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Abstract
Cep215/Cdk5rap2 is a centrosome protein crucial for directing microtubule 
organization during cell division and morphology. Cep215 is a causal gene of 
autosomal recessive primary microcephaly type 3, characterized by a small brain 
size and a thin cerebral cortex. Despite previous attempts with Cep215 knockout 
(KO) mice to elucidate its developmental roles, interpreting their phenotypes 
remained challenging due to potential interference from alternative variants. 
Here, we generated KO mice completely lacking the Cep215 gene and investigated 
its specific contributions to male germ cell development. In the absence of Cep215, 
testis size decreased significantly, accompanied by a reduction in male germ cell 
numbers. Histological analyses unveiled the arrested development of male germ 
cells around the zygotene stage of meiosis. Concurrently, the formation of the 
blood-testis barrier (BTB) was impaired in Cep215 KO testes. These findings 
suggest that BTB failure contributes, at least partially, to male germ cell defects 
observed in Cep215 KO mice. We propose that the deletion of Cep215 may disrupt 
microtubule organization in Sertoli cells with a delay in spermatogonial stem cell 
mitosis, thereby impeding proper BTB formation.
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1   |   INTRODUCTION

Cep215/Cdk5rap2 stands out as a conserved centrosome 
protein crucial for microtubule organizing activity.1 This 
protein comprises two distinct conserved domains: the 
CM1 domain, facilitating microtubule organization by 
interacting with the γ-tubulin ring complex, and the 
CM2 domain, responsible for centrosome localization 
through interactions with centrosome-specific proteins 
like AKAP and pericentrin.2–4 The significance of micro-
tubule organization orchestrated by Cep215 cannot be 
overstated, particularly in mitosis. Without Cep215, the 
proper formation of mitotic spindles is compromised, 
leading to mitotic delay.5–7 Moreover, evidence suggests 
that Cep215 works beyond the centrosome, as its CM2 
domain interacts with proteins located outside the cen-
trosomes, such as those within the nuclear membrane 
and Golgi apparatus.8

Cep215 serves as a causal gene implicated in autoso-
mal recessive primary microcephaly type 3 (MCPH3), a 
prenatal neurodevelopmental disorder characterized by 
reduced small brain size and a thin cerebral cortex.9,10 
Patients with MCPH3 also commonly present with sen-
sorineural hearing loss, abnormal skin pigmentation, and 
ocular defects.11–13

Four distinct mouse mutants associated with Cep215 
have been documented. The Hertwig's anemia (an) 
mutant, arising from the progeny of a heavily irradi-
ated male mouse, displays an in-frame 111 bp deletion, 
leading to the loss of exon 4 of the Cep215 gene.14–16 
Cep215an/an mice exhibit characteristic microcephalic 
features, mirroring observations in human microce-
phalic patients, alongside pleiotropic phenotypes affect-
ing various tissues, including eyes, blood cells and male 
germ cells.16–19 In another investigation, two splice-trap 
mutations, resulting in 64 and 435 amino acid trun-
cations, designated Cep215RRU031 and Cep215RRF465, 
respectively, were similar to the human Cep215 muta-
tions for MCPH3.9 However, neither mutant displayed 
microcephaly nor other obvious defects in brain devel-
opment.20 Lastly, EUCOMM generated Cep215tm1a mice 
with a deletion in exon 5 of Cep215, yielding a LacZ-
tagged null allele.21 Cep215tm1a mice exhibit mild mac-
rocytic normochromic anemia alongside abnormal head 
morphology.21,22

While male sterility has not been reported in MCPH3 
patients, the testicular function is severely compromised 

in the Cep215an/an mouse strain.17 Male germ cells re-
side within seminiferous tubules alongside Sertoli cells, 
specialized somatic nursing cells. Sertoli cells exhibit 
an amorphous morphology, filling the interstitial space 
among germ cells while maintaining close contact with 
them at various developmental stages, albeit with strict 
polarity.23 Critical to male reproductive physiology, Sertoli 
cells establish and maintain the blood-testis barrier (BTB), 
which segregates seminiferous tubules into the basal and 
adluminal compartments. Within the basal compartment, 
Sertoli cells anchor to the basement membrane of semi-
niferous tubules and interact with spermatogonia, thereby 
supporting the stem cell population.24 Upon initiation of 
spermatogonial differentiation into spermatocytes, cells 
transition to the adluminal compartment, where they un-
dergo meiosis and further maturation into spermatozoa.25 
Consequently, Sertoli cells play a pivotal role in orches-
trating successful progression throughout male germ cell 
development.

In this study, we examined the phenotypes of a novel 
Cep215-deficient mouse model, where the majority of the 
Cep215 locus was removed, thereby eliminating concerns 
regarding alternatively spliced variants. Our focus partic-
ularly centered on the testis phenotypes observed in our 
Cep215 KO mice.

2   |   MATERIALS AND METHODS

2.1  |  Animals

The animal experiments in this study were permitted by 
the Institutional Animal Care and Use Committees at 
Asan Institute for Life Sciences (Approval number: 2021-
12-185) and at Seoul National University (SNU-211112-3). 
All mice were maintained in the specific pathogen–free 
facility of the Laboratory of Animal Research at Asan 
Medical Center. To establish the Cep215 KO mouse model 
using the CRISPR/Cas9 system, mouse Cep215 genomic 
DNA sequence (NC_000070.7: 70135092.70328672) was 
analyzed using Snapgene software from GSL Biotech 
(Boston, USA), and guide RNA sequences were designed 
using a web-based software (Bench​ling.​com). Four guide 
RNA sequences specific for the introns 1 (LRG3 and LRG4) 
and 34 (RRG11 and RRG12) were cloned into pUC57-
sgRNA vector (Addgene plasmid #51132) according to 
the manual,26 and then these plasmids were used as 
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templates for the in vitro transcription of the guide RNAs 
as previously described.27 The oligomers that are listed in 
Figure 1A were used for the cloning after annealing.

For mutant mice generation, C57BL/6NTac (B6N) as 
embryo donors and ICR mice as foster mothers were pur-
chased from OrientBio Inc. (Seongnam, Korea) and DBL 
Co. Ltd. (Chungbuk, Korea), respectively, and were pre-
pared as previously reported.28 For efficient gene target-
ing, four guide RNAs were simultaneously applied. Based 
on a previous report,29 50 ng/μL recombinant Cas9 protein 
(M0386T) from New England Biolabs and 200 ng/μL guide 
RNAs specific for introns 1 and 34 of the mouse Cep215 
gene in Opti-MEM (Thermo Fisher Scientific) were deliv-
ered into mouse zygotes by electroporation using the Super 
Electroporator NEPA 21 (NEPA GENE, Chiba, Japan). 
The manipulated mouse embryos were transferred into 
the oviduct ampulla of pseudo-pregnant foster mothers.

We utilized three PCR primers for genotyping dele-
tions of the Cep215 gene (Table 1). The common forward 
primer binds to intron 1, upstream of the gRNA target-
ing site. To detect the wild-type allele, we used a reverse 
primer which binds to intron 1, downstream of the gRNA 
targeting site. For detection of the KO allele, we used a 
second reverse primer which binds to intron 34, down-
stream of the 3′ end gene deletion site. As a results, the 
PCR products of the wild-type and KO alleles are 621 and 
569 bp in size, respectively (Figure 1B).

The generation of Trp53 KO mouse was previously re-
ported,28 and we used a mutant mouse line harboring a 
25-bp deletion corresponding to nucleotides 747–771 of 
the Trp53 mRNA (NM_011640.4) encoding amino acids 
212–220 of the mouse Trp53 protein (NP_035770.2). The 
mutant alleles were verified by Sanger sequencing, and 
PCR genotyping strategies were set up for the routine 
mouse colony management (Table  1). Tissues were ac-
quired after euthanasia using CO2 and perfused with PBS.

2.2  |  Antibodies

The Cep215 and Pcnt antibodies were previously 
described.5,30 The antibodies were commercially 
purchased as listed below: Cep215 (06-1398; Millipore), 
γH2AX (05-636; Upstate), Sycp3 (ab15093; Abcam), 
centrin-2 (04-1624; Millipore), γ-tubulin (ab11316-100; 
Abcam), γ-tubulin (ab11317; Abcam), claudin-11 (36-
4500; Invitrogen), connexin43 (3512; Cell signaling), 
Sox9 (AB5535; Millipore), vimentin (ab92547; Abcam), 
Gapdh (AM4300; Invitrogen), and HSD3β (GTX102744; 
Genetex). The Alexa-fluorescence secondary antibodies 
were purchased from Invitrogen. The mouse and rabbit 
IgG-HRP antibodies were purchased from Sigma and 
Millipore, respectively.

2.3  |  Immunoblot analyses

The perfused mouse organs were homogenized in 
RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 50 mM Tris–HCl at 
pH 8.0, 10 mM NaF, 1 mM Na3VO4, 1 mM EDTA and 
1 mM EGTA) containing a protease inhibitor cocktail 
(P8340; Sigma-Aldrich) and placed on ice for 10 min. 
The tissue lysates were centrifuged at 12 000 rpm for 
10 min at 4°C. The supernatants were mixed with 4 × SDS 
sample buffer (250 mM Tris–HCl at pH 6.8, 8% SDS, 40% 
glycerol,400 mM DTT, and 0.04% bromophenol blue), 
boiled for 5 min, and subjected to SDS-polyacrylamide gel 
electrophoresis. Proteins in the gel were transferred to a 
nitrocellulose membrane. The membrane was blocked 
with 5% skimmed milk in 0.1% TBST (Tris-buffered saline 
TBS with 0.1% Tween 20) for 1–2 h, incubated with the 
primary antibodies overnight at 4°C, and with horseradish 
peroxidase-conjugated secondary antibody for 30–40 min 
at room temperature, treated with the ECL solution, and 
then exposed to X-ray films.

2.4  |  H&E staining

Dissected mouse tissues were fixed in 4% paraformaldehyde 
solution or Bouin's solution (HT10132; Sigma) overnight 
at 4°C. After washing, the fixed tissues were embedded 
in paraffin and sectioned with 3 μm thickness in case of 
testis or 5 μm thickness in case of brain. The sectioned 
samples were subjected to histological analysis, 
immunohistochemistry, and TUNEL assay. For the 
histological analyses, hematoxylin and eosin staining was 
carried out, using an automatic staining machine (Leica 
ST5010 Autostainer XL). Images of H&E staining were 
acquired from the light microscope (Olympus BX 51) and 
processed with ProgRes® CapturePro (Jenoptik).

2.5  |  Immunohistochemistry

The testis sections were rehydrated and boiled for 25 min in 
antigen retrieval buffers, such as the citrate buffer (pH 6.0) 
or the Tris-EDTA buffer (pH 9.0), depending on the pri-
mary antibodies. The tissues were permeabilized with 
0.1% PBST (phosphate-buffered saline with 0.1% Triton 
X-100) for 10 min, blocked with 3% bovine serum albumin 
(BSA) in 0.5% PBST for 30 min, and incubated with the 
primary antibodies overnight at 4°C. After washing with 
0.1% PBST three times, the tissues were incubated with 
the secondary antibodies for 30–45 min, washed with 0.1% 
PBST three times, and mounted with cover glass using 
Prolong gold mounting solution (Invitrogen) after DAPI 
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incubation. For triple staining, third antibodies were pre-
pared with Zenon Alexa fluor labeling kit following the 
protocol of the manufacturer, and the tissues were incu-
bated with conjugated antibodies for 2 h.

The immunostained tissues were observed using a flu-
orescence microscope with a CCD (CoolSNAP EZ CCD; 
Photometrics) camera and processed with PVCamtest 
(Photometrics), Adobe Photoshop software, and ImageJ 
software. For confocal images, the samples were observed 
using LSM 700 (Carl Zeiss), and the images were analyzed 
using ZEN lite software (Carl Zeiss).

To measure the centrosome levels of a specific pro-
tein, we quantified the intensities within 4-μm-diameter 
circles encompassing the centrosomes. For background 
correction, we measured the intensities of the same cir-
cles in nearby the areas lacking centrosomes. The cen-
trosome protein levels were calculated by subtracting the 
background signals from the intensity measured in the 
centrosome-containing circles.

For detection of Leydig cells, we detected the HSD3β 
signals with the 3,3′-diaminobenzidine (DAB) staining 
method applying Vectastain ABC-HRP kit (PK-4001; 
Vector Laboratories). To analyze the whole testes section, 
tile-scanning was conducted with EVOS FL Auto2 using 
40× (ThermoFisher).

2.6  |  TUNEL assay

The TUNEL assay was performed using the FragEL™ 
DNA Fragmentation Detection Kit (Q1A39; Calbiochem), 
strictly following the manufacturer's instruction. In brief, 
the paraffin-embedded testis sections were rehydrated 
and permeabilized with proteinase K. The tissues were 

treated with the terminal deoxynucleotidyl transferase 
(TdT) labeling mixture to mark exposed 3′-OH ends of 
DNA fragments formed during apoptosis, incubated in a 
humidified chamber at 37°C for 1.5 h and mounted using 
Fluorescein-FragEL™ Mounting Media. Labeled nuclei 
were visualized using a filter for 488 nm.

2.7  |  Chromosome spreading analysis of 
male germ cells

Immunostaining analysis of chromosome spreading was 
performed following Gopinathan et  al.31 with minor 
modifications. In brief, the testes were excised and placed 
in PBS. The tunica albuginea was carefully removed and 
the seminiferous tubules were slightly teased apart with 
blunt forceps. The seminiferous tubules were incubated 
with hypotonic extraction buffer (30 mM Tris pH 8.2, 
50 mM sucrose, 17 mM sodium citrate dihydrate, 5 mM 
EDTA) with inverting for 30 min to 1 h on ice depending 
on the size of testes. The seminiferous tubules were placed 
in a microtube with 250–1000 μL of 100 mM sucrose pH 8.2 
and pipetted repeatedly around 50 times until the solution 
turned cloudy. A poly-L-lysine coated slide was dipped in 
freshly prepared fixative solution (1% paraformaldehyde, 
30 mM sodium tetraborate, 0.15% Triton X-100 in PBS), 
50 μL of the seminiferous tubule suspension was added 
and suspended a few times at the edge of the slide with 
droplets of fixative solution. The solution was allowed to 
spread along the length of the slide. The slides were placed 
in a humidified chamber for 6–7 h at 4°C, and stored at 
−20°C until used for immunostaining.

For immunostaining analysis, the slides with chro-
mosome spreads were washed with PBS three times, 

F I G U R E  1   Generation of the Cep215 total KO mouse. (A) Summary of a total deletion of the Cep215 gene using the CRISPR-Cas9 
system. The guide RNAs targeted introns 1 and 34, resulting in a deletion of 175 kb from exons 2–34 of the Cep215 gene. (B) PCR genotyping 
of the Cep215 KO mice. (C) Immunoblot analyses of the tissues from adult Cep215 KO mice with Cep215 and Gapdh antibodies. (D) The 
number of progenies from Cep215 heterozygote matings. (E) Cep215 KO and littermate (WT) mice at P17. (F) The body weights of the 
adult Cep215 KO and littermate (WT) mice. (G–I) H&E staining of the whole brain of Cep215 KO mice at P17. The cortical thickness (black 
arrows) and the length (white arrows) of the brain (G) were marked. Scale bars: 1 mm. The cortical thickness (H) and the length (I) of the 
brains were measured. (F, H, I) Values are means and SEM (n = 3). The statistical significance was determined by unpaired t-test. *p < .05.

T A B L E  1   PCR primers for genotyping.

Genes Primers Sequences Size

Cep215 Cep215 #F (common) 5′-CGATGTGTAGGCTAGGCAGG-3′ WT: 621 bp
KO: 569 bpCep215 #R1 (WT-specific) 5′-TCCTGAAGATGACAAGGCACC-3′

Cep215 #R2 (KO-specific) 5′-ATGCCCTTTCCCCAGAACAG-3′

Trp53 Trp53 #F 5′-CGCCATGGCCATCTACAAGA-3′ WT: 486 bp
KO: 461 bpTrp53 #R 5′-TCAGCGTCTCTATTTCCCGC-3′
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permeabilized with 0.1% PBST for 10 min, blocked with 
3% BSA in 0.5% PBST for 1 h, and incubated with the pri-
mary antibodies overnight in humidified camber at 4°C. 
After washing with 0.1% PBST three times, the slides were 
incubated with the secondary antibodies for 1 h, washed 
with 0.1% PBST three times, and mounted with a cover 
glass using Prolong gold mounting solution after DAPI 
incubation.

2.8  |  Primary culture of Sertoli cells

Isolation and culture of primary Sertoli cells were 
performed following Ahmadi et  al.32 with minor 
modifications. In brief, the 3-week-old mice were sacrificed 
and testes were placed in PBS. The tunica albuginea was 
removed carefully and the seminiferous tubules were 
slightly teased with blunt forceps. The tissue was digested 
first with prewarmed trypsin for 15 min and then with 
prewarmed 0.1% collagenase for another 15 min. After the 
sequential digestions, the cell suspension was spun down, 
suspended with Dulbecco's modified eagle medium with 
10% fetal bovine serum (DMEM with 10% FBS), and seeded 
on coverslips. Two days later, the medium was changed 
and 40 nM siRNA was transfected using Lipofectamine 
RNAiMAX (Cat. No. 13778075; Invitrogen) and cultured 
further for 48 h before fixation with cold methanol for 
immunostaining. The siRNAs specific to mouse Cep215 
(5′-GAG AUC ACC UUG AUA GUA ATT-3′)33 and non-
specific control siRNA (5′-GCA AUC GAA GCU CGG 
CUA CTT-3′) were purchased from Cosmogenetech.

For immunostaining analysis, the coverslips were 
washed with PBS three times, permeabilized with 0.1% 
PBST for 10 min, blocked with 3% BSA in 0.5% PBST for 
30 min, and incubated with primary antibodies 1 h at 
room temperature. After washing with 0.1% PBST for 
three times, the cells were incubated with secondary an-
tibodies for 30 min, washed with 0.1% PBST 3 times, and 
mounted using a Prolong gold mounting solution after 
DAPI incubation. The immunostained cells were observed 
and processed in the same manner as described in the 
Immunohistochemistry section.

2.9  |  Biotin trace assay

The mice were sacrificed, and testes were dissected. 
The testes were injected with 50 μL EZ-Link Sulfo-NHS-
LC-Biotin (10 mg/mL in 1 mM CaCl2; #21335; Thermo 
Fisher Scientific), incubated in DMEM with 10% FBS for 
30 min at 37°C, fixed in Bouin's solution overnight, and 
embedded in a paraffin block. The testicular tissue was 
sectioned at 3 μm thickness, rehydrated, blocked with 

3% BSA in 0.5% PBST for 30 min, and incubated with 
Alexa Fluor 488-conjugated streptavidin (1:200, #S32354; 
Invitrogen) for 40 min at room temperature to visualize 
the biotin signals.

2.10  |  Statistical analyses

For statistical analyses, experiments were independently 
performed three times. To calculate p values, all data were 
analyzed using the Prism 8 software (GraphPad Software) 
including unpaired two-tailed t-test, one- or two-way anal-
ysis of variant (ANOVA). In the case of ANOVA, Tukey's 
posttest or Sidak's posttest were performed if the p values 
were lower than .05. Fluorescent intensities were dis-
played with box-and-whiskers plots in Prism 8 (lines, me-
dian; vertical boxes, values from 25th and 75th; down error 
bars, 5th value, up error bar, 95th value; circle, outliers).

3   |   RESULTS

3.1  |  Generation of the Cep215 total 
KO mouse

Previous efforts to generate Cep215 KO mice resulted in 
small deletions at early exons, potentially allowing the 
persistence of alternative splicing variants of Cep215 
in cells.20,34 To overcome this limitation and eliminate 
potential interference from residual Cep215 variants, we 
engineered novel Cep215 KO mice in which the majority 
of the Cep215 locus was excised. Complete deletion of 
the Cep215 gene was accomplished using a CRISPR-Cas9 
system simultaneously targeting introns 1 and 34, as 
confirmed by PCR genotyping (Figure 1A,B). Immunoblot 
analyses revealed that Cep215 was predominantly 
expressed in the testis and also detected in the brain 
(cerebrum and cerebellum), with minimal expression 
in the kidney (Figure  1C). Notably, no specific band 
corresponding to Cep215 was observed in any tissues of the 
Cep215 KO mice, confirming the successful elimination of 
the Cep215 gene (Figure 1C).

Progeny homozygous for the Cep215 mutant allele 
were born at a lower frequency than expected, suggesting 
potential embryonic lethality associated with the total de-
letion of Cep215 (Figure 1D). However, surviving homo-
zygote mice displayed small body sizes and blunt facial 
features, without experiencing early postnatal mortality 
(Figure  1E,F). Of particular note, cortical thickness and 
length were significantly reduced in Cep215 KO mice, 
indicative of microcephaly (Figure 1G–I). These observa-
tions closely resemble the phenotypic traits observed in 
Cep215an/an mice.16
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3.2  |  Histological analysis of the 
developing testes in Cep215 KO mice

The Cep215an/an mouse exhibits a spectrum of phenotypes, 
encompassing microcephaly, anemia, eye malforma-
tion, and prominently, male sterility.16–19 Consistent with 
these observations, we noted reduced testicular volumes 
in our Cep215 KO mice (Figure 2A,B). Given that mouse 
spermatogenesis commences at P10 and progresses to 
meiosis by P17, we conducted analyses at P7, P17, and in 
adult mice to evaluate male germ cell development.35,36 
At P7, the area of seminiferous tubules in both wild-type 
and KO testes were approximately identical and P7 testes 
prominently consisted of Sertoli cells and spermatogonia 
(Figure 2C,D). P17 testes additionally contained spermat-
ocytes, but a notable reduction in meiotic germ cells was 
observed (Figure 2C,D). The average area of seminiferous 

tubules in Cep215 KO testes at P17 was roughly half of the 
wild-type testes, likely due to reduced numbers of germ 
cells (Figure 2C,D). The postmeiotic germ cells were absent 
in adult Cep215 KO mice (Figure 2C,D). These findings in-
dicate that while male germ cells in Cep215 KO testes may 
initiate differentiation into premeiotic spermatocytes, they 
fail to complete through meiosis.

3.3  |  The numbers of Sertoli and Leydig 
cells are not affected by Cep215 KO

Deletion of Cep215 is known to disrupt mitotic spindle for-
mation, resulting in mitotic delay. To investigate whether 
Cep215 deletion affects the proliferation of testicular cells, 
we quantified the number of testicular cells in immature 
testes of Cep215 KO mice. We quantified the numbers of 

F I G U R E  2   Histological analysis of the Cep215 KO testes. (A) Testes of the Cep215 KO and littermate (WT) mice at P17. (B) Weights of 
the testes from the Cep215 KO mice at P17. (C) H&E staining of the testes from Cep215 KO mice at P7, P17, and adult. Scale bars: 50 μm.  
(D) The number of seminiferous tubules with spermatogonia (Sg), spermatocytes (Sc), and spermatids (Tid) was counted. At least 200 
tubules per experimental group were analyzed (n = 3). (B, D) Values are means and SEM. The statistical significance was determined by 
unpaired t-test (B) or two-way ANOVA (D). *p < .05.
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germ and Sertoli cells in seminiferous tubules with circu-
lar morphology, excluding those with oblique sections. In 
wild-type testes, the number of male germ cells exhibited a 
dramatic increase during early development. However, in 
Cep215 KO testes, the number of male germ cells was sig-
nificantly reduced at both P7 and P17 (Figure 3A,B). These 
findings suggest that spermatogonial stem cells proliferate 
less actively in the absence of Cep215. Interestingly, the 
number of Sertoli cells remains similar between the wild-
type and Cep215 KO testes, suggesting that Cep215 has 
minimal effects on the proliferation of Sertoli cells during 
the early developmental stage (Figure 3A,B).

We also quantified the number of Leydig cells in testis 
sections using HSD3β as a marker.37 As expected, the cross-
section area of wild-type testes increased significantly, par-
ticularly in adulthood, whereas Cep215 KO testes showed 
only a slight increased, likely due to the absence of postmei-
otic germ cells (Figure 3C,D). Correspondingly, Leydig cell 
numbers increased in both wild-type and Cep215 KO testes. 
In contrast, no significant difference in Leydig cell numbers 
counted per cross section was observed between the wild-
type and mutant testes at immature stage, despite the fact 
that wild-type testis at P17 were roughly twice larger than 
those of Cep215 KO mice (Figure  3C,D). These findings 

F I G U R E  3   The numbers of germ, Sertoli, and Leydig cells in Cep215 KO testes. (A) Immunohistochemistry of the testes from Cep215 
KO mice at P7 and P17 with Sox9 (green) and γH2AX (red) antibodies. (B) The number of Sertoli and germ cells per tubule was counted. 
At least 1200 cells per experimental group were counted (n = 3). (C) Immunohistochemistry of the testes from Cep215 KO mice at P7, 
P17, and adult with HSD3β antibody. (D) The number of Leydig cells per section was counted (bars). The cross-sectional area was also 
measured (dots). At least 90 cells per section were counted (n = 3). (A, C) Scale bars: 50 μm. (B, D) Values are means and SEM. The statistical 
significance was determined by two-way ANOVA (B) and unpaired t-test (D). *p < .05. ns, not significant.
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suggest that serum testosterone levels may be similar be-
tween wild-type and Cep215 KO mice at immature stages.

3.4  |  Phenotypes of the Cep215;Trp53 
double KO mice

Deletions of centrosome genes often lead to organs with 
diminished cell numbers and of reduced sizes.38 This 
phenotype is frequently accompanied by extensive apop-
tosis in the KO tissues and preventing apoptosis may alle-
viate the severity of these phenotypes in some cases. For 

example, the Sas4/Cpap KO mice are embryonic lethal 
at E13 with reduced brain sizes.39 Additional deletion of 
Trp53, resulting in double KO (dKO) of Cpap and Trp53, 
partially rescues the lethal phenotypes of the Cpap KO 
brains, suggesting that Cpap KO induces p53-dependent 
apoptosis in brain cells.39 Therefore, we investigated the 
general phenotypes of Cep215;Trp53 dKO mice to de-
termine whether p53-dependent apoptosis contributes 
to the typical phenotypes observed in Cep215 KO mice, 
such as microcephaly and male infertility.

We confirmed the gene deletion by genotyping PCR 
(Figure 4A). Brain and testis sizes of Trp53 KO mice were 

F I G U R E  4   Phenotypes of the Cep215;Trp53, double KO mice. (A) Genomic PCR analyses for genotyping of the Cep215;Trp53 double 
KO mice. (B) Brains and testes of the Cep215;Trp53 double KO mice. Scale bars: 5 mm. (C) H&E staining of the brains from Cep215;Trp53 
double KO mice. The cortical thickness (black lines) and the length (white arrows) of the brain were marked. Scale bar, 1 mm. (D, E) The 
cortical thickness (D) and length (E) of the brains were measured. (F) H&E staining of the testes from adult Cep215;Trp53 double KO mice. 
Scale bar, 50 μm. (G) The number of seminiferous tubules with spermatogonia (Sg), spermatocytes (Sc), and spermatids (Tid) was counted. 
At least 170 tubules per experimental group were analyzed in two mice. (D, E, G) Values are means and SEM. ns, not significant.
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F I G U R E  5   Meiotic defects in the Cep215 KO male germ cells. (A) Immunohistochemistry of the testes from Cep215 KO mice at P7, P17, 
and adult with γH2AX antibody (green). (B) The number of tubules with γH2AX-positive meiotic cells was counted. At least 220 tubules 
per experimental group were counted. (C) TUNEL assays with the testes of Cep215 KO mice at P7, P17, and adult. (D) The number of 
TUNEL-positive spermatogonia (Sg) and spermatocytes (Sc) was counted. At least 1000 cells per experimental group were counted. (E) Co-
immunostaining of the spermatocytes isolated from the testes of adult Cep215 KO mice with the Sycp3 (green) and γH2AX (red) antibodies. 
Meiotic stages were determined based on the immunostaining patterns. Scale bars: 10 μm. (F) The number of spermatocytes at specific 
meiotic stages was counted. At least 270 cells per experimental group were counted (n = 3). (A, C, E) Nuclei were stained with DAPI (blue). 
(A, C) Scale bars, 50 μm. (B, D, F) Values are means and SEM. The statistical significance was determined by two-way ANOVA. *p < .05, 
compared to the wild type groups.
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F I G U R E  6   Centrosomes in the Cep215 KO male germ cells. (A) Immunohistochemistry of the Cep215 KO testes with Cep215 (green), 
centrin-2 (red), Pcnt (green), and γ-tubulin (red) antibodies. Inlets are enlarged views of the male germ cells at specific developmental stages 
(Sg, spermatogonia; Sc spermatocyte; RT, round spermatid; ET, elongated spermatid). Scale bars, 50 μm. (B) Immunostaining of the isolated 
spermatogonia and spermatocytes from Cep215 KO testes with Cep215 (red), centrin-2 (green), Pcnt (red) and γ-tubulin (green) antibodies. 
Scale bars, 10 μm. (A, B) Nuclei were stained with DAPI (blue). (C–F) Centrosome intensities of Cep215 (C), centrin-2 (D), Pcnt (E), and 
γ-tubulin (F) in the Cep215 KO spermatocytes at P17. At least 50 cells per experimental group were counted (n = 3). Fluorescent intensities 
were displayed with box-and-whiskers plots (lines, median; vertical boxes, values from 25th and 75th; down error bars, 5th value, up error 
bar, 95th value; circle, outliers). The statistical significance was determined by an unpaired t-test. *p < 0.05. ns, not significant.
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normal, whereas those of Cep215;Trp53 dKO mice are as 
small as the Cep215 KO mice (Figure  4B). Histological 
analysis of brain tissue via H&E staining revealed that 
Cep215;Trp53 dKO mice exhibited reduced cortical  
thickness and length, similar to Cep215 KO mice 
(Figure 4C–E). These results indicate that the microceph-
aly caused by Cep215 mutations was not alleviated by con-
current deletion of Trp53. Similarly, seminiferous tubules 
in Cep215;Trp53 dKO testes lacked postmeiotic germ cells, 
akin to observations in Cep215 KO testes (Figure  4F,G). 
The results suggest that p53-dependent cell death may not 
be implicated in the developmental defects of the brain 
and testes in Cep215 KO mice.

3.5  |  Defects in Cep215 KO spermatocytes

While spermatocytes were present in the Cep215 KO tes-
tes, their numbers were notably diminished compared to 
those in littermate testes. This observation hints at a poten-
tial impairment in the meiotic progression of Cep215 KO 
male germ cells. Indeed, a significant proportion of semi-
niferous tubules lacked γH2AX-positive meiotic germ cells 
in Cep215 KO testes (Figure  5A,B). Furthermore, some 
seminiferous tubules were devoid of any germ cells at all 
in Cep215 KO testes, suggesting that male germ cells in 
Cep215 KO mice might undergo apoptosis during meiotic 
prophase. To investigate further, we conducted TUNEL 
assays to assess apoptosis in male germ cells of Cep215 
KO testes. The results revealed that premeiotic male 
germ cells in Cep215 KO mice undergo apoptosis more 
frequently than those in wild-type mice (Figure  5C,D). 
Notably, apoptosis was most prevalent at the spermato-
cyte stage (Figure 5D), suggesting that the development of 
male germ cells in Cep215 KO mice is arrested at meiotic 
prophase and subsequently eliminated via apoptosis.

To pinpoint specific stages of meiotic prophase at 
which apoptosis occurs in Cep215 KO male germ cells, we 
isolated spermatocytes from the wild-type and Cep215 KO 
testes and coimmunostained with Sycp3 and γH2AX anti-
bodies (Figure 5E). In wild-type testes, the majority of pri-
mary spermatocytes were predominantly at the pachytene 
or diplotene stages (Figure 5F). Conversely, leptotene and 
zygotene spermatocytes were more prevalent in Cep215 

KO testes, with a reduction of the pachytene and diplotene 
spermatocyte population (Figure  5F). This finding sug-
gests that meiotic progression of Cep215 KO male germ 
cells is predominantly arrested around the zygotene stage.

3.6  |  Intact centrosomes in Cep215 KO 
testis cells

We conducted immunohistochemistry to investigate sub-
cellular distribution of Cep215 in the male germ cells. The 
centrioles of premeiotic and postmeiotic germ cells were la-
beled with the centrin-2 antibody (Figure 6A). Additionally, 
pericentriolar material (PCM) proteins were evident in the 
centrosomes of male germ cells, except for round sperma-
tids immediately after meiosis (Figure 6A). Cep215 signals 
were observed at the centrosomes of all male germ cells, 
co-localizing with the centrin-2, pericentrin, and γ-tubulin 
signals (Figure 6A). In Cep215 KO testes, Cep215 was ab-
sent, but other centrosome proteins were still detectable at 
male germ cell centrosomes (Figure 6A). Notably, Cep215 
KO male germ cells retained normal numbers of centrioles 
surrounded by PCM proteins (Figure 6A), suggesting that 
centrosomes in male germ cells remain largely intact even 
in the absence of Cep215.

To further investigate centrosomes during meiosis, we 
isolated male germ cells from P17 mice and conducted 
coimmunostaining analyses. It is established that cen-
triole duplication and separation occur at zygotene and 
diakinesis of meiotic prophase I, respectively.40–42 Despite 
the absence of Cep215 in the centrosomes, the expected 
numbers of centrioles were detected in spermatogonia 
and spermatocytes (Figure  6B–D). Precocious centri-
ole separation was not observed in Cep215-deleted male 
germ cells, indicating that centriole duplication and sep-
aration proceed normally in Cep215 KO male germ cells 
(Figure  6B). We assessed the centrosome intensities of 
selected PCM proteins in isolated spermatocytes. While 
the levels of γ-tubulin at the centrosomes were reduced in 
Cep215 KO spermatocytes, those of pericentrin remained 
unchanged (Figure  6E,F). These findings align with ob-
servations in Cep215-deleted culture cells, suggesting that 
while centrosome composition may be affected in the ab-
sence of Cep215, cell division still occurs.43

F I G U R E  7   Centrosomes in the Cep215 KO Sertoli cells. (A) Immunohistochemistry of the Cep215 KO testes at P17 with Cep215 (red), 
centrin-2 (green), Pcnt (red), γ-tubulin (green), and vimentin (cyan) antibodies. Inlets are enlarged views of the Sertoli cells marked with 
the vimentin antibody. (B) Immunostaining of the isolated Sertoli cells with the Cep215 (red), centrin-2 (green), Pcnt (red), and γ-tubulin 
(green) antibodies. (A, B) Nuclei were stained with DAPI (blue). Scale bars: 20 μm. (C–F) Centrosomal intensities of Cep215 (C), centrin-2 
(D), Pcnt (E), and γ-tubulin (F) in Sertoli cells. At least 100 cells per experimental group were counted (n = 3). Fluorescent intensities were 
displayed with box-and-whiskers plots (lines, median; vertical boxes, values from 25th and 75th; down error bars, 5th value, up error bar, 
95th value; circle, outliers). The statistical significance was determined by an unpaired t-test. *p < .05. ns, not significant.
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We explored the role of Cep215 in Sertoli cells, which 
are identified by vimentin antibodies.23 Centrioles in 
Sertoli cells were visualized using centrin-2 antibody 
(Figure 7A). The results revealed that PCM of the Cep215 
KO Sertoli cells was coimmunostained with pericentrin 
and γ-tubulin antibodies but not with Cep215 antibody 
(Figure 7A). For a more detailed examination, we isolated 
Sertoli cells and depleted Cep215 using siRNAs, and coim-
munostained them with centrosome-specific antibodies 
(Figure  7B). Our results demonstrated that depletion of 
Cep215 did not significantly affect centrosome intensities 
of centrin-2 and pericentrin, whereas those of γ-tubulin 
were reduced (Figure 7C–F). These findings suggest that 
Cep215 recruits γ-tubulin at the centrosome of Sertoli cells 
and may contribute to the regulation of microtubule or-
ganization in Sertoli cells, similar to its function in other 
cellular contexts.

3.7  |  Defects in the testis architecture of 
Cep215 KO mice

Previous data indicating that Cep215 KO male germ cells 
possess normal numbers of centrosomes with mostly in-
tact PCM, yet undergo apoptosis prior to meiosis, lead 
us to speculate that subtle changes in the architecture of 
Cep215 KO testes may be attributed to apoptosis in pre-
meiotic germ cells. Sertoli cells play a pivotal role in es-
tablishing tight junctions, forming BTB, which segregates 
seminiferous tubules into basal and adluminal compart-
ments.44 The BTB is crucial for completion of meiosis 
during postnatal development of male germ cells. Upon 
differentiation of spermatogonia to preleptotene spermat-
ocytes, they are transferred from the basal to the adlumi-
nal compartment for further progression to meiosis.45 If 
the BTB is not properly installed, the development of male 
germ cells is impeded, and they are eventually eliminated 
from the tubules via apoptosis.45–47

To investigate the hypothesis that the BTB might be 
compromised in Cep215 KO testes, we conducted biotin-
penetration assays. In wild-type mice, fluorescent-tagged 
biotin signals were detected in the luminal side of seminif-
erous tubules until P17, after which they gradually dimin-
ished, reaching minimal levels in adults (Figure  8A,B). 

These observations are consistent with the establishment 
of the BTB at P18, prior to meiosis.46 However, in Cep215 
KO mice, biotin signals were consistently detected in the 
lumen of both immature and adult testes, indicating a 
leaky BTB in these mice.

To evaluate whether Cep215 deletion affects BTB for-
mation, we conducted immunohistochemistry on im-
mature testes using antibodies against BTB component 
proteins, such as connexin-43 and claudin-11, along with 
the γH2AX antibody for detection of premeiotic germ 
cells (Figure 8C).48 While most seminiferous tubules from 
wild-type mice contained pachytene spermatocytes at 
P20, those from Cep215 KO mice exhibited sparse pres-
ence of these cells (Figure 8D). In wild-type testes, both 
connexin-43 and claudin-11 formed a ring-like structure, 
dividing seminiferous tubules into basal and adluminal 
compartments (Figure  8C,E,F). However, in Cep215 KO 
testes, these proteins hardly formed a ring-like structure 
but remained periphery of the Sertoli cells even at P20 
(Figure  8C,E,F). These findings collectively support the 
notion that the BTB is not properly established in Cep215 
KO testes.

4   |   DISCUSSION

In this study, we generated KO mice in which most re-
gions of the Cep215 locus was removed. These Cep215 KO 
mice exhibit partial embryonic lethality, and thus only 
half of the Cep215 homozygous KO mice are born and 
survive. Notably, the Cep215 KO mice manifest typical 
phenotypes previously reported in the Cep215an/an mutant 
mice, including microcephaly, eye defects, and male ste-
rility.16–19 These observations confirm that while Cep215 
may be dispensable for postnatal survival, but the defi-
ciency significantly disrupts the normal development of 
specific organs, such as brain, eye, and testis.

Cep215 is predominantly expressed in the testis, 
likely due to the high proliferation activity of male germ 
cells. Signals of Cep215 were consistently detected at 
the centrosomes in male germ cells throughout all de-
velopmental stages, except at haploid cells immedi-
ately after meiosis. Considering the role of Cep215 as 
a PCM protein involved in microtubule organization 

F I G U R E  8   Failure of the blood–testis barrier (BTB) in the Cep215 KO testes. (A) The biotin-penetration assays with the Cep215 KO 
mice at indicated ages. (B) The number of biotin-penetrated seminiferous tubules was counted. More than 100 tubules per experimental 
group were analyzed. (C) Immunohistochemistry of the testes of Cep215 KO mice at P17 with connexin-43 (green), claudin-11 (green), 
and γH2AX (red) antibodies. Nuclei were stained with DAPI (blue). (D) The number of tubules containing pachytene spermatocytes 
was counted. (E, F) The number of tubules with intact BTB structure was counted. The intactness of BTB was determined with the 
immunostaining staining patterns of connexin-43 (E) and claudin-11 (F). At least 200 tubules per experimental group were analyzed (n = 3). 
(A, C) Stars represent seminiferous tubules with intact BTB. Scale bars: 50 μm. (B, D, E, F) Values are means and SEM. The statistical 
significance was determined by two-way ANOVA. *p < .05, compared to the wild type.
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at spindle poles, one might anticipate that its deletion 
would disrupt meiosis. However, we are hesitant to in-
terpret that spindle defects are attributed to meiotic ar-
rest of the Cep215 germ cells per se. First, most Cep215 
KO male germ cells halt their development at zygotene 
and pachytene stages, where meiotic spindles are yet 
to assemble. Secondly, despite the absence of Cep215, 
centrosomes in the Cep215 KO male germ cells remain 
largely intact, with comparable amounts of pericentrin 
to wild-type cells. While levels of γ-tubulin at the centro-
somes appear reduced, this reduction is unlikely to com-
pletely block division of Cep215 KO spermatocytes.6,43 
Thirdly, the meiosis surveillance pathway, induced by a 
prolonged mitosis and leading to p53-dependent apop-
tosis, may not be activated in Cep215 KO testes.49,50 
Finally, Cep215 KO females have functional oocytes and 
are fertile, indicating that meiosis proceeds normally in 
oocytes (data not shown). Taken together, these findings 
strongly suggest that meiotic arrest of Cep215 KO male 
germ cells may not directly result from defects in spin-
dle assembly. Instead, it is plausible that combinatorial 
defects in the testis contribute to the meiotic prophase 
arrest of Cep215 KO male germ cells.

We observed that the failure of BTB formation leads 
to meiotic arrest at the zygotene stage in immature tes-
tes.46 Indeed, we confirmed that the BTB is not properly 
established in the Cep215 KO testes. These observations 
suggest that BTB failure contributes to male germ cell de-
fects in the Cep215 KO mice at least in part (Figure 9). Our 
interpretation is supported by a previous report in which 
BTB is disturbed in the absence of Akap9, a centrosome 
protein.52 Microtubule networks are disturbed in Sertoli 
cells of the Akap9 KO mice, resulting in the arrest of germ 
cell development at premeiotic phase.51–53

It remains to be investigated why the BTB is not prop-
erly formed in the Cep215 KO testes. It is plausible that in 
Cep215 KO Sertoli cells, the cytoskeletal structure is dis-
turbed. Cep215 not only organizes microtubules at the cen-
trosomes but also at other subcellular organelles, such as 
the nuclear membrane, endoplasmic reticulum, and Golgi 
apparatus, regulating cell morphology and motility.54,55 
Microtubules in Sertoli cells play a crucial role in cell mor-
phology and movement.51 Disruption of Sertoli cell polar-
ity may hinder proper development of male germ cells, 
leading to arrest at a premeiotic stage.23,56 The pattern of 
microtubule regrowth in Sertoli cells indicates that their 
primary nucleation site is the apical sites of Sertoli cells.57 
Moreover, when γ-tubulin is overexpressed in Sertoli cells, 
exogenous γ-tubulin localizes at the apical sites, causing 
redistribution of microtubules and disrupting the histol-
ogy of testes.58 Based on these observations, the role of 
Cep215 in Sertoli cells may involve regulating microtubule 
networks by promoting the nucleation of noncentrosomal 

microtubules at apical processes. Consequently, Cep215 
deletion may disturb the cellular structures of Sertoli cells, 
leading to loss of cell polarity and cell–cell interactions re-
quired for BTB formation (Figure 9).

Another possibility may be that delay in cell division 
of Cep215 KO male germ cells negatively modulates BTB 
formation.59 It is known that early spermatocytes take a 
role in BTB assembly by expressing claudin-3 for a tran-
sient adhesion between Sertoli cells and germ cells.25 If 
the number of male germ cells is not sufficient enough, 
BTB may not be formed at a right time for male germ cell 
development. We showed that the number of male germ 
cells in Cep215 KO testes is significantly smaller than that 
in the wild-type testes, as a result of extended mitosis in 
the absence of Cep215.60 Reduction in the male germ cell 
numbers in Cep215 KO testes might be attributed to failure 
in initial interaction between Sertoli cells and male germ 
cells and eventually failure in BTB formation (Figure 9). 
In fact, abnormal assembly of mitotic spindles has been 
pointed out in interpreting Cep215 KO phenotypes of mi-
crocephaly and macrocytic anemia.16,21 Last, it is known 

F I G U R E  9   Model in immature testes, seminiferous tubules 
comprise spermatogonial stem cells and Sertoli cells. During 
puberty in mice, Sertoli cells undergo polarization and establish 
interactions with neighboring Sertoli cells, culminating in the 
formation of BTB. This process involves the rearrangement of 
microtubules parallel to the polarity of Sertoli cell, facilitating 
proper cell–cell interactions and barrier formation.51 In Cep215 
KO testes, the proliferation activity of the spermatogonial stem 
cells decreases and Sertoli cells fail to polarize, possibly due to 
microtubule misorientation. Consequently, BTB is not formed and 
spermatogenesis is blocked prior to meiosis in Cep215 KO mice.
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that BTB formation is regulated by androgen.45 We cannot 
rule out the possibility that hormonal factors contribute 
to the failure of BTB formation, even if no significant dif-
ference in Leydig cell numbers was observed between the 
wild-type and mutant testes at immature stages.

A common consequence of centrosome loss may in-
volve the activation of the mitotic surveillance pathway, 
leading to elevated p53 levels after prolonged mitosis. 
Indeed, co-deletion of Trp53 has been shown to allevi-
ate the severity of phenotypes observed in deletions of 
the centrosome genes, such as Sas4/Cpap and Sas6.39,61,62 
However, in case of Cep215 KO mice, the phenotypic 
rescue was not observed upon co-deletion of Trp53. 
Notably, defects in erythrocyte differentiation in Cep215 
KO mice were also unaffected by co-deletion of Trp53.21 
These results strongly suggest that the meiotic surveil-
lance pathway may not be activated in Cep215 KO mice. 
While mitotic and meiotic progression may be delayed in 
Cep215 KO cells, such delay may not reach the thresh-
old for activation of the mitotic surveillance pathway.38 
Nonetheless, even a slight delay in cell division could re-
sult in a reduction in cell number, ultimately leading to a 
meiotic arrest in conjunction with other defects, such as 
malfunctioning Sertoli cells.60

In this work, we propose that Cep215 deletion results 
in the arrest of male germ cells at meiotic prophase, po-
tentially due to a combination of delayed cell division and 
altered Sertoli cell structure. Moreover, we speculate that 
microcephaly observed in Cep215 KO mice may arise from 
a combination of factors, including a slight delay in the 
proliferation of neural stem cells, misorientation of the di-
vision plane, and impaired cell migration.
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