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The Cby3/ciBAR1 complex positions the annulus
along the sperm flagellum during spermiogenesis

Mohammed Hoque'?@®, Feng-Qian Li*’®, William David Weber*®, Jun Jie Chen™?@®, Eunice N. Kim*?@®, Pao-Lin Kuo*®, Pablo E. Visconti*®, and

Ken-Ichi Takemaru»2@®

Proper compartmentalization of the sperm flagellum is essential for fertility. The annulus is a septin-based ring that
demarcates the midpiece (MP) and the principal piece (PP). It is assembled at the flagellar base, migrates caudally, and halts
upon arriving at the PP. However, the mechanisms governing annulus positioning remain unknown. We report that a Chibby3
(Cby3)/Cbyl-interacting BAR domain-containing 1 (ciBAR1) complex is required for this process. Ablation of either gene in
mice results in male fertility defects, caused by kinked sperm flagella with the annulus mispositioned in the PP. Cby3 and
ciBAR1 interact and colocalize to the annulus near the curved membrane invagination at the flagellar pocket. In the absence
of Cby3, periannular membranes appear to be deformed, allowing the annulus to migrate over the fibrous sheath into the PP.
Collectively, our results suggest that the Cby3/ciBAR1 complex regulates local membrane properties to position the annulus at

the MP/PP junction.

Introduction
The establishment of proper cellular compartments is vital for
fundamental biological processes in eukaryotic cells, permitting
the intricate spatial organization of functional components and
well-coordinated control of cellular activities. The sperm fla-
gellum, a modified motile cilium with a 9 + 2 microtubule
structure, is essential for sperm motility (Griswold, 2016; Teves
and Roldan, 2022). It is structurally divided into three com-
partments: the mitochondrial sheath-containing midpiece (MP),
the fibrous sheath-containing principal piece (PP), and the end
piece (EP), with no accessory structures. At the junction of MP
and PP, the annulus, a septin-based ring structure, plays a key
role in the compartmentalization of the sperm tail (Lehti and
Sironen, 2017; Pereira and Sousa, 2023). There, the annulus has
been shown to act as a structural support as well as a membrane
diffusion barrier (Kwitny et al., 2010). Mutations in septins and
missing annuli have been reported in infertile men (Dirami
et al., 2015; Kuo et al,, 2012; Lhuillier et al., 2009; Sugino
et al., 2008; Wang et al., 2022) and mice (Thara et al., 2005;
Kissel et al., 2005; Shen et al., 2017), highlighting the importance
of the annulus in male fertility.

Spermiogenesis is a complex biological process during which
post-meiotic round spermatids differentiate into elongated
spermatozoa (Griswold, 2016; Lehti and Sironen, 2017; Teves and

Roldan, 2022). Mouse spermiogenesis takes ~14 d and is divided
into 16 different steps (Oakberg, 1956). The annulus starts to
form at around step 9 (S9) at the flagellar base in close contact
with the flagellar membrane (Avidor-Reiss et al., 2017; Fawcett
et al., 1970; Guan et al., 2009; Lehti and Sironen, 2017). At S15,
the annulus is fully mature and physically migrates caudally
along the flagellum to its destination at the proximal end of the
PP (~20 pm in mice). The annulus is an electron-dense,
membrane-bound organelle, comprised of septins (SEPTs) 2, 4, 6,
7, and 12 (Kissel et al., 2005; Kuo et al., 2012, 2015; Shen et al.,
2017; Steels et al., 2007; Toure et al., 2011). Septins are highly
conserved GTP-binding proteins that form hetero-oligomers,
assembling into fibrous ring structures (Kuo et al., 2015; Weirich
et al., 2008). Previous studies demonstrated that mice harboring
mutations in either SEPT4 or SEPT12 show severe male fertility
defects due to abnormal sperm morphology with loss of the
annulus and poor motility (Thara et al., 2005; Kissel et al., 2005;
Shen et al., 2017). However, little is known about the molecular
components and the underlying mechanisms for assembly, mi-
gration, and precise positioning of the annulus.

Cilia and flagella are ubiquitous, microtubule-based pro-
trusions that play crucial roles in various important cellular
processes. Genetic defects in their function are associated with
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pleiotropic disorders termed ciliopathies including male infer-
tility (Derderian et al., 2023; Mill et al., 2023; Wallmeier et al.,
2020). Cilia are nucleated from mother centriole-derived basal
bodies at the cell surface. Anchoring of basal bodies to the
plasma membrane is mediated by fibrous connections termed
distal appendages (Kumar and Reiter, 2021; Zhao et al., 2023).
These are ninefold symmetric, pinwheel-like structures, radi-
ating from the distal end of basal bodies, that contain several
core components including CEP164 and CEP83 (also known as
CCDC41; Bowler et al., 2019; Yang et al., 2018; Zhao et al., 2023).
However, the molecular basis underlying basal body attachment
to the membrane remains to be elucidated.

We previously reported that the 14.5-kD coiled-coil protein
Chibbyl (Cbyl) localizes to the ciliary base and plays a critical
role in the formation and function of cilia (Burke et al., 2014;
Steere et al., 2012; Voronina et al., 2009). Germline Cbyl~/~ mice
display several hallmarks of ciliary defects, including chronic
upper airway infection (Love et al., 2010), polycystic kidneys
(Lee et al.,, 2014), and exocrine pancreatic insufficiency (Cyge
et al,, 2021), as well as hydrocephalus and polydactyly at low
frequency. Cbyl forms a complex with the Cbyl-interacting BAR
domain-containing 1 and 2 (ciBARI and 2; previously known as
FAMO92A and B; Li et al,, 2016). Bin/Amphiphysin/Rvs (BAR)
domain-containing proteins are known to dimerize and form
crescent-shaped structures to sculpt and maintain membrane
curvatures, and participate in key membrane-associated events
such as organelle biogenesis, vesicle trafficking, cell division,
and cell polarity (Simunovic et al., 2019; Suetsugu et al., 2014).
The Cbyl/ciBAR complex is recruited to basal bodies through
interactions of Cbyl with the distal appendage protein CEP164
(Burke et al., 2014; Siller et al., 2017). In mature cilia, Cbyl is
detected at the distal end of the distal appendages as a ring in
close association with ciliary membranes (Burke et al., 2014),
suggesting that the Cbyl/ciBAR complex binds to lipid mem-
branes and may play a role in local membrane dynamics. Cbyl
and ciBARI are mutated in human ciliopathies, Joubert syndrome
and polydactyly, respectively (Epting et al., 2020; Schrauwen
et al., 2019). However, the exact role of the Cbyl/ciBAR1 com-
plex in ciliogenesis remains to be elucidated.

In addition to Cbyl, there are two other Cby family members,
Cby2 (also known as SPERT and Nurit; Feige et al., 2002) and
Cby3. Cby2 and Cby3 share 26% and 35% identity to Cbyl, re-
spectively. However, their biological roles in mammalian de-
velopment are unknown. In this study, we show that Cby3 is
exclusively expressed in the testis and localizes to the annulus in
differentiating spermatids. Like Cbyl, Cby3 forms a complex
with ciBAR], and ciBAR1 also localizes to the annulus. We show
that mice lacking Cby3 or ciBAR1 exhibit severe male fertility
defects with sharply bent sperm tails, reminiscent of sperm
devoid of annuli. Remarkably, the annulus is present in Cby3-/
and ciBARI™/~ sperm but misplaced caudally into the PP, indi-
cating that the Cby3/ciBARI complex is indispensable for the
precise stoppage of the annulus at the MP/PP junction along the
sperm flagellum. Furthermore, using ultrastructure expansion
microscopy (U-ExM), we demonstrate that Cby3 and ciBARI1
colocalize in close proximity to the curved proximal membranes
of the flagellar pocket, a membrane invagination at the base of
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flagella. Interestingly, in Cby3~/~ sperm, periannular membranes
appear to be deformed probably due to decreased membrane
stiffness, allowing the annulus to migrate past the MP/PP
junction into the PP. Collectively, our findings imply that the
membrane-binding Cby3/ciBAR] complex is necessary for the
precise positioning of the annulus at the MP/PP junction likely
via regulation of local membrane rigidity, thereby contributing
to proper compartmentalization of the sperm flagellum.

Results

Cby3 is exclusively expressed in the testis and localizes to the
annulus during spermiogenesis

Mouse Cby3 is a 16-kD protein composed of 140 amino acids with
a C-terminal coiled-coil domain (Fig. S1 A). Mouse Cby3 shows
35% identity and 57% similarity to mouse Cbyl. Cby3 is con-
served in mammals and some species of birds, reptiles, and fish
with the most distant ancestor being the coelacanth, Latimeria
chalumnae (Fig. S1 B).

To examine the expression of Chy3 mRNA, we performed a
Northern blot analysis of mouse tissues and found that Cby3 is
exclusively expressed in the testis (Fig. S2 A). Our analysis of
previous single-cell RNA sequencing data for murine sperma-
togenesis indicated that Cby3 is highly expressed in elongating
spermatids, while Cbyl is expressed in various spermatogenic
cell types (Fig. S2 B; Green et al., 2018). To understand the
physiological role of Cby3, we generated Cby3-KO first mice from
targeted embryonic stem cells created by the MRC-Harwell In-
stitute (Fig. S3 B). Since this mouse line carries a lacZ reporter in
the Cby3 gene locus, we performed X-gal staining of testis sec-
tions from heterozygous Cby3 KO-first mice and found that Cby3
expression peaks in elongating spermatids during mid- to late
spermiogenesis (Fig. S2 C).

To study the subcellular localization of Cby3, we performed
immunofluorescence (IF) staining of adult testis sections (Fig. 1).
Consistent with its localization in ciliogenesis (Burke et al., 2014;
Steere et al., 2012), Cbyl was detectable at the base of flagella
from spermiogenesis S2-3 to around S10 (Fig. 1 A). In marked
contrast, Cby3 was apparent at the flagellar base around S9 to
S14 and in the middle portion of the flagellum at S15 but was
undetectable at S16 (Fig. 1 B). This localization pattern is remi-
niscent of the annulus that demarcates the midpiece (MP) and
principal piece (PP) of the sperm flagellum (Kuo et al., 2015;
Kwitny et al., 2010; Shen et al., 2017; Toure et al., 2011). The
annulus initially assembles at the flagellar base around S9,
continues to mature until S14, and then physically migrates cau-
dally along the flagellum to the MP/PP junction at S15. IF staining
of adult testis sections for Cby3 and the annulus marker SEPT4
revealed that Cby3 colocalizes with SEPT4 at the flagellar base and
the MP/PP junction (Fig. 1 C). Structured illumination microscopy
(SIM) imaging of testis sections immunostained for Cby3 and the
fibrous sheath marker AKAP3 further confirmed the annulus lo-
calization of Cby3 (Fig. 1 D). Next, we performed triple IF staining
of adult testis sections for Cby3, SEPT4, and the centriolar marker
y-tubulin (G-tub) and imaged by SIM (Fig. 1 E). SEPT4-positive
annuli were clearly visible at the base of flagella, and Cby3 showed
smaller ring-like structures within the annulus. The Cby3/SEPT4
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Localization of Cbyl and Cby3 during spermiogenesis. (A) Adult testis paraffin sections were immunostained for Cby1 (arrowheads) and A-tub.
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(B) Adult testis paraffin sections were immunostained for Cby3 (arrowheads) and A-tub. (C) Adult testis paraffin sections were immunostained for Cby3
(arrowheads) and SEPT4. (D) Adult testis frozen sections were immunostained for Cby3 and AKAP3. (E) Adult testis frozen sections were immunostained for
Cby3, SEPT4, and G-tub. Note that G-tub prominently localizes to the proximal centriolar adjunct, which nucleates an aster of microtubules (Manandhar et al,,
1998). (F) P30 testis frozen sections were immunostained for Cby1, Cby3, and CEP164. White arrowheads denote distal appendages. (G) Adult testis frozen
sections were immunostained for Cby3, G-tub, and CEP164. The status of G-tub-positive centriolar structures is noted on the left. Yellow arrowheads indicate
disintegrating G-tub-positive structures in the process of centrosome reduction. White arrowheads point to the base of flagella. (H) Model for Cby3 locali-
zation. Spermatogenic staging was assessed based on PNA lectin labeling of acrosomes and nuclear morphology. Mito, mitochondria; FS, fibrous sheath; DAP,
distal appendage. (1) WT and SEPT4~/~ adult testis paraffin sections were immunostained for Cby3, CEP164, and G-tub or Cby3, SEPT4, and AKAP3. Nuclei were

detected with DAPI. Scale bars for A-C and G, 5 and 1 um (insets); D, 1 um; E and F, 10 and 1 pm (enlarged images or insets); |, 10 and 2 um (insets).

ring was consistently observed slightly distally to the G-tub-pos-
itive domain on the distal centriole.

To elucidate the temporally regulated localization patterns of
Cbyl and Cby3 during spermiogenesis, we performed IF staining
of testis sections at postnatal day (P) 30 when the annulus is still
at the base of the flagellum during the synchronized first wave
of spermatogenesis (Fig. 1 F; Bellvé et al., 1977; Ernst et al., 2019).
Triple IF staining for Cbyl, Cby3, and the distal appendage
marker CEP164 demonstrated that Cbyl is present at the distal
appendages of basal bodies in early round spermatids until
around S10 (top panels). We found that there is a narrow time
window when both Cbyl and Cby3 coexist (middle panels). In
later steps, only Cby3 was observed at the base of flagella (bot-
tom panels). During late spermiogenesis, centrioles, especially
the distal centrioles, undergo extensive remodeling and degen-
eration through a process known as centrosome reduction
(Avidor-Reiss et al., 2015; Manandhar and Schatten, 2000;
Manandhar et al., 1998). G-tub-positive centriolar structures
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progressively disintegrate and are undetectable in late-stage
testicular sperm (Manandhar et al., 1998). We noticed that
CEP164 is clearly detectable when G-tub-positive structures are
degenerated but disappears at S15 when Cby3 relocates to the
MP/PP junction (Fig. 1 G). This suggests that the initiation of
annulus migration may be coupled with centrosome reduction
and loss of distal appendages. In sum, these results indicate that
Cbyl is present at the flagellar base in round spermatids until
around S10, and then Cby3 appears around the time when the
annulus starts to assemble at S9 (Fig. 1 H). At S15, Cby3 co-
migrates with the annulus to the MP/PP junction. Once annu-
lus migration is complete, Cby3 is no longer detectable at S1e6.
To explore the role of the annulus in the initial recruitment of
Cby3 and its subsequent migration to the MP/PP junction, we
performed IF staining of adult SEPT4~/~ testis sections lacking
the annulus (Kissel et al.,, 2005) along with wild-type (WT)
controls (Fig. 11). Triple IF staining of Cby3, CEP164, and G-tub
revealed no significant changes in Cby3 localization in SEPT4~/~
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spermatids at the flagellar base (Fig. 11, left). In contrast, triple
IF staining of Cby3, SEPT4, and AKAP3 showed that Cby3 is
undetectable at the MP/PP junction in SEPT4/~ spermatids
(Fig. 11, right). Taken together, these results indicate that Cby3
is recruited to the distal region of basal bodies but unable to
relocate to the MP/PP junction in the absence of the annulus.

Loss of Cby3 in mice results in male infertility with kinked
sperm tail morphology

To explore the role of Cby3 in male fertility, we generated
germline Cby3~/~ mice by mating Cby3-KO first mice with Zp3-Cre
transgenic mice, which express Cre recombinase specifically in
oocytes (Fig. S3 B; Lewandoski et al., 1997). This results in the
excision of exon 2, which contains the entire Cby3-coding se-
quence (Fig. S3, A and B). PCR analyses verified the correct gen-
otypes (Fig. S3 C) and Western blotting of testis lysates confirmed
the complete loss of Cby3 protein in Cby3~/~ samples (Fig. S3 D).

Cby3~/~ mice were born at the expected Mendelian ratios
(Table S1) and lived to adulthood without any overt phenotypic
abnormalities. To assess the biological importance of Cby3 in
spermatogenesis, we examined male fertility by mating mice
with WT females and found that Cby3~/~ males produced no
offspring (Table S2). Cby3~/~ mice exhibited slightly reduced
testis weights (Fig. 2 A and Fig. S3 E). However, no overt his-
tological abnormalities were noticeable on PAS-stained testis
sections from Cby3~/~ mice (Fig. S3 F). Defective motile cilia in
the efferent ducts have also been shown to contribute to male
infertility (Hoque et al., 2021, 2022), but no major changes were
noticeable in the IF staining for motile cilia in the efferent ducts
of Cby3~/~ mice (Fig. S3 G).

To gain insight into the cause of male infertility, we quanti-
fied the number of sperm from the cauda epididymis and found
that Cby3~/~ mice had significantly lower sperm counts in
comparison to WT mice (Fig. 2 B). Intriguingly, the vast majority
of Cby3~/~ sperm possessed sharply kinked tails (Fig. 2, C and D).
To evaluate sperm motility, we performed computer-assisted
sperm analysis (CASA) under non-capacitating (NC) and ca-
pacitating conditions (CAP). Cby3~/~ sperm showed decreased
sperm velocity under both NC and CAP conditions (Fig. 2 E) and
failed to become hyperactivated (Fig. 2 F). Upon capacitation,
HCOj;™ influx upregulates protein kinase A (PKA) phosphoryla-
tion and protein tyrosine phosphorylation in sperm (Mohanty
et al., 2023; Takei et al., 2021). Consistent with impaired hy-
peractivation, phosphorylation of both PKA substrates and
tyrosine-containing proteins was significantly diminished in
Cby3~/- sperm (Fig. 2 G and Fig. S3 H).

Mispositioning of the annulus in the PP of Cby3~/- sperm tails

The kinked tail morphology of Cby3~/~ sperm is strikingly sim-
ilar to that of sperm lacking the annulus (Thara et al., 2005;
Kissel et al., 2005; Shen et al., 2017). The annulus is an essential
cellular structure for male fertility and plays a role as a struc-
tural support as well as a membrane diffusion barrier (Kwitny
etal., 2010). Mice with loss-of-function mutations in the Sept4 or
Septl2 gene show male fertility defects due to a complete lack of
the annulus and bent sperm tail morphology (Ihara et al., 2005;
Kissel et al., 2005; Shen et al., 2017). More importantly, septin
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mutations have been reported in infertile men (Kuo et al., 2012;
Wang et al., 2022), and sperm with missing or defective annuli
have been observed in patients with asthenozoospermia (Dirami
et al., 2015; Lhuillier et al., 2009; Sugino et al., 2008).

To investigate the status of the annulus, we performed IF
staining of cauda epididymal sperm for the annulus marker
SEPT4 and the fibrous sheath marker AKAP4. Intriguingly, in
Cby3-/~ sperm, the annulus was detected but failed to stop at the
MP/PP junction and was misplaced in the PP (Fig. 3 A). Quan-
tification of annulus locations based on IF staining for SEPT4 and
AKAP4 revealed that nearly all Cby3~/~ sperm had an annulus in
the PP (Fig. 3 B). To further validate the mispositioning of the
annulus in Cby3~/~ sperm, we performed scanning and trans-
mission electron microscopy (SEM and TEM) analyses of sperm
from the cauda epididymis (Fig. 3 C). The annulus was posi-
tioned at the MP/PP junction in WT sperm but mispositioned
into the PP in Chy3~/~ sperm. Notably, we observed that the
annulus of Chy3~/~ sperm was frequently deformed or occa-
sionally missing. This implies that the annulus is unstable and
degraded or slid off the flagellum in mature Cby3~/~ sperm. In
testis lysates, however, the annulus septins 2, 4, and 12 were
present at comparable levels in WT and Cby3~/~ testes as shown
by Western blotting (Fig. 3 D). Quantitatively, in Cby3~/~ sperm,
the annulus is positioned ~2.5 um away from the MP/PP junc-
tion, whereas no major change was found in MP length (Fig. 3E).
CD147 (Basigin) is a transmembrane glycoprotein that is parti-
tioned to the MP membrane of cauda epididymal sperm, and in
SEPT4~/~ sperm lacking the annulus, CD147 distributes over the
entire flagellar membrane (Kwitny et al., 2010). Similarly, we
found that Cby3~/~ sperm exhibit a defective diffusion barrier
(Fig. 3 F). Collectively, our data suggest that Cby3 plays a role in
the precise positioning of the annulus at the MP/PP junction
during spermiogenesis as well as in the establishment and/or
maintenance of the membrane diffusion barrier either directly
or indirectly via regulation of the annulus.

ciBAR1 interacts with Cby3 and localizes to the annulus

during spermiogenesis

We previously reported that ciBAR1 and 2 interact with Cbyl,
localize to the ciliary base, and play important roles in cilio-
genesis (Li et al., 2016). This raised the possibility that Cby3
might also bind to ciBAR proteins. Our analysis of recent single-
cell RNA-sequencing datasets indicated that ciBARI is highly
expressed, whereas ciBAR2 shows no or little expression during
murine and human spermatogenesis (Fig. S2, D and E; Ernst
et al., 2019; Guo et al., 2018). To examine the localization of ci-
BARI and 2 proteins in the testis, we performed IF staining of
adult testis sections and found that ciBAR1, but not ciBAR2, was
present at the flagellar base throughout the round spermatid
steps even when Cby3 was undetectable (Fig. 4 A, S8), possibly
in a complex with Cbyl. In elongating spermatids, ciBARI colo-
calized with Cby3 at the flagellar base (Fig. 4 A, S14). Subse-
quently, ciBAR1 was observed at the annulus at the MP/PP
junction at S15 but not at S16 (Fig. 4 B). These data suggest that
ciBARI may work in a complex with Cby3 at the annulus during
spermiogenesis. To directly test the physical interaction be-
tween Cby3 and ciBAR], we performed coimmunoprecipitation
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Figure 2. Cby3~/~ males are infertile with sharply kinked sperm tails. (A) Quantification of testis weights (n = 6 mice per genotype). The average weight of
both testes is plotted. (B) Sperm counts (n = 4 mice per genotype). (C) Quantification of sperm with kinked tails (n = 5 mice per genotype). (D) Representative
DIC images of cauda epididymal sperm. Yellow arrows point to the direction of sperm movement. Scale bar, 10 um. (E and F) Sperm velocity and hyper-
activation were measured under non-capacitating (NC) and capacitating (CAP) conditions using CASA (n = 11-13 mice per genotype). (G) Quantification of
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See also Fig. S3 H. Means + SD are shown. Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001, not significant (ns).

(Co-IP) assays and observed that like Cbyl, Cby3 bound to ciBARI
(Fig. 4 C). Cbyl forms a homodimer through its C-terminal coiled-
coil domain (Mofunanya et al., 2009). Co-IP assays demonstrated
that Cby3 also interacts with itself (Fig. 4 D).

To better understand the molecular interaction between
Cby3 and ciBAR1, we employed AlphaFold2-Multimer to predict
the structure of a Cby3 dimer/ciBAR1 dimer complex using the
protein sequences of the full-length human Cby3 and the human
ciBAR1 BAR domain (aa 10-220; Jumper et al., 2021; Richard
et al., 2022 Preprint). In the top predicted model (Fig. S1 C),
the N-terminal regions of a Cby3 dimer make extensive inter-
actions with the BAR domains of a ciBAR1 dimer, similar to the
predicted structure of a Cby1/ciBAR1 complex (van Breugel et al.,
2022). We identified residues S5, T6, E18, G20, Y23, and R29 in
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both Cby3 molecules that are potentially involved in direct ci-
BARI binding via electrostatic interactions (Fig. S1 D). To validate
our structural prediction, we generated alanine substitution
mutants for S5, E18, and G20, and G40 and W42 as negative
controls. Co-IP experiments indicated the importance of S5 and
G20 in ciBARI binding (Fig. 4 E). Taken together, these findings
suggest that ciBARI interacts with Cby3 and together may act in
proper compartmentalization of the sperm flagellum.

ciBAR1~/- sperm display kinked tail morphology with
mispositioning of the annulus in the PP

Mouse ciBAR1 is a 286 aa protein that contains a membrane-
binding BAR domain (Fig. S4 A). To investigate the in vivo
function of ciBAR1 during spermatogenesis, we obtained ciBARI
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significant (ns). Source data are available for this figure: SourceData F3.

KO-first mice from the MRC-Harwell Institute (Fig. S4 B). To
generate germline ciBARI™/~ mice, ciBAR1 KO-first mice were
crossed with Zp3-Cre mice to remove exon 2, leading to a truncation
at amino acid position at 9. Genotypes were examined by PCR (Fig.
S4 C), and Western blotting demonstrated that ciBARI protein is
undetectable in the testis lysate from ciBARI"/~ mice (Fig. S4 D).

We found that ciBARI™/~ mice are born at a lower-than-ex-
pected Mendelian ratio (18%; Table S3). However, once born,
ciBARI"/~ mice survived to adulthood and appeared grossly
normal. After breeding with WT females for 2 mo, ciBARI"/
males showed subfertility with a 70% reduction in litter size
(Table S4). No obvious histological changes were observed on
the PAS-stained testis sections from ciBARI"/~ mice (Fig. S4 F).
Furthermore, we detected the abundant presence of motile cilia
in the efferent ducts of ciBARI/~ mice (Fig. S4 G).

Similar to Cby3~/~ mice (Fig. 2), ciBARI”/~ mice displayed
slightly reduced testis weights (Fig. 5 A and Fig. S4 E) and
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significantly lower sperm counts (Fig. 5 B). About 41% of sperm
from the cauda epididymis of ciBARI/~ mice had a kinked tail
morphology (Fig. 5, C and D), phenocopying Cby3~/~ sperm.
Moreover, we found that the annulus is misplaced into the PP in
ciBARI/~ sperm (Fig. 5 E). Quantification of annulus locations
showed that 65% of ciBARI™/~ sperm had the annulus in the PP
(Fig. 5 F). In addition, ciBARI"/~ sperm also displayed altered
membrane diffusion barrier function (Fig. 5 G). Thus, the ma-
jority of ciBARI/~ sperm, like Cby3~/~ sperm, fail to position the
annulus precisely at the MP/PP junction. These results raised the
interesting possibility that ciBARI collaborates with Cby3 during
annulus migration and positioning at the MP/PP junction.

Mutual dependence of Cby3 and ciBAR1 for their

annulus localization

To investigate whether Cby3 and ciBARI1 are recruited to the
annulus in a mutually dependent manner, we performed IF
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staining of adult testis sections from the knockout mice. Cby3  base of flagella prior to annulus migration in Cby3~/~ spermatids
was visible at the distal region of the distal centriole in WT  (Fig. 6 B, top). However, ciBARI was undetectable at the MP/PP
spermatids, whereas Cby3 was absent in ciBARI/~ spermatids junction in S15 Cby3~/~ spermatids (Fig. 6 B, bottom). Taken
(Fig. 6 A). In the reciprocal scenario, ciBAR1 was recruited to the  together, our results demonstrated that the annulus recruitment
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of Cby3 absolutely requires the existence of ciBARIL. In marked
contrast, ciBARI is able to localize to the annulus at the flagellar
base in the absence of Cby3, likely through interaction with Cbyl,
but fails to comigrate with the annulus to the MP/PP junction.

Cby3 and ciBAR1 form a ninefold symmetric structure at the
flagellar base

To gain insight into the molecular function of the Cby3/ciBAR1
complex in annulus positioning, we investigated their nanoscale
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Figure 6. Recruitment of Cby3 and ciBAR1 to the annulus. (A) WT and
ciBARI™/~ adult testis frozen sections were immunostained for Cby3 and
G-tub. (B) WT and Cby3~/~ adult testis frozen sections were immunostained
for ciBARI and SEPTI2. Nuclei were detected with DAPI. PC, proximal cen-
triole; DC, distal centriole. Scale bars for A and B, 5 and 1 um (insets).

localization at the annulus using ultrastructure expansion mi-
croscopy (U-ExM; Gambarotto et al., 2019). Testis sections were
isotropically expanded 3.67-fold in each dimension (Fig. S5 A),
and images were acquired by SIM. At the base of the flagellum,
Cby3 and ciBARI showed extensive colocalization both on cross-
sectional and lateral views (Fig. 7 A). Several density masses for
Cby3 and ciBARI1 were noticeable in cross-sectional ring struc-
tures. To elucidate the cellular structure to which Cby3 localizes,
we coimmunostained Cby3 and the distal appendage protein
CEP83. This CEP83 antibody has been shown to detect the outer
region of the distal appendages of basal bodies (Kanie et al., 2023
Preprint). Consistent with being a distal appendage component,
CEP83 showed a ninefold symmetrical distribution and Cby3
exhibited substantial colocalization with CEP83 (Fig. 7 A; Tables
S5 and S6). On the other hand, SEPT4-ring structures were
significantly larger and positioned anterior to the Cby3 rings
(Fig. 7 A; Tables S5 and S6).
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Figure 7. Ultrastructure expansion microscopy reveals a ring-like organization of Cby3- and ciBAR1-asociated structures at the annulus. (A and C)
Adult testis sections were expanded via U-ExM and immunostained for Cby3, ciBARL, and SEPT4, and fluorescence signals at the flagellar base or MP/PP
junction were imaged using SIM. The diameter and relative position of ring structures were quantified (n = 32 measurements per each). See also Tables S5 and
S6. (B) Adult testis sections were expanded via U-ExM and immunostained for Cby3, ciBAR1, and SEPT4. Fluorescence signals at the flagellar base were imaged
using SIM and processed by MSSR. Radial intensity profile plots and ninefold symmetrized images were generated. (D) ExM-SIM images for lateral views of
Cby3 and SEPT4 in A and C were overlayed with TEM images. (E) WT and Cby3~/~ adult testes were subjected to TEM. The annuli at the flagellar base and the
MP/PP junction are indicated by the arrowheads. Yellow arrows point to the membrane invagination of the flagellar pocket. Yellow asterisks indicate the MP/
PP junction. White asterisks denote the accumulation of submembranous electron-dense materials in the PP. Blue dashed lines represent an experimentally
measured axonemal diameter (See Fig. S5 B). Box and whisker plots represent median and minimum/maximum values. Student’s t test: ***P < 0.001, not
significant (ns). Scale bars for A-C, 272 nm; D, 1 pm and 272 nm (enlarged TEM and IF images); E, 250 nm.

To further enhance the spatial resolution of fluorescence images,  analysis revealed that Cby3 and ciBAR1 exhibit a ninefold symmetric
we took advantage of Mean-Shift Super Resolution (MSSR), which  pattern at the flagellar base, overlapping with CEP83 (Fig. 7 B).
computationally extends the axial resolution up to 1.7-fold (Torres- We also examined the localization of Cby3, ciBAR1, and
Garcfa et al.,, 2022), resulting in a near 17-nm resolution. Our MSSR ~ SEPT4 at the MP/PP junction by U-ExM (Fig. 7 C). Cby3 and
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ciBAR1 extensively colocalized at the MP/PP junction but
showed no ninefold symmetric distribution patterns. Intrigu-
ingly, like at the flagellar base, Cby3 rings were smaller than
SEPT4 rings, but both were found at a similar location on the
lateral view. Quantification showed no significant changes in the
diameter of Cby3, ciBAR1, and SEPT4 rings between the flagellar
base and the MP/PP junction (Fig. 7, A and C; Tables S5 and S6).
These findings indicate that prior to annulus migration, Cby3
and ciBAR1 localize to the distal portion of the distal appendages,
distinct from the annulus, but this ninefold symmetric organi-
zation is no longer retained at the MP/PP junction once annulus
migration occurs.

Cby3 and ciBAR1 localize near the curved membrane regions of
the flagellar pocket

Our U-ExM results above showed that the Cby3 protein posi-
tions proximally to the annulus at the flagellar base but in
parallel with the annulus at the MP/PP junction (Fig. 7, A and B).
To correlate the U-ExM data with ultrastructural features of
spermatids, we overlaid the U-ExM SIM images with TEM mi-
crographs (Fig. 7 D). These alignments revealed that Cby3 lo-
calizes to the areas of distal appendages in close proximity with
the curved membrane regions of the flagellar pocket, a deep
membrane invagination at the flagellar base. At the MP/PP
junction, it was more evident that Cby3 is concentrated near the
area where curved membranes are present.

BAR domain-containing proteins directly bind to lipid
membranes to generate and maintain local membrane curva-
tures (Simunovic et al, 2019; Suetsugu et al., 2014). We hy-
pothesized that the Cby3/ciBAR] complex binds to the curved
membrane of the flagellar pocket to regulate the accurate posi-
tioning of the annulus at the MP/PP junction. If so, loss of Cby3
may affect the morphology of flagellar pocket membranes. To
this end, we performed a TEM analysis of the testes to examine
periannular membranes. The electron-dense annulus was pre-
sent at the flagellar base in Cby3~/~ spermatids (Fig. 7 E, left,
arrowheads). At the proximal tip of the membrane invagination,
curved membrane structures were observed (Fig. 7 E, left, yel-
low arrows), and no major difference in the overall morphology
of the periannular membrane was noted in Cby3~/~ spermatids.
At the MP/PP junction of S15 WT spermatids, the annulus mi-
grated and came to rest precisely at the proximal end of the
fibrous sheath (Fig. 7 E, right, arrowheads). However, in Cby3~/~
spermatids, the periannular membrane appeared to be at least
partially extended, allowing the annulus to continue to migrate
over the fibrous sheath. These findings suggest that the Cby3/
ciBARI complex contributes to increased membrane rigidity
rather than membrane curvature, and the inner rigid membrane
enclosing the flagellar axoneme appears to be essential for the
annulus to halt upon reaching the fibrous sheath in the PP.

Discussion

To date, little is known about the molecular components and the
underlying mechanisms for the assembly, migration, and posi-
tioning of the annulus. We demonstrated that the Cby3/ciBARI1
complex plays a critical role in male fertility. Based on our
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findings, we propose a model for the migration and positioning
of the annulus at the MP/PP junction (Fig. 8). Cbyl and ciBARI
are detectable at the flagellar base in early spermiogenesis.
Around S9, when annulus assembly initiates, Cby3 is recruited
to the annulus, while Cbyl expression declines. The recruitment
of Cby3 may be achieved through distal appendages, indepen-
dent of the annulus. As the annulus matures through the con-
tinued recruitment of septins, Cby3 and ciBARI remain at the
flagellar base in a ninefold symmetric pattern in close prox-
imity to flagellar membranes. At S15, the Cby3/ciBAR] com-
plex comigrates caudally with the annulus along the flagellum
and comes to rest upon arriving at its destination. In the absence
of the other, ciBARI, but not Cby3, is recruited to the flagellar
base. In both Cby3~/~ and ciBARI"/~ sperm, the annulus fails to
stop at the MP/PP junction, contributing to their kinked tail
morphology. Since ciBARI contains a lipid-binding BAR domain,
we postulate that the Cby3/ciBAR1 complex directly binds to the
curved membranes of the flagellar pocket. Surprisingly, our re-
sults suggest that the Cby3/ciBARI complex contributes to local
membrane rigidity rather than membrane curvature. This
function is indispensable for the placement of the annulus pre-
cisely at the MP/PP junction. A limitation of this study is that it
was difficult to find the annulus migrating through the MP on
TEM sections and examine periannular membrane morphology
since annulus migration seems to occur in a short timeframe. It
is also plausible that Cby3 and ciBAR1 interact with other factors
at the PP that are required for annulus positioning.

It is puzzling that Cby3~/~ mice are infertile, whereas ciBARI/~
mice retain subfertility with a lower percentage of sperm kinked
tail morphology. Although the reason for this is not entirely
clear, one possibility is that Cby3 may have additional func-
tion(s) in sperm tail morphogenesis and male fertility, inde-
pendent of ciBARI1. Additionally, there are over 70 different BAR
domain-containing proteins in humans and mice (Carman and
Dominguez, 2018). Thus, it is also plausible that other BAR-
domain protein(s) may compensate for the loss of ciBARI in
fertility.

Intriguingly, Cbyl is expressed in early-round spermatids
and then Cby3 takes over when the annulus starts to form. In
agreement with the localization of Cbyl at the distal end of distal
appendages (Burke et al., 2014), the recruitment of Cby3 to the
flagellar base seems to occur through the distal appendages as it
shows a ring-like distribution with ninefold symmetry (Fig. 7). It
is possible that Cby3 physically interacts with CEP164 and/or
other distal appendage proteins. We reported that Cbyl pro-
motes ciBAR-mediated membrane tubule formation in cultured
mammalian cells probably via enhanced or stabilized association
with membranes (Li et al., 2016). Similarly, we envision that
Cby3 facilitates ciBARI binding to flagellar membranes. ciBAR1
belongs to the N-BAR family of the BAR domain superfamily,
which also includes F-BAR and I-BAR families (Carman and
Dominguez, 2018). N-BAR domain proteins form crescent-
shaped dimers, bind to highly curved membrane structures,
and play key roles in diverse biological processes such as en-
docytosis and cytokinesis (Simunovic et al., 2019; Suetsugu et al.,
2014). BAR domain-containing proteins typically bind to
negatively charged phospholipids such as phosphoinositides
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rigidity, allowing the annulus to migrate over the fibrous sheath into the PP. N, nucleus.

(Simunovic et al., 2019; Suetsugu et al., 2014). However, the
lipid-binding specificity of the Cby3/ciBAR1 complex is cur-
rently unknown. The lipid composition of sperm flagellar
membranes is not well understood, but PI(4,5)P, has been shown
to be enriched in ciliary membranes at the base of primary cilia
(Conduit et al., 2021; Garcia-Gonzalo et al., 2015). Therefore, it is
tempting to speculate that the Cbyl/ciBAR1 complex recognizes
PI(4,5)P,-enriched membrane regions with appropriate curva-
ture at the base of sperm flagella.

Our U-ExM SIM studies revealed that Cby3 and ciBARI lo-
calize as ring-like structures that are smaller than the annulus
(Fig. 7). Cby3 rings are located anterior to the annulus at the
flagellar base but parallel to the annulus at the MP/PP junction.
These results are consistent with our model in which the Cby3/
ciBARI1 complex localizes to the curved membrane region of the
flagellar pocket. By doing so, the Cby3/ciBAR]1 complex may
provide stability and rigidity to the periannular membrane to
prevent membrane deformation. This function is crucial for
halting annulus migration at the proximal end of the fibrous
sheath-containing PP at S15, by which time PP formation has
been completed (Irons and Clermont, 1982). In agreement with
the importance of the fibrous sheath in regulating annulus po-
sitioning, sperm from mice lacking AKAP4, a major fibrous
sheath component, show annulus mispositioning in the PP (Xu
et al.,, 2020). Our data also indicate that Cby3 and ciBARI are
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critical for membrane diffusion barrier function. At present,
how the membrane diffusion barrier is established and main-
tained in the sperm tail is poorly understood. Cby3 and ciBARI
might be directly involved in the formation of a lateral diffusion
barrier at the MP/PP junction. Alternatively, the defects in the
diffusion barrier might be caused secondarily by the deforma-
tion of the annulus.

The annulus migrates caudally ~20 pm to the MP/PP junc-
tion at some point during S15. What is the cue for the initiation
of annulus migration? During late spermiogenesis, centrioles,
especially the distal centriole, undergo extensive remodeling
and degeneration through a process known as centrosome re-
duction (Avidor-Reiss et al., 2015; Manandhar and Schatten,
2000; Manandhar et al., 1998). G-tub-positive centriolar struc-
tures progressively disintegrate and are undetectable in late-
stage testicular sperm (Manandhar et al., 1998). Although the
timeframe of centrosome reduction is not defined, our results
show a correlation between the disappearance of G-tub-positive
centriolar structures and the distal appendage protein CEP164,
and the migration of Cby3-positive annulus (Fig. 1 G). Hence, it is
possible that the initiation of annulus migration is coupled with
centrosome reduction and loss of distal appendages. Clearly,
more research is required to understand the initiation timing,
molecular motor, and velocity of annulus migration and the
potential role of the Cby3/ciBAR1 complex in these processes.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202307147

110f18


https://doi.org/10.1083/jcb.202307147

In summary, our work uncovers a novel molecular mecha-
nism governing the precise positioning of the annulus, thereby
shedding light on the proper compartmentalization of the sperm
flagellum. Although direct membrane binding remains to be
elucidated, we speculate that the Cby3/ciBAR] complex associ-
ates with the curved membranes of the flagellar pocket at the
annulus and positions the annulus at the MP/PP junction
through maintaining membrane rigidity. Since Cby3 expression
is restricted to the testis, inhibition of Cby3 functions offers a
promising drug target for male contraceptives.

Materials and methods

Mouse models and mouse handling

All mouse experiments were performed in accordance with
National Institute of Health (NIH) guidelines and approved
by the Institutional Animal Care and Use Committee (IA-
CUC) of Stony Brook University (#245427). Mice were
housed in individually ventilated cages in a maximum iso-
lation facility with free access to water and food under a
12-h light and dark cycle. A maximum of four mice were
kept in the same cage.

Mouse embryonic stem (ES) cells with validated targeting of
the Cby3 locus were purchased from the MRC-Harwell Institute.
ES cells were injected into blastocysts by the animal facility
at the Cold Spring Harbor Laboratory. Chimeric males were
crossed with female C57BL/6] mice (RRID:IMSR_JAX:000664) to
generate Cby3 KO-first mice. ciBARI KO-first mice were obtained
from the MRC Harwell Institute. Cby3 and ciBAR] KO-first mice
were crossed with C57BL/6-Tg(Zp3-cre)93Knw/] mice (RRID:
IMSR_JAX:003651) to remove the lacZ and neomycin-resistance
cassettes and create germline knockout mice. Cby3 and ciBARI
heterozygous mice were then backcrossed over eight gen-
erations onto FVB/NJ (RRID:IMSR_JAX:001800) and C57BL/6]
(RRID:IMSR_JAX:000664) backgrounds, respectively, for phe-
notypic consistency and reproducibility. Genotyping was per-
formed by PCR with genomic DNA from toe clips using the
following primers: Cby3 WT allele, 5'-GAGCATCCGGGTTTTCCT
TG-3' (P1) and 5'-AGGCTAGCTTCAAACTCCAG-3' (P2; 313 bp);
Cby3~/- allele, 5'-CATTCTAGTTGTGGTTTGTC-3' (P3) and 5'-
AGTGCTTGGATTAAAGGCGT-3' (P4; 205 bp); ciBARI WT allele,
5'-CTGAAGGAGGATGCTTGGTGTTCCC-3' (P1) and 5'-GAAGGG
CAACATTCCCAACTCTTCC-3' (P2; 650 bp); and ciBARI™/- allele,
5'-GCTACCATTACCAGTTGGTCTGGTGTC-3' (P3) and 5'-TGG
TCACTCAAAGCAAACACACAGC-3' (P4; 586 bp).

Quantification of sperm

Cauda epididymal sperm were prepared and counted as previ-
ously described (Hoque et al., 2021). Briefly, one cauda epidid-
ymis was dissected from 2- to 4-mo-old mice, cut four to five
times in a 35-mm dish with 1 ml PBS, pH 7.4, and incubated at
37°C for 30 min. The sperm were collected and counted on a
hemocytometer with appropriate dilutions.

Northern blotting
A mouse polyA* RNA Northern blot was purchased from Or-
igene Technologies. The blot was hybridized with mouse full-
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length Cby3 cDNA probes labeled with 32P by random priming
and then exposed to x-ray films.

X-gal staining of testis

Testes were harvested from control or Cby3 KO-first heterozy-
gous mice, embedded in Tissue-Tek optimal cutting temperature
(OCT) compound (Sakura Finetek), and snap-frozen in 2-
methylburane prechilled in liquid nitrogen. 5-um-thick sections
were cut using a Leica CM1950 cryostat, fixed with 2% para-
formaldehyde (PFA), and 0.25% glutaraldehyde in PBS for 10 min
at 4°C, and washed twice with wash buffer (0.01% sodium de-
oxycholate, 2 mM MgCl,, and 0.02% NP-40 in PBS) for 10 min
each. Subsequently, sections were incubated with wash buffer
containing 1 mg/ml X-gal, 5 mM KzFe(CN)¢, and 5 mM K,Fe(CN)¢
for 24 h at room temperature in the dark. Specimens were then
washed twice with wash buffer for 10 min each, counterstained
with nuclear fast red, and mounted with Permount (Thermo
Fisher Scientific).

Histological staining

Testes were dissected from mice, fixed in 4% PFA or Bouin's
solution (Ricca Chemical) overnight at 4°C, and embedded in
paraffin blocks. Then, 5-pum sections were cut using a Leica
RM2125 microtome and stained with either hematoxylin and
eosin (H&E; Poly Scientific R&D Corp.) or periodic Acid-Schiff
Kit (PAS; Sigma-Aldrich) and mounted with Permount.

Immunofluorescence staining

Paraffin tissue sections were deparaffinized and processed for
antigen retrieval by autoclaving for 17.5 min in a citrate-based
antigen unmasking solution (Vector Laboratories). Tissues were
then extracted with 0.5% Triton X-100 in PBS for 5 min or 0.5%
SDS in PBS for 10 min. Cauda sperm were fixed in 4% PFA
overnight at 4°C, carefully spread on glass slides, and extracted
with 0.5% Triton X-100 in PBS for 5 min. Samples were blocked
with 5% goat serum in antibody dilution buffer (2% BSA in PBS)
for 1 h at room temperature. Primary antibodies, listed in Table
S7, were diluted in antibody dilution buffer and applied to
samples, followed by incubation overnight at 4°C. Samples were
then washed three times with PBS for 5 min each and secondary
antibodies in antibody dilution buffer were applied for 1 h at
room temperature. After extensive washing with PBS, DAPI was
applied for 5 min at room temperature, and the specimens were
mounted with Fluoromount-G (Southern Biotech). Cbyl was
detected using the Alexa Fluor 488 Tyramide SuperBoost Kit
(Thermo Fisher Scientific), according to the manufacturer’s
instructions.

For frozen sections, testes were embedded in OCT, snap-
frozen in 2-methylburane prechilled in liquid nitrogen, and
cut into 10-pm-thick sections using a Leica CM1950 cryostat.
The sections were rehydrated with PBS and then fixed with
100% acetone for 10 min at -20°C. Subsequent immunostaining
procedures were performed as described above.

Image acquisition and analysis
Histology images of testes and DIC images of sperm were ac-
quired on a Leica DMI6000B microscope with either a 20x/0.50
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NA, 40x/0.75 NA, or 63x/1.25 NA oil objective equipped with a
Leica DFC7000T camera. Fluorescent images were acquired on
a Leica SP8X with an HCPL APO 100x/1.4 NA oil objective or a
Zeiss LSM 980 with Airyscan 2 in AiryScan mode with Plan-
Apochromat 63x/1.40 NA Oil DIC f/ELYRA or 100x/1.4 NA 0Oil
DIC objectives. For structured illumination microscopy (SIM)
imaging, specimens were analyzed by using a Nikon SIM
(N-SIM) instrument with a 100x/1.49 NA objective. The Zeiss
LSM 980 was equipped with T-PMT, MA-PMT, GaAsP-PMT, and
Airyscan 2 multiplex with 4Y and 8Y. The N-SIM instrument
was equipped with an Andor iXon3 897 electron-multiplying
charge-coupled device (EMCCD) camera (Andor Technology).

All images were processed with the Leica Application Suite X,
Zeiss Zen Blue, or the Nikon NIS-Elements image analysis
software and then further processed with Image], Adobe Pho-
toshop, and Adobe Illustrator.

Generation and purification of Cby3 antibody

An antigen-purified guinea pig anti-Cby3 antibody was gener-
ated at Thermo Fisher Scientific against His-tagged full-length
mouse Cby3. The antigen was expressed and purified from E. coli
under denaturing conditions (8 M urea) using Ni-NTA His « Bind
Resin (Millipore Sigma). Subsequently, the antigen was dialyzed
against 10 mM sodium acetate buffer pH 5.0 containing 2 M urea.

Transmission electron microscopy (TEM) of testis and

sperm samples

TEM was performed as previously described (Hoque et al., 2021;
Siller et al., 2017). Briefly, adult testes or cauda epididymal
sperm were isolated and immersion-fixed in 2% PFA and 2%
glutaraldehyde in PBS overnight at 4°C. Seminiferous tubules
were isolated and cut into about 1-mm? pieces. Samples were
washed with PBS, placed in 2% osmium tetroxide in PBS, de-
hydrated in a graded series of ethanol, and embedded in Embed
812 resin (Electron Microscopy Sciences). Ultrathin sections
were cut at 80 nm using a Leica EM UC7 ultramicrotome and
placed on Formvar-coated slot copper grids. Sections were then
counterstained with uranyl acetate and lead citrate and viewed
with a FEI Tecnail2 BioTwinG? electron microscope. Digital
images were acquired with an XR-60 CCD digital camera system
(Advanced Microscopy Techniques).

Scanning electron microscopy (SEM) of cauda

epididymal sperm

SEM was conducted as described (Korneev et al., 2021). Briefly,
sperm were isolated from the cauda epididymis as above, diluted
1:10 in 100 mM sodium cacodylate, spun down, and fixed in 3.5%
glutaraldehyde in 100 mM sodium cacodylate for 15 min at room
temperature. Sperm were then deposited on a glass coverslip,
washed three times in 100 mM sodium cacodylate, and dehy-
drated in a series of graded ethanol solutions (50%, 70%, 90%,
and 100% twice) for 20 min each. The coverslips were subjected
to chemical drying using a graded series of hexamethyldisila-
zane (HDMS; Electron Microscopy Sciences) and ethanol (1:2, 1:1,
2:1, and 100% HDMS twice) for 10 min each and allowed to dry
overnight at room temperature. The coverslips were then
mounted on a metal SEM stub, coated with a 5-nm-thick carbon
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layer, and viewed with a Zeiss Crossbeam 340 focused ion beam-
scanning electron microscope with an InLens Duo detection
system.

AlphaFold2-multimer prediction of the Cby3/ciBAR1 complex
The predicted structures of the Cby3/ciBAR] were obtained by
submitting the full-length human Cby3 sequence (UniProt ID:
A6NI87) and the BAR-domain (aa 10-220) of human ciBARI
(UniProt ID: A1XBS5) to the AlphaFold2-Multimer server (https://
colab.research.google.com/github/deepmind/alphafold/blob/
main/notebooks/AlphaFold.ipynb) in a 2:2 ratio. Cross-chain
hydrogen bonds critical for Cby3 and ciBARI interactions were
identified using the Find polar contacts function in PyMol.

Ultrastructure expansion microscopy (U-ExM) of

testis sections

U-ExM was performed as previously described with mod-
ifications (Gambarotto et al., 2019). In brief, mice were anes-
thetized with either isoflurane or a cocktail of ketamine and
xylazine and perfused with 4% PFA and 20% acrylamide in PBS.
Testes were isolated and postfixed in 4% PFA and 20% acryl-
amide in PBS overnight at 4°C. Testes were then cryoprotected
in 30% sucrose in PBS overnight at 4°C, embedded in OCT
compound, and snap-frozen in 2-methylburane prechilled in
liquid nitrogen. Next, 10-um-thick sections were cut on a Leica
CM1950 cryostat and collected on glass coverslips. The speci-
mens were further fixed in 4% PFA and 20% acrylamide in PBS
for 3-4 h at 37°C and incubated in monomer solution (19% so-
dium acrylate, 10% acrylamide, and 0.1% bis-acrylamide in PBS)
overnight at 4°C. Cover glasses containing tissue sections were
inverted onto cold gelling solution (monomer solution with 0.5%
TEMED and 0.5% APS, with APS added last) for 5 min on ice and
then 90 min at 37°C.

After gelation, a 4-mm biopsy punch (Integra Miltex) was
used to excise regions of interest, and punches were incubated
in denaturation buffer (200 mM SDS, 200 mM NaCl, and 50 mM
Tris in water, pH 6.8) in 1.5-ml tubes for 10 min at 65°C and then
for 90 min at 95°C. Samples were then pre-expanded three times
in water for 30 min at room temperature. Next, samples were
washed with PBS three times for 10 min each and blocked with
5% goat serum in antibody dilution buffer (2% BSA in PBS) in a
24-well dish for 1 h at room temperature with gentle rocking.
Samples were washed with PBS three times for 10 min each and
incubated with primary antibodies in antibody dilution buffer
overnight at 4°C. Samples were washed with PBS containing
0.05% Tween-20 three times for 30 min each at room temper-
ature and incubated with secondary antibodies in antibody di-
lution buffer containing 0.05% DAPI overnight.

For full expansion, samples were incubated in water four
times for 15 min each at room temperature and then overnight
with gentle rocking. To properly orient the expanded samples,
they were transferred to Delta T Culture Dishes with glass bot-
tom (Thermo Fisher Scientific) and mounted under a Leica
DMI6000B epifluorescence microscope. For SIM imaging, the
samples were transferred to a poly-L-lysine-coated Delta T
Culture Dishes, and a small drop of water (~50 wl) was added to
the samples to prevent shrinkage.
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To determine the expansion factor of samples, several tes-
ticular sperm annuli were imaged by TEM, and the peak-to-peak
(P2P) average width of the annulus was quantified and com-
pared with the P2P average width of SEPT4-positive structures
in expanded samples.

ExM data processing

For Fig. 7, A and C, N-SIM reconstructed images were imported
into Fiji. To determine the diameter of individual ring struc-
tures, the line profile tool was used with a line width of 10 pixels.
A line was drawn across a region of interest (ROI), and a fluo-
rescence intensity plot profile was generated. The P2P width
was then recorded and corrected by the expansion factor. At
least 10 images were measured, with each containing at least
three ring structures for each protein, and the average diameter
was calculated. To analyze the distance between Cby3 rings and
those of ciBAR1, CEP83, and SEPT4, only clear lateral views of
the ring structures were selected. Reconstructed N-SIM images
were imported into Fiji, and a two-color composite image was
generated. Profile plots with a line width of 10 pixels were then
drawn across ROIs. The positions of the lines were then added to
the ROI manager for each channel, and multiplot profiles were
generated. The P2P distance between Cby3 peaks and those of
ciBAR1, CEP83, and SEPT4 was recorded and corrected by the
expansion factor. At least 12 different images were quantified
with each containing at least three structures of interest.

For Fig. 7 B, images with apparent ninefold symmetric fluo-
rescent signals of Cby3, CEP83, and ciBARI1 were processed with
the mean-shift super-resolution (MSSR) plugin on Fiji with the
following parameters: AMP = 1, order = 1, and PSF computa-
tionally derived (Torres-Garcia et al., 2022). After applying
MSSR, a circle was drawn around the ROIs and the polar-
transformed plugin was used to create a linearized readout of
the image. A fluorescence intensity plot profile was then gen-
erated. For two-color images, each channel was linearized in-
dividually, a composite image was created, and a multiplot
profile was generated. For symmetrization, MSSR-processed
images were duplicated eight times and each duplicate was ro-
tated in 40° intervals. The nine total images were then concat-
enated and a mean intensity z-stack was generated.

Alignment of TEM/U-ExM images

Representative TEM and U-ExM images with average annulus
width were selected and scaled using scale bars. These images
were then aligned in Adobe Illustrator using the centroid of the
annulus signal as a reference point. Overlay images were then
generated by setting the fluorescent image opacity to 40% and
placing it on top of the TEM image. For easier visualization, cel-
lular features were traced and rendered using Adobe Illustrator.

Sperm collection and motility assays

Both cauda epididymides were dissected from 2- to 4-mo-old
mice, placed in 1 ml of modified Toyoda-Yokoyama-Hoshi
(m-TYH) media, incubated for 10 min at 37°C for swim-out, and
the cauda epididymides were discarded. The m-TYH medium is
a non-capacitating (NC) medium and contains 119.37 mM NaCl,
478 mM KCl, 119 mM KH, PO,, 119 mM MgSO,, 5.56 mM
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glucose, 1.71 mM CaCl,, 20 mM HEPES, 0.51 mM Na-pyruvate,
10 pg/ml gentamicin, and 0.0006% phenol red, pH 7.3 (Tourzani
etal., 2018). For the capacitating (CAP) medium, the NC medium
was supplemented with 15 mM NaHCO; and 5 mg/ml BSA, pH
7.2-7.4. Both media were equilibrated in a humidified atmos-
phere of 5% CO, at 37°C.

For sperm motility and hyperactivation measurements, after
1-h incubation in NC or CAP media in 5% CO, at 37°C, sperm
suspensions were loaded onto 80-pm-depth chamber slides
(Leja slides; Spectrum Technologies), placed on a microscope
stage at 37°C, and imaged with a 4x dark-field objective (Olympus)
on an Axio Lab.Al microscope (Zeiss). 90-frame videos were re-
corded at 60 Hz and analyzed using computer-assisted sperm
analysis (CASA; CEROS II; Hamilton Throne Research) as de-
scribed previously (Sdnchez-Cérdenas et al., 2018). The settings
for cell recognition included a minimum cell size of four pixels,
static head size of 0.13-2.43, static head intensity of 0.10-1.52, and
static head elongation of 5-100. Sperm with curvilinear velocity
(VCL) > 271.00 pm/s, linearity <50.00%, and amplitude of lateral
head >3.50 pm were considered hyperactive. At least 5 micros-
copy fields corresponding to a minimum of 200 spermatozoa were
analyzed for each treatment in each experiment. Data were pre-
sented as the percentage of hyperactive sperm out of the motile
population.

Western blotting of sperm lysates for phospho-PKA
substrates and tyrosine phosphorylation

After 1-h incubation in NC or CAP media at 37°C, sperm (1 x 106)
were collected by centrifugation at 12,100 x g for 5 min, washed
twice with PBS, resuspended in Laemmli SDS samples buffer
without B-mercaptoethanol, boiled for 5 min, and centrifuged at
12,100 x g for 5 min. Supernatants were supplemented with 5%
B-mercaptoethanol and boiled for an additional 5 min. Protein
extracts were analyzed by 8% SDS-PAGE and electrotransferred
to PVDF membranes (Bio-Rad). Membranes were blocked with
10% fat-free milk in Tris-buffered saline (TBS) containing 0.1%
Tween 20 (TBST) for 1 h at room temperature and probed with
phospho-PKA substrate antibody (1:10,000, 9624, clone 100G7,
RRID:AB_331817; Cell Signaling Technology) in TBST containing
1% BSA overnight at 4°C. Membranes were washed with TBST
six times for 10 min each and incubated with HRP-conjugated
anti-rabbit secondary antibody (1:10,000; Jackson Immuno-
Research Laboratories) in TBST for 1 h at room temperature.
Following six washes in TBST for 10 min each, an enhanced
chemiluminescence detection kit (ECL Prime; GE Healthcare)
was used for the detection of protein bands on x-ray films. After
immunoblotting of phospho-PKA substrates, membranes were
stripped in TBST supplemented with 0.7% B-mercaptoethanol
for 20 min at 60°C with agitation and then washed with TBST
six times for 10 min each. Membranes were blocked with TBST
containing 20% fish gelatin (G7765; Sigma-Aldrich) for 1 h at
room temperature, probed with anti-pY antibody (1:10,000, 05-
321, clone 4G10, RRID:AB_309678; Millipore) overnight at 4°C,
and incubated with HRP-conjugated anti-mouse secondary an-
tibody (1:10,000; Jackson ImmunoResearch Laboratories) in
TBST for 1 h at room temperature, followed by detection as
above. Membranes were stripped again and probed with anti-
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o-tubulin antibody (2144S, RRID:AB_221058; Cell Signaling) as a
loading control. Image analysis was performed using Image]J. In
all cases, results were divided by the a-tubulin intensity to ac-
count for small differences in loading. Ratios were then nor-
malized to the WT CAP value for each respective replicate.
Therefore, the value of each ratio of the WT CAP is 1 and the
other ratios were normalized to that WT CAP value. The images
shown are representative of experiments repeated three times
(n = 5) using three different animals.

Mammalian expression constructs

An expression construct for Flag-Cbyl and HA-ciBAR1 was
generated on CMV promoter-driven pCD-betaG-FLAG and
pCS2+ backbones, respectively, as described previously (Li et al.,
2016; Takemaru et al, 2003). A full-length human Cby3
plasmid was purchased from the DNASU Plasmid Repository
(HsCD00865569). For the generation of Flag- and HA-tagged
Cby3 plasmids, a Cby3 cDNA insert was amplified by PCR and
subcloned into pCD-betaG-Flag and pCS2+HA, respectively.
Primers for generating both Flag- and HA-Cby3 plasmids were
5'-TCAGGAATTCAATGCCCTCCCTGTCCACCTT-3' and 5'-TCA
GCTCGAGTCACTGCGAGTCCAGAGCGC-3'. To generate the ex-
pression plasmids for Flag-tagged Cby3 point mutants, cDNAs
encoding individual Cby3 mutants were created by PCR-based
mutagenesis and subcloned into pCD-betaG-Flag. A primer for
creating Cby3 S5A mutation was 5'-TCAGGAATTCCATGCCCT
CCCTGGCCACCTTCTACCTGCTGG-3'; primers for Cby3 E18A
mutation were 5'-ACAACACGCGCCAGGCCGCGCTGGGCCTCG
CCTACGG-3' and 5-CCGTAGGCGAGGCCCAGCGCGGCCTGG
CGCGTGTTGT-3'; primers for Cby3 G20A mutation were 5'-
CGCGCCAGGCCGAGCTGGCCCTCGCCTACGGCGCGCC-3' and
5'-GGCGCGCCGTAGGCGAGGGCCAGCTCGGCCTGGCGCG-5';
primers for Cby3 G40A mutation were 5- CCTTCGTGTTCC
GCGGCGCGCGGTGGACCACTGAGAG-3' and 5'-CTCTCAGTG
GTCCACCGCGCGCCGCGGAACACGAAGG-3'; primers for Cby3
W42A mutation were 5-TGTTCCGCGGCGGGCGGGCGACCA
CTGAGAGCCAGCT-3' and 5'- AGCTGGCTCTCAGTGGTCGCC
CGCCCGCCGCGGAACA-3'. The coding regions of all con-
structs were validated by DNA sequencing.

Cell culture, transfection, and coimmunoprecipitation assays

HEK293T cells were obtained from ATCC (CRL-3216) and
maintained in DMEM with 10% FBS and 100 U/ml penicillin-
streptomycin. Transfections were performed using Lipofectamine
3000 (Thermo Fisher Scientific). Co-IP and immunoblotting were
performed as previously described (Li et al., 2010, 2016). Briefly,
transfected HEK293T cells were collected and lysed in ice-cold
lysis buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1.5 mM
MgCl,, 1 mM EGTA, 1% Triton X-100, and 10% glycerol) with
protease inhibitor cocktail (Roche) and incubated for 20 min on
ice with intermittent agitation, followed by sonication. Cell lysates
were cleared by centrifugation at 12,000 rpm for 10 min at 4°C.
The supernatants were then incubated with 2 pg of primary an-
tibody for 3 h overnight at 4°C, followed by the addition of 20 pl of
a mixture of protein A and G beads (Sigma-Aldrich) and rotation
for 3 h at 4°C. The beads were collected and washed three times
with 1 ml of ice-cold lysis buffer for 10 min each before SDS-PAGE.
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The primary antibodies used were mouse Flag M2 (1:1,000, F3165,
RRID:AB_259529; Sigma-Aldrich) and rat HA (1:500, 11867423001,
clone 3F10, RRID:AB_390918; Roche) antibodies. HRP-conjugated
secondary antibodies were purchased from Jackson Immuno-
Research Laboratories. Protein bands were visualized using chem-
iluminescence (SuperSignal West Pico PLUS Chemiluminescent
Substrate; Pierce) with x-ray films, and the developed films were
then scanned.

Western blot analysis of testis lysates

Testis samples were harvested from adult WT, Cby3~/-, and
ciBARI™/~ mice. Testis lysates were prepared by homogenization
at 4°C in RIPA buffer (50 mM Tris-HC, pH 8.0, 150 mM NaCl,
5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
SDS) and supplemented with protease inhibitor cocktail
(Roche). Protein concentration was determined using the Bio-
Rad DC protein assay and 20 pg of protein per lane was loaded
onto a SDS PAGE and subjected to Western blotting. The primary
antibodies used were rabbit Cby3 (1:500; a gift from Pro-
teintech), rabbit ciBARI1 (1:500, 26013-1-AP, RRID:AB_2879735;
Proteintech), and mouse GAPDH (1:10,000, H86504M; Biodesign
International) antibodies. HRP-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch Laboratories.
Protein bands were visualized using chemiluminescence (Su-
perSignal West Pico PLUS Chemiluminescent Substrate; Pierce)
with x-ray films, and the developed films were then scanned.

Quantification and statistical analysis

Two-tailed Student’s t tests were used to determine statistical
significance, and P < 0.05 was considered to be significant. As-
terisks were used to indicate P values as follows: *P < 0.05; **P <
0.01; *P < 0.001; and ns, not significant.

Online supplemental material

This manuscript is accompanied by five supplemental figures.
Fig. S1 shows multiple sequence alignments of Cby3 proteins. It
also contains AlphaFold2-Miltimer prediction of the Cby3/ci-
BAR1 complex related to Fig. 4 E. Fig. S2 shows expression of
Cbyl, Cby3, ciBARI, and ciBAR2 in the testis. Fig. S3 shows the
generation and initial characterization of Cby3~/~ mice. It also
includes Western blots of sperm lysates using phospho-PKA
substrate antibody and phospho-tyrosine antibody, related to
Fig. 2 D. Fig. S4 shows the generation and initial characterization
of ciBARI™/~ mice. Fig. S5 shows the calculation of the expansion
factor, related to Fig. 7. Table S1 shows Mendelian ratios of
Cby3~/~ mice. Table S2 shows the fertility of Cby3~/~ male mice.
Table S3 shows Mendelian ratios of ciBARI™/~ mice. Table S4
shows the fertility of ciBARI/~ male mice. Table S5 contains
measurements of diameters and distances from Cby3 at the
flagellar base by U-ExM. Table S6 contains measurements of
diameters and distances from Cby3 at the MP/PP junction by
U-ExM. Table S7 contains a list of primary antibodies used for
immunofluorescence staining.

Data availability
The data are shown in the published article and additional data
files are available upon reasonable request.
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Figure S1. Multiple sequence alignment of Cby3 proteins and AlphaFold2-Multimer prediction of the Cby3/ciBAR1 complex. (A) Alignment of mouse
Cby3 and Cby1 proteins. (B) Evolutionary conservation of Cby3 protein. Multiple sequence alignments were performed using TreeView. Accession numbers for
Cby3 proteins: Mus musculus, NP_083967.1; Homo sapiens, NP_001157916.1; Eptesicus fuscus, XP_008156917.2; Globicephala melas, XP_030700670.1; Apteryx
mantelli, XP_013808933.1; Alligator mississippiensis, XP_006263599.1; Chrysemys picta, XP_005295910.1; Gekko japonicus, XP_015281930.1; Pogona vitticeps, XP_
020638417.1; Thamnophis sirtalis, XP_013908651.1; Microcaecilia unicolor, XP_030066943.1; and Latimeria chalumnae, XP_005995419. Eight classes of amino
acids are shown in different colors. (C) Ribbon diagram of the AlphaFold2-Multimer-predicted structure of a complex of human Cby3 and the BAR domain of
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human ciBAR1 (aa 10-220). The N-terminal regions of the Cby3 dimer make contact with the BAR domains of ciBAR1 dimer. ciBAR1 is depicted in black, and

different domains of Cby3 are shown in different colors as indicated. (D) The interaction interface between the N-terminal regions of Cby3 dimer and the BAR
domains of ciBAR1 dimer with each molecule color-coded. The structure is rotated as indicated, and a detailed view of the boxed region in the middle panel is

shown in the right panel. Selected side chains are shown as sticks. The dotted yellow lines represent hydrogen bonds.
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Figure S2. Cby3 is highly expressed in elongating spermatids, while ciBAR1, but not ciBAR2, is expressed in the testis. (A) Northern blot analysis of
mouse Cby3. 2 pg of polyA+ RNA was loaded in each lane. (B) RNA levels of Cbyl and Cby3 during murine spermatogenesis. The single-cell RNA sequencing
datasets were retrieved from Green et al. (2018). GC, germ cell; SPG, spermatogonia; Prelept, preleptotene; SCytes, spermatocytes; STids, round spermatids;
ES, elongated spermatids. (C) X-gal staining of adult testis sections from a negative control WT mouse or a mouse heterozygous for the Cby3 KO-first allele that
contains a lacZ reporter. Tissues were counterstained with nuclear fast red. Scale bar, 10 um. (D) RNA levels of ciBARL and ciBAR2 during murine sperma-
togenesis. The single-cell RNA sequencing datasets were retrieved from Green et al. (2018). GC, germ cell; SPG, spermatogonia; Prelept, preleptotene; SCytes,
spermatocytes; STids, round spermatids; ES, elongated spermatids. (E) RNA levels of ciBARL and ciBAR2 in the cell clusters of the adult human testis. The
single-cell RNA sequencing datasets were obtained from UCSC Cell Browser (https://cells.ucsc.edu/) (Guo et al., 2018). Source data are available for this figure:
SourceData FS2.
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Figure S3. Generation and initial characterization of Cby3~/~ mice. (A) Schematic of Cby3 protein structure. (B) Generation of Cby3~~ mice. (C) PCR
genotyping of Cby3 mice. The locations of genotyping primers for WT (P1 and P2, 313 bp) and KO (P3 and P4, 205 bp) alleles are indicated by arrows in B.
(D) Testis lysates prepared from adult mice were processed for Western blotting using Cby3 antibody. GAPDH was used as a loading control. (E) Representative
adult testis images. (F) Representative images of PAS staining of adult testis sections. (G) Paraffin sections of male efferent ducts were immunostained for
A-tub. Nuclei were detected with DAPI. (H) Representative Western blot images of sperm lysates using phospho-PKA substrate antibody (left) and phospho-
tyrosine antibody (right) under non-capacitating (NC) and capacitating (CAP) conditions (n = 11-13 mice per genotype). a-Tubulin was used as a loading control.
Regions of interest used for quantification are indicated by a vertical bar on the right of Western blots. Scale bars for E, 5 mm; F, 100 um; and G, 50 pum. Source

data are available for this figure: SourceData FS3.
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Figure S4. Generation and initial characterization of ciBAR1~/~ mice. (A) Schematic of ciBAR1 protein structure. (B) Generation of ciBARI~/~ mice. (C) PCR
genotyping of ciBAR1 mice. The locations of genotyping primers for WT (P1 and P2, 650 bp) and KO (P3 and P4, 586 bp) alleles are indicated by arrows in B.
(D) Testis lysates prepared from adult mice were processed for Western blotting using antibodies against ciBAR1 and loading control GAPDH. (E) Repre-
sentative adult testis images. (F) Representative images of PAS staining of adult testis sections. (G) Paraffin sections of male efferent ducts were immunostained
for A-tub. Nuclei were detected with DAPI. Scale bars for E, 5 mm; F, 100 um; and G, 50 um. Source data are available for this figure: SourceData FS4.
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Figure S5. Calculation of expansion factor. (A) Quantification of annulus diameters using various imaging modalities. The annulus was detected with SEPT4
antibody for SIM and ExM (n = 32-40 for SIM and U-ExM, n = 8 for TEM, n = 10 for SEM). The fold expansion was calculated by dividing the average annulus

diameter value of U-ExM (2063 nm) by that of SIM, SEM, and TEM (561 nm). (B) Axoneme diameters were determined based on TEM of WT testes (n = 12). The
axoneme width is used in Fig. 7, A and C.

Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, and Table S7. Table S1 shows Cby3~/~ mice are born at
predicted Mendelian ratios. Table S2 shows the fertility test of Cby3~/~ male mice. Table S3 shows ciBARI~/~ mice are born at a
lower-than-expected Mendelian ratio. Table S4 shows the fertility test of ciBAR1~/~ male mice. Table S5 shows the diameters and
distances from Cby3 at the flagellar base as measured by U-ExM. Table S6 shows the diameters and distances from Cby3 at the MP/
PP junction as measured by U-ExM. Table S7 shows antibodies used for immunofluorescence staining used in this study.

Hoque et al.

Journal of Cell Biology S5
Roles of Cby3 and ciBAR1 in male fertility

https://doi.org/10.1083/jcb.202307147


https://doi.org/10.1083/jcb.202307147

	The Cby3/ciBAR1 complex positions the annulus along the sperm flagellum during spermiogenesis
	Introduction
	Results
	Cby3 is exclusively expressed in the testis and localizes to the annulus during spermiogenesis
	Loss of Cby3 in mice results in male infertility with kinked sperm tail morphology
	Mispositioning of the annulus in the PP of Cby3−/− sperm tails
	ciBAR1 interacts with Cby3 and localizes to the annulus during spermiogenesis
	ciBAR1−/− sperm display kinked tail morphology with mispositioning of the annulus in the PP
	Mutual dependence of Cby3 and ciBAR1 for their annulus localization
	Cby3 and ciBAR1 form a ninefold symmetric structure at the flagellar base
	Cby3 and ciBAR1 localize near the curved membrane regions of the flagellar pocket

	Discussion
	Materials and methods
	Mouse models and mouse handling
	Quantification of sperm
	Northern blotting
	X
	Histological staining
	Immunofluorescence staining
	Image acquisition and analysis
	Generation and purification of Cby3 antibody
	Transmission electron microscopy (TEM) of testis and sperm samples
	Scanning electron microscopy (SEM) of cauda epididymal sperm
	AlphaFold2
	Ultrastructure expansion microscopy (U
	ExM data processing
	Alignment of TEM/U
	Sperm collection and motility assays
	Western blotting of sperm lysates for phospho
	Mammalian expression constructs
	Cell culture, transfection, and coimmunoprecipitation assays
	Western blot analysis of testis lysates
	Quantification and statistical analysis
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material
	Outline placeholder
	Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, and Table S7. Table S1 shows Cby3−/− mice a ...




