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Abstract
Bcl-2 associated athanogene-5 (BAG5) represents a unique BAG cochaperone family member, regulating chaperone activity. 
We first demonstrated significant differences in Bag5 expression by RNA seq analysis of teratozoospermia and healthy male 
sperm samples, but the genetic and molecular mechanisms governing this process remain elusive. We further found that 
BAG5 has highest expression in human and mouse testes. BAG5 expression is elevated in late stage pachytene spermato-
cytes and spermatids. Targeted Bag5 inactivation in mice induces massive apoptosis in male germ cells and abrogates male 
infertility. The ordered loading of sperm basic nuclear proteins on chromatin is altered, with lost TNPs and PRMs, resulting 
in severe sperm head deformity and partial 9 + 2 microtubule structure disorder. In terms of mechanism, immunoprecipita-
tion (IP)-mass spectroscopy (MS) revealed BAG5 interacts with HSPA2, a testis-specific HSP70 family member regulating 
the transcription of the transition protein TNPs as well as spermatogenesis. RNA-sequencing assessment of Bag5 deficient 
testis confirmed Bag5 participation in transcriptional repression and revealed significant changes in Hspa2 expression. 
Bag5 deficiency resulted in decreased levels of HSPA2, germ cell apoptosis and subsequent inappropriate nuclear protein 
deposition and chromatin condensation. Decreased BAG5 expression levels in patients with non-obstructive azoospermia 
and oligoasthenospermia were also detected. These results uncovered an intriguing HSPA2-mediated key function of BAG5, 
which may constitute a potential prognostic biomarker of male infertility.
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Introduction

Spermatogenesis involves complex events in male reproduc-
tion, with diploid spermatogonia successively undergoing 
mitosis, meiosis and spermiogenesis to produce haploid 
spermatozoa [1]. Spermiogenesis in mammalians requires 
substantial morphological alterations and intense regulation 

of specific genes, which jointly induce structural remodeling 
of sperm chromatin [2, 3]. Chromatin remodeling represents 
a critical epigenetic process in the development of germs, 
facilitating condensation, protecting paternal genome, pro-
moting sperm maturation and ensuring fertility [4]. In this 
process, a great amount of core histones are first hypera-
cetylated and subsequently replaced by transition proteins 
that are then also substituted by protamines [5, 6]. Although 
histone-to-protamine transition is crucial in spermatogen-
esis, how it is affected remains completely undefined.

In spermiogenesis, round spermatids undergo multiple 
critical alterations such as elongation and nuclear conden-
sation [7, 8]. Histones after acetylation are substituted by 
transition proteins (TNP1 and TNP2) and then by PRM1 and 
PRM2, which orchestrate the packaging of sperm genome 
into a different toroid chromatin structure [9, 10]. Both 
TNPs and PRMs contribute to chromatin remodeling and 
DNA condensation in which 85 to 95% of sperm histones 
are substituted by PRMs [11, 12]. Chromatin remodeling 
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takes place after meiosis, with nucleosomal histones ini-
tially substituted by transition nuclear proteins and then 
by protamines for substantial chromatin compaction [13]. 
Any disruption in the sequence of TNPs or PRMs actions 
may impair sperm chromatin condensation, enhance oxida-
tive stress, induce DNA strand breaks, and ultimately cause 
azoospermia because of induced apoptosis [14, 15]. Many 
genes that mediate germ cell apoptosis have a role in sper-
miogenesis [16, 17].

The BAG protein family comprises six different genetic 
products sharing one BAG domain that binds to the molecu-
lar chaperone HSP70 [18]. BAG5 is the only member with 
5 BAG domains that cover the entire protein [19]. BAG 
proteins are known to control spermatozoa maturation and 
inhibit apoptosis [20]. BAG1 and BAG3 bind to BCL-2 to 
suppress apoptosis caused by many factors [21–23]. BAG4 
binds to and blocks receptors of tumor necrosis factors [24]. 
BAG6 regulates the nuclear pathway communicating with 
mitochondria and controls cytochrome c release, thus regu-
lating apoptosis [25]. As proapoptotic factors, BAGs act as 
nucleotide exchange factors of HSP70 to enhance protein 
refolding [26]. BAG2, BAG4 and BAG6 have been identi-
fied as key regulatory factors to stabilize germ cell develop-
ment [27, 28]. However, the role of BAG5 is far from being 
elucidated.

Heat shock protein 70–2 (HSPA2), an abundantly 
expressed chaperone, promotes protein synthesis [29], 
translocation and folding [30]. HSPA2 contributes to fertil-
ity [31], affecting sperm quality and capacitation, sperm-egg 
recognition, and fertilization, which are crucial for reproduc-
tion in bulls [32]. HSPA2 also affects spermatogenesis, pro-
tecting cells from apoptosis and oxidative stress [33]. Ferti-
lization success depends on both the number of spermatozoa 
detected in the female reproductive tract and the functional 

capability of these spermatozoa [34]. However, subfertil-
ity may be more related to altered molecular dynamics in 
spermatozoa that are undetectable by routine techniques. 
Therefore, molecular and omics assays were designed to 
assess critical aspects of molecular morphological features 
with high importance in sperm function.

Here, BAG5 was detected as an important modulator of 
spermatogenesis. Bag5 knockout resulted in male infertil-
ity. Physiologically, Bag5 deficiency substantially reduced 
sperm count and enhanced sperm abnormalities. Subsequent 
analysis revealed abnormal replacement of histone by prota-
mine in Bag5−/− mice, with increased apoptotic germ cells. 
In terms of mechanism, immunoprecipitation (IP)-mass 
spectroscopy (MS) revealed an interaction between mouse 
BAG5 and HSPA2, which is required for transition protein 
transcription and spermatogenesis. Further evidence sug-
gested that BAG5 expression was significantly decreased in 
both patients with nonobstructive azoospermia and oligoas-
thenospermia. Taken together, BAG5 as a critical regulator 
of HSPA2 affects multiple steps of spermatogenesis. These 
findings provide new insights into the role of protamine 
deposition during spermatogenesis.

Results

BAG5 is an important regulator of spermatogenesis

To identify candidate functional genes in spermatogenesis, 
we focused on the GEO database to re-analyze the current 
data. Based on a cross-platform microarray approach, the 
transcript profiles of sperm samples from 13 fertile men 
with ≥ 1 biological child and 8 men with teratozoospermia 
were examined. A volcano plot showed that 4118 and 2653 
genes were upregulated and downregulated, respectively, in 
the teratozoospermia group versus fertile males (Fig. 1A). 
Cluster analysis showed that the most significantly affected 
genes were involved in spermiogenesis, followed by sperm 
motility, which also included genes related to the regula-
tion of apoptosis (Fig. 1B). Further analysis of differential 
genes involved in spermatogenesis showed that 76 genes 
were up-regulated and 20 genes were down-regulated (Sup-
plementary Table 3). We annotated and labeled the top 16 
significantly regulated genes and found that Bag5 expres-
sion was significantly reduced in patients with teratozoo-
spermia (Fig. 1C). The MHA single cell database revealed 
significant differences in BAG5 expression between differ-
ent types of germ cells, especially spermatocytes and sperm 

Fig. 1   Identification of Bag5 as a key regulator of spermatogenesis. 
A RNA-seq datasets of 21 tissues from GEOdata were reanalyzed, 
comparison of gene expression between health and teratozoospermic 
man. Blue dots indicate upregulation, and red dots indicate down-
regulation. B The top GO terms associated with biological process, 
cellular component, and molecular function of differently expressed 
genes are shown. C Volcanic map annotation top 16 genes that are 
differentially expressed between health and teratozoospermic man. D 
MHA database analysis of Bag5 expression in nonobstructive azoo-
spermia and healthy male testicular tissue. E. NCBI database analysis 
Bag5 mRNA expression in different human tissues. F, G The human 
protein atlas database analyzed the expression of BAG5 in differ-
ent human tissues. H The human protein atlas database analyzed the 
localization of BAG5 in human testicular tissue. I Conservation anal-
ysis of BAG5 in different species
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cells, between men with normal testis and non-obstructive 
azoospermia (http://​maleh​ealth​atlas.​cn/, Fig. 1D). The NCBI 
database identified the specific high expression profile of 
BAG5 in the human testis (Fig. 1E). In addition, BAG5 
expression at the protein level is consistent with mRNA 
amounts (https://​www.​prote​inatl​as.​org/, Fig. 1F-G). The 
HUMAN PROTEIN ATLAS database showed that BAG5 
is weakly expressed in spermatogonia, but more significantly 
expressed in elongated or late spermatids (Fig. 1H and Fig-
ure S1C). BAG5 is found in different species, with high 
homology (91.3%) between humans and mice. The above 
data pointed to BAG5 as an important regulator of male 
spermatogenesis that may play a consistent regulatory role 
across different species.

BAG5 expression is mostly detected in pachytene 
spermatocytes to late spermatogenesis in mice

We first examined Bag5 mRNA and protein amounts in dif-
ferent mouse tissues, and found high levels in the adult testis 
(Fig. 2A–C). According to the MHA database, Bag5 expres-
sion begins at mid-late pachytene spermatocytes and reaches 
a peak in spermatids (Figure S1A-B). In the first wave of 
murine spermatogenesis, late pachytene spermatocytes rep-
resent the most differentiated cells in seminiferous tubules in 
18-day-old animals. Bag5 mRNA and protein amounts rose 
from 14 to 18 dpp, reaching a peak at 28 dpp (Fig. 2D, E). 
Immunofluorescence analysis of testis samples from adult 
Bag5+/+ mice detected Bag5 in the nuclear and cytoplasmic 
compartments of spermatogenic cells, with protein amounts 
peaking in pachytene spermatocyte to elongate spermatocyte 
(Fig. 2F, G). These findings indicate BAG5 might regulate 
spermatocyte development or sperm deformation.

Bag5 knockout in testis results in decreased testis 
size, sperm count and fertility

To determine whether BAG5 plays a critical role in sper-
matogenesis, CRISPR-Cas9 was employed to disrupt Bag5 
gene (NCBI Reference Sequence: NM_027404; Ensembl: 
ENSMUSG00000049792) is located on mouse chromosome 
12. Two exons are identified, with the ATG start codon in 
exon 2 and the TGA stop codon in exon 2 (Transcript: ENS-
MUST00000054636) (Fig. 3A). The target gene knockout 
positive 532 bp was identified by primer group 1, the tar-
get gene knockout negative 707 bp was identified by primer 
group 2, and both heterozygote mice showed positive. 
Bag5−/− mice, a product of intercrossed F1 Bag5± mice, had 
no BAG5 expression as detected by PCR and western blot, 
confirming successful knockout (Fig. 3B, C). Bag5+/+ and 
Bag5−/− had similar body weights, but male Bag5−/− mice 
exhibited infertile during a 6-month continuous breeding 
(Fig. 3D). The overall appearance and weight of the testis 
were similar between Bag5+/+ and Bag5−/− mice at 8 weeks 
old but these parameters decreased in Bag5−/− mice in 
comparison with Bag5+/+ at 12 weeks of age (Fig. 3E, F). 
Hematoxylin/eosin staining revealed reduced germ cells 
and substantially decreased mature spermatozoa in the 
seminiferous tubules of Bag5−/− mice (Fig. 3G). At twelve 
weeks of age, our analysis revealed a significant decrease in 
both sperm quantity and motility in the caudal epididymis 
of Bag5−/− mice compared to their Bag5+/+ counterparts 
(Fig. 3H-I). These results first demonstrated that BAG5 has 
an important function in spermatogenesis.

Deletion of Bag5 leads to germ cell apoptosis

We first used STRA8, an initiation marker for germ cell 
entry into the meiotic process, to determine whether meiosis 
was initiated by germ cells. We randomly counted the semi-
niferous tubule in a section from 5 mice to count positive 
cells per tubule section. The results showed that fewer germ 
cells entered the meiotic process in the Bag5−/− group com-
pared to Bag5+/+ mice (Fig. 4A, B). Next, we examined the 
germ cell-specific marker DDX4, which was also detected in 
fewer germ cells in the Bag5−/− group compared to Bag5+/+ 
mice (Fig. 4C, D). It is known BCL-2 suppresses apoptosis 
and is important for normal spermatogenesis. Meanwhile, 
BAG5 is also known as BCL2-associated athanogene pro-
tein. To investigate factors contributing to germ cell apop-
tosis in Bag5−/− mice, Bcl-2 mRNA and protein amounts 
were assessed in mouse testis samples. The localization of 

Fig. 2   Expression and localization of BAG5 in mouse germ cells. A 
NCBI database analysis Bag5 mRNA expression in different mice 
tissues. B The expression of Bag5mRNA in different tissues exam-
ined by RT-PCR. GAPDH loading as control. C The expression of 
BAG5 in different tissues examined by western blot. GAPDH load-
ing as control. D, E. Expression of Bag5 mRNA and protein in germ 
cells of mice at different developmental stages. F Localization of 
BAG5 in germ cells at different developmental stages in mice, scale 
bar, 50 μm. G. Pattern diagram of BAG5 expression and localization 
in germ cells

◂
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BCL2 in testicular tissue slices of Bag5−/− mice was sig-
nificantly weakened compared to Bag5+/+ mice (Fig. 4E). 
We found Bcl-2 mRNA and protein amounts were lower in 
the Bag5−/− group in comparison with the Bag5+/+ group 
(Fig. 4F, G). Consistently, there were more TUNEL-posi-
tive germ cells in the Bag5−/− (3.6%) group versus Bag5+/+ 
mice (0.2%) at 12 weeks of age (Fig. 4H, I), which might 
explain the germ cell loss detected in Bag5−/− mice. The 
above findings further confirm deficient spermatogenesis in 
the absence of Bag5.

Bag5 deficiency induces the malformation 
of elongating/elongated spermatids

We next performed morphological analysis of sperm obtained 
from the tail of the epididymis. Sperm from Bag5−/− mice had 
severe defective heads. Consistent results were obtained by 
Pap staining and H&E staining (Fig. 5A, B). To examine the 
intricacies of DNA organization in the sperm of Bag5+/+ and 
Bag5−/− mice, we used a special sperm nuclear DNA staining 
kit. Upon employing a specialized sperm head DNA staining 
technique accompanied by rigorous quantitative analysis, we 
have discerned a strikingly minimal and notably scattered of 
DNA condensation within the sperm heads of Bag5−/− mice, 
when juxtaposed against the prominent condensation observ-
able in the Bag5+/+ spermatozoa (Fig. 5C, D). This finding 
indicates that the absence of BAG5 may lead to disruption 
of protamine substitution of histones, thereby disrupting the 
highly organized arrangement of DNA in the sperm head. This 
hinders the critical compaction required for optimal sperm 
morphology and functionality, ultimately leading to sperm 
defects and possible impairment of fertility. To further eluci-
date the subtle but critical effects of Bag5 deficiency on sperm 
integrity, we used both scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM). In conjunction, 
SEM images revealed the drastic variations in head shape and 
contour in Bag5−/− mice, highlighting the structural instability 
resulting from chromatin mismanagement (Fig. 5E). Comple-
menting the staining results, TEM images provided a high-
resolution insight into the ultrastructure of the sperm heads. 
Notably, in contrast to the densely packed DNA observed in 

the nuclei of Bag5+/+ sperm, the nuclei of Bag5−/− sperm had 
small, loosely aggregated DNA clusters. Instead of exhibit-
ing the characteristic compact and orderly arrangement of 
mature sperm, the nuclei of the mutant sperm contained dif-
fuse and disorganized DNA aggregates, demonstrating a clear 
departure from normal chromatin condensation patterns. We 
also found partially abnormal 9 + 2 microtubules in some 
sperm from Bag5−/− mice (Fig. 5F). Jointly, the above find-
ings suggest sperm head chromatin agglutination is affected 
in Bag5−/− mice.

Deletion of Bag5 disrupts protamine deposition 
in sperm

In the final phases of spermiogenesis, protamine deposition 
on spermatid chromatin occurs, while transition proteins 
are displaced. To assess the effect of protamine deposition 
in late spermiogenesis, immunofluorescence staining of 
TNPs and PRMs was performed. Compared to Bag5+/+, the 
expression and localization of histone H3 were significantly 
increased in the testes of Bag5−/− mice (Fig. 6A). Signals for 
TNPs and PRMs decreased in spermatids from Bag5−/− mice 
(Fig. 6B–E). Western blot analysis of testicular tissue sam-
ples also revealed a dramatic reduction in TNPs and PRMs 
expression in Bag5−/− mice (Fig. 6F–G). Thus, there was 
an abnormal absence of TNPs and PRMs in sperm, which 
confirmed an impairment of basic nuclear protein replace-
ment in Bag5−/− mice, with specific deficits of TNPs and 
subsequent histones in spermatids.

BAG5 interacts with HSPA2 to regulates 
spermatogenesis

To thoroughly examine how Bag5 deficiency affects tes-
ticular gene expression, RNA sequencing was carried out 
to assess testis samples from 12-week-old Bag5−/− mice. 
A total of 1229 genes showed a two-fold change in expres-
sion in the Bag5−/− group compared to Bag5+/+ mice. Of 
these 1229 differently expressed genes (DEGs), 470 were 
downregulated in Bag5−/−, and Hspa2 expression decreased 
significantly (Fig. 7A). The obtained DEGs were submitted 
to gene ontology analysis, and acrosomal vesicle and 9 + 2 
motile cilium, which are associated with spermatogenesis, 
were shown to be affected (Fig. 7B). We next performed 
IP-MS analysis to determine proteins with potential inter-
actions with BAG5. MS analysis revealed HSPA2 had the 
highest abundance among the retrieved proteins (Fig. 7C, 
D). The online STRING database also indicated an interac-
tion between BAG5 and HSPA2 (Fig. 7E). COIP was also 
performed to further confirm the interaction between BAG5 
and HSPA2. Co-IP was also performed to further confirm 
that BAG5 interacts with HSPA2 (Fig. 7F). Domain map-
ping assays suggested BAG5 binds to HSPA2 via multiple 

Fig. 3   Targeted disruption of Bag5 caused infertility and abnormal 
spermatogenesis in mice. A Schematic representation of the recombi-
nation events targeting Bag5 exon 2 using CRISPR/Cas9 technology. 
B The genotypes of wildtype, heterozygote and knockout mice were 
verified by PCR. C Western blotting showed the absence of BAG5 
in the testes of Bag5−/− mice at 12-weeks of age. GAPDH loading 
as control. D Number of offspring produced by male Bag5+/+ and 
Bag5−/− mice after mating with wild-type female mice. E, F The 
testis size and weight were evaluated in Bag5+/+ and Bag5−/− mice, 
**P < 0.01. G H&E staining of seminiferous tubules and caudal 
epididymis from Bag5+/+ and Bag5−/− mice at 12-weeks of age. H, I 
Sperm counts testing in 12-weeks of Bag5+/+ and Bag5−/− mice using 
a sperm counter. ***P < 0.001, Scale bars: 10 μm
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amino acid residues and hydrophobic sequences (Fig. 7G). 
Meanwhile, testicular HSPA2 was markedly downregu-
lated in Bag5−/− mice but not in Bag5+/+ animals (Fig. 7H). 

Jointly, the above findings confirmed a specific interaction 
between BAG5 and HSPA2.
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BAG5 is deficient in samples from patients 
with nonobstructive azoospermia 
and oligoasthenospermia

To investigate the importance of BAG5 in human spermat-
ogenesis and fertility, we performed immunofluorescence 
analyzes on testicular biopsy samples from patients with 
non-obstructive azoospermia (NOA) and healthy individu-
als. BAG5 expression was detected in samples from clini-
cally diagnosed patients with nonobstructive azoospermia 
and oligoasthenospermia. The intensity and distribution of 
BAG5 staining indicated a significant decrease in both the 
abundance and location of the protein in testicular tissue 
samples from patients with non-obstructive azoospermia 
(Fig. 8A). This observation is consistent with previous 
findings in mouse models where genetic knockout of Bag5 
resulted in a dramatic decline in germ cells at various devel-
opmental stages. Bag5 mRNA levels were reduced in the 
NOA testis samples compared to normal controls (Fig. 8B). 
Before assessing BAG5 expression, we used hematoxy-
lin–eosin staining (H&E) and Papanicolaou staining (Pap) 
to delineate the structural features that distinguish terato-
spermic sperm from their normal counterparts. Through 
meticulous examination, we chose that teratospermic sper-
matozoa predominantly displayed a range of abnormal 
heads. In contrast, the normal sperm presented uniform head 
shapes, straight necks, and symmetrical tails, underscoring 
the integrity of their structure that promotes reproductive 
functions (Fig. 8C, D). After morphological characteriza-
tion, we analyzed BAG5 expression and its localization pat-
tern in teratospermia-affected sperm compared to normal 
spermatozoa. BAG5 expression was significantly reduced 
in teratospermic sperm (Fig. 8E), consistent with the pheno-
type observed in Bag5-knockout mice, in which the remain-
ing sperm cells exhibit severe malformation. Overall, Bag5 
deficiency is highly associated with nonobstructive azoo-
spermia and oligoasthenoteratozoospermia, demonstrating 
consistent and conserved functionality across species, from 
humans to mice.

BAG5 is a critical regulator that affects multiple steps 
of spermatogenesis. Bag5 knockout induced apoptosis in 
male germ cells, disrupted basic nuclear protein deposi-
tion on chromatin, and inhibited the expression of TNPs 
and PRMs, resulting in severe sperm head deformity and a 
disturbed 9 + 2 microtubule organization. BAG5 interacts 
with HSPA2, and its deficiency resulted in decreased HSPA2 
levels and disturbed spermatogenesis, ultimately causing 
male infertility (Fig. 8F). That is a snapshot of potential 
mechanisms controlled by BAG5.

Discussion

The current work assessed transcriptomic data in the GEO 
database to determine testis-specific genes that participate 
in spermatogenesis. By database analysis and expression 
profile verification, BAG5 as a possible regulator of germ 
cell maturation was retrieved. Using a targeted knockout 
mouse model, BAG5 was found to be crucial for germ cell 
development, protamine deposition and chromatin con-
densation during spermiogenesis. Subsequent mechanistic 
analysis demonstrated BAG5 functions by interacting with 
HSPA2, which inhibits germ cell apoptosis and upregulates 
TNPs and PRMs. Unlike other BAG proteins, BAG5 has 
been rarely examined for its function, and BAG5’s roles in 
human genetics have not been reported. This study provides 
novel insights into the physiological role of BAG5 in the 
regulation of germ cell development.

The current study demonstrated BAG5 plays crucial roles 
in germ cell survival and maintenance in males. Targeted 
Bag5 knockout in mice induced substantial apoptosis in 
GCs as well as complete male infertility. The first histologi-
cal abnormality was the reduction in germ cell number as 
reflected by declined testis weight. Deletion of Bag5 led 
to enhanced apoptosis of germ cells, which implicates its 
important role in anti-apoptosis. Consistently, we observed 
a decrease in BCL2 expression in Bag5−/− testes, indicating 
BAG5 may be a BCL-2 associated protein. BCL-2 is cru-
cial for spermatogenesis, regulating germ cell survival [35]. 
Deficiencies in Bcl-2, Bcl-6 and Bcl-x may impair fertility 
[36–38]. Therefore, BAG5 also plays a role in germ cell 
development through its anti-apoptotic effects.

Our results show that without BAG5, the normal course 
of spermiogenesis, especially the condensation step, which 
is crucial for fitting the paternal genome into the limited 
volume of the sperm head, is severely impaired. The failure 
of DNA to compact sufficiently in the absence of BAG5 
suggests a disruption in the fine-tuned histone secretion and 
protamine incorporation processes that are vital for sperm 
maturation. This disruption not only affects the physi-
cal architecture of the sperm nucleus but also potentially 
impairs its functional capabilities, including the ability to 

Fig. 4   Deletion of Bag5 promote apoptosis leads to reduced dif-
ferent types of germ cells. A The spermatogonial marker STRA8 
was stained in the testes of Bag5+/+ and Bag5−/− mice. Scale bars: 
50 μm. B Statistical analysis of the number of STRA8 positive cells 
in the testicular tissues of Bag5+/+ and Bag5−/− mice. *P < 0.05. C 
The germ cell marker DDX4 was stained in the testes of Bag5+/+ 
and Bag5−/− mice. Scale bars: 50  μm. D Statistical analysis of the 
number of DDX4 positive cells in the testicular tissues of Bag5+/+ 
and Bag5−/− mice. *P < 0.05. E Localization of anti-apoptotic factor 
BCL-2 in the testicular tissues of Bag5+/+ and Bag5−/− mice. Scale 
bars: 50  μm. F, G The expression of BCL-2 mRNA and protein in 
the testicular tissues of Bag5+/+ and Bag5−/− mice. ***P < 0.001. 
H TUNEL staining labeled apoptotic cells in Bag5+/+ and Bag5−/− 
mouse testis. I Statistical analysis of the number of TUNEL positive 
cells in the testicular tissues of Bag5+/+ and Bag5−/−mice. **P < 0.01
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successfully fertilize an egg. The detailed results showed 
that in the absence of BAG5, the typical high-level DNA 
condensation in sperm nuclei was significantly disrupted. 
Histones, which normally occupy the nucleosomes and 
ensure the proper organization of chromatin, are apparently 
not removed properly and are replaced by protamines—a 
characteristic step in spermatogenesis that is responsible for 
achieving the extreme compaction required for the formation 
and function of the sperm head is required is essential. The 
lack of DNA condensation in Bag5-deficient sperm high-
lights the gene's indispensable contribution to the compli-
cated process of chromatin remodeling that occurs en route 
to germ cell maturation. The second histological anomaly 
was detected in step-15 spermatids, reflected by severe oli-
gozoospermia, and sperm abnormality. Reduced expression 
levels of TNPs and PRMs also affect infertility in men [39]. 
In spermiogenesis, histone replacement with protamines is 
very important for tight DNA packaging in spermatozoa 
[40]. Failed translation of TNPs induces histone retention, 
not even allowing protamine deposition [41]. These findings 
provide evidence that BAG5 regulates protamine substitu-
tion on sperm chromatin.

As depicted above, BAG5 interacts with HSPA2 to 
affect spermatogenesis. Bag5 deficiency caused HSPA2 
downregulation in the mouse testis. HSPA2 represents 
a crucial protein in male germ cell development, and 
its absence suppresses spermatogenic cell development, 
disrupts meiosis, and induces apoptosis in late stage 
pachytene spermatocytes [42]. The phenotypic features 
identified in this work for Bag5−/− mice corroborated 
these observations. In addition, HSPA2 promotes nuclear 
translocation of Tnp1 and Tnp2, which are prominent 
players in DNA packaging in spermatids. Consequently, 
HSPA2 downregulation results in immature and abnormal 
sperms in men [43, 44], which was also demonstrated for 
Bag5−/− mice. This might explain the impaired histone-to-
protamine transition and chromatin remodeling detected in 
Bag5−/− mice. As shown above, Bag5 deficiency induced 
HSPA2 downregulation. This work points to BAG5 as 
an important modulator of HSPA2 in spermatogenesis, 

highlighting a potential therapeutic target in idiopathic 
male infertility. Given the limitations of our study, it is 
important to note that we were unable to accurately deter-
mine the exact spatiotemporal distribution of HSPA2 dur-
ing spermatogenesis due to the limitations imposed by 
antibody specificity. Despite this limitation, there is a large 
scientific consensus that HSPA2 plays a crucial role in the 
complex process of histone substitution with protamine—a 
fundamental event in sperm formation. This phase, essen-
tial for proper chromatin remodeling and compaction, 
directly influences the structural integrity and motility of 
mature spermatozoa.

Non-obstructive azoospermia and oligoasthenospermia 
are two commonly encountered forms of male infertility, 
with unknown mechanisms. This study found decreased 
BAG5 expression in both clinical disorders, indicating that 
BAG5 may represent a prognostic biomarker of male infertil-
ity. Considering these findings, further investigation should 
determine whether Bag5 mutations and polymorphisms are 
involved in idiopathic male infertility.

Materials and methods

We applied GSE6969 datasets for screening analysis (https://​
www.​ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​cgi?​acc=​GSE69​69). 
A cross-platform microarray strategy was used to assess the 
profile of human spermatozoal transcripts from fertile males 
who had fathered at least one child compared to teratozoo-
spermic individuals. Corresponding data GSM158463-75 
(N1-N13, control) vs GSM158476-83 (T1-T8, terato-
spermia) were used for further analysis. Details of the data-
base used are shown in Supplementary Table 3.

The MHA single cell database

The differential expression of Bag5 in patients with normal 
and non-obstructive azoospermia were analyzed in Male 
Health Atlas single cell sequencing database (MHA: Male 
Health Atlas; http://​maleh​ealth​atlas.​cn/).

Patients

Testicular biopsies were obtained from 6 infertile men 
at the Zhongnan Hospital of Wuhan University and sub-
mitted to testicular sperm extraction (TESE) to produce 

Fig. 5   Bag5 deficiency induces defects in sperm count and morphol-
ogy. A, B HE and Pap staining analysis of sperm morphology in the 
epididymal tail of Bag5+/+ and Bag5−/− mice. C Chromatin conden-
sation in the sperm head of Bag5+/+ and Bag5−/−mice. D Statistical 
analysis of the percentage of abnormal sperm in Bag5+/+ and Bag5−/− 
mice. E SEM of epididymis sperm from Bag5+/+ and Bag5−/− mice. 
Scale bars: 5 μm. F TEM analysis of sperm heads and flagella during 
spermiogenesis in Bag5+/+ and Bag5−/− mice. Scale bars: 500 nm
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spermatozoa for intracytoplasmic sperm injection (ICSI). 
Totally 6 healthy testis and sperm samples from donors 
served as controls. The sperm samples were classified as 
normozoospermia and oligoasthenospermia according to 
the WHO. This study had approval from the Institutional 
Ethics Committee (NO. 2022013 K), and each participant 
provided signed informed consent before the collection of 
tissue samples.

Mice

Bag5−/− mice were obtained via heterozygous breeding per-
formed by Cyagen Biosciences. PCR and Sanger sequencing 
were performed to confirm the mouse genotype. This study 
used 12-week-old animals and was approved by the Animal 
Experimentation Ethics Committee of the Fifth Affiliated 
Hospital of Sun Yat-sen University (NO. 00234). Details 
of the used primers are shown in Supplementary Table 1.

Histological analysis and immunostaining

Testes extracted from 12-week-old animals underwent fixa-
tion with Bouin’s solution. 5-µm sections were employed 
for H&E staining and Pap. In immunofluorescence, frozen 
testis sections underwent a 4-min incubation with 1% SDS 
for antigen retrieval. Cauda epididymis sections underwent 
a 30-min incubation with 10 mM dithiothreitol with heat-
ing in a microwave for antigen retrieval. After successive 
incubations with primary (4 ℃, overnight) and secondary 
antibodies (Supplementary Table 2), DAPI counterstaining 
was carried out. The results of immunofluorescence staining 
were quantitatively analyzed by Photoshop identification of 
positive signals in testicular tissue sections of Bag5+/+ and 
Bag5−/− mice.

Fertility test

To assess fertility in Bag5−/− male mice, 8-week-old ani-
mals were employed, mating Bag5−/− males with wild-type 
C57BL/6 females. Cages were checked at 1–2 day intervals 
for newly born pups. The assay was stopped with female 
mice failing to produce pups for 6 months.

Sperm count

Caudal epididymis samples were submitted to dissection, 
followed by immersion in 1 ml of M2 medium. The samples 
underwent mincing to allow sperm cells into the medium 
by swimming for 10 min at 37 °C. After dilution with PBS, 
the samples were examined using an SCA automatic animal 
sperm analyzer (SCA-V-P02) at the School of Oceanogra-
phy, Sun Yat-sen University (https://​marine.​sysu.​edu.​cn/) to 
determine sperm.

TUNEL assay

Mouse testis samples underwent fixation with Bouin solu-
tion (24 h), followed by transfer into 70% ethanol. After 
dehydration with graded ethanol and paraffin embedding, 
tissue sections were obtained. Apoptosis was assessed with 
a Roche cell apoptosis kit as directed by the manufacturer. 
Apoptotic cell number/tubule was the ratio of total number 
of TUNEL-positive germ cells by the total number of semi-
niferous tubules.

RT‑PCR

Testis samples were obtained from Bag5+/+ and 
Bag5−/− mice. Total RNA extraction from cell and testis 
samples used TRIZOL. The SuperScript First-Strand kit 
was employed for reverse transcription as directed by the 
manufacturer. Table S1 lists all primers used for RT-PCR.

Scanning electron microscopy

Sperm samples underwent a 2-h fixation with 2.5% gluta-
raldehyde at 4 °C and placement on poly-L-lysine-treated 
coverslips. After washing with distilled water, dehydration 
with graded ethyl alcohol (successively 50%, 70%, 80%, 90% 
and 100%) and drying with a Quorum K850 Critical Point 
Dryer were carried out. The specimens underwent coating 
with gold particles before imaging on an S-3400 N SEM.

Fig. 6   Bag5 deficiency leads to reduced protamine deposition in 
sperm. A Immunofluorescence analysis of histone H3 localization in 
testicular tissues from Bag5+/+ and Bag5−/− mice. B Immunofluores-
cence analysis of TNPs localization in testicular tissues of Bag5+/+ 
and Bag5−/− mice. C Immunofluorescence analysis of PRM1 locali-
zation in testicular tissues of Bag5+/+ and Bag5−/− mice. D Immuno-
fluorescence analysis of PRM2 localization in testicular tissues from 
Bag5+/+ and Bag5−/− mice. E Quantitative results of Figure A-D. 
**P < 0.01, *P < 0.05. F-G. Western blot analysis of TNPs and PRMs 
expression in testicular tissues of Bag5+/+ and Bag5−/− mice
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Transmission electron microscopy evaluation

Fresh mouse sperm specimens underwent fixation with 
2.5% glutaraldehyde. They were dehydrated and submitted 
to Epon 812 embedding. Ultrathin sections underwent stain-
ing with uranyl acetate and lead citrate for imaging with a 
TEM at 80 kV.

RNA sequencing

Total RNA extraction from testis samples from 12-week-
old Bag5+/+ and Bag5−/− mice employed an RNA extrac-
tion kit containing DNase I. In our sample selection and 
processing, equal volumes and weights of decapsulated 
mouse testis tissue, stripped of tunica albuginea, were used 
for RNA extraction. Post-RNA extraction, quantitative 
homogenization was applied to ensure consistency across 
samples before proceeding with further analyses. RNA-
seq was performed by Novogene, using routine methods. 
An Illumina HiSeq 4000 Genome Analyzer was utilized 
for sequencing. Standard bioinformatics was conducted 
by Novogene.

Immunoprecipitation

To assess BAG5’s interaction with HSPA2, testis lysates 
were added to protein G beads for overnight incubation at 
4 ℃. Then, 4 μg rabbit anti-BAG5 antibodies or normal 
rabbit IgG were added for overnight incubation at 4 ℃. 
Next, protein A beads were supplemented for a 6-h incu-
bation at 4 ℃. The target proteins pulled by BAG5 in the 
lytic fluid of Bag5+/+ and Bag5−/− testicular tissue were 
ruby stained, and various bands were identified by mass 

spectrometry. Immunoblot was used to examine the eluted 
proteins with anti-HSPA2 antibodies. The IP experiment 
was repeated 3 times and the mass spectrometry was 
repeated 2 times.

Immunoblot

Protein separation used SDS-PAGE, and the protein 
bands were electro-transferred onto polyvinylidene dif-
luoride membranes. After a 2-h blocking with 5% nonfat 
milk at ambient, overnight incubation was carried out at 
4 °C with various primary antibodies (Table S2). Subse-
quently, appropriate secondary antibodies were added for 
a 2-h incubation at ambient. The ECL Western blot kit was 
utilized for development as directed by the manufacturer. 
Details of the antibodies used are shown in Supplementary 
Table 2.

Statistical analysis

Quantitative variables are Mean ± SEM. Unpaired Stu-
dent’s t-test was performed for comparisons, with P < 0.05 
indicating statistical significance. At least 3 independent 
assays were performed in triplicate. Data analysis used 
GraphPad.

Conflict of interest

The authors have no relevant financial or non-financial 
interests to disclose.

Ethical approval and consent to participate

The sperm samples were classified as normozoospermia 
and oligoasthenospermia according to the WHO. This study 
had approval from the Institutional Ethics Committee (NO. 
2022013 K). Participants who were included in the study 
provided informed consent. Th animals’ experiment had 
approval from The Fifth Affiliated Hospital of Sun Yat-sen 
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tially expressed genes in the testicular tissues of Bag5+/+ and Bag5−/− 
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interacts with HSPA2. G Molecular docking verification of bind-
ing activity between BAG5 and HSPA2. H Western blot analysis of 
HSPA2 expression in testicular tissues of Bag5+/+ and Bag5−/− mice, 
GAPDH loading as control
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