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Centrosome linker protein C-Napl maintains stem

cells in mouse testes
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Abstract

The centrosome linker component C-Napl (encoded by CEP250)
anchors filaments to centrioles that provide centrosome cohesion
by connecting the two centrosomes of an interphase cell into a
single microtubule organizing unit. The role of the centrosome
linker during development of an animal remains enigmatic. Here,
we show that male CEP250 '~ mice are sterile because sperm pro-
duction is abolished. Premature centrosome separation means that
germ stem cells in CEP250 '~ mice fail to establish an E-cadherin
polarity mark and are unable to maintain the older mother centro-
some on the basal site of the seminiferous tubules. This failure
prompts premature stem cell differentiation in expense of germ
stem cell expansion. The concomitant induction of apoptosis trig-
gers the complete depletion of germ stem cells and consequently
infertility. Our study reveals a role for centrosome cohesion in
asymmetric cell division, stem cell maintenance, and fertility.
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Introduction

The centrosome is the main microtubule organizing center (MTOC)
in animal cells. It controls shape, polarity, and motility of cells and
organizes the two spindle poles of the mitotic spindle (Conduit et al,
2015). The centrosome consists of centrioles of nine microtubule
triplets and the surrounding pericentriolar material (PCM; Bornens,
2002). The centriole provides structural integrity to the centrosomes
and together with some PCM proteins enables the centrosome to
duplicate once per cell cycle by a scaffold-based mechanism (Tsou &
Stearns, 2006). PCM proteins participate in microtubule nucleation
and anchoring, and support cell cycle-dependent centrosome dupli-
cation. The two centrioles of a G1 cell duplicate in G1/S phase by a
semi-conservative mechanism followed by daughter centriole matu-
ration that is stretched over one and a half cell cycles. Therefore, the
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two G1 phase centrioles/centrosomes are distinct with respect to age
and structure. Only the older, mother, centriole carries distal (DA)
and subdistal appendages (SDA). The daughter centriole gains these
structures after cells have completed the ensuing mitosis. The DAs of
the mother centriole are essential for the docking of the centriole to
the plasma membrane and the formation of a primary cilium, a sig-
naling, and sensing organelle of cells (Delgehyr et al, 2005; Graser
et al, 2007; Tanos et al, 2013). The SDAs stably bind microtubules
that interact with PCM organized microtubules of the daughter cen-
trosome to spatially organize both centrosomes (Hata et al, 2019).

Another centrosome substructure is the centrosome linker, a pro-
teinaceous array of filaments that includes the proteins rootletin and
CEPG68. These linker proteins connect the two centrioles into one
microtubule organizing center by binding to the anchoring protein C-
Napl (encoded by CEP250) located at the proximal end of centrioles.
This centrosome linker persists until the end of G2/early mitosis
when the kinase NEK2 dissolves the linker through phosphorylation
to enable the two centrosomes to organize the spindle poles of the
mitotic spindle (Fry et al, 1998; Bahe et al, 2005; Remo et al, 2020).
Centrosome cohesion is also supported by the parallel microtubule
pathway mentioned above (Hata et al, 2019).

The essential functions in mitosis and ciliogenesis mean that the
centrosome plays important roles in maintaining human health.
Defects in centrosome function are correlated with several diseases
such as cancer, microcephaly, primordial dwarfism, and ciliopathies
(Chan, 2011; Nechipurenko et al, 2016; Nigg & Holland, 2018;
Fabbri et al, 2019; Lens & Medema, 2019; Shaheen et al, 2019). Con-
sistently, recent studies have highlighted a strong reliance upon cen-
trosome function in development. Centrosomes control the
asymmetric division of neuronal stem cells (NSCs) and germ stem
cells (GSCs) in Drosophila, partly as a consequence of asymmetric
behavior of the two centrosomes (Yamashita et al, 2007). This role
in NSCs and GSCs fate resonates with the role played by asymmetric
centriole inheritance in the developing mammalian brain (Chavali
et al, 2014; Nigg & Holland, 2018). After cell division, the mother
centriole assembles cilia earlier than the daughter, which probably
functions as the signal for stem cell maintenance (Paridaen et al,
2013). However, whether centrosomes have a general role in mam-
malian stem cell division and whether there is conservation of the
mechanisms and the molecules involved in such processes remains
to be determined.
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While the essential functions of centrosomes as microtubule
organizers and the role of centriole appendages in ciliogenesis at the
cellular level and in a developing organism are well established, the
role of the centrosome linker is more enigmatic. Knockout of
CEP250 in the non-transformed RPE1 cells (hnTERT-immortalized ret-
inal pigment epithelial cells) are completely devoid of centrosome
linker function and exhibit only mild defects upon cell migration
and Golgi organization (Panic et al, 2015). Interestingly, a CEP250
mutation in cattle was connected to smaller brain size and stature
(Floriot et al, 2015). However, the reason for this developmental
defect and the question as to whether it is caused by the CEP250
mutation alone remains to be explored. Thus, the role of the centro-
some linker in the context of an organism is largely unclear.

Here, we began by asking what are the consequences of the loss
of the centrosome linker by characterizing the phenotypes of a
CEP250~/~ mouse. Loss of CEP250 did not reduce brain or body
size, nor did it seem to have significant impact on the structure and
organization of most organs. However, we found that the function
of the reproductive organs, particularly the testis, was severely
impaired in the CEP250~/~ mice, leading to complete infertility in
male mice. We discovered that the centrosome linker ensures cen-
trosome cohesion until G2/prophase in CEP250"" but not in
CEP2507/~ testis. Premature centrosome separation in CEP250 "/~
mice led to incorrect positioning of the older centrosome and a fail-
ure to establish the E-cadherin polarity mark. These centrosome
deficiencies, in turn, led to premature differentiation of the male
germ stem cells (GSCs) that are the key for male spermatogenesis
(de Rooij, 2017), accompanied by their complete depletion. These
findings define a novel function of the centrosome linker and cen-
trosomes in male GSC division.

Results

CEP250 null mice show defects in reproductive organs with large
reduction of germ cells (GCs), leading to decreased fertility in
males and females

In order to determine the function of the centrosome linker at the
level of the entire organism, we deleted the CEP250 gene by crossing
CEP250™*/f°* mice with whole-body Cre mice to generate a
CEP250~/~ mouse (Fig EV1A). Deletion of exons 6-7 in CEP250~/~
mice leads to a predicted N-terminal C-Nap1 fragment of 184 amino
acids that does not bind to centrosomes and has no obvious func-
tion (Panic et al, 2015) (Fig EV1B). We confirmed the genomic dele-
tion and the loss of the C-Nap1 protein in tissue samples (Fig EV1C—
F) and observed significant increase in centrosome separation in tis-
sue samples from 1 to 3 pm (Fig EV1G). In addition, the average
inter-centrosomal distance was increased from 0.5 pm in wild-type
CEP250"" mouse embryonic fibroblasts (MEFs) to 5 pm in
CEP250~/~ MEFs (Fig EVIH and I). This impact upon centrosome
cohesion was further increased in CEP250~/~ MEFs by microtubule
depolymerization with the drug nocodazole to inactive the
microtubule-dependent centrosome cohesion pathway (Fig EV1H
and J; Hata et al, 2019). Thus, deletion of CEP250 impairs the func-
tion of the centrosome linker in mouse.

Centrosome defects have been tightly linked to brain malforma-
tions. We therefore assessed the body and brain weight of CEP250
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null mice, but found no significant reduction in either (Fig 1A-D).
Furthermore, histologically examination of most organs failed to
reveal major abnormalities (Appendix Fig S1A-H). However, we did
detect a striking reduction of the adult male reproductive tract
including a greater than 80% reduction in testis size in CEP250~/~
mice (Fig 1E-G). The female CEP250~/~ mice also displayed > 20%
reduction in ovary weight (Appendix Fig S1I-K). As a consequence,
mating CEP250~/~ male mice with CEP250"/* female failed to pro-
duce any offspring, indicating sterility of male CEP250~/~ mice
(Fig 1H). The CEP2507/~ females mated with CEP250"" males
showed a 50% reduction in litter size, to reveal hypo-fertility in
females (Fig 1H).

The testis generates sperm for more or less the entire life span of
a male. This requires high coordination between germ stem cell self-
expansion and differentiation (Griswold, 2016). These development
steps take place in the seminiferous tubules (STs) of the testis that
has a defined structural architecture. Undifferentiated spermatogo-
nia localize at, or close to, the basement membrane of the STs and
translocate toward the lumen of the STs (Oatley & Brinster, 2012).
Examinations of adult testes (14 weeks after birth) cross-sections of
CEP250~/~ mice revealed abnormalities in this organization and
sperm production (Fig 11-L). CEP250~/~ mice also display fewer
number and smaller size of STs as compared to the CEP250™"
(Appendix Fig S2A and B). CEP250™/~ STs displayed decrease cellu-
larity as well as loss of normal organization of spermatogenic cells
(Fig 1I). Histological examination of CEP250~/~ caput and caudal
epididymis revealed lack of spermatozoa (Fig 1J). While in
CEP250"" mice an average approx. 60 million viable sperms per
mouse at any one time were counted, the epididymis of CEP250~/~
mice were completely devoid of sperms (Fig 1K and L). Thereafter,
we asked whether germ cells are maintained in the seminiferous
tubules of adult testes by immunostaining to detect Mouse Vasa
Homologue (MVH), a marker for both male and female mouse germ
cells, including all spermatogenic cells at this stage (Tanaka et al,
2000; McClellan et al, 2003; Song et al, 2016). A drastic reduction of
germ cells was observed in adult CEP250/~ testes (14 weeks) with
almost no spermatogenic cells being detected (Fig 1M). This reduc-
tion of germ cells was also observed in CEP250 '~ female adult ova-
ries, where the germ cell number was significantly reduced
(Appendix Fig S1L and M). Thus, CEP250™/~ mice show strong
defects in the development of the reproductive organs, which is par-
ticularly pronounced in the testis.

Testis defects associated with CEP250 loss is germ cell specific

Spermatogenesis defects may either be germ cell-intrinsic, or arise
from defective interactions of spermatogenic cells with supporting
cells, e.g., Sertoli cells (Griswold, 1998; Yokonishi et al, 2020). We
examined Sertoli cells using the GATA Binding Protein 4 (GATA4)
as marker (Chen et al, 2015). The population of Sertoli cells at the
basement membrane of the seminiferous tubules in adult CEP250~/~
testes (14 weeks) was comparable to the same population in
CEP250""" mice (Fig 1N). In addition, the number of the Sertoli cells
in CEP250~/~ mice, normalized to the tubule size, showed no signif-
icantly deviation from that noted in CEP250"/" (Fig 10). Together,
this strongly suggests that the defects in CEP250~/~ mice may arise
from a direct impact upon germ cells rather than an indirect conse-
quence of compromised function of Sertoli cells.

© 2022 The Authors
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Figure 1. CEP250 null mice show defect in germ line development in the testes and ovaries.

Size of adult (9- to 14-week-old) CEP250"* and CEP250~/~ mice.

Adult male reproductive tract (9- to 14-week-old) CEP250"" and CEP250~/~.

IO Mmoo ®>

Body weight of CEP250""" and CEP250~'~ mice (9- to 14-week-old). CEP250""" n = 5 mice, CEP250~'~ n = 5 mice.
Brains from adult CEP250*"" and CEP250 '~ mice (9- to 14-week-old). Scale bars: 1000 pum.
Brain weight of 9- to 14-week-old mice. CEP250"* n = 5 mice, CEP250 '~ n = 5 mice.

Adult testis (9- to 14-week-old) of CEP250"" and CEP250~/~ mice. Scale bars: 1000 pm.
Adult testis (9- to 14-week-old) weight of CEP250"" and CEP250~/~ mice. CEP250"* n = 10 mice, CEP250~'~ n = 10 mice.
Litter size (denoted by average number of offspring/litter) produced by mating pairs of the indicated genotypes of mice (9- to 14-week-old). Mating pairs, CEP250™"" x

S ad

CEP250""" n = 19, CEP250~'~ (male) x CEP250""" (female) n = 9 matings, CEP250 '~ (female) x CEP250"* (male) n = 12 matings.

-~ X —

“H and E staining” of adult testis (9- to 14-week-old). Cross-sections of CEP250""" and CEP250~/~ testes are shown. Scale bars: 100 um.

“H and E staining” of adult (9- to 14-week-old) epididymis caput (left) and epididymis caudal (right) cross-sections CEP250*"" and CEP250~'~ mice. Scale bars: 100 pum.
Bright-field image of live epididymal sperm from CEP250""" and CEP250~/~ mice (9- to 14-week-old). Scale bars: 10 pm. Arrow heads highlight the sperm heads.
Quantification of (K), sperm number per mouse. CEP250™"" n = 3 mice, CEP250~'~ n = 3 mice.

M Immunofluorescence for MVH (green) with DAPI staining (blue) of 10-um testis cryo-sections from adult CEP250"* and CEP250~/~ mice (9- to 14-week-old). In
CEP250""*, numerous MVH+ cells were detected in the seminiferous tubules, whereas CEP250~/~ seminiferous tubules lacked MVH+ germ cells. Scale bars: 100 pm.
N Immunofluorescence for GATA4 (green) with DAPI staining (blue) of 10-um testis cryo-sections from adult CEP250""" and CEP250~/~ mice (9- to 14-week-old). Scale

bars: 100 um. Dashed lines highlight the STs.

O Quantification of (N), CEP250""* n = 3 mice, CEP250~/~ n = 3 mice. 50 STs were analyzed for each mouse. See Appendix Fig S2 for ST number per section and ST

diameter.

Data information: In (B, D, G, H, L, O), data are presented as mean + SEM. n.s, not significant, **P < 0.01, ****P < 0.0001 (the unpaired Student’s t-test). In (B, D, G),
whiskers represent the range of the data, with bottom and top represent min and max value of the dataset, respectively.

To further confirm that the testis defect associated with CEP250
deletion was germ cell specific, the CEP250™¥M* mice were
crossed with a mouse strain expressing Cre recombinase under con-
trol of the Stra8 promoter (Stra8-Cre) (Anderson et al, 2008).
CEP2507"%/°% /Stra8-Cre (Stra8-CEP250~/~) mice express Cre recom-
binase in spermatogenic cells from around P3 on (Anderson et al,
2008), which specifically deletes CEP250 in germ cells. Reduction in
testis size was observed in young adult Stra8-CEP250~/~ mice at 8
and 15 weeks (Fig EV2A and B). MVH immunostaining revealed a
reduction of germ cells at 8 weeks in Stra8-CEP250 /" testes. Germ
cells were further depleted at 15 weeks, slightly later than in the
whole-body Cre mice where the full depletion already happened
after 9 weeks (Fig EV2C and D). This delay probably arises from
the later onset of the timing of Cre recombinase expression (Ander-
son et al, 2008) as compared to whole-body CMV-Cre recombinase.
Stra8-CEP250~/~ mice also display fewer number and smaller size
of STs at weeks 8 and 15 (Fig EV2E and F) similar to CEP250/~
mice (Appendix Fig S2). In addition, immunofluorescence staining
of promyelocytic leukemia zinc finger (PLZF) protein, an undifferen-
tiated spermatogonia marker (Costoya et al, 2004), and synapto-
nemal complex protein 1 (SCP1), a marker for differentiated
spermatogonia (Di Carlo et al, 2000; Hoja et al, 2004; de Vries et al,
2005), showed that CEP250™*7°* mice display PLZF-positive cells
at basement membrane and SCP1-positive cells in supra-basal locali-
zation seminiferous tubules (Fig EV2G, upper panel). Such organi-
zation was lost in Stra8-CEP250™/~ seminiferous tubules, which
contain MVH+ cells (Fig EV2G, lower panel). Overall, the phenotype
observed in Stra8-CEP250~/~ mice recapitulates the defects in
CEP250~/~ mice to confirm that CEP250 deletion associated infertil-
ity is germ cell specific.

Loss of germ cells and defects in CEP250 null ovary and testis is
unlikely to arise from defects in germ cell lineage specification
and migration

Since gonadal development is affected in both male and female
CEP250~'~ mice, the question arose as to whether the defects are
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regulated by common mechanisms during both female and male
development? In mammals, male and female reproductive organs
are originated from the same stem cell population, the primordial
germ cells (PGCs). In mouse, PGCs come from precursor cells of the
visceral ectoderm at around embryonic day ES.5. Such cells go
through fate specification to become PGCs at E7.5 and subsequently
migrate to colonize the gonadal ridges at around E12.5. The PGCs
will subsequently go through sex determination and develop distinc-
tively into male and female reproductive organs (Saitou & Yamaji,
2012).

We therefore examined mouse embryos at E13.5, an embryonic
stage directly following the completion of PGCs migration. Both
male and female CEP250~/~ embryos at E13.5 were ostensibly nor-
mal and resembled CEP250"* or CEP250"/~ equivalents (Appendix
Fig S3A and B). The gonadal ridges of both male and female
CEP250~/~ embryos also display normal appearance and size
(Appendix Fig S3C-F). MVH immunostaining showed no significant
difference in germ cell number of male gonadal ridges at E13.5
between CEP250"" and CEP250~/~ mice (Appendix Fig $3G and H).
No significant change in germ cell number per area was observed in
CEP250/~ male gonadal ridges in comparison with CEP250"/" litter-
mates (Appendix Fig S3I). CEP250~/~ female also did not seem to
display difference in germ cell number as compared to the CEP250"/~
(Appendix Fig S3J). Since CEP250 null mice do not show germ cell
reduction at E13.5, we conclude that PGCs lineage specification and
migration are not affected by CEP250 deletion.

Early development of male germ cells is affected by CEP250
deletion

In a male mouse, the embryonic testis is formed after sex determina-
tion and is complete by E13.5. The GSCs undergo a period of mitotic
proliferations to form spermatogonia, which can later differentiate
to give rise to spermatocytes (around P5). Spermatocytes subse-
quently go through meiosis (around P10) and spermiogenesis
(around P14) to form sperms (Fig 2A; Saitou & Yamaji, 2012). Since
PGCs lineage specification and migration are unlikely to be affected

© 2022 The Authors
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Figure 2. Early development of male germ cells is affected by CEP250 deletion, which is accompanied by increase in apoptosis.

A lllustration of spermatogenesis after birth (Saitou & Yamaji, 2012).
B Testis from neonatal mice (P5, P10 and P14). Scale bars: 500 pm.

C Quantification of testis weight from (B). P5 CEP250""" n = 5 mice, CEP250/~ n = 4 mice, P10 CEP250""" n = 7 mice, CEP250 "~

mice, CEP250~'~ n = 4 mice.

= 4 mice, P14 CEP250"" n = 4

D Immunofluorescence for MVH (green) with DAPI staining (blue) of 10 pum testis cryo-sections from neonatal mice (P5, P10 and P14) CEP250""" and CEP250/~. Scale

bars: 20 um.
E  Quantification of (D). CEP250™" n = 3 mice, CEP250~'~ n = 3 mice.

F Quantification of (G). C-CASP3-positive cells normalized to total cell number per seminiferous tubule (ST). Dots (colors reflect STs from different mice) represent value
per ST, CEP250*"* n = 3 mice, CEP250~/~ n = 3 mice. 30 STs were analyzed for each mouse.
G C-CASP3 (green) and MVH (magenta) staining with DAPI (blue) of 10-um testis cryo-sections from neonatal mice (P5, P10, and P14) CEP250""" and CEP250~'~, scale

bars: 20 um.

H Quantification of (G). Percentage of C-CASP3 and MVH double-positive cells in relation to total C-CASP3-positive cells per ST from P5, P10, and P14 mice. Dots (colors
reflect STs from different mice) represent value per ST, CEP250""" n = 3 mice, CEP250~'~ n = 3 mice. 30 STs were analyzed for each mouse.

| Quantification of (G). Percentage of C-CASP3 and MVH double-positive cells in relation to total MVH-positive cells (germ cells) per ST from P5, P10, and P14 mice. Dots
(colors reflect STs from different mice) represent value per ST, CEP250""" n = 3 mice, CEP250~'~ n = 3 mice. 30 STs were analyzed for each mouse.

Data information: In (C, E), data are presented as mean + SEM. n.s,, not significant, **P < 0.01, ****P < 0.0001 (the unpaired Student’s t-test). In (F, H, I), data are
presented as mean + SEM. n.s, not significant, ***P < 0.005, ****P < 0.0001 (the Mann-Whitney test).

(Appendix Fig S3), we suspected that CEP250 deletion impacts other
key events during spermatogenesis. For this purpose, we examined
testes from the key developmental stages P5, P10, and P14. Signifi-
cant reduction in CEP250 /" testis weight was observed at P10 and
P14 (Fig 2B and C) and MVH immunostaining showed significant
reduction in germ cell numbers from P5 onward with a further
decrease at P10 and P14 (Fig 2D and E). In addition, elimination of
CEP250 promoted apoptosis of GSCs as indicated by an increase in
cleaved Caspase-3 (C-CASP3)-positive cells in neonatal testis (P10
and P14) (Fig 2F and G). By contrast, no significant difference was
detected in the number of total C-CASP3-positive cells between
CEP250""" and CEP250~/~ testis at P5 (Fig 2F and G). However, co-
examination of MVH immunostaining revealed that over 80% of C-
CASP3 positive cells in CEP2507/~ testis were also immunostained
with the germ cell marker MVH at all developmental stages exam-
ined (PS5, P10, and P14). In stark contrast, merely a small propor-
tion, approximately 30% of C-CASP3-positive cells in CEP250"*
testis, was marked with MVH marker (Fig 2G and H). This indicates
that apoptotic population in CEP250/~ testis was majorly com-
posed of germ cells, differing from that of CEP250"/" where only a
small proportion of apoptotic cells appeared to be germ cells
(Fig 2H). As a result, significant higher percentage of apoptotic germ
cells in relation to total germ cell was detected in in CEP250~/~

Figure 3. Loss of CEP250 leads to premature differentiation.

testis at P5, P10, and P14 (Fig 2G and I). In summary, CEP250~/~
mice show defects in early testis development, which may attribute
to perturbation to early developmental events of male germ cells.

Loss of CEP250 leads to premature differentiation of
spermatogonia

The PLZF protein is used as a marker of GSC because it is expressed
in undifferentiated spermatogonia and is required for the GSC func-
tion (Lovelace et al, 2016). Examination of PLZF" cells revealed an
evident reduction in the number of undifferentiated spermatogonia
in CEP250~/~ mice from P5 onward (Fig 3A and B), indicative of a
premature loss of GSC.

To analyze this GSC depletion further, we monitored the fate of
PLZF expressing undifferentiated (PLZF positive) and SCP1 expres-
sing differentiated (SCP1 positive) spermatogonia during develop-
ment. Interestingly, PLZF and SCP1 double staining showed an
intermediate population of spermatogonia, corresponding to differ-
entiating spermatogonia, which expressed both PLZF and SCP1
(Fig 3C and D). We observed a significant increase of differentiated
PLZF~ SCP1" spermatogonia in CEP250~/~ mice already at P2 at the
expense of the loss of PLZF" SCP1+ and PLZF™ SCP1~ populations
(Fig 3C and E, arrow heads in C indicate the presence of green

A Immunofluorescence staining for PLZF (red) with DAPI staining (blue) of 10 um cryo-sections of testes from CEP250™"" and CEP250~~ mice at P5, P10, and P14.

Scale bars: 20 pm.

B Quantification of (A). Quantification of PLZF+ cells per seminiferous (ST) section of CEP250""" and CEP250~/~, testes at P5, P10, and P14. Dots (colors reflect STs
from different mice) represent value per ST, CEP250"* (P5) n = 3 mice, CEP250~/~ (P5) n = 3 mice, 50 STs were analyzed for each mouse; CEP250""" (P10) n = 3
mice, CEP250~/~ (P10) n = 3 mice, at least 30 STs were analyzed for each mouse; CEP250™* (P14) n = 3 mice, CEP250 '~ (P14) n = 3 mice, at least 50 ST were

analyzed for each mouse.

C Immunofluorescence staining for SCP1 (green), PLZF (red), and DAPI (blue) of 10 um cryo-sections of testes from CEP250*"" and CEP250~/~ mice at P2, P3, P5, and
P7. Arrowheads highlight PLZF- SCP1+ (green) cells, which represent differentiated spermatogonia. Scale bars: 20 um.
Illustration of sequential spermatogonia differentiation and formation of seminiferous tubules.

E-H Quantification of (C). The number of PLZF+ SCP1-, PLZF+ SCP1+, PLZF-, and SCP1+ cells normalized to total cell number per ST section in CEP250"* and CEP250~'~
testes at P2, P3, P5, and P7, respectively. Dots (colors reflect STs from different mice) represent value per ST, CEP250"* (P2-P7) n = 3 mice, CEP250~/~ (P2-P7)n =3

mice, at least 40 STs were analyzed for each mouse.

| Summary of proportion of PLZF+ SCP1-, PLZF+ SCP1+, PLZF-, and SCP1- cells per ST section in CEP250*"* and CEP250~/~ testes from P2-P7.
Data information: In (B, E-H), data are presented as mean + SEM. n.s,, not significant, *P < 0.05, ***P < 0.005, ****P < 0.0001 (the Mann-Whitney test).
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PLZF~ SCP1" cells). Such changes persisted until P5 (Fig 3C, F and
G; summarized in Fig 31). At P7, a reduction of PLZF~ SCP1" sper-
matogonia was observed in CEP250™/~ mice in comparison to that
of CEP250™*, indicating a defect in maintenance of the prematurely
differentiated PLZF~ SCP1" spermatogonia (Fig 3C and H) driven by
increased apoptosis (Fig 2F-H). To rule out the possibility that the
reduction of undifferentiated spermatogonia (PLZF" SCP1~ popula-
tion) in CEP250~/~ mice could also be a result of germ cell depletion
from earlier developmental stages, we examined the total germ cell
numbers before the onset of premature differentiation (P2) by MVH
immunostaining. CEP250""* and CEP250™/~ mice showed compara-
ble germ cell numbers at P1 (Appendix Fig S4A-C). Taken together,
these observations reveal a premature differentiation of spermatogo-
nia in CEP250~/~ mice, which might contribute to premature loss of
GSCs.

CEP250 '~ mice show premature apical translocation of GSCs
into the seminiferous tubule lumen

Germ stem cells reside close to the basement membrane of seminif-
erous tubules (de Rooij, 2017). When spermatogonia differentiate,
they translocate apically into the lumen of the seminiferous tubule,
where they will later undergo a succession of differentiation events
into spermatocytes (Fig 4A). We found that in CEP250™" mice,
PLZF~ SCP1" and PLZF" SCP1" spermatogonia cannot be detected
inside the lumen of seminiferous tubule until P6 (Fig 4B, white
arrow heads). In stark contrast, quantification of the location of dif-
ferentiated spermatogonia revealed an increase of centrally located
total SCP1" spermatogonia (PLZF™ SCP1* and PLZF~ SCP1") in
CEP250~~ mice from P4 onward (Fig 4B-G). Notably, centrally
located PLZF~ SCP1* spermatogonia decreased at P7 in CEP250~/~
mice (Fig 4B and G), indicating possible defects in the maintenance
of the differentiated spermatogonia when the centrosome linker
function is abolished. This is consistent with the observation made
earlier by the reduction of PLZF~ SCP1" spermatogonia number in
CEP250~/~ mice at P7 (Fig 3C and H) and the elevation of apoptotic
germ cells (Fig 2F-I). In conclusion, CEP250™/~ mice show prema-
ture differentiation of spermatogonia development alongside prema-
ture translocation of the differentiated spermatogonia into the
seminiferous tubule lumen. The prematurely differentiated and

Hairuo Dang et al

translocated spermatogonia show defects in GSC maintenance and
possibly undergo apoptosis later, which eventually results in the
total loss of the germ cells.

CEP250~'~ mice show defects in meiotic progression

Our findings indicate that CEP250~/~ testis displays steady increase
of apoptotic cells between P10 and P14 (Fig 2F-I), during which
time the spermatocytes are expected to undergo the first round of
meiotic divisions (Griswold, 2016). We thereupon examined the fate
of the meiotic spermatocytes at P10 and P13. We immunostained
the testis sections, using SCP1 to mark the spermatocytes and
vH2AX to mark the double-strand breaks (DSBs) formed during mei-
osis I (Turner et al, 2004). We characterized the substages of mei-
otic prophase I in spermatocytes based on distinct YH2AX patterns
(Mahadevaiah et al, 2001; Bolcun-Filas et al, 2007). We found that
at P10 CEP250"/" testis displayed spermatocytes at leptotene stage, a
stage which is characterized by spread-out localization of SCP1
across the nucleus and increase of number and intensity of yH2AX
foci, indicating the initiation of meiosis I (Appendix Fig S5A). Nev-
ertheless, although leptotene spermatocytes were also found in the
CEP250~/" testis, a noticeable proportion of CEP250~/~ spermato-
cytes showed dysregulated yYH2AX pattern as indicated by the only
partial staining of YH2AX-positive domains (Appendix Fig S5A). At
P13, CEP250"/" spermatocytes displayed 3 consecutive substages of
meiosis I, i.e., leptotene, zygotene and pachytene stages. Zygotene
stage is marked with filamentous SCP1 elements as well as decrease
of number whilst increase in concentration of yH2AX-positive
domains along the stretched SCP1 elements. yH2AX-positive
domains subsequently dissolve from the autosomal chromatins and
appear only on the sex chromatin as one concentrated dot-like struc-
ture (Mahadevaiah et al, 2001; Turner et al, 2004). In contrast,
CEP2507/~ spermatocytes displayed only an aberrant pattern in
which SCP1 signal was diffusely located across the nucleus and
yYH2AX signal did not concentrate on a defined localization as this
was the case in pachytene of the CEP250"" wildtype. Our finding
suggests that CEP250™/~ spermatocytes are able to initiate meiosis,
nonetheless meiosis I cannot be completed, which may contribute
extensive apoptosis in germ cells (Fig 2F-I) and reduction of germ
cells (Fig 2D and E) from P10 onwards.

Figure 4. CEP250~'~ mice show premature apical translocation of GSCs into the seminiferous tubule lumen.

A Schematic diagram showing translocation of differentiating spermatogonia.

B Representative images of mouse seminiferous tubule (ST) sections stained for PLZF (red), SCP1 (green), and DAPI (blue) at P4, P6, and P7. Scale bars: 20 pm.
Arrowheads highlight PLZF~ SCP1" (green) cells localize to the middle of the ST lumen, which represent differentiated spermatogonia that translocated to the middle

of the ST lumen.

C Quantification of (B). Shown is the number of PLZF~ SCP1" cells, which translocated inwards the seminiferous tubule lumen per seminiferous tubule section, as
normalized to the total cell number per ST section. Dots (colors reflect STs from different mice) represent value per ST, CEP250™* (P4-P7) n = 3 mice, CEP250~/~ (P4-

P7) n = 3 mice, at least 30 STs were analyzed for each mouse.

D Quantification of (B). Shown is the total number of SCP1" cells, which translocated inwards the seminiferous tubule lumen per ST section, as normalized to the total
cell number per seminiferous tubule section. Dots (colors reflect STs from different mice) represent value per ST, CEP250*/* (P4-P7) n = 3 mice, CEP250 '~ (P4-P7)

n = 3 mice, at least 30 STs were analyzed for each mouse.

E Quantification of (B). Shown is the number of PLZF* SCP1" cells which translocated inwards the seminiferous tubule lumen per seminiferous tubule section, as
normalized to the total cell number per seminiferous tubule section. Dots (colors reflect STs from different mice) represent value per ST, CEP250"* (P4-P7) n = 3 mice,

CEP250~/~ (P4-P7) n = 3 mice, at least 30 STs were analyzed for each mouse.

F Summary of proportion of PLZF* SCP1" cells, which translocated inside the seminiferous tubule per section against which remained at the basal membrane.
G Summary of proportion of PLZF~ SCP1" cells, which translocated inside the seminiferous tubule per section againt which remained at the basal membrane.

Data information: In (C—E), data are presented as mean + SEM. n.s,, not significant, *P < 0.05, **P < 0.01, ***P < 0.005 (the Mann-Whitney test).
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CEP250 regulates the oriented division of male GCs

During GSC division, mitotic spermatogonia choose to orient the spin-
dle either parallel or perpendicular to the basement membrane (Lagos-
Cabré & Moreno, 2008; Neumiiller & Knoblich, 2009). Self-expansion
by vertical stem cell division produces two daughter stem cells,
whereas perpendicular stem cell division yields one differentiating
daughter cell and one retaining the fate of being a stem cell
(Neumdiiller & Knoblich, 2009). To determine whether the loss of cen-
trosome cohesion had an impact upon this precision control of spindle
orientation we assessed spindle angle in sections of P4 and P5 seminif-
erous tubules of PLZF" GSCs (Fig 5A and B, Appendix Fig S6A and B).
Mitotic cells were marked with phospho-histone H3 (PH3) and the
centrosomes with y-tubulin antibodies. The orientation of the mitotic
spindle was determined by drawing a straight white line between the
two centrosomes (Appendix Fig S6A and B). At P4, 76% of dividing
CEP250""" GSCs displayed a metaphase spindle at an orientation of
within 10° of being parallel to the basement membrane (dashed yellow
line), indicating substantial expansion divisions in the CEP250"* GSCs
at this stage of development. By contrast, only 17% of mitotic GSCs in
CEP250~/~ mice show parallel spindles (Appendix Fig S6A, C and E).
At PS, two major populations of dividing GSCs were observed in
CEP250"* mice: the one with a mitotic spindle perpendicular, close to
90° to the basement membrane (27 %) and those with a mitotic spindle
parallel to the basement membrane (43 %) (Appendix Fig S6B, D and
F). This was different in mitotic cells from CEP250~/~ mice that
displayed a randomized mitotic spindle orientation with only 17% of
mitotic GSCs showing a parallel spindle orientation (0-10°) (Appendix
Fig S6B, D and F). Though a number of studies have determined spin-
dle orientation in metaphase in mouse tissues (Dumont et al, 2015;
Gai et al, 2016; Li et al, 2016; Vargas-Hurtado et al, 2019) as well as in
other model organisms (Hehnly et al, 2015), we were concerned that
spindle orientation might change from metaphase to anaphase due to
dynamic behavior (Kiyomitsu & Cheeseman, 2013). Hence, we further
validated our finding focusing exclusively on anaphase spindles in
spermatogonia at P4 and P5. Indeed, similar patterns of spindle angle
as in metaphase cells (Appendix Fig S6) were observed between
CEP250"* and CEP250~/~ mice at P4 and PS5 (Fig SA-F). This sug-
gests that the spindle does not flip from metaphase to anaphase in
GSC divisions on P4 and P5.

These findings indicate that deletion of CEP250, hence disruption
of centrosome cohesion, may have an adverse impact on the

Figure 5. CEP250 regulates the oriented division of male GCs.

Hairuo Dang et al

development of GSCs within seminiferous tubules by compromising
the ordered orientation of the division plane. Thus, there appear to
be two outcomes arising from the loss of CEP250 function in GSCs.
The existing stem cell population divides obliquely, which may
result in premature differentiation, thereby diminishing the total
stem cell population (Fig 5G). As result, GSCs leave the basement
membrane and translocate into the ST lumen prematurely (Fig 4).
The spatial and temporal mis-regulation of the CEP250~/~ GSCs will
lead to an increase in germ cell apoptosis (Fig 2F-T).

CEP250~'~ mice show defects in E-cadherin-related cell polarity
change during cell cycle progression

Cell polarity control of the expansion and differentiation of stem
cells has been shown to underpin the correct architecture and func-
tion of a number of tissues in a variety of organisms (Martin-
Belmonte & Perez-Moreno, 2012). Among a rank of cell polarity pro-
teins studied, the role of E-cadherin in Drosophila germ stem cell
development is well characterized (Jenkins et al, 2003; Tsukita et al,
2009). E-cadherin is also a surface marker for germ stem cells in
mice (Tolkunova et al, 2009). Therefore, sections of P5 seminiferous
tubules were examined by immunofluorescence to assess E-
cadherin expression. Consistent with previous findings (Tolkunova
et al, 2009), our study found that in young mouse testes, E-cadherin
was exclusively expressed in PLZF" GSCs, the undifferentiated sper-
matogonia, indicating it may serve as a germ stem cell surface
marker (Fig 6A, B, D and F).

Next, we determined how E-cadherin distribution in P5 GSC
changed as cells transited the cell division cycle by using PH3 as
mitotic marker. We observed notably different patterns of E-
cadherin enrichment on the GSC surface, of which two patterns are
particularly pronounced. In a non-polarized category, E-cadherin
was detected across the entire cell surface. In the basal-polarized
group, E-cadherin was found in the region, which was in contact or
close to the basement membrane. Apical polarized and side polar-
ized cells were also seen alongside a population where E-cadherin
was not expressed, referred to as null (Fig 6A).

During interphase the majority of GSCs (close to 75%) display a
non-polarized E-cadherin pattern for both CEP250"* and CEP250~/~
mice. Notably, a subpopulation of GSCs (close to 15%) display basal-
polarized E-cadherin pattern, which applies to both CEP250"/" and
CEP250~/~ mice (Fig 6B and C). Additional minor phenotypes were

A Representative images of P4 mouse seminiferous tubule (ST) 10 um cryo-sections stained for PLZF (red), y-Tubulin (green), PH3 (magenta), and DAPI (blue). Arrow-
heads highlight the centrosomes. Dashed yellow line highlights the basement membrane. Semi-transparent white line, which bisects both spindle poles, was used
to determine spindle angle @ orientation in relation to the basement membrane. Anaphase cells were analyzed. Scale bars: 5 pm.

B Representative images of PS mouse seminiferous tubule 10 pm cryo-sections stained for PLZF (red), y-Tubulin (green), PH3 (magenta), and DAPI (blue). Arrowheads
highlight the centrosomes. Dashed yellow line highlights the basement membrane. Semi-transparent white line, which bisects both spindle poles, was used to
determine spindle angle @ orientation in relation to the basement membrane. Anaphase cells were analyzed. Scale bars: 5 pm.

C-F (C, E) Quantitation of spindle angle of anaphase GSCs in P4 ST sections (from A). Spindle angle relative to basement membrane for CEP250""" and CEP250~'~. In ©),

dots (colors reflect different mice) represent spindle angle of each GSC. In (E), the three dots represent averaged spindle angle per mouse. CEP250

" n = 3 mice,

CEP250~'~ n = 3 mice. At least 10 cells were analyzed for each mouse. (D, F) Quantitation of spindle angle of anaphase GSCs in P5 ST sections (from B). As (C, E) but

for P5. In (D), dots (colors reflect different mice) represent spindle angle of each GSC. In (F), the three dots represent averaged spindle angle per mouse. CEP250
n = 3 mice, CEP250~/~ n = 3 mice. At least 10 cells were analyzed in each mouse.

+/+

G Schematic diagram showing spindle angles relative to basement membrane were identified for CEP250""" and CEP250~/~ GSCs. The spindle angle of CEP250"*
mitotic GSCs mainly fall into two distinct populations. First, between 0° and 10°, indicating self-expansion. Second, between 75° and 90°, indicating differentiation.
By contrast, CEP250~'~ mitotic GSCs display more randomized distribution of spindle angles.

Data information: In (E, F), data are presented as mean + SEM. n.s,, not significant, *P < 0.05, ***P < 0.005 (the unpaired Student’s t-test).
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Figure 6. CEP250~'~ mice show defects in E-cadherin polarity change during cell cycle progression.

A lllustration showing distinctive polarity patterns regarding E-cadherin in GSCs. The patterns were classified using following criteria. “Non-polarized: nearly continuous
signal of E-cadherin patches across the cell cortex; basal-polarized: preferable localization of E-cadherin to the side of cell cortex close to the basement membrane;
apical polarized: preferable localization of E-cadherin to the side of cell cortex pointing away from the basement membrane; side polarized: preferable localization of
E-cadherin to the side of cell cortex, which is nearly perpendicular to the basement membrane; null: no E-cadherin signal on the cell cortex.” The representative
immunofluorescence images for each pattern were shown below the illustrations. 10 pm cryo-sections stained for PLZF (red), E-cadherin (green), and DAPI (blue)
showing non-polarized, basal-polarized, apical polarized pattern, respectively. Note, the non-polarized cell example in (A) is identical to the CEP250*"* cell shown in
(B). The basal-polarized cell example in (A) is identical to the CEP250"* cell shown in Fig EV3C.

B Representative images of P5 mouse ST. 10-um cryo-sections stained for PLZF (red), E-cadherin (green), and DAPI (blue) showing GSCs in interphase. Scale bars: 5 pm.

C Quantification of (B). Percentage of GSCs displaying different polarity status are indicated. CEP250'"" n = 5 mice, CEP250 '~ n = 4 mice. At least 100 cells were
analyzed in each mouse and the average was calculated for each mouse.

D Representative images of P5 mouse ST. 10 um cryo-sections stained for PLZF (red), E-cadherin (green) and PH3 (magenta) showing GSCs in prophase. PH3 staining
marks the mitotic chromatin. Scale bars: 5 um.

E Quantification of (D). Percentage of GSCs displaying different polarity status are indicated. CEP250""" n = 5 mice, CEP250~'~ n = 4 mice. At least 10 cells were
analyzed in each mouse and the average was calculated for each mouse.

F Representative images of P5 mouse ST 10 um cryo-sections stained for PLZF (red), E-cadherin (green) and PH3 (magenta) showing GSCs in prometaphase. PH3
staining marks the mitotic chromosome condensation. Scale bars: 5 um.

G Quantification of (F), percentage of GSCs displaying different polarity status are indicated. CEP250"* n = 5 mice, CEP250~'= n = 4 mice. At least 30 cells were
analyzed in each mouse, and the average was calculated for each mouse.

Data information: In A, B, D, and F, white arrowheads highlight basement membrane; yellow arrowhead highlights cortical enrichment of E-cadherin toward the base-
ment membrane. In (C, E, G), data are presented as mean £ SEM. n.s,, not significant, *P < 0.05, **P < 0.01, ***P < 0.005 (the unpaired Student’s t-test).

equally observed in CEP250"/* and CEP250~/~ GSCs (Fig 6C). In con-
clusion, in interphase the polarity patterns of E-cadherin in GSCs do
not differ between CEP250"/* and CEP250~/~ mice (Fig 6B and C).
Importantly, a sharp increase in the polarized E-cadherin popula-
tion was observed in CEP250"* GSCs during prophase and prometa-
phase (Fig 6D-G, indicated by yellow arrowheads). By contrast, the
increase of basal-polarized E-cadherin GSC population in CEP250~/~
mice was significantly reduced compared to CEP250"* mice. As a
result, only 29% (prophase) and 35% (prometaphase) of CEP250™/~
GSCs showed a basal-polarized E-cadherin pattern, which was
clearly less than the 53% (prophase) and 50% (prometaphase) of
the population observed in CEP250"" GSCs (Fig 6D-G). Meanwhile,
a significantly larger proportion of GSCs showed non-polarized E-
cadherin pattern in CEP2507/~ mice when compared to their
CEP250"* counterparts during prophase (Fig GE). This decline in

basal-polarized GSCs was accompanied by an increase in the fre-
quency of null cells throughout mitosis (Fig 6C, E and G). Other E-
cadherin polarity patterns were also seen in a small proportion of
prophase GSCs.

In order to investigate whether the E-cadherin polarity pattern
switch was merely involved in mitotic GSCs during differentiation
(P5), we additionally checked it in GSCs of P2 CEP250"* and
CEP250~~ mice during mitosis, a stage when most of the GSCs
undergo stem cell self-expansion. Importantly, similar E-cadherin
patterns were found in P2 CEP250"* GSCs as seen in PS5, with
CEP250~/~ GSCs displaying defects in the polarity switch
(Fig EV3A-F). Such observation suggests that the specific changes
of E-cadherin polarity patterns in mitotic GSCs are not exclusive to
differentiating GSCs but influence both proliferating and differentiat-
ing GSCs.

Figure 7. CEP250 regulates centrosome cohesion and centrosome positioning in GSCs during mitosis.

A Representative images of P5 mouse seminiferous tubule (ST) 10 um cryo-sections stained for PLZF (red), ODF2 (green), NIN (magenta), and PH3 (blue) showing GSCs
in prophase. Scale bars: 2 um. Yellow arrowheads highlight the two centrosomes.

B Quantification of (A). Centrosome distance in GSCs in prophase at P5. CEP250""" n = 3 mice, CEP250~/~ n = 3 mice. At least 50 cells were analyzed in each mouse
(color of dot indicates mouse). Dashed line indicates 4 um as the threshold of well separated centrosomes.

C lllustration showing methodology to determine the mother centrosome and the daughter centrosome. In brief, the intensity of centrosomal NIN and ODF2 in GSCs in
prometaphase was measured. The ratio of centrosomal NIN or ODF2 intensities of centrosomes close vs. far from the basement membrane in one GSC was
calculated. Thresholds were drawn at 85 and 115%, indicating > 15% difference. A GSC with both NIN and ODF2 intensity ratio < 85% was considered to display
mother centrosome close to the basement membrane. A GSC with both NIN and ODF2 intensity ratio > 115% was considered to display daughter centrosome close
to the basement membrane.

D Representative images of P5 mouse seminiferous tubule 10-um cryo-sections stained for PLZF (red), ODF2 (green), NIN (magenta), and PH3 (blue), focusing on PLZF+
germ stem cells (GSCs) in prometaphase. Scale bars: 2 um. Yellow lines highlight basement membrane. Yellow arrowheads highlight the mother centrosomes and
white arrowheads highlight the daughter centrosomes.

E Quantification of (D). Percentage of prometaphase GSCs, which preferentially position their mother centrosome close to the basement membrane in CEP250" and
CEP250~~ testis at P5. CEP250"* n = 3 mice, CEP250~/~ n = 3 mice. At least 50 cells were analyzed in each mouse and the average was calculated for each mouse.

F  Schematic diagram showing CEP250 regulates the position of centrosomes in GSCs during mitosis. In CEP250""* GSCs, centrosome linker keeps the centrosomes
relatively close until late prophase, which induces the formation of basal enrichment of E-cadherin. On the one hand, such enrichment might be important in deter-
mining the horizontal position of centrosome to facilitate the horizontal division and stem cell maintenance. In addition, basal E-cadherin enrichment helps to posi-
tion the mother centrosome relatively close to the basement membrane, therefore facilitates the inheritance of mother centrosome by the GSCs. By contrast, such
regulation of centrosome positioning is lost in CEP250~'~ GSCs. Thus, CEP250~'~ GSCs display randomized spindle orientation and randomly inherit mother or daugh-
ter centrosomes.

Data information: In (B), data are presented as mean £ SEM. ****P < 0.001 (the Mann-Whitney test). In (E), data are presented as mean £ SEM. ****P < 0.001 (the
unpaired Student’s t-test).
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These findings indicate that in CEP250~/~ GSCs the change of E-
cadherin polarity pattern in prophase is perturbed, which may even-
tually lead to defects in GSC maintenance.

CEP250 '~ GSCs show premature centrosome separation in
prophase

In order to gain greater insight into the basis for the striking impact
of abolishing centrosome linkage in mitotic GSCs, we examined
inter-centrosomal distance in early mitotic GSCs of P5S mice (Figs 7A
and B, and EV4A). At prophase, little (around 20%) of the CEP250"/"
GSCs had an inter-centrosomal distance > 4 pm, which was consid-
ered as the centrosome distance threshold to mark cells with well
separated centrosomes (Hata et al, 2019). By contrast, at the equiva-
lent stage > 80% early mitotic GSCs in CEP250~/~ mice had achieved
centrosome separations greater than >4 pm (Figs 7A and B, and
EV4A). Therefore, the lack of a centrosome linkage leads to greater
centrosome separation in GSCs during prophase.

CEP250'~ GSCs showed defects in regulating centrosome
position during mitosis

The relative position of mother and daughter centrosomes during
mitosis was investigated in PS5 GSCs. The centrosome duplicates only
once per cell cycle and does so in a semi-conservative manner to form
two centrosomes, one of which contains the old mother centriole (i.e.,
the mother centrosome), while the other receives the new mother cen-
triole (i.e., daughter centrosome; Delattre & Gonczy, 2004). The SDAs
of the mother centrosome are in most cases more strongly marked by
ODF2 and Ninein (NIN) than at the daughter centrosome (Viol et al,
2020). Since ODF2 and NIN antibodies resulted in background signals
in the mouse testes, we used double staining approach to ensure that
the overlapping ODF2/NIN signals were centrosomes.

While close to 30% of prometaphase CEP250"* GSCs display
two centrosomes in a horizontal manner parallel to the basement
membrane, this proportion of cells was significantly decreased in
CEP250~/~ GSCs (Fig EV4B and C). We next focused our attention
upon the relative proximity of the mother centrosome to the base-
ment membrane during prometaphase (Fig 7C). The mother centro-
some was close to the basement membrane in the majority of
CEP250"* GSCs, whereas the association between the mother cen-
trosome and the basement membrane was randomized when C-Nap
1 had been removed in CEP250~/~ GSCs (Figs 7D and E, and EV4D
and E). Again, such positioning of mother vs. daughter centrosome
was randomized in metaphase CEP250~/~ GSCs, while it persisted
in CEP250"/" GSCs (Fig EVSA-D). Thus, the centrosome linker is
important for the correct positioning of the mitotic spindle relative
to the basal membrane.

Discussion

The integrity of centrosomes is essential for the development in
mammals. Loss of function of centrosomal proteins with roles in
centrosome organization and maturation, microtubule organization,
centrosome-spindle pole connection, or ciliogenesis cause a spec-
trum of developmental defects in mice from embryonic lethality,
heart development defects, microcephaly, dwarfism, and skeletal
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abnormalities (Chavali et al, 2014). Therefore, it was surprising that
the absence of the central centrosome linker protein C-Napl was
not accompanied by any of these phenotypes. Instead, male
CEP250~/~ mice were normal in terms of brain and body weight
(Fig 1A-D) but were sterile because the testis did not produce
sperms. The lack of any sperm production in CEP250~/~ mouse tes-
tis is distinct from, e.g., Bardet-Biedl syndrome, whereby BBS4 gene
loss leads to immobile sperms that lack the flagellum (Mykytyn et
al, 2004) nor does such spermatogenic defect in CEP250~/~ mouse
resemble the testis malformation observed in ASPMI1 mutant mice,
in which significant number of spermatogenic cells are still present
in adult stages (Pulvers et al, 2010).

How does loss of the centrosome linker cause sterility? Detailed
analysis of male CEP250~/~ mice indicated strong depletion of germ
cells in testis in young mice (9-14 weeks from birth). This defect
was not caused by the malfunction of the supporting somatic cells,
particularly the Sertoli cells, since they did not display significant
change in CEP250~/~ mice and expression of the Cre recombinase
specifically in germ cells of CEP250-Flox mice caused comparable
phenotypes as observed in whole-body CEP250~/~ mice. Thus, the
sterility in CEP250~/~ male mice is caused by malfunctions of GSCs.

A link between stem cell maintenance and centrosomes was
observed in other organisms and in the mammalian brain. However,
no uniform picture of the connection between centrosomes and
stem cells has been established. In the mouse brain, the mother cen-
trosome of a neural stem cell is anchored to the apical membrane of
the ventricle via a primary cilium, which consequently regulates the
behavior and properties of the stem cell (Yamashita et al, 2003,
2007; Wang et al, 2009; Ortega et al, 2019; Shao et al, 2020), while
in Drosophila the male GSCs are attached to the hub cells via adher-
ents junctions, toward which the mother centrosome is oriented.
Our study now suggests that mouse GSCs are in terms of asymmet-
ric division closer to Drosophila GSCs than to mammalian neural
stem cells. Importantly, however, our analysis of CEP250~/~ GSCs
uncovered three novel principals that regulate GSC maintenance in
male testis (Fig 7F). First, our data suggest that the closeness of the
centrosomes provided by the centrosome linker until G2/early mito-
sis was required to induce an E-cadherin polarity mark toward the
basal membrane role, which may have a determinant role in spindle
orientation and cell fate decision in the GSCs. Second, we propose
that two close together centrosomes are more efficient in inducing
the E-cadherin polarity mark than a single centrosome. These data
together suggest signaling from the centrosomes to the basal mem-
brane. We speculate that mitotic kinases or other signaling mole-
cules at centrosomes send a signal to the cell cortex that is stronger
when the two centrosomes are closed together (Cowan & Hyman,
2004; Bondaz et al, 2019) (Kapoor & Kotak, 2020; Gan & Motegi,
2021). Finally, the temporally established E-cadherin polarity mark
can in turn direct the correct positioning of the centrosomes and
mitotic spindle, which is essential in determining cell division plane
and daughter cell fate. We speculate that during early GSC develop-
ment, the basal-polarized E-cadherin may regulate the position of
the two centrosomes during mitosis to keep them in a parallel posi-
tion relative to the basement membrane, thus helping to establish a
horizontally positioned mitotic spindle. Such regulation will support
the self-proliferation of the GSCs by ensuring their parallel division,
hence helping the maintenance of the stem cell pool. As a result,
failure of centrosome cohesion and polarity establishment as is the
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case in the testis of CEP250~/~ mice results in randomization of the
mitotic spindle that is not as directed as in WT GSCs. This can cause
GSCs to develop prematurely into SCP1 positive spermatogonia.

In addition, our study uncovers that later in development, the
basal-polarized E-cadherin also support stem cell maintenance
through ensuring the correct inheritance of the older mother centro-
some. We speculate that E-cadherin may contribute to the regulation
of stem cell maintenance versus differentiation via keeping the mother
centrosome at a relatively close proximity to the basement membrane
in mitosis. This facilitates the inheritance of the older mother centro-
some to the daughter cell that remains at the basement membrane
after GSC cells have divided, which will remain the stem cell.

The link between centrosome position and the E-cadherin mark
at the cell membrane may be provided by astral microtubules orga-
nized by the centrosomes. The older mother centrosome may orga-
nize more astral microtubules or, as this is the case for the mother
yeast spindle pole body (SPB), the functional equivalent of the
mammalian centrosome. The mother SPB specifically loads the pro-
tein Kar9 that interacts with Myo2 at the cell membrane onto astral
microtubules (Yin et al, 2000; Liakopoulos et al, 2003; Maekawa
et al, 2003). Alternatively, the older mother centrosome may associ-
ate with microtubule-attached proteins that interact with cell cortex
factors. In a study concerning culture MDCK cells, a connection with
the centrosome was laid via an interaction of E-cadherin with the
LGN/Numa complex (Gloerich et al, 2017) that functions through
cortical pulling forces exerted on astral microtubules during mitosis
(Gonczy, 2008). Nevertheless, the association between the centro-
some and cell cortex factors remains to be uncovered in mice.

The failure to orient the mitotic spindle in a defined way disrupts
the spatial temporal organization of spermatogenic cells in
CEP250~/~ mice. PLZF-positive GSCs that initially localize to the
basement membrane and translocate into the supra-basal localiza-
tion of seminiferous tubules when they differentiate and express
SCP1 marker, were found prematurely in the lumen of the seminif-
erous tubules in CEP250~/~ mice. This defect probably induces apo-
ptosis, which likely eliminates the SCP1-positive cells that
prematurely translocated toward the center of the seminiferous
tubules, as our data indicate higher percentage of apoptotic germ
cells were already present at P5 CEP250 '~ testis (Fig 2G and ).
One possible explanation is that germ cell development and survival
rely on the somatic niche, and the regulating factors they secrete
(Griswold, 2016). Thus, the premature translocation and misorienta-
tion of the GSCs may result in elimination of these cells in CEP250~/~
testis. Notably, CEP2507/~ germ cells displayed more substantial
increase of apoptosis between P10 and P14 (Fig 2G and I), the
timing when the first round of meiosis starts, which indicates an
additional defect contributing to germ cell loss during this time. This
notion was further supported by the finding that CEP250™/~ sper-
matocytes were unable to proceed till zygotene and diplotene stage
and a proportion of them display a dysregulated form with aberrant
YH2AX pattern (Appendix Fig S5A and B), which may trigger mei-
otic arrest and elimination of these defective cells. During revision
of our manuscript, a study of CEP250~/~ mouse was published spe-
cifically focusing on the meiotic defect of CEP250~/~ spermatocytes
(Floriot et al, 2021), confirming our finding on a defective meiosis
in the testis of CEP250/~ mice.

Why does the defect in CEP250~/~ mice relative specifically
affect GSCs? Presently we cannot exclude defects in other tissues
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than testis, due to lack of in-depth histological analysis. However, it
is possible that the mechanism of centrosome induced E-cadherin
polarity might be specific for testis, as E-cadherin seems to be an
explicit cell surface marker for GSCs in mice (Tolkunova et al,
2009). Alternatively, redundant centrosome cohesion pathways that
vary in their activities in different tissues may compensate each
other depending on their expression profiles. Indeed, a microtubule
and KIFC3 motor dependent centrosome cohesion mechanism has
been described that has the ability to compensate for the loss of C-
Napl-dependent centrosome cohesion (Hata et al, 2019).

Materials and Methods

Animals

Mice carrying allele CEP250tm1a®EVCOMMIWist were purchased from
Wellcome Trust Sanger Institute. Mice were back-crossed 5 times to
C57BL/6J and bred in house. Mice were bred and crossed in house
with C57BL/6N-Tg (CMV) and C57BL/6.FVB-Tg (Stra8-icre) mice to
generate CEP250 ™/~ and CEP250/"¥/M°%/Stra8-Cre mice, respectively.
All experiments involving animals were reviewed and approved by
the Heidelberg University Animal Care and Use Ethical Committee
and Regierungsprasidium Karlsruhe (Animal Project: T-46/19). Ani-
mals were housed and bred according to institutional guidelines.

MEF

Mouse embryonic fibroblasts were isolated in house from CEP250"*
and CEP250/~ mouse embryos at E13.5 as described (Jozefczuk
et al, 2012). In brief, a timed pregnant female was euthanized at
E13.5, from which embryos were dissected from the uterus. In a
sterile environment, the placenta and surrounding tissues were
removed. The head and embryonic organs were subsequently
removed. The remaining tissues were homogenized on ice and sub-
sequently digested by trypsinization (0.05% trypsin—-EDTA) (Gibco,
Invitrogen), including 100 Kunitz units of DNase I (Biolabs) per
embryo to isolate the fibroblasts. Cells were cultured in DMEM
supplemented with 10% FBS, 2 mM r-glutamine, and 1%
penicillin-streptomycin in 37°C environment supplemented with
5% CO,. The cultured MEFs were used immediately within passage
0-2 for analysis.

Fertility assays

Mating of 9- to 14-week-old mice was used in the quantification of
litter size. CEP250"/* male and CEP250"* female (19 mating pairs
and 141 offsprings), CEP250~/~ male and CEP250"" female (9 mat-
ing pairs and 0 offsprings), and CEP250"* male and CEP250~/~
female (12 mating pairs and 44 offsprings) were analyzed.

Histopathology

Mice were euthanized by cervical dislocation. Tissue samples from
representative organs were collected and fixed in 4% paraformalde-
hyde (PFA) at 4°C for 24 h. The tissues were subsequently trans-
ferred to PBS solution and handed over to Prof. Hermann-Josef
Grone (DKFZ, Pathology Department) for histopathologic analysis.
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Briefly, the tissues were paraffin embedded and processed for hema-
toxylin and eosin (H & E) staining. The stained sections were ana-
lyzed in collaboration with Prof. Hermann-Josef Grone.

Viable sperm isolation

Adult mice (9- to 14-week-old) were euthanized with cervical dislo-
cation. Sperm cells were subsequently isolated from the dead male
mice, following the method described by Duselis and Vrana (2007).
In brief, caudal epididymis were isolated from 9- to 14-week-old
mice and placed in 9% milk solution. The caudal epididymis was
cut open using a gauge needle. The sperms were squeezed out from
the open caudal epididymis and collected for evaluation under the
microscope. The number of sperms isolated per testis was estimated
by using a hemocytometer.

Immunofluorescence on tissue sections

Tissue samples were dissected and washed in PBS. For immunofluo-
rescence of non-centrosome proteins, the dissected tissue samples
were fixed in 4% paraformaldehyde overnight at 4°C, and immerged
in PBS. The tissue samples were subsequently embedded in Tissue-
Tek O.C.T. TM Compound (Sakura 4583). The tissue sample blocks
were subsequently stored at —80°C. Sections of 10 pm were made
using Leica 1950 cryostat and stored at —80°C. The sections were
recovered at room temperature (RT), washed in PBS for 5 min at
RT, permeabilized in 0.5% Triton X-100 in PBS for 15 min, and
washed in PBS for 5 min at RT. For immunofluorescence of centro-
some proteins, the dissected tissue samples were immediately
embedded in Tissue-Tek O.C.T. TM Compound (Sakura 4583) over
liquid nitrogen following dissection. The tissue sample blocks were
subsequently stored at —80°C. Sections of 10 um were made using
Leica 1950 cryostat and stored at —80°C. The tissue sections were
fixed in methanol at —20°C for 30 min and washed in PBS for
5 min. For immunofluorescence staining, the prepared sections
were incubated in blocking solution (3% BSA, 0.1% Triton X-100)
for 1 h at RT, following overnight incubation of primary antibody
(diluted in 1% BSA, 0.05% Triton X-100) at 4°C. The sections were
washed by 10-min incubation in PBS for 3 times and subsequently
incubated with secondary antibodies (diluted 1:500 in 1% BSA,
0.05% Triton X-100) at RT for 1 h. DNA was stained with Hoechst
33342 (0.2 g/ml, Calbiochem) diluted 1:3,000 in PBS for 10 min and
mounted with Mowiol (Calbiochem) with or without PPD (Sigma).
The following primary antibodies were used: anti-MVH (rabbit,
1:3,000, ab13840, Abcam), anti-GATA4 (rabbit, 1:400, ab84593,
Abcam), anti-PLZF (goat, 1:100, AF2944, R&D Systems), anti-SCP1
(rabbit, 1:300, ab15090, Abcam), anti-y-Tubulin (mouse, 1:500,
ab27074, Abcam), anti-PH3 (rabbit, 1:3,000, #3377, Cell Signalling
Technology), anti-PH3 (mouse, 1:100, #9706, Cell Signalling Tech-
nology), anti-E-cadherin (rabbit, 1:200, #3195, Cell Signalling Tech-
nology), anti-ODF2 (Guinea pig, 1:500, a gift from Pereira lab;
Kuhns et al, 2013), anti-Ninein-L79 (rabbit, 1:600, a gift from M.
Bornens Lab), anti-C-Nap1 (rabbit, 1:250, 14498-1-AP, Proteintech),
and anti-C-CASP3 (rabbit, 1:250, #9579, Cell Signalling). The follow-
ing secondary antibodies were used: donkey-anti-rabbit IgG (H + L)
conjugated to Alexa Fluor 488 or Alexa Fluor 647 (A31573/A21206,
Life Technologies), donkey-anti-mouse IgG (H + L) conjugated to
Alexa Fluor 488 (A21202, Life Technologies), goat-anti-mouse IgG
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(H + L) conjugated to Alexa Fluor 405 (A31553, Life Technologies),
goat-anti-guinea pig IgG (H + L) conjugated to Alexa Fluor 488
(A11073, Life Technologies), and donkey-anti-goat IgG (H + L) con-
jugated to Alexa Fluor 555 (A21432, Life Technologies).

Spindle orientation analysis

Mouse testis were dissected and processed according to (see “Immu-
nofluorescence on tissue sections”). The sections were labeled with
anti-PH3, anti-y-Tubulin, anti-PLZF to visualize the mitotic chromo-
somes, centrosomes, and germ stem cells, respectively (see “Immu-
nofluorescence on tissue sections”). Z-stack images were acquired
with Leica TCS SP5 confocal microscope with the top and lower
panel spanning the top and bottom of the cell and 1 um interval
between each stack. The images were imported in Fiji for analysis.
Z-stacks were displayed as 2D maximum projections. The spermato-
gonia in metaphase or anaphase were used to determine the cell
spindle axis, for which a line was drawn bisecting the two centro-
somes (Fig 5 A and B, Appendix Fig S6A and B). The basement
membrane plane was determined by drawing a line parallel to the
basement membrane on the point where the basement membrane
and spermatogonium contacted (Fig 5SA and B, Appendix Fig S6A
and B). The spindle angle @ was calculated between the cell spindle
axis and the basement membrane plane (Fig 5A and B, Appendix
Fig S6A and B).

Asymmetric centrosome position analysis

Mouse testis was dissected and processed according to “Immuno-
fluorescence on tissue sections”. The sections were labeled with
anti-PH3 for mitotic chromosomes, anti-PLZF for germ stem cells,
anti-ODF2, and anti-Ninein for centrosomes (see Immunofluores-
cence on tissue sections). Z-stack images were acquired with Leica
TCS SP5 confocal microscope, with the top and lower panel span-
ning the top and bottom of the cell and 1-um interval between each
stack. The images were imported in Fiji for analysis. Fluorescence
intensity quantifications were obtained from sum projections of Z-
stacks. The intensity of ODF2 and NIN in a mitotic spermatogo-
nium was measure, and the intensity ratio R between the two cen-
trosomes was calculated as centrosome closer to the basement
membrane/centrosome further from the basement membrane
(Figs 7C-E and EV5B-D). A threshold of 15% difference was
drawn. Given the ratio is smaller than 85%, the mother centro-
some was considered to be preferentially placed close to the base-
ment membrane. Given the ratio is larger than 115%, the daughter
centrosome was considered to be preferentially placed close to the
basement membrane.

Cultured cell treatments and immunofluorescence

Mouse embryonic fibroblast cells were cultured in DMEM supple-
mented with 10% FBS, 2 mM vL-glutamine and 1% penicillin-
streptomycin in 37°C environment with 5% CO,. The cultured
MEFs were used immediately within passage 0-2 for analysis. The
cells were seeded on a coverslip. Microtubule depolymerization
was performed using nocodazole at 5 pM for 1 h. For immunofluo-
rescence, the cells were fixed at —20°C for 10 min. The samples
were incubated in blocking solution (3% BSA, 0.1% Triton X-100)
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for 1 h at RT, following overnight incubation of primary antibody
(diluted in 1% BSA, 0.05% Triton X-100) at 4°C. The coverslips
were washed by 10-min incubation in PBS for 3 times and subse-
quently incubated with secondary antibodies (diluted 1:500 in 1%
BSA, 0.05% Triton X-100) at RT for 1 h. DNA was stained with
Hoechst 33342 (0.2 g/ml, Calbiochem) diluted 1:3,000 in PBS for
5 min and mounted with Mowiol (Calbiochem) with or without
PPD (Sigma). The following primary antibodies were used: anti-C-
Napl (rabbit, 1:500, 14498-1-AP, Proteintech), and anti-y-Tubulin
(mouse, 1:500, ab27074, Abcam). The following secondary anti-
bodies were used: donkey-anti-rabbit 1gG (H + L) conjugated to
Alexa Fluor 555 (A32794, Life Technologies) and donkey-anti-
mouse IgG (H + L) conjugated to Alexa Fluor 488 (A21202, Life
Technologies).

Microscopy

Immunofluorescence images were acquired on Leica TCS SP5 con-
focal microscope, using x40 and x63 objectives and LAS AF SP5
software (Figs 10, 2G, 3C, 4B, 5A and B, 6A-D, 7A and D, EV2C
and G, EV3A, C and E, EV4B, EVSA, Appendix Fig S1L, S3G and
H, S4A, S5A and B, S6A and B) or on Olympus Xcellence micro-
scope IX81, using 10x and 20x objectives and Olympus Xcellence
software (Figs 1M, 2D, 3A, EVIF, I and J, Appendix Fig S3G and
H). Bright-field images were acquired on Olympus BX60 micro-
scope using x10 and =20 objectives and ImageJ software (Fig 11-K
and Appendix Fig S1A-H) or stereoscope OLYMPUS SZX7 using
0.8x%, 1x, 2x, 3.2%, and 5% objectives (Figs 1C and F, 2A, EV2A,
Appendix Fig S1J and S3A-D). The images were imported in Fiji
for analysis. Z-stacks were displayed as 2D maximum projections.
For fluorescence intensity measurement (Figs 7D, EV4D and E,
and EV5A), intensity profiles were obtained from sum projections
of Z-stacks.

Immunoblotting

Proteins were separated on 6% SDS-PAGE gel and transferred to a
PVDF membrane using a Bio-Rad Mini-Transblot Electrophoretic
Transfer System. Membranes were blocked with 5% milk in TBST
and probed with primary antibodies C-Nap1 (rabbit, 1:300, 14498-1-
AP, Proteintech), Lamin Bl (rabbit, 1:1,000, ab16048 Abcam)
diluted in 3% BSA in TBST. The membrane was subsequently
blocked with HRP-conjugated secondary antibodies, anti-rabbit IgG
(H + L) (donkey, 1:3,000, 711-035-152, Jackson) diluted in 5% milk
TBST at RT for 1 h.

PCR-based genotyping

Mouse biopsies were digested by 4 h incubation with 1 mg/ml Pro-
teinase K (Sigma) in lysis butter (100 mM Tris—Cl, 0.2% SDS,
200 mM NaCl and 5 mM EDTA, pH 8.5), followed by 10-min inacti-
vation at 95°C and 2:15 dilution in deionized water. The samples are
directly used as PCR templates. The primers used are indicated as
below, CEP250-Flox Fwd: GCAGGAGGACGTGGAAAAAC, CEP250-
Flox Rv: AACCCAGCAAAGGTTCAGG, CEP250 del Fwd: CAAGGCG
CATAACGATACCAC, CEP250 del Rv: GAGAGCCCGAGCCATGA
TAA, CMV-Cre Fwd: GAACCTGATGGACATGTTCAGG, MV-Cre Rv:
AGTGCGTTCGAACGCTAGAGCCTGT.
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Statistics

For mouse experiments, n represents the number of independent bio-
logical replicates. A minimum of three biological replicates was
performed. Power calculation was done to determine the size of ani-
mals according to method described in (Charan & Kantharia, 2013).
Complied data are expressed as + SEM. For statistical comparison
between two conditions with representative or averaged values of each
biological replicate, the unpaired Student’s ¢ test was applied (Figs 1B,
D,G,H,Land O, 2C, SE and F, 6C, E and G, 7B and E, EV2B, E and F,
EV3B, D and F, EV4C; Appendix Fig S1K and M, S2A and B, S3E and |,
S4B; Appendix Fig S6E and F). For statistical comparison between two
conditions with individual values of each measured parameters for all
biological replicates, the Mann-Whitney test was applied (Figs 2E, F, H
and I; 3B and E-H; 4C-E, EV1G and H, EV2D, EV4A, and Appendix Fig
S4C). The level of significance was indicated as follows: n.s., not sig-
nificant, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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