non-palmitoylated cysteine residues, free thiols were
irreversibly blocked by incubating lysates with 50 mM
N-ethylmaleimide (NEM), a thiol-reactive alkylating
agent, for 1 h at room temperature.

Protein precipitation: Samples were precipitated with
cold acetone to remove excess NEM and concentrate
proteins, followed by centrifugation at 14,000 X g for 15
min at 4 °C.

Cleavage of thioester bonds: The protein pellet was
resuspended in 1 M hydroxylamine (HAM, pH 7.4) to
selectively hydrolyze thioester bond, thereby releasing
palmitate and regenerating free thiols at previously pal-
mitoylated sites. Control samples were treated with 1 M
Tris—HCI (pH 7.4) instead of HAM to confirm the speci-
ficity of thioester cleavage.

Biotinylation: Newly exposed thiols were labeled with
0.2 mM Biotin-HPDP, a thiol-reactive biotinylation rea-
gent, by incubating with streptavidin agarose beads for
2 h at room temperature. This step selectively tags palmi-
toylation sites.

Purification and detection: Biotinylated proteins were
purified using streptavidin beads, eluted with SDS-PAGE
loading buffer, and analyzed by immunoblotting with
streptavidin-HRP to visualize palmitoylated proteins.

Acyl-PEG exchange (APE) assay

The APE assay was performed according to previous
reports [55]. In brief, TM4 cells lysates were treated with
10 mM TCEP for 30 min. They were then incubated at
room temperature with 50 mM NEM for 1 h to block
free cysteine thiols. Proteins were precipitated using pre-
chilled acetone. Subsequently, they were incubated with
1 M HAM at room temperature for 1 h. Finally, they were
incubated with 1 mM mPEG-Mal (5 kDa) at room tem-
perature for 2 h. Proteins were again precipitated using
acetone, resuspended in 1x Laemmli buffer, boiled at 95
°C for 5 min, and separated by SDS-PAGE, followed by
immunoblot analysis.

4D Label-free quantitative proteome analysis

We investigated the effects of 2-BP on the protein com-
position of EVs derived from mouse SCs using a prot-
eomics approach. Primary mouse SCs were isolated and
cultured in 10 cm dishes. When the cells reached 80%
confluency, they were treated with 125 uM 2-BP for 24
h, using DMSO as a control group. The medium was then
replaced with 12% KnockOut SR Medium, and the cells
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were further cultured for 48 h to collect the cell super-
natant. EVs in the cell supernatant were harvested using
ultracentrifugation. Protein extraction and trypsin diges-
tion were conducted, followed by LC-MS/MS. The Pro-
teome Discoverer (v2.4.1.15) was used for MS/MS data
analysis. FDR was adjusted to < 1%.

Plasma membrane and intracellular membrane
fractionation

In brief, transfer the cells and culture medium to a cen-
trifuge tube and centrifuge at 500 X g for 10 min at 4 °C.
Discard the supernatant and add 10 mL of pre-chilled 1 x
PBS for washing. Centrifuge at 1000 X rpm for 5 min and
repeat the wash twice. Add 1 mL of pre-chilled Buffer
A to the collected cells or tissue and sonicate to lyse the
cells, performing 3-4 cycles of 30 s each, with 1-min
intervals in between, while keeping the samples on ice.
Transfer the lysate to a pre-chilled centrifuge tube and
centrifuge at 1000 x g for 10 min at 4 °C to remove the
pellet. Transfer the supernatant to a new pre-chilled cen-
trifuge tube and centrifuge at 18,000 Xrpm for 60 min
at 4 °C. Transfer the resulting supernatant to a new tube
for cytoplasmic proteins and store at — 80 °C. Add 500
pL of pre-chilled Buffer B to the pellet, vortex for 10 s,
and incubate on ice for 30 min, vortexing intermittently
5-6 times. Centrifuge at 16,000 X rpm for 10 min at 4 °C.
Quickly transfer the supernatant to a clean, pre-chilled
microcentrifuge tube to obtain the membrane proteins.
Aliquot and store at — 80 °C.

Co-immunoprecipitation (Co-IP)

C18 -4 cells underwent lysis using Western/IP lysis
buffer for 30 min on ice. Subsequent centrifugation of
the lysate occurred at 12,000 rpm and 4 °C for 15 min.
The primary antibodies and Protein A+ G agarose was
added into the supernatant, and samples were incubated
overnight at 4 °C. The next day, the agarose was collected
by centrifugation and washed five times with Western/IP
lysis buffer. The beads were boiled for 15 min after resus-
pending in 1x SDS-PAGE loading buffer. BeyoMag'
Anti-HA Magnetic Beads (Beyotime, P2121) was used
to precipitate exogenous HA-tag proteins, which did not
form the heavy chain (HC) to interfere with other bands.
The protein identification via mass spectrometry (MS)
was performed by PTMBIO Co., LTD Hangzhou, China.

Immunofluorescence

In this study, we conducted immunofluorescence analy-
sis in the C18 -4 cells and TM4 cells. Upon reaching
the 80% confluency, the cells were fixed with 4% para-
formaldehyde and permeabilized with Triton X- 100.
A blocking step was conducted by incubating the cells
with 5% bovine serum albumin (BSA) in PBS for 1 h at
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37 °C. After blocking, the cells were incubated with the
primary antibodies overnight at 4 °C. DAPI staining was
employed to visualize the cell nuclei.

Statistical analysis

The results were analyzed by GraphPad (San Diego, CA)
Prism 6.01 software. Data were analyzed using unpaired
Student’s t-test for two-group comparisons or one-way
ANOVA followed by Tukey’s post hoc test for multiple
comparisons. A remarkable difference was considered
statistically significant, which was presented as P< 0.05
(*) or P< 0.01 (**).

Abbreviations

GNA13 Guanine nucleotide binding protein, alpha 13
DHHC13 Zinc finger DHHC-type palmitoyltransferase 13
EVs Extracellular vesicles

SCs Sertoli cells

SSCs Spermatogonial stem cells

PM Plasma membrane

ARHGEF12  Rho guanine nucleotide exchange factor 12
RhoA Ras homolog family member A

PTMs Post-translational modifications

2-BP 2-Bromopalmitate
HAM Hydroxylamine
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