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Abstract. Androgen‑activated phosphorylation signaling 
pathways are of critical importance during spermatogenesis. 
The present study comprehensively analyzed androgen-
activated phosphorylation signaling pathways in testicular 
Sertoli cells. Primary cultured mouse Sertoli cells were treated 
with testosterone for varying durations. Using tandem mass 
tag‑labeled phosphoproteomics technology combined with 
Mfuzz clustering and functional enrichment analysis, key 
phosphorylation signaling pathways were identified. Mass 
spectrometry revealed 13,015 quantifiable phosphorylation 
sites, and Mfuzz clustering of expression pattern categorized 
330 proteins into 6 clusters. Functional enrichment analysis 
highlighted key pathways, including Rap1 and MAPK kinases. 
Inhibitor experiments confirmed that the disruption of phos‑
phorylation signaling impaired the integrity of the blood‑testis 
barrier. Collectively, these findings demonstrated that andro‑
gens rapidly activate the protein phosphorylation signaling 
network in Sertoli cells, regulating critical processes such as 
blood‑testis barrier formation, thereby providing new insights 
into male fertility and potential therapeutic strategies for 
spermatogenic disorders.

Introduction

Androgens are required for male fertility, mediating their 
effects primarily through genomic changes induced by 
androgen receptor (AR) and subsequent nuclear gene transcrip‑
tion. However, androgen also signals via rapid, non‑classical 
pathways initiated at the cell membrane (1). Sertoli cells serve 
as notable mediators of androgen signals to germ cells. The 
AR signaling pathway regulates Sertoli cell proliferation and 
maturation and maintains the integrity of the blood‑testis 
barrier (BTB) formed between adjacent Sertoli cells  (2). 
Under AR signaling regulation, spermatogonial stem cells 
achieve a balance between self‑renewal and differentiation. 
Furthermore, meiotic and post‑meiotic processes, including 
Sertoli cell‑spermatid attachment and spermatid development, 
are also AR‑dependent, culminating in sperm release  (2). 
Unlike the rapid non‑classical effects observed within 
seconds (3), notable transcription changes are not detected 
until 30‑45 min after hormonal stimulation (4). To date, three 
types of non‑classical signaling pathway have been identified 
in the testis (5,6).

In the classical pathway, upon elevation of circulating andro‑
gens, the steroid hormone diffuses across the cell membrane 
into the cytoplasm, binds to the AR, and then translocates to the 
nucleus. Subsequently, it binds to androgen response elements 
(AREs) within the chromatin, thereby inducing transcriptional 
activation or repression (7). Non‑classical actions of androgen 
in Sertoli cells were initially identified as rapid (within seconds) 
increases in Ca2+ influx and plasma membrane depolarization, 
resulting from androgen‑mediated changes in ion channel 
activity  (8‑10). Subsequent studies using cultured primary 
rat Sertoli cells revealed that androgen stimulation induced 
rapid and sustained increases in protein phosphorylation and 
activation, such as cAMP response element‑binding protein 
(CREB), extracellular signal‑regulated kinase (ERK) (11). In 
the TM4 Sertoli cell line, caveolin‑1 facilitates the transport 
of cytoplasmic AR to the membrane (11,12). Upon binding 
to membrane‑associated AR, testosterone interacts with Src 
kinase, which then phosphorylates the epidermal growth 
factor receptor (EGFR), activates Ras and ultimately initiates 
the MAPK cascade (Ras‑Raf‑MEK‑ERK) (5,13). Additionally, 
phosphorylated Akt can also activate Src, thereby further 
promoting the translocation of cytoplasmic AR to the plasma 
membrane (3).
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To comprehensively elucidate the phosphorylation signaling 
pathways induced by androgens in Sertoli cells, tandem 
mass tag (TMT)‑based high‑depth phosphoproteomics was 
employed to establish a global protein phosphorylation profile. 
The role of these signaling pathways in the spermatogenesis 
and male fertility were further investigated. The present study 
aimed to provide a valuable resource offering novel insights 
into the non‑classical actions of androgens, and to enrich the 
current understanding of androgen signaling and provide a 
theoretical foundation for the treatment of male infertility 
resulting from impaired spermatogenesis.

Materials and methods

Primary culture of mouse testicular Sertoli cells. The method 
was adapted from a previously published study (14). All animal 
procedures were approved by the Institutional Animal Care 
and Use Committee of the People's Hospital of Longhua, 
Shenzhen (also known as Affiliated Longhua Hospital, Southern 
University of Science and Technology; Shenzhen, China; 
approval no. LHRY‑2106001; date of approval June 3, 2021), 
and all efforts were made to minimize animal suffering. Briefly, 
21‑day‑old male C57BL/6J mice, purchased from the Guangdong 
Province Experimental Animal Center and were euthanized by 
cervical dislocation. The testes were harvested, washed three times 
with PBS, and the tunica albuginea was removed. The testicular 
tissue was placed in 0.5 mg/ml collagenase (Sigma) supplemented 
with 2% FBS (Gibco) and digested at 37˚C for 10 min. An equal 
volume of PBS was added, and the tissue was allowed to settle. 
This washing step was repeated 3‑4 times until the supernatant 
became clear. The suspension was then centrifuged at 100 x g for 
2 min at room temperature. Subsequently, 500 µl of DMEM/F12 
medium (Gibco; Thermo Fisher Scientific, Inc.) was added, and 
the testicular tissue was minced. After mincing, 1 mg/ml trypsin 
(Sigma), 0.4 mg/ml DNase (Sigma) and 0.5 mg/ml hyaluronidase 
(Sigma) were added. The tissue was gently pipetted and digested 
at 37˚C for 15 min. A trypsin inhibitor (MillporeSigma) was then 
added to stop the digestion, and the cell suspension was filtered 
through a 100 µm cell strainer (Falcon; Corning Life Sciences). 
Cells were collected by centrifugation at 60 x g for 5 min at 
room temperature, washed once with DMEM/F12 medium, 
resuspended in complete culture medium and transferred to a 
cell culture incubator (37˚C, 5% CO2). The complete medium 
consisted of DMEM/F12 supplemented with EGF (2.5 ng/ml, 
Thermo Fisher Scientific, Inc.), insulin (5 µg/ml; MilliporeSigma), 
transferrin (5 µg/ml; MilliporeSigma) and selenium (5 ng/ml; 
MilliporeSigma), gentamicin (50 µg/ml; MilliporeSigma) and 
bacitracin (5 µg/ml; MilliporeSigma). Cells plated in 6‑cm culture 
dishes and allowed to reach 80‑85% confluence were shifted to 
serum‑free medium supplemented with 0.1% BSA. Following a 
6‑hour incubation period, the cells were exposed to 10 nM testos‑
terone (3,12) (MeilunBio) for 5, 10 15, 30 and 60 min in a cell 
culture incubator (37˚C, 5% CO2). Testosterone was dissolved in 
absolute ethanol to prepare a 10 mM stock solution. At the end 
of each treatment period, the medium was rapidly removed, and 
the cells were washed twice with ice‑cold PBS. The cells were 
then processed according to the downstream assay. Sertoli cell 
purity was determined by immunostaining for SOX9 and DAPI 
nuclear counterstaining. The percentage of SRY‑box transcrip‑
tion factor 9 (SOX9)‑positive nuclei among total DAPI‑positive 

nuclei was calculated from >500 cells per biological replicate 
across five random fields.

Cell immunofluorescence. Primary Sertoli cells were 
seeded onto glass coverslips at a density of 1x105 cells/ml. 
For the protein phosphorylation inhibition study, cells were 
pre‑incubated with 10 nM or 100 nM staurosporine for 2 h in 
a cell culture incubator (37˚C, 5% CO2) (MedChemExpress). 
The concentration of 10 nM was selected because it falls 
within the established IC50 range for relatively selective 
protein kinase C (PKC) inhibition (IC50: 6‑10 nM) (15). 
The concentration of 100  nM was selected to achieve 
broad‑spectrum kinase inhibition, as previously used 
in rat Sertoli cell studies  (16). The culture medium was 
then discarded, and cells were washed twice with PBS 
and fixed with 4% paraformaldehyde for 10 min at room 
temperature. After one PBS wash, cells were permeabilized 
with 0.1% Triton X‑100 for 10 min at room temperature. 
Following two additional PBS washes, cells were blocked 
with 5% BSA (Solarbio) at room temperature for 30 min. 
Cells were then incubated overnight at 4˚C with rabbit 
IgG (negative control) or rabbit primary antibody against 
zonula occludens‑1 (ZO‑1) (1:200; 33‑9100; Invitrogen) or 
SOX‑9 (1:200; AB5535; Millipore). After three washes with 
PBS, the cells were incubated with a fluorescent secondary 
antibody (goat anti‑rabbit IgG; 1:500; cat.  no. A‑11008; 
Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 1 h. 
DAPI was then added for an additional 5 min incubation 
at 37˚C. Finally, cells were washed three times with PBS, 
mounted with anti‑fade mounting medium, and imaged 
using a laser scanning confocal microscope.

Protein phosphorylation mass spectrometry (MS) analysis. 
Cell pellets were resuspended in lysis buffer (PTM BIO 
LLC) containing 1% protease inhibitor cocktail and 1% 
phosphatase inhibitor cocktail. The samples were then soni‑
cated on ice at a frequency of 20 kHz, with an amplitude 
of 30%. Sonication was performed in three 10 sec pulses 
(10 sec on, 10 sec off) to prevent heating. After sonication, 
lysates were centrifuged at 12,000 x g for 15 min at 4˚C, 
and the supernatants were collected as total cell lysates. 
Proteins concentration was determined using the BCA assay 
(Beyotime Biotechnology). Protein samples were digested 
overnight with trypsin (1:50; m: m; Promega Corporation) 
at 37˚C. Subsequently, dithiothreitol was added, and samples 
were reduced at 56˚C for 30 min. Iodoacetamide was then 
added, and the mixture was incubated at room temperature 
in the dark for 15 min. The resulting peptides were labeled 
using a TMT reagent kit (cat.  no. 90068; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
Labeled peptides were fractionated by high‑pH reverse‑phase 
high‑performance liquid chromatography (HPLC). The 
fractions were dissolved in enrichment buffer (50% aceto‑
nitrile/6% trifluoroacetic acid) and gently incubated on a 
rotary shaker. After washing the resin three times, modified 
peptides were eluted with ammonia water. The eluate was 
collected, concentrated to dryness in a vacuum centrifuged, 
desalted and dried again. Peptides were then separated via 
an ultra‑HPLC system (EASY‑nLC 1200, Thermo Fisher 
Scientific, Inc.), ionized via an NSI ion source in positive 
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ion mode, and analyzed using a Q Exactive™ HF‑X mass 
spectrometer (Thermo Fisher Scientific, Inc.).

Data analysis. The raw files generated from mass spectrom‑
etry were processed. A sample‑specific protein database 
was constructed based on the sample origin, and database 
searching was performed using specialized analysis software. 
Quality control analysis was conducted at both the peptide and 
modification site levels based on the search results. To analyze 
temporal phosphorylation dynamics, the Mfuzz method (17) 
was employed to perform expression pattern clustering 
analysis on protein modification levels across consecutive 
time points following testosterone treatment. This method 
utilizes the fuzzy c‑means clustering algorithm, which reduces 
the interference of noise on clustering results and effectively 
defines the relationship between genes/proteins and clusters. 
To further characterize the biological processes associated 
with proteins within each cluster, enrichment analyses for 
gene ontology (GO) functions (https://www.geneontology.
org/), Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways (https://www.genome.jp/kegg/) and protein domains 
were performed separately for the proteins in each cluster.

Results

Protein phosphorylation profiling. Androgen induces rapid 
protein kinase phosphorylation in Sertoli cells, and AR traf‑
ficking is mediated by the phosphorylation pathways  (3). 
Previous phosphorylation signaling antibody array data and 
western blots revealed that several phosphorylation sites, 
including MEK1/2 (Ser217/221), AKT (Ser473), and ERK1/2 
(Thr202/Tyr204), were rapidly phosphorylated within 5 min 
of stimulation; phosphorylation levels subsequently decrease 
and returned to basal levels by 15 min (3).

To comprehensively identify the phosphorylation signaling 
pathways activated by androgens, we applied HPLC‑MS to 
screen for differentially modified kinases in mouse Sertoli 
cells. Sertoli cells were cultured in Serum‑free medium for 
6 h and then treated with 10 nM testosterone (3,12) for 5, 10 
15, 30 and 60 min (Fig. 1A). Immunostaining with an anti‑
body against SOX‑9 confirmed that Sertoli cell purity >95% 
(Fig. 1B). Proteins were extracted and submitted to PTM BIO 
LLC for HPLC‑MS analysis.

For protein identification, a total of 198,593 spectra were 
obtained, revealing 16,622 phosphorylation sites, of which 
13,015 were quantifiable, corresponding with 4,154 quantifiable 
proteins (Fig. 1C). The motif characteristics of the modification 
sites were analyzed using the MoMo analysis tool based on the 
motif‑x algorithm. All identified modification sites, along with 
6 upstream and downstream amino acids for each, constituted 
the peptide sequences used for analysis. A characteristic peptide 
sequence was considered a motif if the number of peptides 
containing that sequence exceeded 20 peptides and the statis‑
tical P<0.000001. Based on the iceLogo analysis results, a 
heatmap (Fig. 1D) was used to display the degree of change in 
the frequency of amino acids flanking the modification sites, 
represented by the deviation score (DS). The DS was calculated 
using the formula: DS=-Log10(P‑value) x sign function (differ‑
ence percent). Upstream and downstream amino acid D, E, P and 
S showed increased frequency.

Cluster analysis of differentially modified proteins. To charac‑
terize temporal changes in protein phosphorylation following 
testosterone treatment, the Mfuzz method was applied to 
perform cluster analysis across different time points. A 
total of 16,622 proteins were identified through quantitative 
proteomics analysis (Fig. 1B). To screen for proteins with 
significantly altered phosphorylation levels across the control, 
5, 10, 15, 30 and 60 min time points, the relative modification 
levels of proteins were first log2‑transformed, and proteins 
with a standard deviation (SD)  >0.3 were selected. This 
cut‑off was chosen based on the empirical distribution of the 
dataset, an SD threshold of 0.3 captured ~75% of the most 
variable phosphorylation sites while excluding sites with low 
technical noise. After filtering, 330 proteins were retained 
for pattern clustering analysis using the Mfuzz method. 
The parameters for Mfuzz analysis were set as follows: 
The number of clusters (k) was set to 6, and the fuzziness 
parameter (m) was set to 2. The Mfuzz expression pattern 
clustering diagram is shown in Fig. 2, the 330 proteins were 
clustered into 6 distinct clusters. In this analysis, line charts 
were generated to represent protein expression patterns, 
accompanied by corresponding heatmaps for each of the six 
identified clusters. For the line charts, the x‑axis indicated 
the sample time points, while the y‑axis represented the rela‑
tive expression levels of the proteins. Each individual line 
within a chart corresponded to a single protein, and its color 
denoted the membership degree of that protein within its 
assigned cluster. In the associated heatmaps, the x‑axis again 
represented the sample time points, and the y‑axis listed 
the individual proteins. The color intensity in each heatmap 
reflected the relative expression level of each protein across 
the time‑course samples. The proteins and the modified sites 
in different clusters were provided in Table SI.

Functional enrichment analysis. To investigate the biological 
characteristics of proteins within each cluster, enrichment anal‑
ysis was performed for three categories: GO, KEGG pathways 
and protein domains. Fisher's exact test was employed, and 
terms with a P<0.05 were considered significantly enriched. As 
shown in the KEGG pathway enrichment clustering heatmap, 
cluster 6 were predominantly enriched in signaling pathways, 
including the ‘Rap1 signaling pathway’, which regulates cell 
junctions and adhesion  (18) (Fig.  3A). The GO biological 
process enrichment clustering heatmap (Fig. 3B) revealed that 
cluster 5 and cluster 6 are mainly enriched in ‘activation of 
GTPase activity’ (cluster 5) (19), ‘centrosome localization’ 
and ‘positive regulation of DNA synthetic process’ (cluster 6). 
Regarding GO molecular function both clusters were enriched 
in terms related to ‘protein kinase activity’, and cluster 6 
was also enriched in ‘MAP kinase kinase activity’ (Fig. 3C). 
The protein domain enrichment clustering analysis showed 
that cluster  6 were enriched in ‘protein kinase domains’ 
(Fig. 3D). Finally, GO cellular component enrichment clus‑
tering revealed that cluster 6 includes ‘caveola’ (Fig. 3E). This 
finding is consistent with our previous report that caveolin‑1 
on the cell membrane interacts with AR, mediating the rapid 
non‑classical pathways of androgen action  (12). Full lists 
of significantly enriched GO terms, KEGG pathways and 
protein domains, along with their corresponding P‑values, are 
provided in Table SII.

https://www.spandidos-publications.com/10.3892/etm.2026.13224
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Blockade of phosphorylation signaling pathways disrupts BTB 
integrity. Primary Sertoli cells were isolated from 21‑day‑old 
mice and treated with staurosporine, a broad‑spectrum protein 
phosphorylation inhibitor. The integrity of the BTB was 
assessed by evaluating the continuous localization of ZO‑1, 
a BTB‑associated marker protein, at the interfaces between 
adjacent Sertoli cells (Fig. 4). Compared with the control 
group, the 10 nM staurosporine treatment group exhibited 
compromised BTB formation between adjacent Sertoli cells. 
In the 100 nM treatment group, BTB formation was almost 
completely absent, as indicated by the loss of continuous linear 
ZO‑1 staining at intercellular junctions, which appeared frag‑
mented or discontinuous instead. These findings demonstrate 
that inhibition of phosphorylation signaling pathways impairs 
BTB integrity in primary Sertoli cells. Collectively, these 
results suggest that the AR regulates BTB formation through 
rapid phosphorylation signaling pathways, thereby playing a 
notable role in the process of spermatogenesis.

Discussion

Over the years, male semen quality has been progressively 
declined, and the number of men experiencing infertility has 
increased annually (20,21). Consequently, male reproductive 
health has garnered growing attention. Impaired spermato‑
genesis is a major cause of male infertility (22). The World 
Health Organization ranks infertility as the third most signifi‑
cant disease after cancer and cardiovascular diseases (23). 
Therefore, elucidating the molecular mechanisms underlying 
spermatogenic disorders and identifying effective treatments 
for male infertility are priorities in reproductive medicine 
research.

Studies have indicated that the non‑classical pathway of 
androgen‑AR is necessary for germ cell‑Sertoli cell adhesion 
during spermatogenesis, whereas the classical pathway is 
not (5,24,25). Testosterone concentrations in testicular tissue 
exceed the levels required for transcriptional regulation via 

Figure 1. Protein phosphorylation profiling. (A) A flow chart of the study is presented. (B) Sertoli cell identity was confirmed by SOX‑9 immunostaining. Red 
fluorescence, SOX‑9; blue, DAPI. (C) The overview of label‑free quantification‑based quantitative protein phosphorylation identification is shown. (D) The 
motif characteristics of the modification sites are displayed.
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androgen response elements (ARE). Moreover, researchers 
have identified only a limited number of androgen‑regulated 
genes in Sertoli cells, with only a subset being regulated 
through ARE. Consequently, research focus has shifted 
toward the rapidly activated kinase signaling pathways 
induced by androgens (26,27). These signaling pathways can 
alter gene expression independently of ARE or AR promoter 
activity and are characterized by rapid onset and robust 
effects.

Androgens rapidly activate protein kinase phosphoryla‑
tion in Sertoli cells via AR (3), a temporal expression pattern 
resembling that of clusters 5 and 6 shown in the present 
study. In the present study, phosphoproteomics technology 
was employed to systematically map the dynamic landscape 
of phosphorylation signaling in mouse testicular Sertoli 
cells following androgen stimulation. A total of 13,015 
quantifiable phosphorylation sites were successfully identi‑
fied, and through time‑series clustering analysis, revealed 

Figure 2. Mfuzz expression pattern clustering diagram. The left panel shows line charts of protein expression levels, while the right panel displays heatmaps of 
expression levels. Each cluster corresponds to one line chart and one heatmap. For the line chart, the x‑axis represents the samples, and the y‑axis represents 
the relative expression levels of proteins. Each line corresponds to an individual protein, and the line color indicates the membership degree of the protein in 
the current cluster. For the heatmaps, the x‑axis represents the samples and the y‑axis represents different proteins. The color intensity in the heatmap reflects 
the relative expression level of each protein in the samples.

https://www.spandidos-publications.com/10.3892/etm.2026.13224
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Figure 3. Functional enrichment analysis. (A) The Kyoto Encyclopedia of Genes and Genomes pathway enrichment cluster heatmap is illustrated. (B) This 
panel shows GO biological process functional enrichment cluster heatmap. (C) Panel C displays the GO molecular function functional enrichment cluster 
heatmap. (D) Depicted here is the protein domain enrichment cluster heatmap. (E) The GO cellular component functional enrichment cluster heatmap is 
provided. GO, gene ontology. The color scale represents the fold change (log2 scale), not P‑values.
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that androgen‑activated signaling pathways exhibit rapid, 
transient and diverse characteristics. Notably, the rapid phos‑
phorylation and subsequent attenuation pattern observed for 
proteins in clusters 5 and 6 aligns with the activation kinetics 
of key kinases such as MEK/ERK and Akt, as previously 
reported (3). Results from phosphorylation signaling pathway 
antibody arrays and western blot analysis demonstrated that 
testosterone induces rapid phosphorylation at multiple sites, 
including MEK1/2 (Ser217/221), AKT (Ser473) and ERK1/2 
(Thr202/Tyr204), within 5 min, after which kinase phosphor‑
ylation levels gradually decline and return to baseline (3). 
Functional enrichment analysis further confirmed that these 
rapid androgen‑regulated proteins are notably enriched in 
signaling pathways such as Rap1 and MAPK kinases, as well 
as in crucial biological processes including cell junction and 
adhesion and cell division. These findings provide support 
at the omics level for the hypothesis that the androgen‑AR 
non‑classical pathway regulates cellular functions through a 
rapid phosphorylation network.

Notably, at the cellular component level, it was found 
that cluster 6 is notably associated with the caveola struc‑
ture. This discovery aligns with our previous research (12), 
together constructing a clearer molecular picture; caveolae 
structures formed by Caveolin‑1 on the cell membrane 
likely serves as core platforms for initiating non‑classical 
pathway signaling by androgens. These platforms mediate 
the membrane translocation of AR and efficiently assemble 
and activate downstream Src/EGFR/MAPK cascades 
there. In addition to clusters 5 and 6, which exhibited the 
most pronounced testosterone‑induced phosphorylation 
changes; however, clusters  1‑4 also displayed distinct 
temporal dynamics. Cluster 2 maintained stable baseline 
phosphorylation levels until 30 min, followed by a rapid 
increase at 60 min. Clusters 1, 3 and 4 shared a common 
pattern, characterized by a decrease between 5 and 30 min, 
then a rapid phosphorylation peak at 60  min. Although 
these clusters were not the primary focus of the present 
study, they exhibited distinct temporal dynamics and were 
not further investigated here due to the scope of this work. 
Nevertheless, they represent valuable candidates for future 

hypothesis‑driven research on delayed androgen signaling 
and may point to additional regulatory mechanisms 
warranting future investigation.

To preliminarily validate the functional significance of 
these phosphorylation events, cells were treated with the 
broad‑spectrum kinase inhibitor staurosporine. Consistent 
with the rapid phosphorylation patterns observed in clus‑
ters 5 and 6, the present experimental results showed that 
inhibiting overall phosphorylation signaling markedly 
disrupts BTB integrity. Specifically, staurosporine treatment 
notably abolished testosterone‑induced phosphorylation 
changes, directly demonstrating that rapid phosphorylation 
signaling pathways are essential for androgens to maintain 
BTB function in Sertoli cell. Given that staurosporine is a 
broad‑spectrum kinase (28) inhibitor, these findings suggest 
that the phosphorylation events within clusters 5 and 6 are 
mediated by staurosporine‑sensitive kinases, which could 
potentially include PKC and other serine/threonine kinases. 
Further studies using selective inhibitors will be required 
to delineate the specific contribution of individual kinases. 
Androgens likely maintain BTB integrity and Sertoli 
cell‑germ cell adhesion by rapidly activating signaling 
pathways such as Rap1 and MAPK, thereby regulating 
the phosphorylation of substrates, including cell junction 
proteins.

A potential mechanistic model linking caveolae, AR traf‑
ficking, Src/EGFR/MAPK signaling and BTB proteins such 
as ZO‑1 can be proposed based on the present phosphopro‑
teomic data and existing literature. Caveolae, cholesterol‑rich 
membrane invaginations, have been implicated in AR 
membrane trafficking and signaling complex assembly (12). 
Upon testosterone stimulation, caveolae may facilitate AR 
translocation to the membrane, where it interacts with Src 
kinase, leading to Src activation. Activated Src then transac‑
tivates EGFR, triggering the downstream MAPK (ERK1/2) 
cascade  (5). This signaling axis ultimately converges on 
BTB‑associated proteins, including ZO‑1, where phosphoryla‑
tion events may regulate tight junction dynamics and barrier 
permeability; however, direct evidence was not performed in 
the present study. Nevertheless, the present findings provide 

Figure 4. Effect of the protein phosphorylation inhibitor staurosporine on blood‑testis barrier formation in mouse testicular Sertoli cells. Green fluorescence, 
ZO‑1; blue, DAPI.

https://www.spandidos-publications.com/10.3892/etm.2026.13224
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a phosphoproteomic resource that supports this integrated 
model and generates testable hypotheses for future mechanistic 
studies.

Several limitations of the present study should be 
acknowledged. First, all experiments were conducted exclu‑
sively using the primary mouse Sertoli cell line, which may 
not fully recapitulate the complexity of in vivo physiology 
micro‑environment or human physiology. Second, the present 
findings are derived from in vitro experiments; in vivo veri‑
fication using animal models will be essential to confirm 
the biological relevance of the observed phosphorylation 
changes. Third, staurosporine was used as a broad‑spectrum 
kinase inhibitor, while effective in blocking phosphoryla‑
tion events, it may have off‑target effects on non‑androgen 
pathways. Therefore, the present conclusions regarding 
specific signaling pathways are preliminary, and follow‑up 
studies using selective inhibitors are needed. Future studies 
employing primary Sertoli cells, in vivo models and targeted 
kinase perturbations are warranted to validate and extend the 
present conclusions.

In summary, the novelty lies in using time‑resolved 
phosphoproteomics to reveal that testosterone rapidly 
activates caveolae‑associated and MAPK/Rap1 phos‑
phorylation networks in primary Sertoli cells, which are 
essential for blood‑testis barrier integrity. The present 
study provides a comprehensive resource for understanding 
the rapid non‑classical signaling networks activated by 
androgens in testicular Sertoli cells. The present find‑
ings reveal that: i) Testosterone induces time‑dependent 
phosphorylation changes clustering into six distinct 
temporal patterns; ii) clusters 5 and 6 are most responsive, 
enriched in caveolae‑associated and Src/EGFR/MAPK 
signaling pathways; and iii) BTB proteins including ZO‑1 
are potential downstream targets of this signaling axis. 
The key phosphorylation signaling nodes revealed in the 
present study‑such as specific kinases within the Rap1 and 
MAPK pathways, hold promise as important candidates for 
future development of diagnostic biomarkers or therapeutic 
targets for male infertility. Collectively, these insights 
offer novel perspectives and potential therapeutic strate‑
gies for addressing male infertility caused by impaired 
spermatogenesis.
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