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1 | INTRODUCTION

| Chenyang Song® | HaixiaZhu? | Bin Wu® |
| Zongzhuang Wen! | Jiangang Gao'?
Abstract

Peroxisomes are involved in the regulation of various pathological processes. Peroxisomal
biogenesis factor 5 (PEX5), which plays an essential role in peroxisomal biogenesis, is crit-
ical for reactive oxygen species (ROS) accumulation. However, its underlying functions in
spermatogenesis have not yet been identified. Pex5 was deleted by crossing Stra8-Cre

mice with Pex5o/flox

mice before the onset of meiosis. The morphology of testes and
epididymides, spermatogenesis function, and fertility in both wild type (WT) and Pex5 "/~
mice were analysed by haematoxylin and eosin (HE) and immunofluorescent staining.
Mechanism of PEX5 affecting peroxisomes and spermatogenesis were validated by
Western blot and transmission electron microscopy (TEM). Transcriptome RNA sequenc-
ing (RNA-seq) was used to profile the dysregulated genes in testes from WT and Pex5 '~
mice on postnatal day (P) 35. The adult Pex5 knockout male mice were completely sterile
with no mature sperm production. Loss of Pex5 in spermatocytes resulted in multinu-
cleated giant cell formation, meiotic arrest, abnormal tubulin expression, and deformed
acrosome formation. Furthermore, Pex5 deletion led to delayed DNA double-strand
break repair and improper crossover at the pachytene stage. Impaired peroxisome func-
tion in Pex5 knockout mice induced ROS redundancy, which in turn led to an increase in
germ cell apoptosis and a decline in autophagy. Pex5 regulates ROS during meiosis and is

essential for spermatogenesis and male fertility in mice.

Vor-sensitive cells,” whereas PEX5 knockdown inhibits the import of

CAT into peroxisomes and augments cellular ROS accumulation.® Under

The peroxisome is a cellular rheostat of reactive oxygen species (ROS).
Peroxisomes can quench endogenous and exogenous ROS.%? Peroxi-
somal biogenesis factor 5 (PEX5), a predominant receptor for the trans-
port of peroxisomal matrix proteins to modulate redox homeostasis, is
an essential component of peroxisomes involved in peroxisomal protein
import by recognizing peroxisomal targeting signal 1 (PTS1).* Catalase
(CAT) is one of the abundant ROS-scavenging enzymes, which are deliv-
ered into the peroxisome by PEXS5, protecting cells from ROS-induced
stress. CAT knockdown potentiates ROS-mediated apoptosis in

normal physiological conditions, ROS oxidizes cellular nucleotide pools
and causes DNA double-strand breaks (DSBs), and DNA repair may
occur downstream.”® If DSBs are neither repaired nor removed, the
DNA damage response triggers cell death.”*® On radiation exposure,
PEX5 participated in DSBs repair and homologous recombination by
consuming excessive ROS,*! which protected hepatocellular carcinoma
cells from radiation-induced damage.

Spermatogenesis is a complex and dynamic process that involves

the proliferation and differentiation of spermatogonia, meiotic division
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of spermatocytes, and morphological transformation of round sperma-
tids in the seminiferous tubules of the testes? Meiotic failure is the
leading cause of sterility and birth defects.*>* The main steps of meiosis
are DNA DSBs repair and crossover recombination.'>*¢ These steps not
only establish the physical connections between homologous chromo-
somes but also promote the exchange of genetic information between
parents required for proper chromosome segregation’” Some proteins
play critical roles in DNA DSBs repair and crossover recombination. For
example, Meiok21 knockout greatly disrupts DSB repair, synapsis, and
crossover formation in spermatogenesis in mice.'® Prohibitin promotes
meiotic DSB repair and homologous recombination both in vitro and
in vivo.r Cxxc1-deleted spermatocytes fail to complete meiosis and are
arrested at the secondary spermatocyte stage.° Given the potential
functions of PEX5 in clearing ROS and DNA DSBs repair, it is worth
investigating whether PEX5 is also required for the early stages of meio-
sis and regulating spermatogenesis in mice. In addition, PEX5 is an
autophagy-related peroxisomal protein,?* and defects in PEX5 can lead
to apoptosis.> Autophagy and apoptosis play important roles in testicular
injury and spermatogenesis dysfunction.?2?®> However, evidence sup-
porting the role of PEX5 in the reproductive system of male mice is
lacking.

To determine the functional role of PEX5, a conditional Pex5
knockout strain was generated to specifically ablate Pex5 in pre-
meiotic germ cells using Stra8-Cre mice. Pex5 deletion caused an
increase in ROS and apoptosis but a decrease in autophagy in the tes-
tes. DNA DSBs repair and homologous recombination were impaired
at the pachytene stage of meiotic prophase. Some Pex5-deleted sper-
matocytes failed to complete meiosis, leading to spermatogenesis fail-

ure and complete male infertility.

2 | MATERIALS AND METHODS

21 | Animals

All animal experimental protocols were approved by the Ethics Com-
mittee of Shandong First Medical University (W202111230331, Jinan,
China). Mice care and use were strictly in accordance with Chinese
animal protection laws.

Pex511o/flox mice were generated using CRISPR/Cas9 technology
and targeted homologous recombination (Cyagen, China). Two single
guide Ribonucleic acids (sgRNAs) were designed for targeting introns
two and three, sgRNA1l: GGCCCTTGTGGAGCCGTCGTGGG, and
sgRNA2: TGTCTGTGTAAAGCCGCAGAAGG. The two sgRNAs, Cas9
mRNA, and the donor vector containing loxP sites and homology arms
were co-injected into fertilized mouse eggs to generate targeted con-
ditional knockout offspring. Founder animals FO identified by poly-
merase chain reaction (PCR) analysis were bred with wild-type
(WT) mice to test germline transmission. The loxP insertion was iden-
tified by PCR analysis in F1 and F2 generations. To generate the germ
cell-specific knockout of Pex5, Pex5M/fiox and Pex51°** mice were
crossed with Stra8-Cre mice. All mice were maintained on the
C57BL/6J genetic background.

2.2 | Genotyping

Genotyping was performed by PCR amplification of genomic DNA
extracted from mice tail tips.2* The PCR product of the Pex5 mutant
allele was 300 bp. The WT band was 202 bp, and the Stra8-Cre band
was 500 bp. The PCR primers are listed in Table S1.

2.3 | Assessment of fertility

To test fertility, control and conditional knockout males about
2 months old were paired with two random adult WT females. The
pregnancy rate and a number of offspring were recorded. The fertility
test lasted for at least 3 months.

24 | Antibodies
Primary and secondary antibodies used and their dilutions are listed in
Table S2.

2.5 | Histological, immunohistochemical, and
TUNEL assays

Testes and epididymides were fixed in Bouin's solution or 4% paraformalde-
hyde (PFA) for 12 h at room temperature, embedded in paraffin, and sec-
tioned (4 pm thickness) using routine methods. After deparaffinization and
rehydration, tissue sections were stained with haematoxylin and eosin (H&E)
or subjected to antigen retrieval for immunohistochemical analysis. After
endogenous peroxidase inhibition with 3% H,O, for 15 min and blocking
with goat or rabbit serum for 15 min at room temperature, the tissue sections
were incubated in primary antibodies overnight at 4°C. Staining and chromo-
genic reactions were conducted with the Streptavidin-Peroxidase-Biotin Kit
(PV-9003, ZSGB-BIO, China) and DAB Kit (ZLI-9017, ZSGB-BIO, China)
according to the manufacturer's instructions. For immunofluorescence analy-
sis, sections were boiled in sodium citrate buffer (#C1032, Solarbio, China)
for 20 min, washed in phosphate-buffered saline (PBS) three times, and
blocked with 5% goat serum for 30 min, and later incubated with primary
antibodies overnight at 4°C. Slides were washed and incubated with second-
ary antibodies for 1 h at 37°C, followed by incubation with 4', 6-diamidino-2-
phenylindole. All steps after adding the secondary antibody were performed
without exposure to light. Apoptotic cells were analysed by Terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL)
assay, which was performed with the TUNEL Kit (#KGA7072, keyGEN Bio-
TECH) following the manufacturer's instructions. Fluorescence images were

captured using a fluorescence microscope (OLYMPUS, BX53, Japan).

2.6 | Meiotic chromosome spread and
immunofluorescence staining

Testes from adult mice were subjected to a spermatocyte surface

spreading assay as previously reported.?> After the tunica albuginea
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was removed, testicular tubules were pretreated with hypotonic
buffer (30 mM Tris pH 7.4, 17 mM trisodium citrate dihydrate, 5 mM
ethylenediaminetetraacetic acid [EDTA], 50 mM sucrose, and moder-
ate PBS) for 30 min. Subsequently, short fragments of testicular
tubules were suspended in single cells in 100 mM sucrose and treated
with 1% (w/v) PFA solution containing 0.15% Triton X-100 and 1 N
NaOH. Cells were spread to a thin cell layer on the slides. Finally,
these slides were dried for 3 h at room temperature or overnight at
4°C in a closed box with high humidity. Air-dried slides were used for
immunofluorescence staining. The experimental procedure was

roughly the same as the staining method of the tissue section.

2.7 | Transmission electron microscopy

The testes tissue was rapidly isolated from control and Pex5~/~ male
mice, prefixed with 3% glutaraldehyde, postfixed in 1% osmium
tetroxide, dehydrated in an acetone series, infiltrated in Epox
812, and embedded. Semithin sections were stained with methylene
blue, and ultrathin sections, obtained with a diamond knife, were
stained with uranyl acetate and lead citrate. Sections were examined

under a JEM-1400 Flash transmission electron microscope.

2.8 | PNA and PAS staining of murine germ cells

Peanut agglutinin (PNA) was used to detect the outer acrosomal mem-
brane of spermatids, and periodic acid-Schiff (PAS) was used to stain
acrosomal sugars. After deparaffinization and rehydration, tissue sec-
tions were stained with fluorescein isothiocyanate (FITC)-conjugated
PNA (#L7381, 1:1000, Sigma Aldrich, Germany) for 30 min at 37°C.
PAS staining was performed on testes sections with the PAS Stain Kit

(#G1280, Solarbio, China) according to the manufacturer's instructions.

2.9 | RNA-seq and analysis

Total RNA was isolated from whole testes at 35 days postpartum
(P35). RNA-seq libraries were constructed from 1 pg of RNA using a
NEBNext UltraTM RNA Library Prep Kit (NEB, USA). Sequencing was
performed on an lllumina NovaSeq 6000 platform with 350-bp
paired-end reads. Differentially expressed gene (DEG) analysis was
performed using the DESeg2 R package. Gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment anal-
ysis of DEGs was implemented with the clusterProfiler R package.
Library construction, sequencing, and data analyses were performed

by Annoroad Genomics Co., Ltd. (Beijing, China).

210 | Statistical analysis

All values are presented as mean + standard deviation (SD). Statistical

data were analysed using GraphPad PRISM 8. All experiments
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included at least three independent samples and were repeated at
least three times. The variances of the two groups were compared by
the Student's t-test with an unpaired, two-tailed distribution, and sig-
nificance was defined as *p <0.05, **p <0.01, ***p <0.001,

ok ok

p < 0.0001; n.s., not significant.

3 | RESULTS
3.1 | PEX5 was required for spermatogenesis and
male fertility in mice

To investigate the role of PEX5 in male reproduction, CRISPR/Cas9
technology, and the Cre/loxP system was used to generate condi-
tional Pex5-knockout germ cells (Pex5~/~) mice (Figure 1A). The resul-
tant deletion was verified by PCR (Figure 1B). In addition, the
knockout of Pex5 was confirmed using immunofluorescence staining,
which revealed that an amount of PEX5 was expressed in the germ
cells of the control testes, and the protein levels of PEX5 were signifi-
cantly reduced in the testes of Pex5~'~ mice (Figure 1C). PEX5 was
significantly downregulated in Pex5~/~ testes compared with the con-
trol as verified by the western blot (Figure S1). On the whole, these
results consistently indicated that Pex5~/~ mice were generated
successfully.

Although the Pex5~/~ male mice matured and copulated normally,
they were completely infertile (Figure 1D). The sizes of the testes of
pubertal to adult Pex5~'~ male mice were smaller than those of litter-
mate control mice (Figure S1 and Figure 1E-G). Many apoptotic sper-
matocytes of the pachytene stage began to emerge from 2 weeks and
gradually increased until multinucleated giant cells (MNCs) were formed
at 4 weeks (Figure S1). Histological examination showed no elongated
spermatids in the seminiferous tubules, and vacuolar degeneration and
numerous MNCs formed by round spermatids or spermatocytes in adult
Pex5~/~ testes, which were not observed in the control testes
(Figure 1H). Consistent with this, no sperm was found in the caput or
cauda epididymis of adult Pex5~/~ mice (Figure 1H). Therefore, PEX5

was essential for spermatogenesis and male fertility.

3.2 | Pex5 deletion impaired spermatocyte meiosis
To determine the mechanism of azoospermatism and sterility in
Pex5~/~ mice, it was necessary to investigate whether proliferation,
differentiation of spermatogonia, and meiosis of spermatocytes were
normal. The expression of different cell markers was analysed in adult
mice (10 weeks). Immunohistochemical staining analysis showed that
the number of PLZF-positive and KIT-positive cells per tubule of
Pex5~/~ mice, representing undifferentiated and differentiated sper-
matogonia, respectively, was the same as the control (Figure S2a).
Also, immunofluorescence staining of Proliferating cell nuclear antigen
revealed a normal presence of proliferation cells in both adult control
and Pex5~/~ mice (Figure S2b). Therefore, spermatogonia proliferation

and differentiation in Pex5~/~ mice were normal.
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FIGURE 1 Pre-meiotic disruption of Pex5 led to spermatogenetic defects and male infertility. (A) Targeting strategy for the generation of
Pex5 conditional knockout mice. (B) Polymerase chain reaction genotyping in control and Pex5~~ mice. (C) Immunofluorescence detection of
PEXS5 location in mice testes. (D) Fertility test showing sterile Pex5~/~ male mice. n = 5 for each genotype. Error bar, mean * SD.

(E) Determination of testes size in control and Pex5~/~ mice at 10 weeks. (F) Comparison of testes weight between control and Pex5~/~ mice at
different ages. n = 4. Error bar, mean % SD. (G) Comparison of testes/body weight ratios between control and Pex5~/~ mice at different ages.

n = 3. Error bar, mean # SD. (H) Haematoxylin and eosin (H&E) staining of the testes and epididymides in adult control and Pex5~/~ mice. Scale
bar = 50 pm.
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FIGURE 2 Abnormal meiosis in (A) DDX4
Pex5~/~ mice testes. 5
(A) Immunofluorescence staining of .E
DDX4-positive germ cells and 3
SOX9-positive Sertoli cells in control E
and Pex5~/~ testes at 2 and 4
10 weeks. Number of DDX4-positive '%
cells and SOX9-positive cells per Q
tubule in control and Pex5~/ testes.
Error bar, mean = SD. 5
(B) Immunofluorescence staining of =
STRAB8-positive and SCP3-positive = 8
spermatocytes in control and Pex5~/~ S
male mice at 2 and 10 weeks. The i’
number of STRA8-positive and E
SCP3-positive cells per tubule in
control and Pex5~/~ testes. Error bar, B SYCP3
mean = SD. (C) Immunofluorescence (B) 3
staining of yYH2AX-positive cells in ‘E’
control and Pex5 "~ testes at 2 and 8
10 weeks. A few cells in MNCs s A
showed positive staining. The number N .
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The number of germ and Sertoli cells was further investigated
by DDX4 and SOX9. There was no significant quantitative
change in germ cells or Sertoli cells in the testes of Pex5~/~
2-week-old mice (Figure 2A). Adult Pex5~~ mice (10 weeks) had
a normal level of SOX9-positive Sertoli cells, but the germ cells

were reduced (Figure 2A). To determine whether Pex5~/~
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spermatocytes could enter meiosis, 2-week testicular sections
were stained with antibodies to STRA8 and SCP3. According to
immunofluorescence staining, the meiotic initiation marked by
STRA8 and homologous chromosome synapsis marked by SCP3
were normal in the testes of Pex5/~ 2-week-old mice
(Figure 2B). yH2AX indicated that the germ cells in 2-week-old
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FIGURE 3 Impact of Pex5 deletion on DNA double-strand break repair and crossover formation in spermatocytes. (A) Haematoxylin and

eosin staining of sections of paraffin-embedded testes from Pex5~’~mice. Arrows indicate univalent chromosome lagging in metaphase cells.

(B) Meiotic spermatocyte spread in control and Pex5~'~ mice at 10 weeks. Co-staining was performed with SCP3 and yH2AX antibodies.

(C) Percentage of pachytene spermatocytes that contained yH2AX foci on their autosomes. (D) Spermatocyte stage proportion in control and
Pex5~/~ mice based on SYCP3 and yH2AX immunofluorescence staining of spermatocyte spreads. L, leptotene; Z, zygotene; P, pachytene; D,
diplotene. (E), (F) Immunofluorescence staining of RAD51 and DMC1 on spermatocyte spreads from control and Pex5~/~ mice. Graphs show the
quantification of RAD51 and DMC1 foci numbers per cell at the pachytene stage. The number of analysed spermatocytes (n). Error bar, mean

+ SD. (G), (H) Immunofluorescence staining of SCP1 and MLH1 on spermatocyte spreads from control and Pex5~~ mice. Graphs show the
quantification of SCP1 and MLH1 foci numbers per cell at the pachytene stage. The number of analysed spermatocytes (n). Error bar, mean + SD.

Scale bar = 10 pm.

Pex5~/~ mice had entered meiosis and initiated programmed DNA
DSBs (Figure 2C). However, the STRA8, SCP3, and yH2AX posi-
tive cells were significantly lower in adult Pex5~/~ mice testes
(10 weeks) than in the control (Figure 2B,C). Most cells were
round spermatids in MNCs, and a few cells in MNCs were positive
for y-H2AX, indicating that a small number of spermatocytes
existed in MNCs (Figure 2C). Thus, Pex5 was required for sper-

matocyte meiosis in adult mice.

3.3 | Pex5 deletion impaired meiotic DSBs repair
and potential crossover loci in spermatocytes

Abnormal metaphase cells containing lagging chromosomes were
found on H&E-stained sections of Pex5~/~ mice (Figure 3A). To fur-
ther confirm the delayed stages in meiosis, the prophase of meiotic
progression by chromosomal spreads from the testes of adult mice

was assessed and co-immunostained with SCP3 and yH2AX
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(Figure 3B). All stages from leptotene to diplotene were observed in
spermatocytes in both control and Pex5~/~ mice. When DSBs
occurred, YH2AX signals were observed throughout the nucleus in
leptotene and zygotene (Figure 3B). When the autosomal breaks were

repaired, yH2AX signals were restricted to the sex chromosome in
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pachytene and diplotene in control mice (Figure 3B). Nevertheless,
unrepaired DSBs with yH2AX signals partially retained on autosomes
occupied 37.7% of Pex5~/~ pachytene, which was markedly higher
than 7.5% of the control (Figure 3C). Another evidence of this impair-
ment was that the proportion of leptotene/zygotene spermatocytes
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increased in the testes of Pex5~/~ mice (Figure 3D). Thus, DSB repair
and the transition from zygotene to pachytene of spermatocytes were
severely impaired in Pex5~/~ spermatocytes. Therefore, Pex5 deletion
decreased the progression of MI; in other words, Pex5~/~ spermato-
cytes were partially arrested at the prophase of M.

Thus, the different stages of DSB processing in chromosome
spreads of pachytene Pex5~/~ spermatocytes were further observed
by co-immunostaining SCP3 with RAD51 and DMC1. Both RAD51
and DMC1 were significantly accumulated in Pex5~/~ spermatocytes,
compared with the control, indicating incomplete DSB repair
(Figure 3E,F). The phenotype of Pex5~/~ mice was similar to many
mutants with defective synapsis or recombination.?®?” Therefore,
SCP1 and MLH1 were used as markers to examine potential crossover
loci in pachytene spermatocytes. Synapsis and crossover recombina-
tion significantly decreased in pachytene of Pex5~~ spermatocytes
compared with the control (Figure 3G,H). Thus, PEX5 was indispens-
able in meiosis and played a pivotal role in DSB repair and synapsis in
spermatocytes.

3.4 | Abnormal microtubule structure and impaired
acrosome development in Pex5~/~ mice

Next, spermatogenesis was judged by observing microtubule structure
and acrosome morphology in Pex5~~ mice. PNA and tubulin were
used to identify acrosome development and microtubule structure.
Immunofluorescence staining showed that tubulin was highly
expressed in round spermatids and the tail of elongated spermatids in
the control, but it was highly expressed in spermatocytes and aggre-
gated in MNCs in Pex5~/~ mice (Figure 4A and Figure S3a). Further-
more, the number of acrosome-positive cells was greatly reduced, and
PNA was only detected in MNCs in Pex5~/~ mice (Figure 4A and
Figure S3a). Round spermatids in the control had the three typical
forms of acrosomes—punctate Golgi (I-ll), cap (IV-VI), and crescent
(VII-VIII) (Figure 4B). The acrosome of elongated spermatids in the
control was located at the top of the nucleus (IX-XII) (Figure 4B).
However, the cap acrosome at stages IV-VI and the crescent acro-
some at stages VII-VIII were abnormal in Pex5~/~ mice (Figure 4B).

PAS staining affirmed the presence of less acrosomal positive cells

except for MNCs, and the acrosome was fused into clumps in Pex5~"~
mice (Figure S3b). Transmission electron microscopy (TEM) also
showed abnormal acrosomes in MNCs (Figure 4C). Thus, there were
many abnormal round spermatids solely in MNCs, while only a few
round spermatids and no elongated spermatids were present in
Pex5~/~ mice. Furthermore, the round spermatids are arrested at
stages VII-VIIl. Defects of the intercellular bridges (ICBs) were
observed when MNCs started to form (Figure 4D,E). Normal ICBs
were narrow and exhibited a C-shaped or semicircular profile with
membrane-bound dense material; while two neighbouring cells were
connected by widened and deformed ICBs, and the cytoplasmic mem-
brane fused in Pex5~/~ (Figure 4E). TEX14 is a component of germ cell
ICBs. In immunohistochemical staining by using an anti-TEX14 anti-
body, a lot of ICB structures were labelled in control testes; while they
were observed only in MNCs but were absent from the germ cells in
Pex5~/~ mice (Figure 4F). Tex14-positive cells in Pex5~/~ were less
than in the control. Mislocalization of ICBs was found in Pex5~~ tes-
tes (Figure 4G). This suggests that PEX5 knockout caused ICB dysre-
gulation and induced MNCs.

In summary, these results indicate that the postnatal deletion of
Pex5 by Stra8-Cre has no influence on the differentiation or proliferation
of spermatogonia but plays an important role in meiosis during sper-
matogenesis. Spermatocytes underwent two meiotic divisions, and
round spermatids developed into elongated spermatids in the control
(Figure 5A). Pex5 knockout caused delayed DNA DSBs repair and
reduced homologous recombination or crossover formation. Some germ
cells failed to complete meiosis and spermatogenesis in Pex5~/~ mice
was arrested partially at meiosis. Although a number of spermatocytes
completed meiosis and the spermatids started to differentiate, they ini-
tiated false acrosome biogenesis, finally forming MNCs (Figure 5B).
These germ cells were eventually cleared during the meiosis or sperma-

tids stage, resulting in spermatogenesis failure and male sterility.
3.5 | PEX5 maintained peroxisomal function and
regulated ROS in germ cells

Peroxisome is a critical organelle for ROS metabolism. As a redox-

regulated import receptor, PEX5 coupled with CAT constitutes a

FIGURE 4

Loss of Pex5 caused microtubule and acrosome defects during spermatogenesis. (A) Immunofluorescence staining of tubulin and

fluorescein isothiocyanate (FITC)-conjugated PNA in sections of control and Pex5~/~ mice testes. Most of the cells in multinucleated giant cells
(MNCs) were round spermatids. Tubulin was highly expressed in spermatids in the control, but it expressed in MNCs and spermatocytes in
Pex5~/~ mice. The signal of PNA staining was found in spermatids in the control, but it was observed in MNCs and spermatocytes in Pex5~/~
mice. Compared with controls, the number of PNA-positive cells was greatly reduced in Pex5~/~ mice (arrow, spermatocytes; asterisk, MNCs).
(B) Immunofluorescence staining of FITC-conjugated PNA at every stage in control and Pex5~'~ mice testes. Spermatids had 12 typical forms of
acrosomes in the control. The cap acrosome and the crescent acrosome at stages IV-VIIlI were abnormal and the acrosome was arrested at VII-
VIIl stage in Pex5~/~ mice. Scale bar = 50 pm. (C) Abnormal acrosome development of spermatids in MNCs (arrow). Scale bar = 2 pm.

(D) Representative transmission electron microscopy (TEM) images of Pex5~/~ germ cells showing MNCs (arrow). Scale bar = 5 pm. (E) TEM
reveals electron dense material lining cytoplasmic channels (intercellular bridges [ICBs]) between germ cells, and the ICB was narrow in control
but widened and deformed in Pex5~/~ (asterisks). Scale bar = 2 pm. (F) Immunohistochemical staining of testes by using the anti-TEX14 antibody
showed ICBs, which were mislocalized in MNCs of Pex5~~ (asterisks). Scale bar = 50 um. (G) Immunofluorescence staining of seminiferous
tubules using the TEX14 antibody. Round or C-shaped structures of ICBs were observed in the control, while they were reduced and deformed in

Pex5~/~ (asterisks), indicating ICB instability. Scale bar = 20 pm.
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* MNCs Peroxisome level

Pex5 was necessary for spermatogenesis. (A) Schematic showing the function of PEX5 in meiotic prophase as well as (B) the

phenotypes of Pex5~/~ mice. Pex5 knockout caused delayed double-strand break repair and homologous recombination or crossover formation
(red dots and light blue lines, respectively). Spermatogenesis of Pex5 deletion was arrested at Ml partially, finally forming apoptotic
multinucleated giant cells (MNCs). And some germ cells completed meiosis, then the spermatids started to differentiate abnormally in MNCs. L,

leptotene; Z, zygotene; P, pachytene; D, diplotene.

cellular defence mechanism against oxidative stress.?® Therefore, the
ROS markers 4-HNE and 3-NT were examined by immunofluores-
cence and western blot in adult mice testes. The expression of both
3-NT and 4-HNE significantly increased in the germ cells of Pex5~/~
mice testes compared with the control (Figure 6A,B,E,F). Thus, the
loss of PEX5 led to an increase in ROS and induced cellular damage.

Peroxisomes and mitochondria play important roles in oxidative
balance. Thus, the focus was on the morphology or structure of per-
oxisomes and mitochondria in Pex5~/~ mice testes. D-amino-acid oxi-
dase (DAO) and TOM20 were used to evaluate the amounts of
peroxisomes and mitochondria, respectively, based on their immuno-
positive signal.” The peroxisomes decreased and were arranged
sparsely in the testes of male Pex5~/~ mice (Figure 6C,E,F). However,
no significant difference in the number of mitochondria was found
between control and Pex5~/~ mice testes (Figure 6D-F). In addition,
TEM showed the testicular ultrastructure in both the control and
Pex5~/~ groups. TEM findings showed that PEX5 deficiency could
lead to multiple crystal nuclei and peroxisomes with a missing mem-
brane structure in germ cells (Figure 6G). However, mitochondria in
control and Pex5~/~ mice testes showed no significant changes
(Figure 6H).

3.6 | Dysregulated apoptosis and autophagy
activity in male Pex5~/~ mice

To study the mechanism of developmental defects in the seminiferous
epithelium of Pex5~/~ mice, apoptosis and autophagy activity was
investigated in the testes. Compared with the control mice, the fre-

quency of apoptotic germ cells in seminiferous tubules of Pex5~/~

mice was higher, as demonstrated by the TUNEL assay (Figure 7A and
Figure S4). Immunofluorescence results also showed that the level of
cleaved caspase-3 was elevated, and Bcl-2 reduced in the testes of
Pex5~/~ mice (Figure 7B,C), both of which were apoptotic markers,
further indicating increased apoptotic activity. However, autophagy
was suppressed in Pex5~/ testes, as indicated by the increased pro-
tein levels of P62 and decreased LC3 analysed by immunostaining
(Figure 7D,E), which are markers of mammalian autophagy. Western
blot showed the same results: the protein levels of cleaved caspase-3
and P62 increased, and Bcl-2 and LC3II/LC3I decreased in the testes
of Pex5~~ mice (Figure 7F,G).

In addition, TEM showed the testicular ultrastructure in control
and Pex5~/~ groups. MNCs were formed close to the seminiferous
tubule lumen of Pex5~’~ mice (Figure 7H). Apoptotic characteristics
were observed, which mainly involved chromatin condensation and
margination of nuclear chromatin in the testes of Pex5~/~ mice
(Figure 7H). There were fewer autophagosome-like structures in the
spermatogenic cells of the Pex5~/~ group compared with the control
group (Figure 71). Therefore, Pex5 deletion elevated apoptosis and

decreased autophagy activity in the testes.

3.7 | RNA-seq analysis of the testes in control and
Pex5~/~ mice

To further understand the mechanism of PEX5 in spermatogenesis at
the molecular level, transcriptome sequence analysis was performed in
control and Pex5~/~ testes of P35 mice. First, the distribution of each
sample expression was similar (Figure 8A), indicating that the data was

reliable. A set of genes with expression levels substantially altered by



LIU ET AL

100015 | \A/] LEY—" ‘

3-NT DAPI Merge

(A)

Pex57 Control

Pex5" Control Pex57- Control

Pex5- Control

@

[©2]
E 250 m Control ns
= /- M
g @ 20 Pex5”
=3 *
3 5 150 |—|
o e
'06 g 100 . «
£
o .
é,_ 50 I_l P
o_
z 3-NT 4-HNE DAO TOM20
(F) Control  Pex5 -
3.NT | > e QDG
20 hk 25 ** -
4-HNE s | g"
o 1 1.5
DAO | W = i
o 08 Tos
TOM20 | GHD @b o & 2 e
v <
B-actin [ s smm— s (,o“o ?2‘@ ()o“\( i ?“é

the absence of PEX5 was identified (Figure 8B), and more genes were
downregulated than upregulated in Pex5~/~ mice (Figure 8C). Based on
RNA-seq data analysis, 1704 genes were downregulated and 527 genes
were upregulated using adjusted P < 0.05 (Figure 8D). We checked
some ICB-related genes: TEX14, RBM44, MKLP1, ZO1, TOP2B,
KIAA1210, CEP55, et al. However, we did not find any significant
changes in the expression of these genes in our RNA-seq results.

FIGURE 6 Pex5 was required
for oxidative stress regulated by
peroxisomes. (A),

(B) Immunofluorescence staining of
3-NT and 4-HNE in control and
Pex5~/~ testes (arrows, 4-HNE-
positive germ cells). (C),

(D) Immunohistochemical staining
of D-amino-acid oxidase (DAO)-
positive peroxisomes and TOM20-
positive mitochondria from control
and Pex5~/~ male mice. Scale

bar = 50 um. (E) The number of
3-NT, 4-HNE, DAO, and
TOM20-positive cells per tubule.
Error bar, mean + SD. (F) Western
blot was used to detect the protein
expression levels of 3-NT, 4-HNE,
DAO, and TOM20 in the testes of
control and Pex5~/~ mice.

(G) Peroxisomal structures in
control and Pex5~/~ spermatocytes,
showing multiple crystal nuclei or
without membrane in Pex5~/~
spermatocytes (square frame), as
identified by transmission electron
microscopy (TEM). Scale

bar = 500 nm. (H) Mitochondrial
structures in control and Pex5~/~
spermatocytes identified by TEM.
Scale bar = 500 nm.

ns

DAO/B-actin
TOM20/B-actin

Subsequently, to identify the enriched biological processes of
DEGs, GO analysis was performed. Notably, the downregulated genes
in Pex5~/~ testes were significantly enriched in terms related to syn-
apsis, acrosome, cytoskeleton, and development (Figure 8E), which
might partially explain the abnormal meiotic arrest with aberrant syn-
apsis, abnormal acrosome, and microtubule development. Moreover,

KEGG enrichment analysis was performed to identify the affected
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FIGURE 7 Apoptosis and autophagy activity detected in Pex5~/~ male mice. TUNEL assays of the testes sections prepared from control and
Pex5~/~ mice at 10 weeks. (A) TUNEL-positive germ cells are shown in green. Scale bar = 50 pm. Error bar, mean + SD. (B),

(C) Immunofluorescence staining was used to detect cleaved caspase-3 and Bcl-2 in the testes of control and Pex5~/~ mice. Scale bar = 50 pm.
(D), (E) Immunofluorescence staining was used to detect LC3B and P62 in the testes of control and Pex5~/~ mice. Scale bar = 50 um. (F) Western
blot was used to detect the protein expression levels of cleaved caspase-3, Bcl-2, LC3, and P62 in the testes of control and Pex5~/~ mice.

(G) Protein expression levels of cleaved caspase-3, Bcl-2, LC3I1/1, and P62 in the testes of control and Pex5~~ mice. (H) Multinucleated giant cells
were observed in Pex5~/~ mice testes under transmission electron microscopy (TEM) (left, arrow). Scale bar = 5 pm. Representative TEM images
of Pex5~/~ spermatocytes showing apoptotic cells with increasing levels of heterochromatin (right). Scale bar = 2 pm. (I) Representative TEM
images of autophagic vacuoles in control spermatocytes (arrow). Scale bar = 500 pm.

biological pathways. A portion of the upregulated genes was associ-
ated with apoptosis. Apoptosis was one of the terms of the top five
upregulated pathways (Figure 8F). Thus, the transcriptome data sug-
gested that Pex5 deletion had extensive effects on spermatogenesis,

especially meiosis and apoptosis.

4 | DISCUSSION
PEX5 mediates protein import pathways in human peroxisome
biogenesis(Figure 9).%° If the import of peroxisomal matrix proteins is

compromised, proteins may produce toxic byproducts and engage in

metabolic reactions that would be detrimental to cells.? In less severe
forms of peroxisomal dysfunction, as described in patients with AMN
and X-ALD, testicular changes, including Leydig cell degeneration,
seminiferous tubule reduction, or even spermatogenic arrest, were
observed.3?2 Disruption of peroxisomal function results in spermato-
genesis defects, including spermatocyte cytokinesis failure in Drosoph-
ila and germ cells interrupted in round spermatids in mice.34%°
Nevertheless, whether Pex5 plays a role in spermatogenesis remains
unknown. To explore the function of Pex5 in male fertility, a condi-
tional Pex5 knockout mouse model was generated using Stra8-Cre.
Male mice with Pex5 deletion were sterile, the testes' weight was sig-

nificantly reduced, and sperm were absent in the epididymis. In
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FIGURE 8 Ablation of Pex5 altered gene expression in the testes. (A) Distribution of sample expression. (B) Volcano plot showing differential
gene expression between control and Pex5~/~ mice testes at 35 days postpartum (P35). Values are presented as normalized log2(FPKM)
(upregulated genes, yellow; downregulated genes, blue). (C) Heatmap of differentially expressed genes (DEGs) between control and Pex5~/~ mice
testes at P35. (D) Upregulated and downregulated genes in Pex5~/~ mice (cut-offs: FC >2 and p < 0.05). (E) Gene ontology (GO) terms for
downregulated DEGs (cut-offs: FC >2 and p < 0.05). (F) Kyoto Encyclopedia of Genes and Genomes (KEGG) terms for upregulated DEGs (cut-

offs: FC >2 and p < 0.05).

addition, PEX5 is required for maintaining normal ROS levels and the
progression of meiosis during spermatogenesis.

ROS accumulation can impair DNA DSBs repair or homologous
recombination.”®3¢ During meiosis, DNA DSBs lead to phosphoryla-
tion of yH2AX by the activation of ataxia telangiectasia-mutated
(ATM) protein kinase.?* Most DNA DSBs are repaired during the
zygotene to pachytene stages except for the sex chromosomes, and
some DSBs go through crossover resolution.®” At the pachytene stage
of Pex5~/~ spermatocytes, the persistence of yH2AX on autosomes
suggested that some DSBs were not properly repaired. Moreover, the
number of RAD51 and DMC1 foci, which were the distribution of
proteins involved in DSB repair, was significantly increased at the
pachytene stage in Pex5~/~ testes compared with the control. This
result indicated that DNA DSBs repair was delayed. In mammals, syn-
apsis between homologous chromosomes is essential for the comple-
tion of prophase I. When some factors were knocked out,
spermatocytes had severe defects in meiotic recombination and

synapsis.>® ! This is consistent with the observed results. In the

control, the homologous chromosomes synapsed at the pachytene
stage. However, in Pex5~/~ testes, most spermatocytes showed
arrested development with no chromosome synapsis as indicated by
decreased foci of SCP1 and MLH1. In addition, these recombination
and crossover defects could trigger pachytene apoptosis as
reported.*? In the present study, apoptotic spermatocytes significantly
increased in Pex5~/~ mice. Meiotic defects in Pex5~/~ mice, accompa-
nied by pachytene arrest, DSB repair delays, and crossover formation
failure during prophase |, were associated with the loss of spermato-
cytes and spermatogenesis failure.

Mitochondria are the main organelles producing ROS, and the dis-
ruption of mitochondrial integrity can increase ROS production and
release them into the cytoplasm.*® However, neither the morphology
nor the number of mitochondria was altered. Peroxisomes are also
important organelles involved in oxidative balance.** The present
study showed that the ROS markers 3-NT and 4-HNE increased. Per-
oxisomes were also significantly reduced and showed abnormal mor-

phology. Thus, the occurrence of excessive ROS is because of
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FIGURE 9 Schematic diagram of peroxisomal biogenesis factor
5 (PEX5) function in the testes. PEX5 was essential for peroxisome
formation. It recognized and bound to cytosolic soluble proteins with
peroxisomal targeting signal 1 (PTS1), transported them into the
peroxisomal matrix, and left the peroxisomal membrane for another
round of import. PEX5 regulated reactive oxygen species (ROS)
homeostasis, affecting meiosis, apoptosis, and autophagy of
spermatocytes. DSB, double-strand break

peroxisome disorder. The ROS-degrading enzyme CAT was downregu-
lated in Pex13/Stra8-Cre™’~ mice,> which is consistent with the pre-
sent study. ROS can induce cell apoptosis and decrease autophagy,*>*¢
while apoptosis and autophagy play important roles in spermatogene-
sis.*’ Inhibited autophagy could increase the percentage of apoptotic
cells, and autophagy might prevent cells from apoptotic cell death.*®
PEX5 is a peroxisomal protein associated with autophagy.*’ In Pex5~/~
mice, instead of round and elongated spermatids, MNCs were largely
present in the seminiferous tubules. MNCs are the consequence of apo-
ptotic spermatogenic cells, leading to defects in germ cell differentia-
tion.>® Moreover, autophagy was repressed in the testes of Pex5/~
mice. Thus, the disruption of redox balance induced by aberrant Pex5
and peroxisomes results in the imbalance between apoptosis and autop-
hagy, ultimately leading to spermatogenesis failure.

Collectively, these results support the notion that the loss of
post-meiotic germ cells in Pex5~/~ mice is due to meiotic arrest and
apoptotic spermatocytes. This result is consistent with the study con-
ducted by Chen et al., who traced the male sterile phenotype of Dro-
sophila pex2 and pex10 mutants to abnormal spermatocyte
development.>* However, the possibility that other mechanisms or
pathways in Pex5~/~ germ cells are sufficient to affect spermatocytes,
cannot completely be excluded.

The fusion of germ cells resulting in the formation of MNCs occurs
primarily due to the opening and ensuing damage to the ICBs.>! ICB
was a stable cytoplasmic channel connecting cells. It was found that
without ICBs spermatogenesis fails to complete meiosis and results in
male infertility.>? The protein TEX14 is expressed specifically in germ
cells and localizes to the ICB in mice and humans. TEX14 co-localizes

with midbody matrix proteins and converts them into stable ICB

components.”® In our research, the TEX14 protein was expressed
improperly and the ICBs were widened and deformed, explaining the
formation of MNCs. However, the relationship between PEX5 and ICBs
is still unknown. Thus, further studies are required to elucidate the

interactions between PEX5 and spermatogenesis.

AUTHOR CONTRIBUTIONS

Jiangang Gao and Zongzhuang Wen conceived the project. Min Liu,
Shuangyuan Liu, Chenyang Song, Haixia Zhu, and Hui Zhao per-
formed the experiment and wrote the manuscript. Bin Wu and Aiz-
hen Zhang analysed data. All authors read and approved the final

manuscript.

ACKNOWLEDGEMENTS
This study was funded by the National Key Research and Develop-
mental Program of China (2018YFC1003602).

CONFLICT OF INTEREST
The authors declare no conflict of interest regarding the publication
of this research.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

Jiangang Gao "= https://orcid.org/0000-0001-6619-7107

REFERENCES

1. Schrader M, Fahimi HD. Peroxisomes and oxidative stress. Biochim
Biophys Acta. 2006;1763(12):1755-1766.

2. Fransen M, Nordgren M, Wang B, Apanasets O. Role of peroxisomes
in ROS/RNS-metabolism: implications for human disease. Biochim Bio-
phys Acta. 2012;1822(9):1363-1373.

3. Wang X, Wang P, Zhang Z, et al. The autophagic degradation of cyto-
solic pools of peroxisomal proteins by a new selective pathway.
Autophagy. 2020;16(1):154-166.

4. Wang W, Subramani S. Role of PEX5 ubiquitination in maintaining
peroxisome dynamics and homeostasis. Cell Cycle. 2017;16(21):2037-
2045.

5. Dahabieh MS, Di Pietro E, Jangal M, et al. Peroxisomes and cancer:
the role of a metabolic specialist in a disease of aberrant metabolism.
Biochim Biophys Acta Rev Cancer. 2018;1870(1):103-121.

6. Cai M, Sun X, Wang W, et al. Disruption of peroxisome function leads
to metabolic stress, mTOR inhibition, and lethality in liver cancer cells.
Cancer Lett. 2018;421:82-93.

7. Jamsen JA, Sassa A, Perera L, et al. Structural basis for proficient oxi-
dized ribonucleotide insertion in double strand break repair. Nat Com-
mun. 2021;12(1):5055.

8. Zhang, Ding C, Zhu W, et al. Chemotherapeutic drugs induce oxida-
tive stress associated with DNA repair and metabolism modulation.
Life Sci. 2022;289:120242.

9. Lin HD, Yao CL, Ou WJ, Luo YH, Chen SC. 4-Aminobiphenyl sup-
presses homologous recombination repair by a reactive oxygen
species-dependent p53/miR-513a-5p/p53 loop. Toxicology. 2020;
444:152580.

10. Richards SA, Muter J, Ritchie P, Lattanzi G, Hutchison CJ. The accu-
mulation of un-repairable DNA damage in laminopathy progeria


https://orcid.org/0000-0001-6619-7107
https://orcid.org/0000-0001-6619-7107

14 of 15 WILEY_ 2

11.

12.
13.
14.

15.

16.

17.
18.
19.
20.
21.
22.

23.

24.

25.

26.
27.

28.
29.

30.

LIU ET AL

fibroblasts is caused by ROS generation and is prevented by treat-
ment with N-acetyl cysteine. Hum Mol Genet. 2011;20(20):3997-
4004.

Wen J, Xiong K, Aili A, et al. PEX5, a novel target of microRNA-
31-5p, increases radio resistance in hepatocellular carcinoma by acti-
vating Wnt/p-catenin signaling and homologous recombination. Ther-
anostics. 2020;10(12):5322-5340.

Neto FT, Bach PV, Najari BB, et al. Spermatogenesis in humans and
its affecting factors. Semin Cell Dev Biol. 2016;59:10-26.

Wang S, Liu Y, Shang Y, et al. Crossover interference, crossover matu-
ration, and human aneuploidy. Bioessays. 2019;41(10):e1800221.
Capalbo A, Hoffmann ER, Cimadomo D, Maria Ubaldi F, Rienzi L.
Human female meiosis revised: new insights into the mechanisms of
chromosome segregation and aneuploidies from advanced genomics
and time-lapse imaging. Hum Reprod Update. 2017;23(6):706-722.
Cloud V, Chan YL, Grubb J, Budke B, Bishop DK. Rad51 is an acces-
sory factor for Dmc1-mediated joint molecule formation during meio-
sis. Science. 2012;337(6099):1222-1225.

Brown MS, Bishop DK. DNA strand exchange and RecA homologs in
meiosis. Cold Spring Harb Perspect Biol. 2014;7(1):a16659.

Zickler D, Kleckner N. Recombination, pairing, and synapsis of homo-
logs during meiosis. Cold Spring Harb Perspect Biol. 2015;7(6):
a016626.

Shang Y, Huang T, Liu H, et al. MEIOK21: a new component of mei-
otic recombination bridges required for spermatogenesis. Nucleic
Acids Res. 2020;48(12):6624-6639.

Zhang LF, Tan-Tai WJ, Li XH, et al. PHB regulates meiotic recombina-
tion via JAK2-mediated histone modifications in spermatogenesis.
Nucleic Acids Res. 2020;48(9):4780-4796.

Jiang Y, Zhang HY, Lin Z, et al. CXXC finger protein 1-mediated his-
tone H3 lysine-4 trimethylation is essential for proper meiotic cross-
over formation in mice. Development. 2020;147(6):dev183764.

Zhang J, Kim J, Alexander A, et al. A tuberous sclerosis complex sig-
nalling node at the peroxisome regulates mTORC1 and autophagy in
response to ROS. Nat Cell Biol. 2013;15(10):1186-1196.

Li HY, He YX, Zhang H, Liu YY, Miao GY, Zhao QY. Carbon ion irradi-
ation induces reduction of beta-tubulin in sperm of pubertal mice.
Biomed Environ Sci. 2014;27(2):130-133.

Huang KH, Weng TI, Huang HY, et al. Honokiol attenuates torsion/-
detorsion-induced testicular injury in rat testis by way of suppressing
endoplasmic reticulum stress-related apoptosis. Urology. 2012;79(4):
965-967.

Liu H, Huang T, Li M, et al. SCRE serves as a unique synaptonemal
complex fastener and is essential for progression of meiosis prophase
| in mice. Nucleic Acids Res. 2019;47(11):5670-5683.

Dia F, Strange T, Liang J, et al. Preparation of meiotic chromosome
spreads from mouse spermatocytes. J Vis Exp. 2017;129:55378.

de Vries FA, de Boer E, van den Bosch M, et al. Mouse Sycp1 func-
tions in synaptonemal complex assembly, meiotic recombination, and
XY body formation. Genes Dev. 2005;19(11):1376-1389.

Bannister LA, Schimenti JC. Homologous recombinational repair pro-
teins in mouse meiosis. Cytogenet Genome Res. 2004;107(3-4):
191-200.

Walton PA, Brees C, Lismont C, Apanasets O, Fransen M. The peroxi-
somal import receptor PEX5 functions as a stress sensor, retaining
catalase in the cytosol in times of oxidative stress. Biochim Biophys
Acta Mol Cell Res. 2017;1864(10):1833-1843.

Ward JM, Stoyas CA, Switonski PM, et al. Metabolic and organelle
morphology defects in mice and human patients define spinocerebel-
lar ataxia type 7 as a mitochondrial disease. Cell Rep. 2019;26(5):
1189-1202.

Reumann S, Chowdhary G, Lingner T. Characterization, prediction
and evolution of plant peroxisomal targeting signals type 1 (PTS1s).
Biochim Biophys Acta. 2016;1863(5):790-803.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Waterham HR, Ferdinandusse S, Wanders RJ. Human disorders of
peroxisome metabolism and biogenesis. Biochim Biophys Acta. 2016;
1863(5):922-933.

Semmler A, Kohler W, Jung HH, et al. Therapy of X-linked adrenoleu-
kodystrophy. Expert Rev Neurother. 2008;8(9):1367-1379.
Brennemann W, Kohler W, Zierz S, Klingmuller D. Testicular dysfunc-
tion in adrenomyeloneuropathy. Eur J Endocrinol. 1997;137(1):34-39.
Chen H, Liu Z, Huang X. Drosophila models of peroxisomal biogenesis
disorder: peroxins are required for spermatogenesis and very-long-
chain fatty acid metabolism. Hum Mol Genet. 2010;19(3):494-505.
Brauns A, Heine M, Todter K, et al. A defect in the peroxisomal bio-
genesis in germ cells induces a spermatogenic arrest at the round
spermatid stage in mice. Sci Rep. 2019;9(1):9553.

Tan J, Duan M, Yadav T, et al. An R-loop-initiated CSB-
RAD52-POLD3 pathway suppresses ROS-induced telomeric DNA
breaks. Nucleic Acids Res. 2020;48(3):1285-1300.

Cole F, Keeney S, Jasin M. Preaching about the converted: how mei-
otic gene conversion influences genomic diversity. Ann N Y Acad Sci.
2012;1267:95-102.

Pittman DL, Cobb J, Schimenti KJ, et al. Meiotic prophase arrest with
failure of chromosome synapsis in mice deficient for Dmcl, a
germline-specific RecA homolog. Mol Cell. 1998;1(5):697-705.
Yoshida K, Kondoh G, Matsuda Y, et al. The mouse RecA-like gene
Dmc1 is required for homologous chromosome synapsis during meio-
sis. Mol Cell. 1998;1(5):707-718.

Pezza RJ, Voloshin ON, Volodin AA, et al. The dual role of HOP2 in
mammalian meiotic homologous recombination. Nucleic Acids Res.
2014;42(4):2346-2357.

Shi B, Xue J, Yin H, et al. Dual functions for the ssDNA-binding pro-
tein RPA in meiotic recombination. PLoS Genet. 2019;15(2):
e1007952.

Barchi M, Mahadevaiah S, Di Giacomo M, et al. Surveillance of differ-
ent recombination defects in mouse spermatocytes yields distinct
responses despite elimination at an identical developmental stage.
Mol Cell Biol. 2005;25(16):7203-7215.

Wong AC, Ryan AF. Mechanisms of sensorineural cell damage, death
and survival in the cochlea. Front Aging Neurosci. 2015;7:58.
Delmaghani S, Defourny J, Aghaie A, et al. Hypervulnerability to
sound exposure through impaired adaptive proliferation of peroxi-
somes. Cell. 2015;163(4):894-906.

Sadeghi N, Erfani-Majd N, Tavalaee M, et al. Signs of ROS-associated
autophagy in testis and sperm in a rat model of varicocele. Oxid Med
Cell Longev. 2020;2020:5140383.

Luo Z, Xu X, Sho T, et al. ROS-induced autophagy regulates porcine
trophectoderm cell apoptosis, proliferation, and differentiation.
Am J Physiol Cell Physiol. 2019;316(2):C198-C209.

Li H, Wang B, Zhang H, Katsube T, Xie Y, Gan L. Apoptosis induction
by iron radiation via inhibition of autophagy in Trp53(+/—) mouse
testes: is chronic restraint-induced stress a modifying factor? Int J Biol
Sci. 2018;14(9):1109-1121.

Liu K, Zhang G, Wang Z, et al. The protective effect of autophagy on
mouse spermatocyte derived cells exposure to 1800 MHz radiofre-
quency electromagnetic radiation. Toxicol Lett. 2014;228(3):216-224.
Zhang J, Tripathi DN, Jing J, et al. ATM functions at the peroxisome
to induce pexophagy in response to ROS. Nat Cell Biol. 2015;17(10):
1259-1269.

Luo L, Li Y, Yang Y, et al. Multinucleated cells are involved in normal
development and apoptosis in mouse testes. Mol Med Rep. 2013;8(3):
865-870.

Singh SK, Abe K. Light and electron microscopic observations of giant
cells in the mouse testis after efferent duct ligation. Arch Histol Jpn.
1987;50(5):579-585.

Greenbaum M, lwamori T, Gregory M, et al. Germ cell intercellular
bridges. Cold Spring Harb Perspect Biol. 2011;3(8):a005850.



LIU ET AL

Wl LEY 15of 15

53. Greenbaum M, Ma L, Matzuk M, et al. Conversion of midbodies into
germ cell intercellular bridges. Dev Biol. 2007;305(2):389-396.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

5 ;

How to cite this article: Liu M, Liu S, Song C, et al. Pre-meiotic
deletion of PEX5 causes spermatogenesis failure and infertility
in mice. Cell Prolif. 2023;56(3):e13365. doi:10.1111/cpr.13365


info:doi/10.1111/cpr.13365

	Pre-meiotic deletion of PEX5 causes spermatogenesis failure and infertility in mice
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Animals
	2.2  Genotyping
	2.3  Assessment of fertility
	2.4  Antibodies
	2.5  Histological, immunohistochemical, and TUNEL assays
	2.6  Meiotic chromosome spread and immunofluorescence staining
	2.7  Transmission electron microscopy
	2.8  PNA and PAS staining of murine germ cells
	2.9  RNA-seq and analysis
	2.10  Statistical analysis

	3  RESULTS
	3.1  PEX5 was required for spermatogenesis and male fertility in mice
	3.2  Pex5 deletion impaired spermatocyte meiosis
	3.3  Pex5 deletion impaired meiotic DSBs repair and potential crossover loci in spermatocytes
	3.4  Abnormal microtubule structure and impaired acrosome development in Pex5-/- mice
	3.5  PEX5 maintained peroxisomal function and regulated ROS in germ cells
	3.6  Dysregulated apoptosis and autophagy activity in male Pex5-/- mice
	3.7  RNA-seq analysis of the testes in control and Pex5-/- mice

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


