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[Abstract] Objective: The protein interacting with C kinase 1 (PICK1) plays a critical role in 
vesicle trafficking, and its deficiency in sperm cells results in abnormal vesicle trafficking from 
Golgi to acrosome, which eventually disrupts acrosome formation and leads to male infertility. 
Methods: An azoospermia sample was filtered, and the laboratory detection and clinical phenotype 
indicated typical azoospermia in the patient. We sequenced all of the exons in the PICK1 gene and 
found that there was a novel homozygous variant in the PICK1 gene, c.364delA (p.Lys122SerfsX8), 
and this protein structure truncating variant seriously affected the biological function. Then we 
constructed a PICK1 knockout mouse model using clustered regularly interspaced short palindromic 
repeat cutting technology (CRISPRc). Results: The sperm from PICK1 knockout mice showed 
acrosome and nucleus abnormalities, as well as dysfunctional mitochondrial sheath formation. Both 
the total sperm and motility sperm counts were decreased in the PICK1 knockout mice compared 
to wild-type mice. Moreover, the mitochondrial dysfunction was verified in the mice. These defects 
in the male PICK1 knockout mice may have eventually led to complete infertility. Conclusion: 
The c.364delA novel variant in the PICK1 gene associated with clinical infertility, and pathogenic 
variants in the PICK1 may cause azoospermia or asthenospermia by impairing mitochondrial 
function in both mice and humans.
Key words: PICK1; azoospermia; truncating variant; knockout mice; mitochondrial dysfunction

Infertility is a global health problem that affects more than 200 million couples worldwide, almost 
10% of couples at reproduction age are infertile[1]. 
Approximately 20%–70% of infertility cases are 
attributed to male factors, which is called male 
infertility, and 30% of these are due to genetic defects 
in the male[2]. Infertility causes great mental stress and 
distress to couples of childbearing age[3], leading to 
further aging of the population, which in turn creates 
a severe economic burden[4]. For male infertility 
patients with mildly impaired spermatogenesis, the 
chance of having offspring can be achieved by clinical 
methods of fertilization, including intracytoplasmic 
sperm injection (ICSI)[5, 6]. However, the genetic 
risks in male infertility and the immaturity of ICSI 
technology cannot be ignored. For example, in patients 
with no spermatogenesis (azoospermia), those with 
immature epididymal sperm, and those with very 
few sperm, there is currently no effective clinical 
treatment for infertility[7]. The pathogenic mechanism 
of azoospermia is complex, it often involves 
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abnormal energy metabolism of sperm, genetic 
risks, and abnormal signaling pathways in sperm. 
Little is known about the physiological pathology 
of spermatogenesis, its genetic causes, and genome 
consequences in gametes[8]. Therefore, azoospermia 
is a typical multifactorial disease with a strong 
genetic basis[9]. Approximately 30% of male patients 
indicated infertility due to chromosomal aberrations, Y 
chromosome microdeletions, single nucleotide variants 
and deletion variants[10].

Various morphological abnormalities of the 
flagella (MMAF) phenotype also lead to male 
infertility[11]. A mouse model was constructed, showing 
that a variant in the Tektin-t gene can cause an abnormal 
morphological sperm function in male mice and 
significantly reduce sperm motility[12]. The SEPT12 
gene is downregulated in patients with azoospermia, 
and these patients discovered a few heterozygous 
variants in the SEPT12 gene[13]. The deletion of the 
Slc26a8 gene in mice lead to complete lost of sperm 
motility and flagella in the tail of the sperm[14]. It has 
been shown that the loss of calmodulin- and radial-
spoke-associated complex protein CFAP251 can cause 
infertility[15]. The protein interacting with C kinase 1 
(PICK1) gene has been mainly studied in the field of 
nervous system and cancer research since its discovery 
in 1995[16]. A study of PICK1 knockout mice showed 
their clinical symptoms were very similar to those of 
human round spermatozoa[17]. The study of testicular 
sections suggested that deleterious variants in this gene 
caused defects in spermatogenesis. The laboratory 
speculated that after the PICK1 gene was knocked out, 
acrosome fragmentation occurred in the early stages 
of sperm formation. This was immediately followed 
by deformation and defects in the formation of 
mitochondrial sheaths, which eventually led to clinical 
manifestations from which several variants have been 
found, such as a homozygous missense PICK1 variant 
in a Chinese family, which can cause round head 
deformities of the sperm, decreased sperm density, and 
severe damage to sperm motility[18]. More than 60% 
of normal semen is secreted by the seminal vesicles, 
20% to 30% comes from the prostate, approximately 
10% comes from the epididymal fluid and sperm, and 
a small amount is secreted by the urethral glands. The 
classic hemostatic system similar to blood in the semen 
and high molecular weight seminal vesicle (HMW-SV) 
protein system coexist, and these two work together to 
regulate semen coagulation and liquefaction[19, 20]. These 
may cause coagulopathy in patients with reproductive 
disorders.

PICK1 is a multifunctional binding protein that 
is widely distributed in various cells of the nervous 
system[21]. It is closely related to central nervous system 
disease, pain, insulin secretion, tumorigenesis, and 
tumor development, and also participates in membrane 

receptor transport[17]. The PICK1 protein contains BAR 
and PDZ domains, which can bind to the C-terminus 
of the phospholipid bilayer and various transmembrane 
receptors to regulate the expression and endocytosis 
on the cell membrane of these receptors[22]. PICK1 is 
expressed not only in the brain but also in many other 
tissues. It shows relatively high levels of expression 
in the testes and pancreas[23]. It is known that male 
PICK1 knockout mice are completely sterile[17]. 
Round-headed spermatozoa in PICK1 knockout mice 
have deformed neurons and abnormally shaped nuclei, 
and PICK1 is localized to Golgi-derived acrosomal 
particles in sperm[24], maybe the round-headed 
spermatozoa phenotype of PICK1 knockout mice is 
the result of abnormal acrosomal particles leading to 
impaired acrosome formation. Multiple morphological 
abnormalities of the acrosome and mitochondrial 
phenotypes are one of the most severe forms of sperm 
defects causing male infertility[25, 26]. This unique 
phenotype is characterized by the presence of immobile 
sperm upon ejaculation, and it exhibits several serious 
sperm abnormalities, including abnormal sperm 
structure and impaired sperm motility.

1 MATERIALS AND METHODS

1.1 Human Clinical Sample
We collected samples from azoospermia 

infertile patients in the Department of Reproductive 
Endocrinology in our hospital. The Research Ethics 
Committee of Zhejiang Provincial People’s Hospital 
approved of the collection of samples for research 
(No. 2021QT431), and informed consent was obtained 
from each patient. According to the WHO textbook, 
“Human Semen and Sperm-Cervical Mucus Interaction 
Laboratory Manual, 4th edition,” participants were 
abstinent for 3–7 days and semen was collected by 
masturbation. The selection criteria included couples 
living together for more than one year after marriage 
with a normal sex life and engaged in no contraceptive 
measures. Sufficient semen was obtained, and routine 
analysis of semen was performed more than two times. 
Inclusion criteria of the subjects were as follows: 
absence of drug or alcohol intake on the day of semen 
examination, a semen volume 1.5–6 mL, gray or pale 
yellow, all liquefaction within 1 h; total sperm motility, 
total sperm count, progressive movement (PR) + 
non-progressive movement (NP), and forward sperm 
motility rate was 0. Additionally, the specimens were 
divided into different grades according to the forward 
sperm activity rate: mildly weak sperm, 20≤PR<32; 
moderately weak sperm, 10≤PR<20; and severely 
weak sperm, 0≤PR<10. The sperm morphology was 
observed; seminal plasma anti-sperm antibody was 
detected; blood and urine routine examination, liver 
and kidney function detection were performed. 
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1.2 Semen Analysis and Sperm Morphological 
Study

After 2–7 days of abstinence, semen samples 
from human subjects were collected by masturbation 
and examined after liquefaction at 37°C for 30 
min. Assessments of the semen volume, sperm 
concentration, and viability were performed according 
to WHO guidelines. Semen analysis was repeated 
at least twice. A semen sample from a mouse model 
was collected from the epididymis, diluted in 1 mL of 
sperm rinse (Vitrolife, Sweden), and examined after 
being incubated at 37°C for 30 min.
1.3 Sanger Sequencing and Protein Structural 
Modeling

Genomic DNA was extracted from whole blood 
samples taken from the patient using a Quick DNA 
Extraction Kit (Takara, Japan). Subsequently, 2.5 
ng/μL genomic DNA (gDNA) (10-μL reactions) 
was amplified using 35 cycles of PCR on a C1000 
thermal cycler (Bio-Rad, USA) with 2× Flash Hot 
Start Master Mix (dye) (Takara, Japan) and 20 pmol 
of gene-specific primers[27]. The primer sequences 
used to amplify PICK1 exons are found in table S1. 
PCR products were purified with a DNA clean-up kit 
(CW2301, CWBIO). Using a 3730xl genetic analyzer, 
the purified amplicons were directly cycle sequenced 
in both directions with a BigDye Teminator v3.1 cycle 
sequencing kit (Applied Biosystems, USA) containing 
PICK1 forward or reverse sequencing primers and then 
precipitated using ethanol and detected via capillary 
electrophoresis using Sequence Analysis 6.0 software 
(Applied Biosystems, USA) and Chromas 2.23 
software (Technelysium, Australia). Exon sequencing 
was performed, as previously described for individual 
samples[27]. Sequencing reactions were carried out 
using a BigDye Terminator v3.1 cycle sequencing kit 
(Applied Biosystem, USA).

The tertiary structures of human wild-type and 
mutant PICK1 were predicted using Robetta software 
(https://robetta.bakerlab.org/software), and the results
were saved as a PDB file. We used PyMOL (http://
pymol.org/) to visualize the structures of these 
proteins.
1.4 Animal Model

For all of the experiments involving mice, animals 
were processed and euthanized according to methods 
approved by the Animal Protection and Use Committee 
of Zhejiang Provincial People’s Hospital. All mice used 
in the study were male adult (8–9 weeks) mice. Two 
groups of male C57/BL6 mice were studied separately: 
wild-type (PICK1 +/+), PICK1 heterozygous (PICK1 
+/–), and PICK1 knockout (PICK1 –/–) mice. PICK1 
gene knockout C57/BL6 mice were obtained in the 
reproductive stage from Zhejiang University Laboratory 
Animal Center. During the breeding process, PICK1 +/– 
(♂) and PICK1 +/– (♀) mice were crossbred to obtain 

PICK1 –/– (♂) combined experimental mice[17]. After 
the male mouse was sacrificed, the testes, epididymis, 
and vas deferens were aseptically separated and rinsed 
in a petri dish. The epididymal head was discarded, and 
the epididymal tail was left, which was cut into several 
sections and opened with surgical scissors to allow the 
sperm to float in the culture. Totally, 10 μL of sperm 
were placed on a special sperm counting board, and 
the total number of sperm in 100 grids were counted[28].
1.5 PCR Identification of PICK1 Knockout Mice

According to the instructions provided by the 
manufacturer, we removed the toes of mice, added 20 
μL of Additive 1 (AD1) buffer and 5 μL of Additive 2 
(AD2) buffer in the TranDirect Animal Tissue PCR kit, 
mixed by pipetting, and incubated at room temperature 
for 10 min, then incubated at 95°C for 3 min. Finally, 
we added 20 μL of Additive 3 (AD3) buffer. The PCR 
reaction system was as follows:  0.5 μL 10 μmol/L primer 
PICK1-1, 0.5 μL 10 μmol/L primer PICK1-2, 0.5 μL 
10 μmol/L primer PICK1-3, 10 μL Taq mix (2×), 2 μL 
template were sequentially added, and water was added 
to reach 20 μL. The PCR reaction conditions were: 
denaturation at 95°C for 30 s, annealing at 62°C for 30 
s, extension at 72°C for 30 s, and the cycle continued 35 
times. The primer sequences were as follows: PICK1-1, 
5′-TCACTTGCCAGAGGAGAAAACTG-3′; PICK1-
2, 5′-AAAAATAGGCGTATCACGAGGC-3′; PICK1-
3, 5′-CACTCGCAGCTTGTTCTGATCTG-3′.
1.6 Western Blotting of PICK1 Knockout Mice

Briefly, an equivalent amount of protein from 
each sample was separated by 10% SDS-PAGE and 
transferred to PVDF membranes (Millipore, Billerica, 
MA). The membranes were then blocked in 5% milk 
for 1 h at room temperature and then incubated with 
respective primary antibody overnight at 4°C including 
anti-PICK1 (Neuromab, Davis City, CA, USA) and 
anti-GAPDH (Huaan, China). Membranes were then 
incubated with HRP-conjugated secondary antibody 
(Huaan, China). After washing, protein bands were 
visualized using ECL reagents (Beyotime, China) 
and captured by Bio-Rad image system (Bio-Rad, 
California, USA). Protein bands were analyzed by 
Image J software, and results were normalized to the 
respective GAPDH bands.
1.7 Detection of Sperm Adenosine 5′-Triphosphate 
(ATP) Level 

The ATP assay kit was manufactured by 
Beyotime, and the assay was performed according to 
the manufacturer’s instructions. It is used to detect ATP 
levels in common solutions, cells, or tissues. We used 
an ATP enhancement kit where ATP provides energy 
when luciferin produces fluorescence based on firefly 
luciferase (also known as luciferase). A 50-μL aliquot 
of the diluted sperm suspension was added to 100 μL 
of cell lysis reagent and incubated for 5 min at room 
temperature. The resultant cell lysate was recovered 
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for the supernatant. Bioluminescence of the samples 
was measured in triplicate in a 96-well plate using a 
luminometer. Following the manufacturer’s protocol, 
50 μL of luciferase working reagent was added to 20 
μL of sample in each well, and light emission from the 
resulting reaction was measured. The dilution ratio of 
the ATP solution to the cell lysis reagent was used to 
calculate the ratio of ATP in the sample.
1.8 Measurement of Sperm Reactive Oxygen Species 
(ROS) 

Sperm mitochondrial generation of ROS was 
determined by chem-iluminescence measurement. 
Briefly, 100 µL of washed sperm suspension at a 
concentration of 5×106 sperm/mL was placed in an 
EP tube. Then, freshly prepared probe 2′,7′-dichlorod
ihydrofluorescein diacetate (DCFH-DA) (Beyotime, 
China) was dissolved in phosphate-buffered saline 
(PBS) (10 µmol/L final concentration) and 100 μL 
was added to each sample. Briefly, sperm were stained 
with DCFH-DA working staining solution, incubated 
for 15–20 min. Spermatozoa in the unbound portion 
were washed with PBS and centrifuged for 5 min at 
600×g at 4°C. Fluorescence luminescence mode was 
selected and used to detect ROS using a multifunction 
microplate reader. The remaining part of the sperm 
was applied to a glass slide, and an anti-fluorescent 
quencher containing 4′, 6-diamidino-2-phenylindole 
(DAPI) was added to the smear. The smear was 
observed under a fluorescence microscope before 
the cover glass was coated.
1.9 Sperm Mitochondrial Membrane Potential 
(MMP) Assessment

Florescent probes of 5, 5′, 6, 6′-tetrachloro-1, 1′, 3, 
3′-tetraethylbenzimidazolyl-carbocyanine iodide (JC-
1) (Beyotime, China) were used in the assessment of 
the sperm MMP of different sperm samples[29]. Briefly, 
sperm samples were stained with a working solution of 
JC-1 stain (5 μg/mL) and incubated for 15–20 min. The 
spermatozoa in the unbound portion were washed with 
JC-1 buffer (1×) and centrifuged for 5 min at 600×g 
at 4°C. The pellet obtained was smeared over a glass 
slide, and anti-fluorescence quencher containing DAPI 
was added to the smear before a cover slip was applied 
to the slide. The slide was then observed under a 
fluorescent microscope using the procedure described 
below. The slide with the sample was mounted onto a 
clean glass slide along with a cover slip and examined 
using a fluorescent microscope (Nikon ECLIPSE Ti-
s, Japan) using a fluorescein-isothiocyanate (FITC) 
filter (emission: 515–555 nm; excitation: 465–495 nm) 
and a tetramethylrhodamine-isothiocyanate (TRITC) 
filter (emission: 554–576 nm; excitation: 540 nm). 
The images from the two filters were merged into a 
final image. The spermatozoa with a high MMP were 
yellow-red, whereas the spermatozoa with a low MMP 
were fluorescent green.

1.10 Statistical and Bioinformatics Analyses
Measurement data were expressed as mean±SD, 

and an independent samples t-test was used to compare 
data between multiple groups using Graphpad Prism 
6.0. A value of P<0.05 indicated that the difference 
was statistically significant. BLAST (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) and BioEdit (version 7.0.5.3) 
were used for simultaneous sequence comparison 
with database and sequence visualization. The 
variant was annotated by ANNOVAR (http://annovar.
openbioinformatics.org/en/latest/) and an in-house 
bioinformatics tool with the UCSC annotation (based 
on GRCh37, hg19). We obtained the minor allele 
frequency (MAF) according to normal population 
variant databases, including the dbSNP150 (http://
www.ncbi.nlm.nih.gov/projects/SNP/), 1000 Genomes 
Project (http://www.1000genomes.org/), ESP6500 
(http://evs.gs.washington.edu/EVS/), and ExAC (http://
exac.broadinstitute.org/) databases.

2 RESULTS

2.1 Clinical Data and Specimen Information
In this study, we detected several patients, and 

screened out one significant sample. This patient was 
28 years old (when the sample was collected) and 
cohabited with his partner for more than one year 
without using contraception and fertility measures. 
A clinical diagnosis was obtained in our hospital 
after two years of marriage without contraception or 
fertility for the patient. Conventional computer-aided 
analysis of semen volume was 3.0 mL and the sperm 
concentration was 0.0 million/mL. The total amount 
of seminal plasma neutral alpha-glucosidase was 0.6 
U/L at ejaculation, and the total amount of refined 
berry sugar was 0.6 mmol/L at ejaculation. Physical 
examination showed a normal testis size on both sides, 
swelling and tenderness of the right epididymis, and 
unsatisfactory palpation of the vas deferens. Therefore, 
this indicated malformation of the vas deferens, 
epididymis, seminal vesicles and prostate led to the 
diagnosis of azoospermia (table 1). 

A biopsy of the right testis showed a very finely 
curved seminiferous tubule-like tissue, which is fragile 
to touch. This was sent for pathological examination. 
An ultrasound promptly showed an absence of the left 
seminal vesicle glands and a cystic structure in the 
right seminal vesicle gland area (fig. 1A, fig. S1A), as 
well as an absent bilateral vas deferens, left epididymal 
tail dysplasia, bilateral epididymal stasis, bilateral 
varicocele, and left testicular sheath cavity stones (fig. 
1B, fig. S1B). A small amount of sample was submitted 
for a testicular biopsy, including the spermatogenic 
tubules, thickened basement membranes. The 
significantly reduced spermatogonia were observed, 
and no clear mature sperm was found in the cavity 
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(fig. 1C). Furthermore, the thromboelastography 
values of the R (min) and Angle (α) indicated that the 
coagulation function of coagulation factors and fibrin 
were reduced (fig. 1D, table S2). It is possible that the 
change of coagulation functions could affect the male 
reproductive function[30].
2.2 Identification of the Novel Variant

Here, we sequenced all the exon regions of PICK1 
from the patient, and found a harmful homozygous 
variant in the gene, the c.364delA (p.Lys122SerfsX8) 
(fig. 2A, table S3). We also found that this variant 
was not presented in large public control populations, 
including studies from the dbSNP150, 1000 Genomes, 
ESP6500, and ExAC databases. Similarly, according 

to a search of the published literature, this variant has 
not been previously reported. The mutant amino acid 
is highly conserved in different species homologous to 
humans (fig. 2B), which leads to a frameshift variant in 
the coding portion of the exon 6 protein, and the amino 
acid of the eighth shift code is thus terminated early (fig. 
2C). The AH domains of the protein have important 
functions, and this termination of protein coding leads 
to the protein not being able to be translated (fig. 2D).
2.3 Protein Structural Modeling of the Variant

The PICK1 protein (http://www.uniprot.org/
uniprot/Q9NRD5, ENSG00000100151) consists of an 
N-terminal PDZ domain and C-terminal AH domain (fig. 
2D). The PDZ domain is located between amino acids 

Fig. 1 Clinical pathology results of a representative patient 
A: the abdominal ultrasound image of transrectal prostate and seminal vesicles; B: the superficial ultrasound image of testis, 
epididymis and spermatic cord; C: pathological diagnosis of puncture testicular mass (magnification ×200, scale bar=5 μm); D: 
thromboelastography result

Table 1 Information of basic clinical and laboratory analysis
Clinical indicator Result Standard value Qualitative
Total seminal α-glucosidase (U/L seminal fluid) 0.6 ≥ 10.12 ↓
Total refined sugar (mmol/L seminal fluid) 0.6 > 8.33 ↓
Dilution ratio Undiluted
Abstinence days 4 2–7 days
Semen volume (mL) 3.0 ≥ 1.5
Semen color Gray Gray
Semen smell normal
pH 7.50 7.2–8.0
Viscosity (cm) >2 < 2 ↑
Semen liquefaction time (min) <30 < 60
Sperm concentration (million/mL) 0.0 ≥ 15 ↓
Sperm count (million) 0.0 ≥ 39 ↓
Total forward sperm (PR) (million) 0.0
Round cell (cells/HP) 0–2
PR: progressive movement
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22–105, with the remaining part of PICK1 comprising 
the C-terminal AH domain (144–357). Using Robetta 
software, we predicted the 3D structure of the wild-
type PICK1 protein (1–415) and mapped out the Ser122 
residue in the structure (fig. 3A). The p.Lys122SerfsX8 
variant results in a protein product with a deletion of the 
entire C-terminal AH domain (fig. 3B). The truncating 
variant at this key region may lead to protein dysfunction 
and therefore contribute to disease pathogenesis.
2.4 Comparison of the Phenotype of PICK1 Wild-
type and Knockout Mice

During the breeding process, PICK1 +/– (♂) and 
PICK1 +/– (♀) mice were crossbred to obtain PICK1 
–/– (♂) combined experimental mice, as identified 
by PCR and Western blotting (fig. S2). The basic 
characteristic differences between the wild-type and 
knockout mice were obtained. We found that the 
PICK1 knockout mice showed no fertility, the ratio 
of testis to body weight was significantly reduced, 
semen routinely showed a significant decrease in the 
total number of sperm, and testicular slices showed a 
significant decrease in various types of spermatogenic 
cells (table S4). Moreover, we extracted the testicular 
tissue in wild-type and knockout mice, and compared 
these under a microscope at 20× and 40× fields of view 
(fig. 4A). The immunohistochemical results indicated 

that the sperm counts were significantly decreased 
[wild-type vs. knockout, (46.33±6.96)×106 vs. 
(6.33±0.88)×106, P<0.001] and that the sperm showed 
a partial deformity (fig. 4B).
2.5 ATP Levels not Changed in PICK1 Knockout 
Mice

To further explore whether there were differences 
in the function of sperm mitochondria between 
the wild-type and knockout mice, we performed 
mitochondrial function tests for the mice of each group. 
We analyzed the ATP levels of each group and found 
no significant differences between the groups (fig. 5A). 
The mitochondrial ATP levels between the knockout 
and wild-type mice were not significantly different 
(P>0.05). The motility of sperm requires mitochondria 
to produce ATP to provide energy, while sperm motility 
is the main physiological determinant of male fertility.
2.6 ROS and MMP Levels Significantly Changed in 
PICK1 Knockout Mice

For the qualitative and quantitative analyses of 
the levels of ROS in each group (fig. 5B), we found 
that the spermatozoa levels of the knockout mice were 
significantly higher than those of the wild-type mice 
(P<0.001). The generation of ROS is an early event 
in a series of modifications that occur during sperm 
capacitation. However, changes in cellular redox 
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homeostasis lead to sperm senescence and eventually, 
cell death. ROS cause oxidative cell damage and inhibit 
sperm function. We found that the sperm fluorescent 
intensity revealed that the knockout mice have 
significantly higher sperm ROS levels than wild-type 
mice (fig. 5B). Furthermore, after PICK1 knockout, 
the sperm mitochondria were abnormally located and 
transferred from the middle of the sperm to the head 
of the sperm (fig. 5C). Through the detection of sperm 
ROS, the knockout mice showed a significant increase 
in ROS and a significant decrease in mitochondrial 
function compared to wild-type mice.

By comparing the membrane potential levels 
between the groups, the JC-1 fluorescent probe staining 
results showed that the red fluorescence in wild-type 
mice sperm was stronger than the green fluorescence 
(fig. 6A). We also found that the membrane potential 
level of wild-type mice sperm was significantly higher 
than that of knockout mice (P<0.001) (fig. 6B). When 
the MMP is high, JC-1 accumulates in the matrix of 
the mitochondria to form a polymer that produces 
red fluorescence. When the MMP is low, JC-1 
cannot aggregate in the matrix and only monomers 
can be formed, resulting in green fluorescence. After 
PICK1 knockout was performed, the mouse sperm 
mitochondria became abnormally located and the MMP 
decreased, which led to a decrease in mitochondrial 
function.

3 DISCUSSION

In this study, we sequenced all the exon regions 
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Fig. 4 Immunohistochemical results in WT and KO mice testis
A: immunohistochemical images in the 20× and 40× fields of view; B: comparison of total sperm counts from bilateral epididymis, 
WT vs. KO: (46.33±6.96)×106 vs. (6.33±0.88)×106, mean±SEM, n=3. WT: wild-type; KO: knockout; **P<0.001

of PICK1 from an infertile male azoospermia 
patient and found a harmful frameshift variant 
c.364delA (p.Lys122SerfsX8), which led to the 
premature termination of protein coding. PICK1 is an 
evolutionarily conserved protein that shows high-level 
expression in the testis[17]. The sperm structural analysis 
in the knockout mice showed that the mitochondrial 
ridge disappeared after the knockout of PICK1. 
However, histological analysis of the testes of these 
mice showed that all the spermatogenic stages of the 
spermatogenic epithelium were present, suggesting that 
the overall process of spermatogenesis was preserved 

but the mature sperm might be defective.
Male infertility remains a persistent problem, the 

occurrence of weak spermatozoa is affected by genetic 
and environmental factors, and the causes of the disease 
are often complicated and involve many clinical 
genetic risk factors[31]. Considerable efforts have been 
made to identify and characterize the several numbers 
of genes involved in sperm from individuals with male 
infertility, including key genes such as CFTR, BPY2, 
CDY, DAZ, HSFY, PICK1, etc[9, 32]. PICK1 variants 
in azoospermia may be associated with an abnormal 
functioning of the testicular epididymis or other related 
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organs. The expression levels of PICK1 in different 
organs in the GTEx dataset showed that the PICK1 
protein was significantly expressed in the testes and 
prostate tissues (fig. S3). The probability and causes of 
PICK1 variants in the population were not frequently 
found, such as G393R and G198A[18, 32], and the clinical 

significance of these variants usually manifested as a 
reduced sperm count (oligozoospermia), a reduction 
in sperm motility (weak spermatozoa), a higher 
proportion of abnormal sperm in ejaculation (abnormal 
spermatozoa), or a combination of these defects. The 
advent of exon sequencing technology has facilitated 

Fig. 5 Detection of sperm ATP and ROS levels in different mice
A: no significant difference in ATP levels between WT and KO mice; B: sperm fluorescence intensity; C: sperm DCFH-DA 
fluorescence staining (indicated by arrows). Scale bar=10 μm; Green indicates staining of mitochondrial ROS probe; blue 
indicates nuclear staining. WT: wild-type; KO: knockout; ns: not significant; **P<0.001

Fig. 6 Sperm JC-1 staining in different mice
A: The mitochondria of mice were located in the middle of the sperm. The 
JC-1 probe was used for the detection of mitochondrial membrane potential. 
Red fluorescence indicated that the mitochondria are in a polymer mode with 
a high membrane potential, and green indicates that the mitochondria are in a 
monomer mode with a lower membrane potential. Scale bar=10 μm. B: sperm 
fluorescent intensity, and the red-green fluorescence ratio indicated that the 
sperm mitochondrial membrane potential of WT mice was significantly higher 
than that of KO mice. **P<0.001. KO: knockout; WT: wild-type
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the identification of potentially responsible genetic 
variants in infertile men, but detailed studies of 
the functions of these genes in spermatogenesis of 
humans are often not available, thus the development 
of animal models is required. Moreover, many mutant 
mouse models with spermatogenesis defects have 
been identified, and molecular and genetic studies of 
spermatogenesis in these models have led to a deeper 
understanding of spermatogenesis.

We collected blood samples from patients to 
conduct full exon sequencing of the PICK1 gene, as 
85% of the variants that cause disease are reported to 
be in the coding and functional regions of the gene. 
Exon sequencing reveals the occurrence of genetic 
disease variants. After searching for variants and 
verifying by Sanger sequencing in the BLAST dataset, 
we found that compared to normal gene sequences, 
there were multiple variants in the PICK1 gene in 
patients with azoospermia, most of which are single 
nucleotide variants (SNVs). Therefore, we speculate 
that the PICK1 gene is involved in the occurrence and 
development of azoospermia, and its variants are part 
of the gene weakening of sperm motility, by integrating 
the genetic model and molecular dynamic simulation 
methods in our recent study[33, 34].

Many studies often use knockout mice to analyze 
the clinical effect of genetic truncating variants[23, 32]. 
Multiple methods were used to suppress the expression 
of genes in mice, and explore the function mechanism 
of this gene[35]. Some studies in the literature indicate 
that a lack of PICK1 in mice can cause male infertility 
due to reduced sperm counts and severely impaired 
sperm motility. The main defects of sperm are 
acrosome deformity, an abnormal arrangement of a 
round nucleus, and an abnormal mitochondrial sheath, 
which are also prominent features of the global sperm 
disease[36]. The main function of mitochondria is to 
synthesize ATP through oxidative phosphorylation and 
provide energy for various activities of cells. ATP and 
adenosine triphosphatase (ATPase) play an important 
role in the movement of sperm. They are involved in 
the energy response and motility of sperm. Just as ATP 
provides large amounts of energy when muscle fibers 
contract, ATP provides the energy required for sperm 
fiber contraction. In our study, it is shown that after 
PICK1 is knocked out, not only is the mitochondria 
localized abnormally in the sperm, but metabolic 
functions are also changed. It has been confirmed that 
mitochondria contain enzymes involved in oxidative 
phosphorylation energy metabolism, which plays 
a key role in cellular energy metabolism. The 
mitochondrial sheath in the middle piece provides 
the energy required for sperm movement. Many 
factors that affect ATP production can directly 
or indirectly affect sperm motility. Recently, the 
correlation between an abnormal mitochondrial 

structure, function and low sperm motility has 
attracted much attention. The sperm mitochondria of 
the PICK1 knockout mice were transferred from the 
original tail arrangement to the head, resulting in a 
lack of sperm tail movement energy and weakened 
vitality.

In the process of oxidative respiration, 
mitochondria store the generated energy in their inner 
membrane in the form of electrochemical potential 
energy, causing an asymmetric distribution of protons 
and other ions on both sides of the inner membrane to 
form MMP. MMP is a metric that reflects the energy 
status of the mitochondria, and it is the earliest factor 
in the initiation of the process of apoptosis. A normal 
level of MMP is a necessary condition of maintaining 
normal functioning of the mitochondria[37]. The sperm 
MMP decreases, and the ability to scavenge active 
oxygen weakens, leading to the accumulation of active 
oxygen in the sperm, and the overall quality of sperm 
decreases. A small amount of ROS has a positive 
effect on sperm. For example, sperm capacitation and 
acrosome reactions require a small amount of ROS. 
Excessive amounts of ROS not only affect sperm 
morphology and motility (such as abnormal sperm tail 
mitochondria, mainly caused by lipid peroxidation of 
organelle membranes), but the most important thing is 
the destruction of sperm DNA, which occurs when ROS 
directly attack the organs[38]. And the large molecules 
directly removed the purines or bases, which leads to 
the lack of formation of purine or apyrimidinic sites 
in nucleic acids. Another important note is that ROS 
directly attack the structures of superoxide dismutase 
and glutathione peroxidase (GSH-Px), thereby affecting 
DNA repair mechanisms[39]. Sperm activity consumes 
a high amount of energy, and the lack of this energy 
will inevitably lead to the decline of sperm motility. 
Mitochondria are factories that produce energy in 
humans, and they play a vital role in propagating sperm 
activity. Studies have also found that patients with weak 
spermatozoa have more mitochondrial dysfunction 
and gene variants than normal sperm[40, 41]. Variants 
in mitochondrial genes may be induced by sperm 
isolation and morphological changes of sperm. The key 
finding of our study is the isolation of the novel variant 
in the PICK1 gene as sequenced by exon sequencing, 
which is associated with clinical infertility. Pathogenic 
variants in the PICK1 gene may cause azoospermia or 
asthenospermia by impairing mitochondrial function 
in both mice and humans. With the in-depth study of 
mitochondrial DNA, there have been an increasing 
number of studies on azoospermia and mitochondrial 
genes, but more experiments are still needed to reveal 
the underlying relationship.
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