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Abstract

DNA double-strand breaks (DSBs) are commonly appearing deleterious DNA damages, which progressively increase in
male germ cells during biological aging. There are two main pathways for repairing DSBs: homologous recombination
(HR) and classical nonhomologous end joining (¢cNHEJ). Knockout and functional studies revealed that, while RADS51
and RPA70 proteins are indispensable for HR-based repair, KU80 and XRCC4 are the key proteins in cNHEIJ repair. As is
known, YH2AX contributes to these pathways through recruiting repair-related proteins to damaged site. The underlying
reasons of increased DSBs in male germ cells during aging are not fully addressed yet. In this study, we aimed to analyze the
spatiotemporal expression of the Rad51, Rpa70, Ku80, and Xrcc4 genes in the postnatal mouse testes, classified into young,
prepubertal, pubertal, postpubertal, and aged groups according to their reproductive features and histological structures. We
found that expression of these genes significantly decreased in the aged group compared with the other groups (P <0.05).
yH2AX staining showed that DSB levels in the germ cells from spermatogonia to elongated spermatids as well as in the
Sertoli cells remarkably increased in the aged group (P <0.05). The RAD51, RPA70, KU80, and XRCC4 protein levels
exhibited predominant changes in the germ and Sertoli cells among groups (P <0.05). These findings suggest that altered
expression of the Rad51, Rpa70, Ku80, and Xrcc4 genes in the germ and Sertoli cells may be associated with increasing
DSBs during biological aging, which might result in fertility loss.
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Introduction

Male infertility is a widespread reproductive problem, and
40-60% of infertility among couples originates from male
factors (Esteves et al. 2011; Ji et al. 2012). Approximately
30% of male factor-induced infertility is not fully addressed
yet (Duca et al. 2019). DNA damages, especially DNA dou-
ble-strand breaks (DSBs) occurring in germ cells during
spermatogenesis (Gunes et al. 2015; Agarwal et al. 2020),
may underlie development of idiopathic male infertility.
DSBs can arise from ionizing radiation, chemotherapeutic
drugs, defective chromatin packaging, incomplete apoptosis,

< Saffet Ozturk
sozturk @akdeniz.edu.tr

Department of Histology and Embryology, Akdeniz
University School of Medicine, Campus, 07070 Antalya,
Turkey

oxidative damage, and replication errors (Khanna and Jack-
son 2001). Many mitotic divisions in spermatogonial cells
and meiotic recombination in spermatocytes may result in
formation of the DSBs, which must be repaired in a timely
and accurate manner (Tesarik et al. 2004; Gonzalez-Marin
et al. 2012). If DSBs remain unrepaired, various chromo-
somal rearrangements and genetic mutations may emerge
in the resulting sperm cells (Cortes-Gutierrez et al. 2014).
Fertilization of mature oocytes with these sperm cells can
lead to production of the embryos showing genomic instabil-
ity, developmental delay, increased cell death, and reduced
viability (Fernandez-Gonzalez et al. 2008; Her and Bunting
2018). To avoid these unfavorable outcomes, DSBs are effi-
ciently repaired in male germ cells by two main pathways:
homologous recombination (HR) and classical/canonical
nonhomologous end joining (c(NHEJ) (Grabarz et al. 2012;
Talibova et al. 2022). It is noteworthy that other DSB repair
pathways, such as alternative end joining (aEJ) and single-
strand annealing (SSA), also contribute to repair of DSBs in
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some circumstances, e.g., in the absence of cNHEJ pathway
(Scully et al. 2019).

The first step of repairing DSBs is the introduction of
damaged sites. Histone H2A variant (H2AX) contributes to
marking these sites (Kinner et al. 2008). In this case, serine
139 of conserved C-terminal tail of H2AX is phosphorylated
by DNA-dependent protein kinase (DNA-PK) (Yuan et al.
2010). One of the two pathways (HR or cNHEJ) is activated
on the basis of cell cycle status or abundance of repair-
related proteins in the microenvironment. In the cNHEJ
pathway (Pannunzio et al. 2018), minimal end process-
ing and base pairing occur at the broken DNA ends. After
expanding chromatin in the vicinity of breaks by the action
of poly(ADP-ribose) polymerase 1 (PARP1) and ATP-
dependent chromatin remodelers (Sellou et al. 2016), the
KU70-KUS80 heterodimer (also known as XRCC6-XRCC5)
binds DNA to initiate repair. This heterodimer recruits the
DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), DNA ligase IV (LIG4), and the scaffold factors,
including XRCC4-like factor (XLF) and paralog of XRCC4
and XLF (PAXX) (Gottlieb and Jackson 1993; Ahnesorg
et al. 2006). Meanwhile, X-ray repair cross-complementing
protein 4 (XRCC4) ensures stability and activity of LIG4
(Grawunder et al. 1997; Pandey and Raghavan 2017). Ulti-
mately, the end-processing enzymes, Artemis as a nuclease
and DNA polymerase A/p, and accessory proteins accom-
plish ligation of the free DNA ends (Stinson et al. 2020).

The Ku80 gene is expressed in spermatogonia, spermat-
ocytes at late pachytene and diplotene stages, and Sertoli
cells in mouse testes (Ahmed et al. 2007). Its loss caused
premature cellular senescence, growth retardation (Ouyang
et al. 1997), and shortened lifespan in mice (Lombard et al.
2005). Lacking another key cNHEJ component Xrcc4 led
to embryonic lethality probably because of accumulation
of unrepaired DSBs during early development (Gao et al.
2000; Li et al. 2016a). Also, XRCC4-deficient embryonic
fibroblasts showed genomic instability such as translocations
among chromosomes. Taken together, KU80 and XRCC4
play crucial roles in successfully repairing DSBs in male
germ cells and embryos.

HR-based DSB repair is dependent on using sister or
non-sister chromatid of homologous chromosomes as a
template (Sung and Klein 2006). RADS5]1 is a critical pro-
tein in HR repair initiation, in which it establishes an inter-
action between single-strand DNA (ssDNA) and duplex
DNA, and thereby promotes strand exchange (Sung et al.
2003; Li and Heyer 2008). When Rad51 is knocked out, pro-
phase I spermatocytes were depleted owing to dramatically
increased apoptosis (Dai et al. 2017). Another key protein
in HR repair, replication protein A 70 (RPA70), interacts
with ssDNA after free ends were created (Iftode et al. 1999).
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Thus, RPA70 comprises a filament on ssDNA to hamper
formation of secondary structures (Chang et al. 2017). Fail-
ure to form an RPA complex in mouse primary spermato-
cytes resulted in the accumulation of DSBs and considerable
reduction of crossing-over (Shi et al. 2019).

DSB repair efficiency gradually declines with biologi-
cal aging, which results in the increase of DSBs (Vaidya
et al. 2014; Li et al. 2016b). Consistently, DSB levels in
sperm cells of older individuals (aged 36-57 years old)
were significantly higher than those from young individuals
(20-35 years old) (Singh et al. 2003) as similarly revealed
in a recent study (Rosiak-Gill et al. 2019). As a result, DNA
damage, especially DSBs, gradually increases in men during
aging, accompanied by fertility loss. The underlying reasons
for increased DSBs in sperm cells during aging are not fully
understood yet. We hypothesized in the present study that
changed expression of the HR and cNHEJ genes in male
germ cells during aging may underlie the accumulation of
DSBs. For this purpose, we have evaluated the spatiotempo-
ral expression of the Rad51, Rpa70, Ku80, and Xrcc4 genes
as well as YH2AX distribution in the postnatal mouse testes
from young to aged periods.

Materials and methods
Animals and sample collection

BALB/c male mice aged 1, 2, 3, 4, 5, 6, 16, 18, 20, 48,
50, and 52 weeks were used in this study. The five groups
were created on the basis of histological structures and
reproductive features as follows: young (1 and 2 weeks old;
n=>5 from each week), prepubertal (3 and 4 weeks old;
n=4 from each week), pubertal (5 and 6 weeks old; n=4
from each week), postpubertal (16, 18, and 20 weeks old;
n=4 from each week), and aged (48, 50, and 52 weeks old;
n=6, 5, and 6 from each week, respectively). We provided
these mice from Akdeniz University Experimental Animals
Application and Research Center, and they were kept under
a 12 h light—dark cycle without water and food restrictions.
All experimental protocols were carried out in accordance
with the relevant guidelines and regulations approved by
the Akdeniz University Institutional Animal Care and Use
Committee (protocol number 937/2019.07.10). Following
cervical dislocation, which was carried out immediately
after ether inhalation, we dissected testes from each mouse
under sterile conditions using a stereo microscope (Zeiss,
Oberkochen, Germany). One testis from each mouse was
used for quantitative real-time polymerase chain reaction
(qRT-PCR), and the other one underwent routine paraffin
embedding for hematoxylin and eosin (HE) and immuno-
histochemistry staining.
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Gene expression analysis

Rad51, Rpa70, Ku80, and Xrcc4 gene expression analysis in
the postnatal testes was carried out by qRT-PCR as in pre-
vious studies (Bustin et al. 2009; Ozturk et al. 2012, 2014;
Kosebent and Ozturk 2021a). Total RNA was isolated using
TRIzol reagent (Life Technologies, Darmstadt, Germany)
according to the manufacturer’s instructions and kept at
—80 °C until use. The concentration and absorbance values
of isolated RNA were determined by measuring at the wave-
lengths of 260 and 280 nm using the Epoch microplate spec-
trophotometer (BioTek, Winooski, VT, USA). Ten micro-
grams of extracted RNA was treated with DNase I (Ambion,
Austin, Texas, USA) to eliminate any genomic DNA con-
tamination. We subsequently generated complementary
DNA (cDNA) from 2 pg of DNAase I-treated RNA in a
20 pl reverse-transcriptase reaction using the RETROscript
kit (Ambion, Austin, TX, USA) according to the instructions
supplied by the manufacturer. For this reaction, we used 100
units of M-MLV reverse transcriptase enzyme. Finally, the
reaction tubes were incubated at 42 °C for 60 min and then
95 °C for 10 min.

The relative mRNA levels of the Rad51 (RefSeq acces-
sion number NM_011234.5), Rpa70 (RefSeq accession
number NM_001252415.2), Ku80 (RefSeq accession num-
ber XM_006495893.4), and Xrcc4 (RefSeq accession num-
ber NM_028012.4) genes were detected by qRT-PCR in
a total volume of 25 pl composed of 12.5 pl of 2x SYBR
Green Supermix (Bio-Rad, Hercules, California, USA),
10 pM of primers, and 1 pl of 1:10 diluted cDNA. The
primer sequences and product sizes are given in Table 1. All
primer sequences were selected according to the literature
studies, which were also confirmed using the Primer-BLAST
program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
Amplifications were carried out with 35 cycles as follows:
95 °C for 15 min (initial denaturation), for 10 cycles: 92 °C

Table 1 The primer sequences and product sizes of the f-Actin,
Rad51, Rpa70, Ku80, and Xrcc4 genes used in qRT-PCR. bp base
pair

Gene Primers (5' — 3') Product
size
(bp)
p-Actin  Forward: TGCGTGACATCAAAGAGAAG 244
Reverse: CGGATGTCAACGTCACACTT
Rad51 Forward: AAACCTGACAGAGGAGCAGC 278
Reverse: TGCATAAGCAACAGCCTCCA
Rpa70 Forward: TGGGCTTCTTTGCAGTCTGT 292
Reverse: CGGGTGAGTGAACAGGGATG
Ku80 Forward: CTTGCTGGCAAGGACCAGTA 376
Reverse: GGAAGGAGGGTTTGAGGTGG
Xrccd Forward: CGCAAGTGGAGTACTGAGAGG 280

Reverse: ATGTACCAGCTGCTCCTGAC

for 20 s, 67 °C for 20 s, and 72 °C for 60 s (acquired to
Cycling A Green), and 25 cycles: 92 °C for 20 s, 55 °C for
15 s, and 72 °C for 60 s (acquired to Cycling A Green), and
final extension at 72 °C for 60 s. In the end, melting curve
analysis (55-95 °C for 5 s each) was performed to confirm
specificity of the PCR products. PCR cycling was applied
in triplicate on a Rotor-Gene (Corbett Research, Sydney,
Australia). f-Actin was used as a reference gene to normalize
relative mRNA levels of the target genes. The 2724 (where
Cq stands for quantification cycle) formula was utilized to
calculate fold changes. Thus, relative Rad51, Rpa70, Ku80,
and Xrcc4 expression levels were determined in the postnatal
testes from young to aged groups.

Paraffin embedding

Paraffin-embedded tissue processing was performed as in
our previous studies (Ozturk et al. 2012; Tepekoy et al.
2015). The testes obtained from 1-, 2-, 3-, 4-, 5-, 6-, 16-
18-, 20-, 48-, 50-, and 52-week-old mice were immersed in
Bouin’s solution at+4 °C for 24 h. Then, they were dehy-
drated in increasing concentrations of ethanol, cleared in
xylene, and subsequently embedded in paraffin. The paraffin
blocks were cut serially at 5 pm thickness using a rotary
microtome (Leica, Nussloch, Germany). We used these sec-
tions mounted onto Superfrost Plus glass slides (Thermo
Scientific, Rockford, IL, USA) in the following analyses.

Histological analysis

HE staining of the sections was carried out not only to evalu-
ate the histological structure of the postnatal testes but also
to count the germ cells from spermatogonia to elongated
spermatids as well as Sertoli cells. In brief, we incubated
sections in an oven at 60 °C for 1 h for HE staining. After
that, sections were treated twice with xylene for 10 min each
time, and then rehydrated in the decreasing ethanol concen-
trations for 5 min each time. After washing sections under
tap water, we stained them with hematoxylin followed by
eosin. Eventually, the histological structure of the postnatal
testes was evaluated under a bright-field microscope (Carl
Zeiss Inc., Thornwood, NY, USA).

For cell counting, we identified germ and Sertoli cells
on the basis of their well-defined morphological character-
istics (Kotaja et al. 2004; Gribbins et al. 2006; Ozturk et al.
2012,2014). Spermatogonial cells located at the basal site of
seminiferous tubules were distinguished by a deeply stained
nucleus surrounded with a rim of cytoplasm. Primary sper-
matocytes were counted in two subgroups as early prophase
(including preleptotene, leptotene and zygotene stages) and
pachytene. While preleptotene spermatocytes possessed a
prominent nucleus and fine granular chromatin, the leptotene
spermatocytes were in slightly larger diameter, stained more
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intensely, and had a fine filamentous chromatin packed in
their nuclei. We distinguished zygotene spermatocytes as
having a large size and thickened filamentous chromatin fib-
ers within nucleus. Pachytene spermatocytes are the largest
among germ cells and contain very thick chromatin fibers,
which are interspersed in the nucleoplasm.

We defined round spermatids at steps 1-8 by the round
nucleus including a centrally localized nucleolus (Meistrich
and Hess 2013; O’Donnell 2014). While elongating sper-
matids at steps 9—11 locating close to seminiferous tubule
lumen had an oval nucleus and no flagella, the elongated
ones at steps 12—16 were recognized by their hook-shaped
nucleus, surrounded by a small amount of cytoplasm, and
presence of a flagella (Meistrich and Hess 2013; Fu et al.
2018). Sertoli cells, the largest somatic cell of seminiferous
tubules, were defined as having round-, oval-, or irregular-
shaped nucleus with a centrally located nucleolus (Meistrich
et al. 1973; Vasco et al. 2009). On the basis of the charac-
teristics of these cells, randomly selected ten seminiferous
tubules in each testis section from each mouse at the ages
of 1,2,3,4,5, 6, 16, 18, 20, 48, 50, and 52 weeks were
assessed by two independent researchers under a bright-field
light microscope (Optiphot 300, Nikon, Japan). The num-
ber of germ and Sertoli cells per seminiferous tubule was
determined.

Immunohistochemical staining

We performed immunohistochemical staining as in our pre-
vious studies (Uysal and Ozturk 2020; Kosebent and Ozturk
2021b) to determine the spatiotemporal distributions and
relative abundances of the YH,AX, RAD51, RPA70, KUSO,
and XRCCH4 proteins in the postnatal testes. The sections cut
from the paraffin-embedded blocks were deparaffinized in
fresh xylene after being held in an oven at 60 °C for 1 h and
then rehydrated in a decreasing ethanol series. We boiled
sections in Tris—EDTA solution (including 10 mM Tris
base and 1 mM EDTA) in a microwave, set at 665 W for
5 min, for antigen retrieval. Subsequently, endogenous per-
oxidase activity was blocked in 3% H,O, solution (prepared
in methanol) for 25 min at room temperature (RT). After
washing with phosphate-buffered saline (1x PBS), sections
were blocked by incubating with Ultra V blocking solution
at RT for 7 min to prevent nonspecific binding.

Afterward, we incubated the sections with the YH,AX
(diluted 1:1500, catalog no. 9718S, Cell Signaling), RAD51
(diluted 1:500, catalog no. bs-20297R, Bioss), RPA70
(diluted 1:1750, catalog no. ab12320, Abcam), KU80
(diluted 1:750, catalog no. MBS712948, MyBiosource),
and XRCC4 (diluted 1:750, catalog no. bs8510R, Bioss)
primary antibodies at+4 °C overnight. All these primary
antibodies were produced in rabbits. Importantly, isotype
IgG antibody (diluted at the same concentrations with the
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primary antibodies, catalog no. 15006, Sigma-Aldrich)
except for the RADS1 immunostaining (in which we used 1x
PBS solution instead of primary antibody) was employed in
staining negative-control sections to detect specificity of the
primary antibodies. Following primary antibody incubation,
sections were washed in PBS for 15 min three times and
then incubated with biotinylated secondary antibody (goat
anti-rabbit IgG, diluted 1:750, catalog no. BA-1000, Vector
Labs) for 1 h at RT. Sections were then treated with strepta-
vidin—horseradish peroxidase (HRP) complex (catalog no.
TS-125-HR, Thermo Scientific) for 30 min at RT. Finally,
the immunoreactions were revealed using 3, 3'-diaminoben-
zidine (DAB) substrate (catalog no. D4168, Sigma-Aldrich)
under a light microscope. After washing sections under run-
ning tap water, we counterstained them with Mayer’s hema-
toxylin for visualization of nuclei.

The spatiotemporal distributions and relative levels of the
vyH,AX, RAD51, RPA70, KU80, and XRCC4 proteins in
total, per seminiferous tubule, and in each germ and Sertoli
cell type were evaluated in the postnatal testes from young
to aged groups using the Imagel software program [National
Institutes of Health (NIH), Bethesda, Maryland, USA].
For this purpose, the micrographs were captured under a
Zeiss bright-field microscope with Axiocam 105 color at
200x original magnification. The integrated mean values
measured by the Imagel software program were divided into
area values to determine unit expression levels. It is worth
noting that we analyzed at least four images from each age.

Statistical analysis

The obtained data were evaluated using one-way analysis of
variance (one-way ANOVA) on ranks, followed by a suit-
able post hoc test. We conducted all statistical calculations
using GraphPad Prism 5. P <0.05 was considered statisti-
cally significant.

Results
Histological analysis and cell counting

In this study, we first evaluated the histological structure
of the postnatal mouse testes from 1 to 52 weeks of age,
whose representative micrographs are shown in Fig. 1a.
In the young group, only spermatogonia and Sertoli cells
were observed in 1-week-old testis, and a low number of
primary spermatocytes at early prophase or pachytene stage
were observed in 2-week-old testis. In addition to the pri-
mary spermatocytes at early prophase or pachytene stage
and Sertoli cells, the prepubertal group (including 3- and
4-week-old testes) further contained round, elongating, and
elongated spermatids. In the pubertal, postpubertal, and aged
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Fig. 1 a Representative micro-
graphs of the postnatal mouse
testes from 1 to 52 weeks of
age. We evaluated histological
structures of the hematoxylin
and eosin (HE)-stained testis
tissues, obtained from mice at
the ages of 1, 2, 3,4, 5, 6, 16,
18, 20, 48, 50, and 52 weeks.
All the testes exhibited normal
histological structures, and
some differences related to hav-
ing germ cell types were noted.
The micrographs were captured
at 400x original magnification.
The scale bars represent 50 um.
b Numbers of the germinal
epithelial cells in each group.
We counted the germ cells from
spermatogonia to elongated
spermatids, and Sertoli cells per
seminiferous tubule. Notably,
randomly selected ten semi-
niferous tubules from at least
four mice from each age were
counted. We found that numbers
of the primary spermatocytes
at early prophase or pachy-
tene stage, round spermatids,
and Sertoli cells in the aged
group were significantly lower
compared with the pubertal or
postpubertal group (P <0.05).
Herein, the data were evaluated
using one-way ANOVA fol-
lowed by Tukey’s post hoc test
for all the cell counts. P<0.05
was considered statistically
significant. Values are presented
as mean + standard error of

the mean (SEM). *, P<0.05;
** P<0.01; *** P<0.001.

Y young, PreP prepubertal, P
pubertal, PostP postpubertal,
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Spermatogonium
spermatid spermatid

groups, all germ cell types from spermatogonia to sperm
cells as well as Sertoli cells were detected (Fig. 1a).

When we counted the germ cells from spermatogonia
to elongated spermatids as well as Sertoli cells (Fig. 1b),
no significant change was determined for spermatogonial

cells among the groups. The early prophase and pachytene
spermatocyte numbers progressively increased from young
to postpubertal groups and sharply decreased in the aged
group (P <0.05). Round spermatids at the lowest number in
the prepubertal group (P <0.001) progressively increased
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«Fig.2 The relative expression of Rad51, Rpa70, Ku80, and Xrcc4
genes in the postnatal mouse testes at different ages (at least four
mice from each week), and in the young (n=10), prepubertal (n=8),
pubertal (n=38), postpubertal (n=12), and aged (n=17) groups. We
determined their expression levels using quantitative real-time poly-
merase chain reaction (QRT-PCR). Notably, f-Actin was used as a
housekeeping gene for the normalization of target gene expression.
a Rad5] mRNA levels in the postnatal testes at different ages. The
levels progressively increased from 1- to 3-week-old testes (P <0.05)
and then gradually decreased toward 52-week-old testis (P <0.05).
The Rad51 gene expression in 52-week-old testis was set to 1. b
Rad51 mRNA levels among the groups, which exhibited the high-
est and lowest levels in the prepubertal and aged groups, respectively
(P<0.01). The Rad51 gene expression in the aged group was set
to 1. ¢ Rpa70 mRNA levels in the postnatal testes at different ages.
There were fluctuations in expression from 1- to 52-week-old testes
(P<0.05). The Rpa70 gene expression in 1-week-old testis was set
to 1. d Rpa70 mRNA levels among the groups. The aged group had
lower levels compared with the prepubertal, pubertal, and postpuber-
tal groups (P <0.05). The Rpa70 gene expression in the young group
was set to 1. e KuS0 mRNA levels in the postnatal testes at different
ages. We observed fluctuations in expression from 1- to 52-week-old
testes (P <0.05). The Ku80 gene expression in 1-week-old testis was
set to 1. f Ku80 mRNA levels among the groups. The aged group had
a lower level in comparison with the other groups (P <0.01), except
for the young one. The Ku80 gene expression in the young group was
set to 1. g Xrcce4 mRNA levels in the postnatal testes at different ages.
We found the lowest expression in 1-week-old (P <0.05) and high-
est level in 3-week-old testes (P <0.01). The Xrcc4 gene expression
in 1-week-old testis was set to 1. h Xrcc4 mRNA levels among the
groups. It was at the lowest level in the young group (P <0.05), sig-
nificantly increased in the prepubertal group (P<0.001) and then
gradually decreased toward aged group (P <0.001). The Xrcc4 gene
expression in the young group was set to 1. It is noteworthy that the
data were evaluated using one-way ANOVA followed by Tukey’s post
hoc test for all genes. P<0.05 was considered statistically signifi-
cant. We presented the values as mean =+ standard deviation (SD). *,
P<0.05; **, P<0.01; *** P<0.001. Y young, PreP prepubertal, P
pubertal, PostP postpubertal, A aged

toward postpubertal group (P <0.001), and decreased in the
aged group (P <0.05). The prepubertal group had the highest
elongating spermatid number (P <0.001), and the pubertal
group possessed a lower number than that of the postpuber-
tal group (P <0.05). When counting elongated spermatids,
the aged and postpubertal groups had higher numbers com-
pared with the pubertal group (P <0.05). On the other hand,
the number of Sertoli cells gradually decreased from young
to aged groups (P <0.001, Fig. 1b).

Rad51, Rpa70, Ku80, and Xrcc4 gene expression
in the postnatal testes

Herein, we determined the Rad51, Rpa70, Ku80, and Xrcc4
mRNA levels in all weeks and groups from young to aged
(Fig. 2). Rad51 mRNA level progressively increased from
1- to 3-week-old testes (P <0.05) and gradually decreased
to 5-week-old testis (P <0.001, Fig. 2a). After Rad51
exhibited a fluctuated expression from 6- to 18-week-old
testes (P <0.05), we observed gradual decreases toward

52-week-old testis (P <0.05, Fig. 2a). Among the groups
(Fig. 2b), Rad51 mRNA level significantly increased from
young to prepubertal groups (P <0.001) and then gradu-
ally decreased toward the aged group (P <0.01). It is worth
noting that the prepubertal and aged groups had the highest
and lowest Rad51 expression levels, respectively (P <0.01).

The Rpa70 expression was at the lowest level in 1-week-
old testis (P <0.001) and reached the highest level in
6-week-old testis (P <0.01, Fig. 2¢). Sharply increased
Rpa70 expression in 4- and 6-week-old testes exhibited
gradual increases from 1- to 20-week-old testes and then
remarkably decreased in 48-, 50-, and 52-week-old testes
(P <0.05, Fig. 2c). Among the groups (Fig. 2d), the low-
est Rpa70 expression in the young group progressively
increased toward postpubertal group (P <0.001) and then
dramatically reduced in the aged group (P <0.05).

The Ku80 gene exhibited fluctuating expression pat-
terns from 1- to 52-week-old testes (P <0.05, Fig. 2e). It
was at the lowest and highest levels in 1- and 3-week-old
testes, respectively (P <0.01). In the postnatal testis groups
(Fig. 2f), Ku80 expression at the lowest level in the young
group (P <0.001) significantly increased in the prepubertal
group (P <0.001), and then decreased in the pubertal group
(P<0.001). The minimally enhanced Ku80 mRNA level
in the postpubertal group reduced again in the aged group
(P<0.01, Fig. 2f). We think that fluctuations in the expres-
sion among groups may derive from different transcriptional
activity of the Ku80 gene in the testicular cells.

Expression of the other cNHEJ component, Xrcc4, was at
the lowest level in 1-week-old testis (P <0.01) and increased
progressively toward 3-week-old testis (P <0.001, Fig. 2g).
Subsequently, there were fluctuations in the expression from
4- to 52-week-old testes (P <0.05). In the groups, we found
Xrcc4 expression at the lowest level in the young group
(P <0.05), which dramatically increased in the prepubertal
group (P <0.001) and then gradually decreased toward the
aged group (P <0.05, Fig. 2h).

Expression of the yH2AX, RAD51, RPA70, KU80,
and XRCC4 proteins in the postnatal testes

In the present study, we evaluated cellular distributions and
relative levels of the yH2AX, RAD51, RPA70, KU80, and
XRCC4 proteins in the postnatal testes from young to aged
groups.

Cellular distribution and relative level of yH2AX

In all ages, we detected intense YH2AX immunoexpression
in the spermatogonial cells and primary spermatocytes at
early prophase stages, especially at preleptotene, and weak
expression was noted in the pachytene spermatocytes. It is
important to note that the XY bodies being formed by sex
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«Fig.3 The cellular distributions and relative levels of the yH2AX
protein in the postnatal mouse testes. a Representative micrographs
of yH2AX immunostaining in the young, prepubertal, pubertal, post-
pubertal, and aged groups. YH2AX exhibited strong nuclear locali-
zation in the spermatogonial cells and primary spermatocytes at the
early prophase stage in each group, and there were weak nuclear and
cytoplasmic intensities in the remaining germ cells and Sertoli cells.
The micrographs were captured at 400X original magnification. Scale
bars, 50 um. b yYH2AX levels in the testes at the different ages from 1
to 52 weeks. Generally, they increased toward the late ages, includ-
ing 48-, 50-, and 52-week-old testes (P <0.05). ¢ YH2AX levels in
the postnatal testis groups. They were at the highest level in the aged
group compared with the other groups (P <0.01). d YH2AX levels
per seminiferous tubule in each age. They reached the highest levels
in the late ages, that is, 48-, 50-, and 52-week-old testes (P <0.05). e
YH2AX levels per seminiferous tubule in each group. The aged group
had a higher level than the other groups (P <0.05). f yH2AX levels
in the germinal epithelial cells of the postnatal testis groups. Despite
some fluctuations in expression, they increased toward the aged group
in spermatogonial cells, early prophase spermatocytes, round sperma-
tids, elongating spermatids, elongated spermatids, and Sertoli cells
(P<0.05). The data were analyzed using one-way ANOVA followed
by Tukey’s post hoc test. P<0.05 was considered statistically sig-
nificant. We present the values as mean +standard deviation (SD). *,
P<0.05; **, P<0.01; *** P<0.001. Y young, PreP prepubertal, P
pubertal, PostP postpubertal, A aged, SG spermatogonium, EP early
prophase spermatocyte, P pachytene spermatocyte, RS round sperma-
tid, ES elongating spermatid, EdS elongated spermatid, S Sertoli cell,
L lumen, IT intertubular area

chromosomes were observed in the pachytene spermatocytes
from 2-week-old testis onward. Additionally, the elongating
and elongated spermatids from 3-week-old testis expressed
yH2AX at a moderate intensity (Fig. 3a). Evaluating relative
yH2AX levels in the testes at different ages (Fig. 3b) revealed
areduction from 1- to 4-week-old testes (P <0.05), except for
2-week-old testis, which showed a sharp increase (P <0.05).
Subsequently, YH2AX levels progressively increased from
5- to 52-week-old testes (P <0.05), except for 6-week-old
testis, which exhibited a dramatic increase (P <0.05). In the
postnatal testis groups (Fig. 3c), YH2AX levels decreased
from young to prepubertal groups (P <0.001), remarkably
enhanced in the pubertal/postpubertal groups (P <0.001),
and reached the highest level in the aged group (P <0.01).

We also analyzed YH2AX levels in seminiferous tubules
of the testes at different ages (Fig. 3d). They significantly
increased from 1- to 2-week-old testes, decreased toward
4-week-old testis (P <0.01), and progressively increased
toward 52-week-old testis (P <0.01). Among groups
(Fig. 3e), although there were no significant changes
between young, prepubertal, and pubertal groups, the
postpubertal group had a higher level than the prepubertal
(P<0.01) and young (P <0.05) groups. Importantly, the
aged group exhibited the highest YH2AX level compared
with the other groups (P <0.001, Fig. 3e).

Evaluating yYH2AX levels in the germinal epithelial cells
(Fig. 3f), we found that they gradually increased from young
to aged groups (except for the minimal decreases in several

cell types of the pubertal group) in the spermatogonial cells
(P <0.01), early prophase spermatocytes (P <0.05), round
spermatids (P <0.01), elongating spermatids (P <0.05),
elongated spermatids (P <0.001), and Sertoli cells
(P<0.001). In the pachytene spermatocytes, YH2AX levels
decreased from young/prepubertal groups to the pubertal
group (P <0.01), and then gradually increased toward the
aged group (P <0.05).

Cellular distribution and relative level of RAD51

We observed RADS51 immunoexpression in both intertubu-
lar area and seminiferous tubules in all ages (Fig. 4a). In
the intertubular area, several cells, including Leydig cells
and endothelial cells, exhibited immunostaining. In the
seminiferous tubules, the germ cells from spermatogonia
to elongated spermatids and Sertoli cells had nuclear and
cytoplasmic RADS51 expression. Importantly, the primary
spermatocytes at early prophase or pachytene stage pos-
sessed stronger RADS1 intensity in their nuclear region
as compared with cytoplasm (Fig. 4a). When we ana-
lyzed relative RADS1 levels in the total area of each age
(Fig. 4b), they gradually decreased from 1- to 16-week-old
testes (P <0.05) and then progressively increased from 18-
to 48-52-week-old testes (P <0.05). Among the groups
(Fig. 4c), we detected the highest RADS]1 level in the young
group (P <0.001), which significantly decreased toward the
pubertal/postpubertal groups (P <0.05). Subsequently, it
increased again in the aged group (P <0.01).

Evaluating RADS1 levels in the seminiferous tubules of
each age (Fig. 4d) revealed an increase from 1- to 3-week-
old testes and then decrease toward 52-week-old testis
(P <0.05), except for the minimal increase in 16-week-
old testis (P <0.05). In the groups (Fig. 4e), we found that
RADSI levels significantly increased from young to pre-
pubertal groups (P <0.001), and then gradually decreased
toward aged group (P <0.05).

When we measured the RADS51 levels in each germinal
epithelial cell (Fig. 4f), no significant changes were discov-
ered in the round, elongating, and elongated spermatids. In
contrast, RADS51 levels in the spermatogonial cells reduced
from young to postpubertal groups (P <0.001) and remark-
ably increased in the aged group (P <0.001). The early pro-
phase and pachytene spermatocytes showed fluctuations in
the expression from young to aged groups (P <0.05). In the
Sertoli cells, we noticed a gradual decrease for the RADS1
levels from young to aged groups (P <0.05, Fig. 4f).

Cellular distribution and relative level of RPA70 protein
On analyzing expression distribution of another HR-repair

component, RPA70 in the postnatal testes (Fig. 5a), we
detected immunostaining either in the seminiferous tubules or

@ Springer



136

Histochemistry and Cell Biology (2023) 159:127-147

@ Springer

Relative RAD51 protein level

Relative RAD51 protein level

Relative RAD51 protein level

Prepubertal

BT

40

30
$
9
£
£
20 s
Q
=
o
g
10 H
=
I
x
o
1 2 3 4 5 6 16 18 20 48 50 52
Postnatal testis age(week)
K] ¢
F 2
El £
- 3
» 2
3 2
8 =
£ 8
£
£ g
o (3
@, 2
- b=
@ &
B &

1 2 3 4 5 6 16 18 20 48 50 52
Postnatal testis age (week)

60+

o]l

20

in the germinal epithelial cells

O

T
Y PreP P PostP A

T T T T
Y PreP P PostP A Y PreP P PostP A

Early prop F

N
S
It

H
I

iferous tubule
3

per seminif
3

PreP P PostP A
Round

Prep P PostP A
Postnatal testis group

PreP L PostP A

Postnatal testis group

Y PreP P PostP A
Sertoli cell

PreP PPostPA  PreP P PostP A

Elongating Elongated




Histochemistry and Cell Biology (2023) 159:127-147

137

«Fig.4 The cellular distributions and relative levels of the RADS51
protein in the postnatal mouse testes. a Representative micrographs
of RAD51 immunostaining in the young, prepubertal, pubertal, post-
pubertal, and aged groups. RADS51 exhibited strong nuclear localiza-
tion in the primary spermatocytes, and there were weak nuclear and
cytoplasmic intensities in the remaining germ cells and Sertoli cells.
The micrographs were captured at 400X original magnification. Scale
bars, 50 um. b RADS]1 levels in the testes at the different ages from 1
to 52 weeks. They were gradually decreased from 1- to 16-week-old
testes and then increased from 18 weeks to the late ages (P <0.05).
¢ RADSI levels in the postnatal testis groups. They significantly
decreased from young to pubertal/postpubertal groups and subse-
quently increased in the aged group (P<0.05). d RADSI levels per
seminiferous tubule in each age. We detected that RADS1 levels pro-
gressively increased from 1- to 3-week-old testes (P <0.05) and then
decreased toward 52-week-old testis (P <0.05). e RADS1 levels per
seminiferous tubule in each group. The levels were low in the young
group, significantly increased in the prepubertal group, and gradually
decreased toward the aged group (P <0.05). f RADS1 levels in the
germinal epithelial cells of the postnatal testis groups. We observed
significant changes in the spermatogonial cells, early prophase sper-
matocytes, pachytene spermatocytes, and Sertoli cells among groups
(P<0.05). The data were analyzed using one-way ANOVA followed
by Tukey’s post hoc test. P<0.05 was considered statistically sig-
nificant. We present the values as mean +standard deviation (SD). *,
P<0.05; **, P<0.01; *** P<0.001. Y young, PreP prepubertal, P
pubertal, PostP postpubertal, A aged, SG spermatogonium, EP early
prophase spermatocyte, P pachytene spermatocyte, RS round sperma-
tid, ES elongating spermatid, EdS elongated spermatid, S Sertoli cell,
L lumen, IT intertubular area

in the intertubular cells. There were weak nuclear and cyto-
plasmic RPA70 intensities in the intertubular cells, includ-
ing Leydig cells and endothelial cells. In the seminiferous
tubules, spermatogonial cells and pachytene spermatocytes
exhibited strong expression in their nuclear and cytoplasmic
regions. On the other hand, we determined weak nuclear and
cytoplasmic immunoexpression in the other germinal epi-
thelial cells, including early prophase spermatocytes, round,
elongating, and elongated spermatids, and Sertoli cells. Total
RPA70 levels in the testes at different ages (Fig. 5b) progres-
sively reduced from 1- to 4-week-old testes (P <0.05) and
then increased toward 6-week-old testis (P <0.05). Subse-
quently, the RPA70 levels decreased from 6- to 20-week-old
testes (P <0.05) and increased again at the late ages, includ-
ing 48-, 50-, and 52-week-old testes. In the postnatal tes-
tis groups (Fig. 5¢), no significant differences were found
between prepubertal, pubertal, and postpubertal groups; the
young group had a higher level compared with the prepuber-
tal, pubertal, and postpubertal groups (P <0.05). Also, the
aged group possessed a higher RPA70 level than the prepu-
bertal and postpubertal groups (P <0.001).

The RPA70 levels per seminiferous tubule (Fig. 5d)
progressively increased from 1- to 20-week-old testes
(P <0.05), and then decreased toward 52-week-old tes-
tis (P <0.001). Among groups (Fig. Se), RPA70 levels
increased from young to postpubertal groups (P <0.01)
and then reduced in the aged group (P <0.001).

When we evaluated RPA70 levels in the germinal epithe-
lial cells, there were cell-type-specific differences among
groups (Fig. 5f). In the spermatogonial cells, the young
group had a higher level than the pubertal group (P <0.05).
The early prophase spermatocytes of the young group
exhibited the highest level in comparison with the other
groups (P <0.001). For the same cell type, the prepubertal
and aged groups possessed higher levels than the pubertal
group (P <0.01), and similarly, the aged group had higher
expression than the postpubertal group (P <0.05). In the
pachytene spermatocytes, RPA70 had the lowest level in
the young group (P <0.001), increased in the prepubertal
group (P <0.01), and further increased in the pubertal, post-
pubertal, and aged groups (P <0.05). The round spermatids
of the prepubertal group exhibited lower RPA70 level than
the pubertal and postpubertal groups (P <0.001) and had
lower expression in the aged group than in the postpubertal
group (P <0.05). We observed the same expression distri-
bution in the elongating and elongated spermatids, in which
RPA70 levels progressively increased from prepubertal to
aged groups (P <0.05). In the Sertoli cells, it increased from
young to postpubertal/aged groups (P <0.01).

Cellular distribution and relative level of KUSO

A cNHEJ component KU80 was expressed in the inter-
tubular area and seminiferous tubules of all testes from
1 to 52 weeks of age (Fig. 6a). There was cytoplasmic
and nuclear immunoexpression in the Leydig cells and
endothelial cells, localized in the intertubular area. In the
seminiferous tubules, we detected strong KUS8O0 intensity in
the nuclear region of pachytene spermatocytes. The weak
nuclear and cytoplasmic immunoexpression were observed
in the spermatogonial cells, round spermatids, and Sertoli
cells. It is noteworthy that there was a very weak KU80
intensity in the preleptotene spermatocytes and elongating
and elongated spermatids (Fig. 6a). Relative KUS8O0 levels in
the total area of the testes at different ages (Fig. 6b) had the
lowest levels in 1- and 2-week-old testes compared with the
other ages (P <0.001). Notably, no significant change was
noted in the testes from 3 to 50 weeks of age. In the groups,
we detected the lowest KU8O0 level in the young group in
comparison with the other groups (P <0.001), and no sig-
nificant changes were discovered among the other groups
(Fig. 6¢).

The seminiferous tubules of 1- and 2-week-old testes pos-
sessed significantly lower KUS8O levels than those of the other
ages (P<0.001, Fig. 6d). Importantly, KU8O0 levels remarkably
decreased at the late ages, including 48-, 50-, and 52-week-old
testes as compared with 3- to 20-week-old testes (P <0.05). In
the postnatal groups, KUS8O at the lowest level in the young
group significantly increased in the prepubertal, pubertal, and
postpubertal groups (P <0.001) and decreased in the aged
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Fig.5 The cellular distributions
and relative levels of the RPA70
protein in the postnatal mouse
testes. a Representative micro-
graphs of RPA70 immunostain-
ing in the young, prepubertal,
pubertal, postpubertal, and
aged groups. RPA70 exhibited
strong nuclear localization
in the spermatogonial cells
and primary spermatocytes at
pachytene stage, and there were
weak nuclear and cytoplasmic
intensities in the remaining
germ cells and Sertoli cells. The
micrographs were captured at
400x original magnification.
Scale bars, 50 um. b RPA70
levels in the testes at the differ-
ent ages from 1 to 52 weeks.
They showed fluctuations
from 1- to 52-week-old testes
(P<0.05). ¢ RPA70 levels in
the postnatal testis groups. The
levels were highest in the young
and aged groups (P <0.05).d
RPA70 levels per seminiferous
tubule in each age. We found
that RPA70 level progressively
increased from 1- to 20-week-
old testes and then gradually
decreased toward 52-week-old
testis (P <0.05). e RPA70 levels
per seminiferous tubule in each
group. They increased from
young to postpubertal groups
and reduced in the aged group
(P<0.01). fRPA70 levels in
the germinal epithelial cells of
the postnatal testis groups. We
observed significant changes in
all the cell types among groups
(P <0.05). The data were ana-
lyzed using one-way ANOVA
followed by Tukey’s post hoc
test. P<0.05 was considered
statistically significant. We pre-
sent the values as mean =+ stand-
ard deviation (SD). *, P<0.05;
** P<0.01; *** P<0.001.
Y young, PreP prepubertal, P
pubertal, PostP postpubertal, A
aged, SG spermatogonium, EP
early prophase spermatocyte,
P pachytene spermatocyte, RS
round spermatid, ES elongating
spermatid, EdS elongated sper-
matid, S Sertoli cell, L lumen,
IT Intertubular area

@ Springer

Prepubertal Pubertal

b, c
< sk
E 254 =
£2 ° sk ke
2 b o
g = 20
:
E 5 154
4 °
E E 10
K] @
€ 2
s
7}
4
o0
1 2 3 4 5 6 16 18 20 48 50 52 Y PreP P PostP A
Postnatal testis age(week) Postnatal testis group
sk
d e sk ok
30+ ek ek
.
s g
[] -
] 2o
£5 23
R £ 5 204
gy g3
59 o8
3 a9
SE Qe
&g =
23 & g 104
5% £4
&° k]
&
0-
1 2 3 4 5 6 16 18 20 48 50 52 Y PreP P PostP A
Postnatal testis age (week) Postnatal testis group
80+
2
T o 2
I
2T 60
e =
T2
ot
°a
g 40
°ow® 1
=2
< £
& £
@
EPY)
52
=
L=

L
Y PreP P PostPA Y PreP PPostP A

Y PreP PPostPA  PreP PPostPA  PreP PPostPA  PreP P PostP A Y PreP PPostPA

lyprop

Round Elongating Elongated Sertoli cell




Histochemistry and Cell Biology (2023) 159:127-147

139

group (P <0.001). However, no difference was noted between
prepubertal, pubertal, and postpubertal groups (Fig. 6e).
Upon analyzing KUS8O levels in the germinal epithelial
cells between groups (Fig. 6f), although we did not find any
remarkable changes in the round, elongating, and elongated
spermatids as well as Sertoli cells, the spermatogonial cells
of the young group had the lowest KU8O0 level compared with
the remaining groups (P <0.05). In the early prophase sper-
matocytes, the young group possessed a lower level than the
postpubertal group (P <0.05). The pachytene spermatocytes
of the young group had the lowest KU80 level (P <0.001), but
no further differences were determined among other groups.

Cellular distribution and relative level of XRCC4

In the seminiferous tubules (Fig. 7a), XRCC4 was inten-
sively localized in the nuclear region of pachytene spermato-
cytes and round spermatids, and there was very weak immu-
noexpression in the spermatogonial cells, early prophase
spermatocytes, elongating spermatids, elongated spermatids,
and Sertoli cells. It is worth noting that XRCC4 immuno-
reactivity was at a low intensity in the intertubular cells,
including Leydig cells and endothelial cells (Fig. 7a). Rela-
tive XRCC4 levels in the testes at different ages (Fig. 7b)
progressively increased from 1- to 20-week-old testes
(P <0.05) and then minimally decreased in 48-, 50-, and
52-week-old testes. In the postnatal testis groups (Fig. 7c¢),
XRCCH4 levels progressively enhanced from young to aged
groups (P<0.01).

The XRCC4 levels per seminiferous tubule (Fig. 7d)
increased from 1- to 18-/20-week-old testes (P <0.05) and
remained at high levels in 48-, 50-, and 52-week-old testes
(P<0.05). Among groups (Fig. 7e), we found that XRCC4
levels increased from young to postpubertal/aged groups
(P <0.01). In the germinal epithelial cells of the groups,
no significant changes existed in the spermatogonial cells,
elongating spermatids, elongated spermatids, and Sertoli
cells (Fig. 7f). The early prophase spermatocytes of the aged
group had lower XRCC4 levels than the prepubertal and
pubertal groups (P <0.05), and the prepubertal group had
higher expression than the postpubertal group (P <0.01). In
the pachytene spermatocytes, the young group possessed the
lowest level in comparison with the other groups (P <0.001).
The round spermatids of the aged group expressed XRCC4
at a lower level compared with the prepubertal and pubertal
groups (P <0.05).

Discussion
In the current study, the Rad51, Rpa70, Ku80, and Xrcc4

gene expression at mRNA and protein levels, as well as
YH2AX profiles, were for the first time evaluated in the

postnatal mouse testes from early to aged periods. We
found that Rad51, Rpa70, Ku80, and Xrcc4 mRNA levels
significantly decreased in the aged group compared with the
pubertal and postpubertal groups. The most likely reason
for these decreases is the reduced numbers of primary sper-
matocytes at early prophase or pachytene stage, round sper-
matids, and Sertoli cells in the aged group. Immunostaining
results of their encoded proteins revealed that they express
these genes. It is noteworthy that reduced numbers of other
testicular cells, such as Leydig cells, may also have con-
tributed to the decreased mRNA levels. In parallel with our
cell count results, previous studies reported that numbers of
all germ cell types as well as testosterone production and
spermatogenic activity, sperm production and quality pre-
dominantly declined during aging in men (Paniagua et al.
1991; Wolf et al. 2000; Tenover 2003; Santiago et al. 2019).
Despite controversial results, Leydig cell (Neaves et al.
1984, 1985) and Sertoli cell (Johnson et al. 1984) counts
were further found to decrease along with testicular aging.

Although we could not analyze gene expression in each
cell type through cell isolation, reduced transcriptional
activity in aged testicular cells may be another factor that led
to decreased mRNA levels. Consistent with this prediction,
Paul et al. (2013) revealed that transcriptional activity of the
genes involved in the DNA repair processes, including DSB
repair, base excision repair (BER), and nucleotide excision
repair (NER), widely declines in the testicular cells undergo-
ing biological aging (Paul et al. 2013). Serum testosterone
levels decrease during aging (Bhasin et al. 2000; Snyder
2001), resulting in reduced transcriptional activation through
the classical pathway by binding to androgen receptors or the
noncanonical pathway (Fix et al. 2004; Walker 2010). Thus,
a decrease in testosterone levels in the aged group may have
reduced transcript levels of these genes.

Herein, we found Rad51, Rpa70, Ku80, and Xrcc4 gene
expression at lowest levels in the young group. Low numbers
of the primary spermatocytes at early prophase or pachytene
stage, round spermatids, and elongated spermatids, which
transcribe these genes according to the immunostaining find-
ings, may be a cause of decreased mRNA levels. Another
reason might be a decrease in reproductive hormone levels,
such as testosterone, in this period of life. It was evidenced
in previous studies that testosterone was at lower levels in
young mice compared with adult ones (Jean-Faucher et al.
1978; Anderson Jr et al. 1989). Since testosterone enables
increase of transcriptional activity (Parada-Bustamante et al.
2017), its decreased level in the young group might underlie
reduced gene expression.

yH2AX is a commonly used biomarker for defining DSBs
arising from cytotoxic chemical agents as well as environ-
mental and physical factors (Turinetto and Giachino 2015).
Following phosphorylation of serine 139 by ataxia telangiec-
tasia mutated (ATM) and ATM-Rad3-related (ATR) kinases
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«Fig.6 The cellular distributions and relative levels of the KU80 pro-
tein in the postnatal mouse testes. a Representative micrographs of
KU80 immunostaining in the young, prepubertal, pubertal, postpu-
bertal, and aged groups. KU8O exhibited strong nuclear localization
in the primary spermatocytes at pachytene stage, and weak nuclear
and cytoplasmic intensities were noted in the remaining germ cells
and Sertoli cells. The micrographs were captured at 400X original
magnification. Scale bars, 50 um. b KUS8O levels in the testes at the
different ages from 1 to 52 weeks of age. The levels were at lowest in
1- and 2-week-old testes (P <0.001). ¢ KUS8O levels in the postnatal
testis groups. The level was the lowest in the young group compared
with the other groups (P<0.001). d KU80 levels per seminiferous
tubule in each age. KU80 was at lowest level in 1- and 2-week-old
testes (P<0.001), and 48-, 50-, and 52-week-old testes had lower
levels than 3- to 20-week-old testes (P <0.05). e KU80 levels per
seminiferous tubule in each group. The young and aged groups pos-
sessed lower levels than the prepubertal, pubertal, and postpubertal
groups (P <0.001). f KU8O levels in the germinal epithelial cells of
the postnatal testis groups. We observed significant decreases in the
spermatogonial cells, early prophase spermatocytes, and pachytene
spermatocytes of the young group (P <0.05). The data were ana-
lyzed using one-way ANOVA followed by Tukey’s post hoc test.
P <0.05 was considered statistically significant. We present the val-
ues as mean = standard deviation (SD). *, P<0.05; **, P<0.01; **%*,
P<0.001. Y young, PreP prepubertal, P pubertal, PostP postpuber-
tal, A aged, SG spermatogonium, EP early prophase spermatocyte, P
pachytene spermatocyte, RS round spermatid, ES elongating sperma-
tid, EdS elongated spermatid, S Sertoli cell, L lumen, /7T intertubular
area

through PI3K (phosphoinositide 3-kinase) pathway, YH2AX
recruits DSB repair proteins to damaged sites (Kuo and
Yang 2008). Consistent with its basic functional features,
we found YH2AX at highest levels in the spermatogonial
cells and early prophase spermatocytes in the postnatal tes-
tes, as demonstrated in previous studies (Hamer et al. 2003;
Forand et al. 2004). Many consecutive mitotic divisions
necessitating rounds of DNA replication at the beginning
of spermatogenesis in the spermatogonial cells (Griswold
2016) may lead to increase of DSBs. Additionally, exposing
low-dose ionizing radiation results in the accumulation of
DSBs in the spermatogonial cells (Grewenig et al. 2015).
These DSBs can be repaired in the subsequent germline cells
during spermatogenic progression. For proper crossing-over,
a number of DSBs are created by the topoisomerase SPO11
at the early prophase stages (Lam and Keeney 2014). There-
fore, DSB reaches high levels in the primary spermatocytes
at early stages (Qu et al. 2021), as observed in the current
study.

The aged group exhibited the highest YH2AX level as
compared with the other groups. This increase likely origi-
nated from elevated YH2AX levels in all germinal epithelial
cells from spermatogonia to Sertoli cells. Consistently, pre-
vious studies revealed that DSB levels increase in the sperm
cells obtained from aged men (Singh et al. 2003; Paul and
Robaire 2013; Muratori et al. 2019). The possible factors
leading to increased DSBs in the germ cells during aging can
be the elevated reactive oxygen species (ROS) levels (Cui

et al. 2012), mitochondrial dysfunction (Cui et al. 2012), and
decreased DSB repair efficiency (Gorbunova and Seluanov
2016).

In male germ cells, there are three main pathways, HR,
cNHEJ, and aEJ, for repairing DSBs during spermatogenesis
(Gunes et al. 2015). The major components of HR repair
are the RADS51 and RPA70 proteins (Whelan et al. 2018).
RADS51 accumulates at DSB sites to catalyze the exchange
between damaged strand and sister strand to facilitate
DSB repair (Baumann and West 1998; Robert et al. 2021).
RADS51 immunoexpression was determined in the nuclear
and cytoplasmic regions of mouse spermatocytes (Kuramo-
chi-Miyagawa et al. 2004; Chen et al. 2016). In addition
to pachytene spermatocytes, we detected RADS1 expres-
sion in both nuclear and cytoplasmic regions of spermato-
gonial cells and round spermatids in the postnatal testes.
High expression of Rad51 in these cells may be related to
repairing preformed DSBs in the spermatogonial cells and
early prophase spermatocytes. On the other hand, enhanced
RADSI1 level in the round spermatids suggests that it may
contribute to repairing DSBs, which emerge in the transition
process from histones to protamines, at the later periods of
spermiogenesis.

Consistent with the high RADS51 level observed in the
pachytene spermatocytes, Kamel et al. (1997) detected
highest Rad51 mRNA level in the late pachytene spermato-
cytes compared with the primary spermatocytes at different
stages, spermatogonia, round spermatids, and Sertoli cells
(Kamel et al. 1997). Increased RADS51 level in pachytene
spermatocytes seems to be essential for maintaining their
viability because its loss led to depletion of the primary
spermatocytes at late prophase stage through apoptosis
(Dai et al. 2017). The same researchers also observed that
RADS51 localizes specifically in spermatogonial cells and
primary spermatocytes from preleptotene to pachytene
stages in mouse testes. These immunostaining patterns
were largely similar to our results, in which only differ-
ence was the detection of weak immunoexpression in early
prophase spermatocytes. In the seminiferous tubules of the
aged group, RADS51 level significantly decreased compared
with the pubertal and postpubertal groups. Reduced numbers
of primary spermatocytes at early prophase and pachytene
stages (highly expressed Rad51) and Sertoli cells may be one
of the factors leading to this decrease. Another factor might
be the decreased RADS1 translation in the early prophase
spermatocytes and Sertoli cells.

A recent study by Nguyen-Powanda and Robaire dem-
onstrated that biological aging did not change RADS51 level
in mouse spermatocytes (Nguyen-Powanda and Robaire
2021). However, there was a significant decrease of RADS51
immunostaining in the spermatids at the seminiferous tubule
stages of I-IV and VIII-IX in the aged mice (15-18 months)
as compared with the young mice (3—4 months). Also,
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«Fig.7 The cellular distributions and relative levels of the XRCC4
protein in the postnatal mouse testes. a Representative micrographs
of XRCC4 immunostaining in the young, prepubertal, pubertal, post-
pubertal, and aged groups. XRCC4 exhibited strong nuclear locali-
zation in the primary spermatocytes at pachytene stage and round
spermatids, and there were weak nuclear and cytoplasmic intensi-
ties in the remaining germ cells and Sertoli cells. The micrographs
were captured at 400X original magnification. Scale bars, 50 um. b
XRCC4 levels in the testes at the different ages from 1 to 52 weeks.
They were gradually enhanced from 1- to 20-week-old testes and
remained at high levels in 48-, 50-, and 52-week-old testes (P <0.05).
¢ XRCC4 levels in the postnatal testis groups. The XRCC4 level pro-
gressively increased from young to aged groups (P <0.01). d XRCC4
levels per seminiferous tubule in each age. We detected highest levels
in 18- to 52-week-old testes (P <0.05). e XRCC4 levels per seminif-
erous tubule in each group. They gradually increased from young to
postpubertal/aged groups (P <0.01). f XRCC4 levels in the germinal
epithelial cells of the postnatal testis groups. We observed significant
changes in the primary spermatocytes at early prophase or pachytene
stage and round spermatids among groups (P <0.05). The data were
analyzed using one-way ANOVA followed by Tukey’s post hoc test.
P <0.05 was considered statistically significant. We present the val-
ues as mean + standard deviation (SD). *, P<0.05; **, P<(.01; ***,
P<0.001. Y young, PreP prepubertal, P pubertal, PostP postpuber-
tal, A aged, SG spermatogonium, EP early prophase spermatocyte, P
pachytene spermatocyte, RS round spermatid, ES elongating sperma-
tid, EdS elongated spermatid, S Sertoli cell, L lumen, /T intertubular
area

these two groups in our study. This difference may derive
from analyzing distinct seminiferous tubule stages and/or
using different techniques for immunostaining.

Another key HR repair component RPA70 specifically
binds to sSDNA to form a heterotrimeric structure so that
the extended 3’-end site is covered (Yates et al. 2018; Marini
et al. 2019). Additionally, RPA70 also plays roles in vari-
ous cellular processes such as DNA replication and recom-
bination, cell cycle control, and DNA damage checkpoints
(Zou et al. 2006; Hinch et al. 2020). Expectedly, RPA70
deficiency in adult mouse testes caused uncovered extended
single-strand ends of double helix and cessation of meiotic
recombination at the zygotene stage of spermatocytes (Shi
et al. 2019). Consequently, the rate of crossing-over was
dramatically decreased in the primary spermatocytes.

In the present study, we found that RPA70 exhibited
higher immunoexpression in the spermatogonial cells
and pachytene spermatocytes of the postnatal groups. As
RADS51 and RPA70 work together in the HR-based repair
of DSBs appearing in spermatogonial cells and primary
spermatocytes, they showed similar expression patterns
in these germ cells during spermatogenesis. Decreased
RPA70 expression in the seminiferous tubules of the
aged group may result from its reduced level in the round
spermatids as well as from declined numbers of the pri-
mary spermatocytes at early prophase or pachytene stage,
round spermatids, elongating spermatids, and Sertoli
cells. On the other hand, RPA70 levels in the germinal
epithelial cells, except for spermatogonial cells and round

spermatids, reached high levels in the aged group. These
increases might occur to repair elevated DSBs in the aged
germinal epithelial cells. To the best of our knowledge, no
study has examined the molecular background of changed
Rpa70 expression in aged testicular cells. Thus, further
studies are required to reveal the mechanisms and factors
regulating RPA70 levels in aged germinal epithelial cells
as well as intertubular cells.

The KU proteins, KU70 and KU80, contribute to repair-
ing DSBs through cNHEJ pathway (Fell and Schild-Poulter
2015). Their immunoexpression was detected in mouse sper-
matogonial cells, primary spermatocytes at late pachytene or
diplotene stage, and Sertoli cells (Ahmed et al. 2007). Like-
wise, we observed higher KU80O immunoreactivity in the
pachytene spermatocytes and round spermatids compared
with the other cells. Since DSBs are formed in the early
spermatocytes before crossing-over, KU8O0 levels increased
in the primary spermatocytes at pachytene stage and round
spermatids to promote their repair. Low KU80 expression
in the germinal epithelial cells, such as spermatogonia, early
prophase spermatocytes, and elongating spermatids, sug-
gests that cNHE] repair activity may occur at minimal levels.

The aged and young groups had the lowest KUS8O levels,
most likely arising from decreased numbers of pachytene
spermatocytes and round spermatids in these groups. In
parallel with our study, an investigation on the rat testes at
different ages (6, 12, 18, and 24 months) reported that KUSO
levels significantly reduced in 18- and 24-month-old testes
compared with the early periods (Um et al. 2003). As KU8SO0
deficiency resulted in an increase in the spaces between bro-
ken DNA ends (Soutoglou et al. 2007), premature cellular
senescence, and growth retardation in mice (Gu et al. 1997,
Ouyang et al. 1997), the decreased KUS8O levels in the aged
testicular cells can lead to attenuation of cNHEJ repair effi-
ciency that may cause emergence of age-related phenotypes,
including fertility loss.

cNHEJ-related XRCC4 protein was also evaluated in the
postnatal testes from young to aged groups. Like KU80, we
found higher XRCC4 immunoexpression in the pachytene
spermatocytes and round spermatids. As spermatogonial
cells and pachytene spermatocytes contain DSBs, which
was shown by YH2AX immunostaining, the XRCC4 levels
reached high levels in those cells to repair preformed DSBs.
Expression of the cNHEJ components, KU80 and XRCC4,
in the germinal epithelial cells from spermatogonia to Ser-
toli cells at different levels indicates that cNHEJ seems to
be worked in these cells, but possibly at distinct speed. We
also demonstrated herein that XRCC4 levels progressively
increased from young to postpubertal/aged groups. Since
the aged and postpubertal groups had higher numbers of
pachytene spermatocytes and round spermatids, XRCC4
could reach high levels in these groups.
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XRCC4 is well known to undergo phosphorylation at its
C-terminus by cyclin-dependent kinase 1 (CDK1) or polo-
like kinase 1 (PLK1). Importantly, this posttranslational
modification leads to suppression of its DSB repair activity
(Terasawa et al. 2014). Therefore, it seems to be an impor-
tant point to determine phosphorylated XRCC4 levels in
the germinal epithelial cells of aged mice. Expectedly, defi-
ciency of XRCC4 in mammalian cells caused defects in DSB
repair that result in a high sensitivity to ionizing radiation
(Critchlow et al. 1997). Ferguson et al. (2001) also reported
that absence of Xrcc4 in mice entailed embryonic death with
a high rate of apoptosis (Ferguson and Alt 2001). On the
other hand, conditional knockout of Xrcc4 elicited aging-like
phenotypes such as testicular atrophy and premature death
(Li et al. 2016a). Taken together, these findings suggest that
holding XRCC4 at a stable level and in an unphosphorylated
state are essential processes for timely repair of DSBs by
the cNHEJ pathway. Otherwise, aging-like phenotypes, cell
death, and increased apoptosis may occur.

Conclusion

In this study, spatiotemporal distributions of the yYH2AX,
RADS51, RPA70, KUS80, and XRCC4 proteins, which are
involved in the DSB repair pathways, were for the first time
evaluated in the postnatal mouse testes from early to aged
periods. The findings suggest that changed expression of
these proteins in the germinal epithelial cells of aged mice
may result in increase of DSBs, likely due to decreased HR
and cNHEJ repair efficiencies. Further studies are required
to determine the mechanisms and factors associated with
decreased levels of DSB repair proteins during testicular
aging. New knowledge on this subject would contribute to
developing more treatment strategies to prevent or attenuate
male fertility loss that accompanies aging.
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