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Genetic mutation of Cep76 results in male infertility due to
abnormal sperm tail composition

Brendan J Houston'®, D Jo Merriner', G Gemma Stathatos', Joseph H Nguyen', Anne E O’Connor’, Alexandra M Lopes??,
Donald F Conrad®, Mark Baker>®, Jessica EM Dunleavy', Moira K O'Bryan'®

The transition zone is a specialised gate at the base of cilia/
flagella, which separates the ciliary compartment from the cy-
toplasm and strictly regulates protein entry. We identified a
potential new regulator of the male germ cell transition zone,
CEP76. We demonstrated that CEP76 was involved in the selective
entry and incorporation of key proteins required for sperm
function and fertility into the ciliary compartment and ultimately
the sperm tail. In the mutant, sperm tails were shorter and im-
motile as a consequence of deficits in essential sperm motility
proteins including DNAH2 and AKAP4, which accumulated at the
sperm neck in the mutant. Severe annulus, fibrous sheath, and
outer dense fibre abnormalities were also detected in sperm
lacking CEP76. Finally, we identified that CEP76 dictates annulus
positioning and structure. This study suggests CEP76 as a male
germ cell transition zone protein and adds further evidence to the
hypothesis that the spermatid transition zone and annulus are
part of the same functional structure.
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Introduction

Cilia and their organelle cousins, flagella, play essential roles in
many cell types. Notably, a single modified motile cilium (a fla-
gellum) projects from male gametes and is essential for fertility in
sexually reproducing animals (1). In eukaryotic cilia, the transition
zone (TZ), also known as the ciliary gate, has emerged as an es-
sential mediator of cilium development through its role in con-
trolling protein entry into the ciliary compartment within which
cilia/flagella develop (2, 3, 4). The TZ develops immediately distal to
the mature centriole, from which the core of the cilia, the axoneme,
develops. The TZ allows for the selective transport of proteins into
the cilium/flagellum and thus the establishment and maintenance
of a unique ciliary microenvironment (5, 6). In somatic cells, the TZ is

largely composed of sheets of Y-shaped structures that attach at
one side to the developing axoneme, at a single point, and at the
other side dock to the plasma membrane, at two points (7, 8).
Although TZ composition, including Y-shaped linkers, is poorly
understood, several genes that when mutated result in ciliopathies
have been identified as core members of the TZ (9, 10, 11, 12). To
enact protein and vesicle transport across the TZ and along the
developing axoneme, cilia/flagella use a bidirectional transport
process of intraflagellar transport with the aid of the Bardet-Biedl
syndrome complex (13, 14). The Bardet-Biedl syndrome is a protein
complex of at least eight proteins that plays essential roles in
facilitating cargo entry into, and exit from, the ciliary compartment.
In addition, the distal appendages of the centriole (known as
transition fibres) play an essential role in protein trafficking into the
ciliary compartment by acting as docking sites for cargoes before
their entry through the TZ (15).

The sperm tail is a modified motile cilium, and although it is
assumed that the formation of the TZ and core of the axoneme will
be similar to that which occurs in somatic cells, this is largely
untested. Current models of the TZ are largely informed by data
from primary cilia, or the flagella of lower order species such as
Chlamydomonas (16). There are, however, several studies high-
lighting a functional TZ in Drosophila spermatids (17, 18) and
emerging evidence to suggest differences in TZ structure, com-
position, and transport machinery exist to meet the demands of
different cilium/flagellum subtypes (reviewed in reference 19). As
mammalian sperm contain accessory structures not seen in so-
matic cells, for example, it is reasonable to predict that the male
germ cell TZ is modified to selectively recruit fibrous sheath and
outer dense fibre proteins into the ciliary lobe.

As with all motile cilia/flagella, sperm tail motility is dictated by
the function of the axoneme—a 9 + 2 microtubule-based structure
that runs the length of the tail (20, 21). The sperm tail is composed
of two major sections: the midpiece, which houses the mito-
chondria; and the principal piece, wherein glycolytic enzymes are
anchored to a structure called the fibrous sheath (22, 23, 24, 25).
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Both the midpiece and principal piece compartments also contain
outer dense fibres—which are circumferential to the axoneme
microtubules and act to protect the sperm tail from shearing forces
(26, 27). In the principal piece, the longitudinal columns of the fi-
brous sheath replace the outer dense fibres 3 and 8 and are linked
by circumferential ribs (28, 29). The outer dense fibres and fibrous
sheath are formed within the ciliary compartment, and as such,
their component proteins must transit through the TZ (26). Although
this may suggest the requirement for additional factors to aid in the
selective transport of sperm-specific proteins via the TZ into the
ciliary compartment, no such proteins of this function have been
identified.

In addition, towards the end of sperm tail development, the
annulus, a septin-based ring that is thought to be attached to, or
physically a part of the TZ, migrates distally along the sperm tail to
define the junction of what will ultimately become the midpiece
and principal pieces of the sperm tail (30, 31). The annulus is
thought to be a diffusion barrier between the subcompartments of
the tail, and its loss is often associated with a sharp bending at the
midpiece-principal piece junction, poor sperm motility, and ulti-
mately male infertility (30, 32). At a similar time to annulus mi-
gration, but by a seemingly independent process (30, 33, 34), the
membrane attached to the basal body is pulled distally to the
annulus, thus exposing a portion of the axoneme (surrounded by
the outer dense fibres) to the cytoplasm. This process allows cy-
toplasmic mitochondria to be loaded onto the sperm tail to form
the mitochondrial sheath of the midpiece (26, 35).

Despite our descriptive understanding of a number of these
processes, the mechanisms of sperm tail development are still
largely unknown. It is currently unclear how sperm-specific proteins,
including components of the accessory structures, are selectively
transported via the TZ into the ciliary compartment. In working to
address this, we identified the previously unexplored centriole gene
CEP76 as being essential for male fertility in men as highlighted by a
missense mutation in an infertile man with azoospermia (Fig S1A and
D [36, 37]). CEP76 has been suggested to play a role in centriole
duplication in somatic cell lines through interaction with the cen-
triole protein CP110 (38, 39), but nothing was known about its role in
male fertility. CEP76 expression is testis-enriched (40), and CEP76 has
been localised to centrioles in human spermatozoa and somatic cells
(39, 41). CEP76 has two putative functional domains (Fig S1): a C2
domain that is predicted to function in ciliary membrane targeting,
and a transglutaminase domain that is predicted to interact with
tubulins in the axoneme or the TZ (42). It is hypothesised, based on a
large TZ protein comparative study, that these domains cooperate to
play a role in the Y-shaped linker function (42) and likely TZ function.
Thus, we aimed to define the role CEP76 plays in male fertility.

Within this study, we identify CEP76 as an essential male fertility
gene, with a role in TZ function and the selective entry of key motility
proteins into the developing flagellum. Cep76 mutant males were
sterile and produced sperm with a variety of structural defects and the
abnormal accumulation of key proteins at the sperm neck, consistent
with an inability to pass through the TZ during the process of tail
development. Consequently, the formation of the mitochondrial
sheath was significantly impaired. Collectively, these data suggest
CEP76 is the first known protein predicted to play a germ cell-specific
role in regulating TZ function, and thus male fertility, in mammals.

CEP76 is required for male fertility Houston et al.

Results
Cep76 is a spermatid-enriched mRNA

Consistent with its putative role in male fertility, human CEP76 and
mouse Cep76 are most prominently expressed in the testis (Fig S2A
and B). To define which germ cell types Cep76 is expressed in, we
used single-cell RNA-sequencing data for mouse testes. This
revealed that Cep76 expression is considerably elevated in step 6-9
spermatids (Fig S2C), at the time when the core of the sperm tail is
formed. We tested multiple antibodies to investigate CEP76
localisation in male germ cells but found all were non-specific
(data not shown). All antibodies reacted with antigens in mutant
tissue and at the incorrect size, suggesting they bound non-
specifically.

Cep76 is required for male fertility in mice

To directly test the hypothesis that CEP76 is required for sperm tail
development and thus male fertility, we generated a mutant mouse
model using the CRISPR/Cas9 technology. We removed exon 3 of
the mouse gene (Fig S1E), which resulted in a premature stop codon
in exon 4 of Cep76 of the full-length protein-coding transcript
(ENSMUST00000097542.3). This transcript encodes a protein of
identical length (659 AAs, predicted molecular mass of 74.3 kD) and
97.7% identity (Fig S1B) to the human CEP76 principal isoform. In
addition, sequence comparison revealed that the amino acid af-
fected in the infertile man is a highly conserved residue from men
to zebrafish (Fig S1B and C). We note that Cep76 is predicted to
encode a second transcript that generates a smaller protein (54 kD)
that only contains the complete TGL domain. This transcript is
predicted to be unaffected by the genetic modification because of
the presence of an alternative start codon in exon 5. The complete
removal of exon 3 from all mRNA was confirmed via qRT-PCR (Fig
STF). Primers targeting mRNA downstream of the deletion revealed
a highly significant reduction in mRNA in the mutant to 22% of wild-
type levels. This residual mRNA may correspond to the expression
of the second transcript. No functional protein was, however,
predicted to be expressed.

Although mutant males were free of overt systemic disease and
displayed normal mating behaviour, they were sterile (Fig 1A).
Mutant females were fertile (not shown). Body, testis, and epi-
didymis weights (Fig 1B-D) of Cep76 mutant males were equivalent
to wild-type males. Although the daily sperm production of Cep76
mutant males was similar to wild-type counterparts (Fig 1E), the
number of sperm within their epididymides was reduced to ~35% of
wild-type levels (Fig 1F; P < 0.0001). The reduced sperm number in
the Cep76 mutant epididymis, in the absence of a reduction in testis
weight and daily sperm production, was due at least in part to
spermiation failure, as evidenced histologically in stage IX tubules,
wherein sperm were retained within the seminiferous epithelium
(Fig 1)). Sperm were not observed in wild-type tubules at a com-
parable stage (Fig 11). Other processes, including the selective
removal of abnormal sperm from the epididymides of mutant
males, may also have contributed to the reduced sperm output.
With the exception of spermiation failure, spermatogenesis
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appeared normal at a light microscopic level in Cep76 mutants (Fig
1H) and was comparable to wild type (Fig 1G). Similarly, epididymal
histology was comparable between genotypes (Fig 1K and L).

CEP76 is required for normal sperm morphology and motility

Analysis of sperm morphology via light microscopy revealed overt
defects in sperm from mutant males (Fig 2A). Total sperm tail length,
principal piece length, and midpiece length (measured by mito-
chondrial sheath staining) of sperm from Cep76 mutant males were
significantly shorter (by 15%, 16%, and 25%, respectively) than those
from wild-type males (Fig 2B and C; all P < 0.0001), suggesting a
fundamental role of CEP76 in tail assembly within the sperm ciliary
compartment and mitochondrial loading. In agreement with the

CEP76 is required for male fertility Houston et al.

Epididymal sperm content (x10')

120+ Figure 1. CEP76 is essential for male fertility.
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defects in sperm morphology, computer-assisted sperm analysis
revealed a striking reduction in the percentage of sperm from
mutants displaying any form of motility (Fig 2D; 6% in mutant versus
80% in wild type, P < 0.0001) and the virtual absence of forward,
progressively motile sperm in comparison with wild-type males (Fig
2E; 0.4% in mutant versus 42.4% in wild type, P < 0.0001). The small
population of sperm from Cep76 mutant males that were classified
as motile were seen to be simply twitching on the spot.

In addition, we measured the distance of annulus migration from
the base of the sperm head, where SEPT4 staining was used to mark
the annulus (Fig 2F-H). Measurements revealed a significantly
shorter distance between the annulus and the nucleus in sperm
from Cep76 mutant males relative to wild type (18.6 um in mutant
versus 22.6 um in wild type; P < 0.0001). In addition, the portion of
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Figure 2. CEP76 is required for normal sperm morphology, motility, and tail length.
(A) Wild-type versus Cep76 mutant data for (A) sperm morphology, (B) total sperm tail length (n = 5), (C) sperm principal piece (left) and midpiece (right) length (n = 5),
(D, E) total and (E) progressive sperm motility (both n > 5), (F) incidence of SEPT4 staining in sperm, (G) sperm annulus staining (SEPT4; n 2 3) (scale bar = 2 ym), and

(H) sperm annulus migration distance (n 2 3). **P < 0.01, ****P < 0.0007.

sperm with SEPT4-positive staining (Fig 2F) was significantly re-
duced in the absence of CEP76 (60% in mutant versus 84% in wild
type, P =0.019). Of note in some sperm from Cep76 mutants, we also
identified ectopic SEPT4 staining at the sperm neck, suggestive of TZ
localisation (Fig 2G). In the same sperm, SEPT4 was also still ob-
served at the annulus. This was never seen in wild-type sperm and
suggests CEP76 is required for both annulus formation and mi-
gration. It likely also suggests that the annulus is fragmented in
sperm from Cep76 mutants.

Light microscopy also revealed defects in sperm head shape (Fig
S3A) in at least 40% of sperm from knockouts compared with 5% in wild
type (P < 0.0001). We also observed a significant increase in sperm with
abnormal acrosomes from Cep76 mutant males (35% in mutant versus
3% in wild type, Fig S3D; P = 0.0002). In addition, we analysed sperm
head morphology using nuclear shape analysis software. This revealed
a significantly lower proportion of the mutant population classified as
normal (Cluster 1), although there were significant increases in sperm
with slightly (Cluster 2) and largely (Cluster 4) abnormal head shapes
(compared with wild type). This analysis revealed that ~70% of sperm
heads from Cep76 mutant males had abnormal nuclear morphology

CEP76 is required for male fertility Houston et al.

(Fig S3E; P = 0.0002). In addition, there was a twofold increase in sperm
decapitation in samples from mutant males, indicating that CEP76
plays a role in establishing patency of the head-tail coupling appa-
ratus (HTCA) (Fig S3C; P = 0.0002).

Collectively, these results reveal CEP76 is required for the pro-
duction and release of normal numbers of functional sperm. Shorter
sperm tails and annulus defects suggest CEP76 plays a role in TZ
function. Defects in nuclear morphology and a weakened HTCA are
supportive of a role of CEP76 in manchette function and/or acrosome
formation and in the fortification of the neck region (a derivative of
the basal body) in late spermiogenesis. It is, however, currently
unclear as to how CEP76 would achieve this role. At a functional level,
sperm from Cep76 mutant males are unable to reach the site of
fertilisation because of highly impaired sperm motility.

CEP76 is required for normal sperm flagella and
HTCA ultrastructure

To define the origins of the motility and structural defects, we

investigated sperm ultrastructure using transmission electron
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Figure 3. CEP76 is required for accessory
structure assembly and normal axoneme
ultrastructure.

(A, B,C,D,EFG,H,IJ, K, L) Wild-type sperm are
shown in panels (A, D, G, J); sperm from Cep76
mutants are shown in panels (B, C, E, F, H, I, K, L).
Top row (A, B, C)—sperm midpiece cross-sections
highlighted a broadly normal axoneme in both
genotypes, with evidence of mitochondrial and
membrane aggregation in mutant sperm. Second
row (D, E, F)—sperm principal piece cross-
sections highlighted the absence of some
microtubule doublets and outer dense fibres
(arrow, (E)), and the displacement of some
microtubule doublets (black and white arrows,
(F)) in mutant cells. Third row (G, H, I)—midpiece
longitudinal sections highlighted abnormal
mitochondrial morphology (arrows, (H)) and
aggregation (arrow, (1)) in mutant cells. Fourth row
(J, K, L—longitudinal sections of the
midpiece-principal piece boundary revealed
abnormal annulus formation (arrows point to
predicted annulus structures, (K, L)) and the
consequential mixing of mitochondria and
fibrous sheath structures in mutant cells (K).
Bottom row (M, N, 0)—no major differences
were apparent in the transition zone and early
axoneme development in early elongating
spermatids between genotypes. MP, midpiece;
PP, principal piece; An, annulus; FS, fibrous
sheath; Mito, mitochondria. Scale bars = 200 nm,
except for (M, N) where scale bars = 2 um, and
(0) where the scale bar = 500 nm.
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Figure 4. Annulus, mitochondrial sheath, and fibrous sheath formation are impaired in the absence of CEP76.

(A, B, C) Scanning electron microscopy on wild-type (A) and mutant (B, C) membrane-stripped sperm revealed defects in accessory structures in mutant sperm. MP,
midpiece; An, annulus; FS, fibrous sheath. Sperm nuclei are overlaid in purple, mitochondria in red, annuli in yellow, and fibrous sheath in blue. (D, E, F) High-power images of
the midpiece-principal piece boundary (D, E, F) revealed an abnormal annulus region in mutant sperm and the core axoneme being exposed (arrows). (G, H, 1) Wild-type
mitochondria were helically arranged with normal morphology (G), whereas mitochondria were poorly arranged (H) or aggregated (1) in mutant cells. (J) In addition, the slits
present in wild-type sperm fibrous sheath ((J), arrows) were missing in mutant cells. (C, K, L) Fibrous sheath deposition was highly abnormal in the absence of CEP76 (C, K, L),
and circumferential ribs appeared to be unanchored in mutant cells. Scale bars =1 um. (M, N, O, P) These defects were quantified (M, N, O, P) using the following: (M) annulus
normality assessment, (N) prevalence of exposed outer dense fibres, (0) mitochondrial sheath normality assessment (5 = best, 1 = worst), and (P) fibrous sheath normality
assessment (3 = best, 1 = worst). *P < 0.05, ***P < 0.0001. All n = 3-5.

microscopy (TEM) and scanning electron microscopy (SEM) on appeared superficially normal, bearing all outer dense fibres and
isolated epididymal sperm (Figs 3 and 4 and S4). At the midpiece the 9 + 2 microtubule formation with dynein arms in sperm from
level, transverse TEM sections revealed that axoneme ultrastructure wild-type and mutant males (Fig 3A and B, respectively). In Cep76
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mutant sperm, however, a build-up of mitochondria and mem-
branes was seen (Fig 3C). Longitudinal TEM images of sperm tail
sections of the midpiece revealed an intact mitochondrial sheath in
wild type (Fig 3G). In sperm from mutant males, abnormal mito-
chondria with enlarged spacing within mitochondrial matrixes were
observed (Fig 3H), including notable mitochondrial aggregation
(Fig 31—arrow).

TEM investigation of the axoneme ultrastructure at the principal
piece level revealed absent outer dense fibres and microtubule
doublets in many sperm tails from mutant males (Fig 3D-F). In
addition, we observed the abnormal formation of the annulus.
Specifically, in sperm from Cep76 mutant males the annulus was not
clearly distinguishable (Fig 3K), or not identifiable (Fig 3L). SEM of
sperm from Cep76 mutant males further emphasised the poorly
formed annulus and accessory structures in the midpiece and
principal piece (Fig 4). In sperm from wild-type males, the annulus
was positioned at the junction between the mitochondrial sheath
of the midpiece and the fibrous sheath of the principal piece (Fig 4A
and D). In sperm from Cep76 mutant males, although the annulus
was often associated with the fibrous sheath, it was rarely found
aligned at the distal end of the mitochondrial sheath (Fig 4B, C, E,
and F). As a result, a region of exposed ODFs was evident between
the mitochondrial sheath and the annulus or fibrous sheath.
Quantification of the defects in annulus positioning (Fig 4M)
revealed normal positioning and structure of the annulus in only
10% of sperm from mutant males compared with 95% of sperm from
wild-type males (P = 0.036). Consequently, we quantified the in-
cidence of ODF-exposed regions at the distal midpiece (Fig 4N). This
revealed that ODFs were exposed in 97% of sperm from Cep76
mutants but only in 10% of sperm from wild type (P < 0.0001). In
Cep76 mutants, the annulus was often found embedded within the
proximal region of the fibrous sheath (e.g, Fig 4K) rather than at the
junction of the midpiece, or it was not clearly observed because of
large deformations in the fibrous sheath (Fig 4F). Because of the
predicted role of CEP76 in TZ function, we anticipate this is due to a
defect in TZ/annulus migration rather than the fibrous sheath
assembling too far proximally. This phenotype, along with the
ectopic localisation of SEPT4 as shown in Fig 2G, suggests that CEP76
plays a role in establishing the formation/structural competency
and movement of the annulus.

In addition, we observed rare examples of mitochondria ec-
topically incorporated within the principal piece in Cep76 knockout
sperm (Fig 3K), but never in sperm from wild-type controls, that is,
the presence of overlapping fibrous sheath and mitochondria.
Mitochondrial packing in epididymal sperm from Cep76 mutants
was irregular and characterised by misaligned and poorly com-
pacted mitochondria along the mitochondrial sheath (Fig 4H versus
Fig 4G). Mitochondrial aggregation defects identified via TEM were
confirmed via SEM and were characterised by collections of poorly
formed mitochondria and a build-up around the midpiece (Fig 4l).
Scoring of mitochondrial sheath normality (as defined in the Ma-
terials and Methods section; Fig 40) revealed a significant reduction
in mitochondrial sheath quality in sperm from Cep76 mutant males
compared with wild type (3.4 in mutant versus 4.6 in wild type; P <
0.0007).

Moreover, although in wild-type sperm, the fibrous sheath
appeared intact and continuous via TEM (Fig 3)), in mutant sperm,

CEP76 is required for male fertility Houston et al.

we observed fragmented fibrous sheath components (Fig3K and L).
SEM confirmed that fibrous sheath formation was notably impaired
in the absence of CEP76 (Fig 4C, F, K, and L). In wild-type sperm, the
fibrous sheath is comprised of two longitudinal columns linked by
circumferential ribs. Gaps in the fibrous sheath were evident at
regular intervals (Fig 4D and J). In the absence of CEP76, however,
gaps/slits between circumferential ribs were rare (Fig 4K), and in
many cases, the ribs appeared to be unanchored and projected
from the body of the tail (Fig 4L). Notably, the proximal portion of
the fibrous sheath appeared to be the most disorganised (e.g, Fig
4C). Fibrous sheath normality was scored (as detailed in the Ma-
terials and Methods section; Fig 4P), which revealed a highly sig-
nificant reduction in fibrous sheath quality in sperm from Cep76
mutants (1.6 in mutant versus 2.9 in wild type; P < 0.0001).

Examination of the sperm neck region by TEM (Fig S4D-F)
revealed a number of abnormal structures, including imperfect
capitulum structures and a build-up of mitochondria and ectopic
vesicles in sperm from Cep76 mutant males. Furthermore, an excess
of what we predicted to be granulated bodies was seen throughout
the cytoplasm (Fig S4E). Granulated bodies are transported into the
ciliary compartment to form the outer dense fibres, which is
continuous with the HTCA (43). This finding strongly supports a role
of CEP76 in the selective entry of proteins and vesicles into the
ciliary compartment during spermiogenesis and, by extension, in
building of the ODF and the fortification of the HTCA. Of relevance,
we did not observe a difference in the proportion of sperm positive
for SUNS staining between genotypes (Fig S4J; P = 0.41). SUN5 is a
protein required to fortify the connection between the capitulum
and the basal plate (44), that is, the junction between the tail and
the nucleus. As this structure is proximal to where the TZ exists,
these data are consistent with a role of CEP76 in the TZ and the
assembly of more distal regions of the tail, and that the capitulum
defects are secondary effects of CEP76 loss.

To assess whether the defects described above were associated
with structural abnormalities in the TZ as sperm tails are forming,
we undertook TEM on early elongating spermatids. As shown in Fig
3M-0, TZ structures were comparable between genotypes.

Collectively, these data reveal CEP76 is a key determinant in the
development of multiple aspects of sperm tail development, in-
cluding the fibrous sheath, annulus positioning, and the mito-
chondrial sheath.

Loss of CEP76 leads to aberrant sperm composition

To explore the hypothesis that CEP76 is involved in the selective
entry of proteins into the ciliary lobe, we performed quantitative
mass spectrometry on sperm from the cauda epididymis of Cep76
mutant and wild-type males (Table 1A). Here, we identified 63
differentially expressed proteins in sperm from mutant males (35
up-regulated and 28 down-regulated), including multiple mito-
chondrial and apoptotic proteins. This difference in mitochondrial
protein content is consistent with the abnormal accumulation of
mitochondria around the sperm tail as detailed above. In agree-
ment with the observed reduced tail length, alpha-tubulin content
was significantly reduced in sperm from Cep76 mutant males. In a
separate analysis, and to account for differences in tail length, the
content of known (or predicted) sperm tail proteins was normalised
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Table 1. (A) Proteins with significantly altered content in sperm from Cep76 mutants. (B) Proteins with significantly altered content in sperm from Cep76
mutants, after normalisation to alpha-tubulin content.

A. Protein full name Short WT1 WT2 WT3 MT1 MT2 MT3 C;lue Content Panther protein class

Proteins present in only one genotype (23 proteins—18 up-requlated and 5 down-regulated)

Lactotransferrin LTF Not detected 13 14 14 <0.0001 Up Transfer/carrier protein

Tubulin beta-6 chain TUBB6 Not detected 10 12 10 0.0001 Up Tubulin

Inactive ribonuclease-like protein 10 RNASE10 Not detected 1 2 1 0.016 Up Endoribonuclease

Myosin-14 MYH14 Not detected 2 5 3 0019  Up Aeli=eineling
cytoskeletal protein

Cysteine-rich secretory protein 3 CRISP3 Not detected 2 2 2 NA Up gre;‘f;ae/lmmumty

Deoxyribonuclease-1-like 2 DNASE1L2 Not detected 1 3 2 0.026 Up Endodeoxyribonuclease

Glia-derived nexin SERPINE2 Not detected 3 2 1 0.026 Up Protease inhibitor

Sperm-associated antigen 11 SPAG11 Not detected 1 1 1 NA Up =

Lyinjp nesite sntligen & eormplex [eaus LY6G5C Not detected 1 1 1 NA Up =

protein G5¢

Eppin EPPIN Not detected 2 2 2 NA Up =

Solute carrier family 25 member 35 SLC25A35 Not detected 1 1 1 NA Up =

Surfeit locus protein 1 SURF1 Not detected 1 1 1 NA Up Chaperone

Septin-8 SEPTIN8 Not detected 1 1 1 NA Up Cytoskeletal protein

MEIDIF GlEeieEEse i IRl NDUFAF3  Not detected 1 1 1 NA Up -

subcomplex assembly factor 3

) Extracellular matrix

Testican-1 SPOCK1 Not detected 1 1 1 NA Up .
glycoprotein

Prpbable legcme—tRNA ligase, LARS? Not detected 1 , ’ NA Up Aminoacyl-tRNA

mitochondrial synthetase

Beta-defensin 40 DEFB40 Not detected 1 1 1 NA Up Ant|m|crob|al response
protein

Serine protease inhibitor Kazal-type 11 SPINK11 Not detected 1 1 1 NA Up Protease inhibitor

BH3-interacting domain death agonist S  BID 1 1 2 Not detected 0.016 Down =

Solute carrier family 22 member 16 SLC22A16 1 1 1 Not detected NA Down SO iy
transporter

Nucleoporin NDC1 NDC1 1 1 1 Not detected NA Down =

Protein archease ZBTB80S 1 1 1 Not detected NA Down =

Phosphoglucomutase-like protein 5 PGM5 1 1 1 Not detected NA Down Mutase

Proteins present in both genotypes but at different levels (63 proteins—35 up-requlated and 28 down-regulated)

SRS e TG CLCA3AT 1 2 0 18 19 16 00001 Up lon channel

regulator 3A-1

Dipeptidyl peptidase 3 DPP3 12 12 12 7 5 6 0.0005 Down Metalloprotease

FISIEGREEOU VECE HNRNPK 1 1 0 6 8 6 00013 Up RNA metabolism protein

ribonucleoprotein K

Peptidyl-prolyl cis-trans isomerase F,

B ——| PPIF 1 1 0 4 3 3 0.0048 Up =

E:}/rséf(i)sgjan repair protein RAD23 RAD23B 5 5 6 3 3 5 0.0048 Down gfor?:igned DNA-binding
Matrilysin MMP7 1 1 0 10 1 6 0.027 Up Metalloprotease
Puromycin-sensitive aminopeptidase NPEPPS 4 5 6 2 2 1 0.0075 Down Metalloprotease
Leucine-rich repeat-containing protein 1 LRRC1 2 3 2 4 4 4 0.0075 Up =

Protein phosphatase 1B PPM1B 12 12 12 10 1 10 0.0075 Down Protein phosphatase

(Continued on following page)

CEP76 is required for male fertility Houston et al. https://doi.org/10.26508/sa.202302452 vol 7 | no 6 | 202302452 8 of 18


https://doi.org/10.26508/lsa.202302452

>y D, o . o
s2epe Life Science Alliance

Table 1. Continued

A. Protein full name Short WT1 WT2 WT3 MT1 MT2 MT3 value Content Panther protein class
Prostaglandin-H2 D-isomerase PTGDS 1 2 1 3 4 4 0.0078 Up Transfer/carrier protein
Epididymal-specific lipocalin-5 LCN5 1 0 0 3 3 5 0.011 Up Transfer/carrier protein
Tubulin alpha-8 TUBA8 19 19 20 17 18 17 0.013 Down Tubulin
3-Ketodihydrosphingosine reductase KDSR 0 1 0 3 2 2 0.013 Up Reductase
Gamma-glutamylcyclotransferase GGCT 3 2 3 1 1 0 0.013 Down =

Binder of sperm protein homolog 2 BSPH2 1 1 0 2 3 3 0.013 Up =

Bifunctional coenzyme A synthase COASY 2 3 3 1 1 0 0.013 Down Kinase

Mitochondrial amidoxime reducing

component 2 MARC2 2 3 2 4 5 4 0.013 Up =

Glutathione peroxidase 3 GPX3 3 3 0 6 6 6 0.016 Up Peroxidase
Histidine triad nucleotide-binding HINT2 2 3 3 4 4 4 006  Up Nucleotide phosphatase
protein 2, mitochondrial

tsr‘;%i?eyrgggﬁﬁ;‘zigg dcr?;lnzyme A OXCT1 4 4 3 5 5 5 0016  Up Transferase

MICOS complex subunit Mic27 APOOL 2 2 1 3 3 3 0.016 Up =

MICOS complex subunit MIC13 MICOS13 1 1 0 2 2 2 0.016 Up =

Beta-defensin 15 DEFB15 1 1 0 2 2 2 0.016 Up =
Apoptosis-inducing factor 1 AIFM1 1 2 2 3 3 3 0.016 Up Oxidoreductase
Hormone-sensitive lipase LIPE 4 4 4 2 3 3 0.016 Down Lipase

BPI fold-containing family A member 3 BPIFA3 3 3 3 2 1 2 0.016 Down =

mifhztr:g:ifd EREFOIDEIE PO, ooy ] 0 ] 2 2 2 0016 Up DNA metabolism protein
Proteasome subunit beta type-2 PSMB2 5 6 5 4 4 4 0.016 Up Protease
Proteasomal ubiquitin receptor ADRM1 ADRM1 2 2 2 1 0 0 0.016 Down =
:Fpohsaf’?;t;g?’gnosnm RS pieEl PITPNA 2 3 4 1 0 0 0016  Down Transporter
Cytochrome ¢, testis-specific CYCT 4 5 4 3 3 3 0.016 Down =

Myosin-9 MYHO 3 15 6 23 3 25 007  Up éycttg;(t:lzg;;irotem
Alpha-1-antitrypsin 1-6 SERPINATF 2 3 0 6 5 5 0.018 Up Protease inhibitor
Keratin, type Il cytoskeletal 5 KRT5 3 0 0 5 7 5 0.018 Up =

Keratin, type Il cytoskeletal 2 epidermal ~ KRT2 1 1 0 3 2 2 0.024 Up =

Nucleoporin NUP35 NUP35 2 3 2 1 1 0 0.024 Down Transporter
Acylpyruvase FAHD1, mitochondrial FAHD1 3 2 2 1 0 1 0.024 Down Hydrolase
Proteasome subunit beta type-6 PSMB6 5 6 5 3 4 4 0.024 Down Protease
Presequence protease, mitochondrial PITRM1 4 5 4 3 2 3 0.024 Down Metalloprotease
DnaJ homolog subfamily B member 4 DNAJB4 2 1 0 3 3 4 0.025 Up Chaperone

NPC intracellular cholesterol transporter ~ NPC2 1 1 0 3 2 4 0.025 Up =

Protein phosphatase inhibitor 2 PPP1R2 6 6 7 5 4 3 0.025 Down Phosphatase inhibitor
iL;ZiZc;L;iancarboxyl-terminal elielces UCHL5 6 6 7 3 5 4 0.025 Down Cysteine protease
AP syl e U allpine, ATPSFIA 21 23 21 24 24 2% 0025  Up ATP synthase
mitochondrial

Leukotriene A-4 hydrolase LTA4H 10 7 12 5 3 0 0.027 Down =

Serine protease HTRA1 HTRA1 3 2 0 4 5 5 0.034 Up Serine protease

(Continued on following page)
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Table 1. Continued

A. Protein full name Short WT1 WT2 WT3 MT1 MT2 MT3 C;lue Content Panther protein class
Prolyl endopeptidase PREP 5 4 7 3 2 1 0.034 Down Serine protease
NADP-dependent malic enzyme ME1 14 M 14 10 10 8 0.038 Down Oxidoreductase
Carboxypeptidase M CPM 2 2 0 3 5 4 0.039 Up Protease
Ester hydrolase C11orf54 homolog = 4 4 6 3 2 1 0.039 Down =
EAE Gamily meleel By Enpirome BAG1 6 4 4 3 2 1 0039  Down Chaperone
regulator 1 Bagl
Succinate dehydrogenase [ubiquinone] o 1M 13 10 14 16 14 0039  Up Dehydrogenase
iron-sulphur subunit, mitochondrial
Keratin, type | cytoskeletal 42 KRT42 0 3 0 4 4 4 0.040 Up Intermediate filament
26S proteasome regulatory subunit 4 PSMC1 12 16 14 i 8 10 0.041 Down Protease
Dynein heavy chain 2, axonemal DNAH2 4 8 8 12 1 10 0.041 Up Mlcrotubule—'blndlng
motor protein

Ca_rmtlne O—.palmltoyltransferase Z CPT2 15 18 19 13 13 8 0.043 Down Acyltransferase
mitochondrial
Cy}tochrome‘ c1, haem protein, ovel 3 s 7 7 6 6 0.047 Down .
mitochondrial
Prelbsible dnaeive risenuelzse-lie RNASER 1 0 0 1 2 2 0047  Up Endoribonuclease
protein 13
Glutathione S-transferase theta-2 GSTT2 1 2 2 1 0 0 0.047 Down Transferase
GPI-anchor transamidase PIGK 0 0 1 1 2 2 0.047 Up =
Retinol dehydrogenase 14 RDH14 1 2 2 0 1 0 0.047 Down Dehydrogenase
ACHIEIEED (PG . APMAP 1 4 3 5 6 5 0047  Up =
membrane-associated protein

- . Actin-binding
Myosin light polypeptide 6 MYL6 0 2 3 4 5 4 0.049 Up eiiastelzal proiE
B. Protein full name Short W W2 WT3 MT1 MT2 MT3 L. Specificto ) \THER protein class

value sperm tail?

Tubulin beta-5 chain TUBB5 m 121 11 135 128 141 0.017 N Tubulin
Calnexin CANX 047 058 07 088 111 0.82 0.032 N Chaperone
A-kinase anchor protein 3 AKAP3 153 174 125 188 222 206 0.033 Y Scaffold/adapter protein
60S acidic ribosomal protein PO RPLPO 021 026 03 035 033 041 0.037 N Ribosomal protein
MYCBP-associated protein MYCBPAP 016 016 0.05 024 022 029 0.038 N —
Heat shock 70 kD protein 1-like HSPA1L 142 121 12 159 15 147 0.039 N Hsp70 family chaperon
Carboxylesterase 1D CES1D 037 037 02 071 044 065 0.042 N Esterase
Kelch-like protein 10 KLHL10 032 021 025 047 033 041 0.043 N Scaffold/adapter protein
Integral membrane protein 2B ITM2B 016 01 005 029 033 018 0.044 N —
Ras-related protein Rab-5C RABS5C 021 026 025 029 028 029 0.047 N Small GTPase
UMP-CMP kinase CMPK1 026 021 0.2 035 028 029 0.050 N Nucleotide kinase
A-kinase anchor protein 4 AKAP4 284 3 17 353 378 371  0.050 Y Scaffold /adapter protein

(A) Green proteins are up-regulated in sperm from mutant mice, and blue proteins are down-regulated. (B) All proteins were up-regulated in sperm from the
mutant. Known sperm tail proteins are highlighted in orange. Other proteins are present throughout the entire sperm cell, or localisation is unknown. WT, wild
type; MT, mutant. NA = not applicable because of identical spectral counts in both samples; thus, t test cannot be used.
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to alpha-tubulin. As shown in Table 1B, after this normalisation, 12
proteins were identified as significantly altered in sperm from
Cep76 mutant males compared with wild type including several that
are essential for sperm tail function and male fertility. We also
identified 23 proteins that were only present in a single genotype
(i.e., wild-type or mutant sperm). No direct sperm motility—
regulating proteins of interest were identified in this last cohort.
Candidates of interest to explain sperm dysfunction included the
following: axonemal protein DNAH2 (1.65-fold wild-type levels, P =
0.047), the actin-based motor protein myosin 9 (3.5-fold wild-type
levels, P = 0.017), and AKAP3 and AKAP4, which are major compo-
nents of the fibrous sheath (24) (1.36-fold and 1.46-fold wild-type
levels, P = 0.032 and P = 0.05, respectively).

To investigate this counterintuitive increase in several motility
proteins, we defined the localisation of DNAH2 and AKAP4 proteins
in sperm from Cep76 mutant males using immunofluorescence (Fig
5). As expected, in wild-type sperm, the dynein arm protein DNAH2
was localised throughout the midpiece and principal piece of the
tail (Fig 5A) (45, 46). In contrast, although DNAH2 was found within
the sperm tail in many sperm from Cep76 mutants, it was notably
accumulated in the neck region. In other sperm, DNAH2 was seen
nearly exclusively localised to the neck and appeared to be almost
absent from the tail (Fig 5A). Specifically, 22% of sperm from Cep76
mutant males displayed an accumulation of DNAH2 in the neck
region compared with 5.1% of sperm from wild types (4.3 x wild-type
levels, P = 0.0078; Fig 5C). Tail pixel intensity analysis (per area)
revealed a 29% reduction in DNAH2 content across the entire
flagellum of sperm from mutant mice compared with wild-type
controls (P = 0.0040; Fig 5E).

Also as expected for a component of the fibrous sheath, AKAP4
was primarily localised to the principal piece sperm from wild type
(Fig 5B). As above, in Cep76 mutant sperm, AKAP4 accumulated in
the neck region in 13% of sperm compared with 4% of sperm from
wild-type mice (Fig 5D). Quantification of neck AKAP4 staining
revealed 3.1-fold levels in Cep76 mutant sperm relative to wild type
(P = 0.040; Fig 5D). An analysis of pixel intensity revealed a sig-
nificant, 47% reduction in AKAP4 content (per area) within the
principal piece of sperm from Cep76 mutant males compared with
wild type (P < 0.0001; Fig 5F).

Collectively, these data underscore an essential role of CEP76 in
TZ function and the regulated entry of key sperm tail proteins into
the ciliary compartment and sperm tail development.

CEP76 is not required for manchette formation and migration

SEM confirmed the magnitude of head deformation in sperm from
Cep76 mutant males (Fig S4A-C). The manchette is critically in-
volved in shaping the distal half of the sperm nucleus and further
acts as a transport freeway for protein delivery to the basal body
and into the sperm tail (26). Despite the highly irregular sperm head
shape, the formation of the manchette appeared normal in the
absence of CEP76 as identified by alpha-tubulin staining of isolated
germ cells (Fig S3F) and testis sections (Fig S3G). Electron mi-
croscopy reinforced that the manchette structure was overtly
normal (Fig S3H), including a normal perinuclear ring and man-
chette microtubules. This analysis does not, however, exclude the
possibility of subtle defects in manchette structure and/or kinetics.

CEP76 is required for male fertility Houston et al.

CEP76 is required for the maintenance of centriole number in
male germ cells

CEP76 has previously been linked to a role in the suppression of
centriole duplication in 293T cells (39), thus raising the possibility of
a similar role in germ cells. To explore this hypothesis, we stained
purified round and elongating spermatids with the centriole marker
centrin (Fig S4G and H) and quantified the number of centrioles per
cell (Fig S4l). As expected, two distinct centrin foci were observed in
84% of wild-type spermatids and only 1% of wild-type cells
exhibited 3+ centrin foci. In contrast, in spermatids from Cep76
mutant males, 18% of cells possessed 3 or more centriole structures
(P=0.046) and only 70% of cells contained 2 centrin foci (P = 0.0076).
These data confirm a role of CEP76 in germ cell centriole duplication
suppression. Despite this finding, sperm from Cep76 mutants
contained only single tails and axonemes; that is, centriole over-
duplication did not lead to multiple basal bodies and axoneme
growth.

Discussion

Building a sperm tail is a complex and multistep process, requiring
the coordinated action of multiple protein and organelle transport
processes (reviewed in references 26, 47), and is absolutely essential
for male fertility. One centrosome is inherited per spermatid during
the process of meiosis. It subsequently duplicates, but does not
separate, and matures to give rise to the basal body that docks to
both the plasma and nuclear membranes (48, 49). From this
structure, the sperm tail, a modified cilium, forms within a discrete,
sealed ciliary compartment. To enter the ciliary compartment, all
proteins must pass through the TZ that sits at the junction between
the cytoplasm and the ciliary compartment. Assuming that cilium
formation during germ cell developmentis analogous to primary cilia
wherein TZ function has been studied, all component proteins for the
axoneme, outer dense fibres, and fibrous sheath must be selectively
transported through the TZ. In this study, we establish CEP76 as what
we predict is the first known protein to play a male germ cell-specific
role in the TZ and demonstrate that CEP76 is required for the de-
velopment of functionally competent sperm. We show CEP76 facili-
tates the incorporation of tubulin into the tail and that an absence of
CEP76 leads to short sperm tails. We also show CEP76 is essential for
the efficient transport of AKAP4 protein into the flagellum com-
partment, underpinning normal fibrous sheath development.
Equally, it optimises the entry of DNAH2, a core component of the
axoneme motility apparatus. In the absence of CEP76, the sperm
axoneme is functionally incompetent. CEP76 is also required for the
integrity and appropriate migration positioning of the annulus and
thus likely influences mitochondrial sheath length. In addition to its
TZ function, our data reveal that analogous to its roles in somatic
cells (39), CEP76 plays a role in the suppression of centriole dupli-
cation in haploid male germ cells. This study highlights CEP76 as a
bona fide male fertility gene in men and mice and adds to the
growing evidence that several genetic factors contribute to both
sperm morphology and sperm count.
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Figure 5. CEP76 is required for the loading of essential motility and fibrous sheath proteins into the sperm tail.

(A) Wild-type versus Cep76 mutant data for (A) DNAH2 localisation in cauda epididymal sperm and (B) AKAP4 localisation in cauda epididymal sperm. Scale bars =20 pym.
Arrows point to the accumulation of DNAH2 or AKAP4 in the neck region of sperm. (C, D) Number of sperm with this neck localisation was quantified, as shown in (C, D), for
DNAH2 and AKAP4, respectively. (E, F) Average tail pixel intensity (per area) of DNAH2 and AKAP4 was quantified and is shown in (E, F). ***P < 0.001, **P < 0.01, *P < 0.05. All n =

3-5.

The following discussion is premised on the idea that CEP76
functions in the TZ. It has recently been suggested that during all
steps of sperm tail development before annulus migration, the
annulus and TZ are part of the same ciliary structure (31). Our data
support this idea. A number of core components of the TZ, as
established in cilia (e.g, CEP290, MKS1), are also present in the
annulus, and several of these proteins remain localised to the
annulus during its migration in late spermiogenesis (17). Consistent
with this, the abnormal annulus structures and the fragmented
SEPT4 localisation pattern observed in sperm from Cep76 mutant
males suggest that TZ structure influences annulus structure and
function. Specifically, we show that CEP76 is required for annulus
positioning, and in its absence, the annulus is poorly formed and
migrates a shorter distance. Very little is known about factors that
govern annulus migration and positioning (50), but these processes
do not appear to be influenced by the development of the fibrous
sheath, which ultimately borders the annulus in mature spermatids
but is formed before annulus migration (22, 32, 51). Equally, the
absence of an annulus in Sept4 and Sept12 mutant models did not
impair fibrous sheath formation (30, 34). In the current study, we
identified proteins ectopically localised at the sperm neck region.
We hypothesise that this accumulation occurred before annulus
migration when the TZ is still functional, that is, concordant with the
assembly of the axoneme, ODF, and fibrous sheath (see Graphical
Abstract). After the migration of the annulus and the presumed
destruction of the classic TZ structure, just before spermiation, any
protein accumulated at the sperm neck would be free to move
some way into the midpiece. Future studies are required to test this
hypothesis.

It has been hypothesised that within CEP76, the C2 and trans-
glutaminase domains cooperate to allow CEP76 to play a role in the
TZ as a Y-shaped linker (42). Y-shaped linker structures form

CEP76 is required for male fertility Houston et al.

the main body of the TZ; proteins of which can be grouped into the
Meckel syndrome (MKS) and nephronophthisis (NPHP) complexes
(52). These complexes participate in multiple roles during cil-
iogenesis—TZ attachment, core axoneme extension, and then
regulation of components’ entry into the cilia/flagella (53). Based
on domain architecture and functional predictions, CEP76 has been
hypothesised to span both MKS and NPHP complexes (42). The
presence of a C2 domain in CEP76 strongly suggests it anchors at the
side of the Y-shaped linker interacting with the plasma membrane
(42). Our data highlight that, in vivo, CEP76 is not essential for
axoneme formation, for example, compared with CEP290, where
CEP290 absence precludes TZ formation and ciliogenesis altogether
(54, 55). Rather, data suggest that CEP76 plays a facilitative role in TZ
function specifically in male germ cells and is likely not a core
Y-linker component. As mice did not show symptoms of MKS or
NPHP, our data reveal CEP76 is not essential for somatic cell TZ
function. The possibility exists, however, that mice possessed
subtle defects in somatic tissues.

Furthermore, our proteomics results revealed the content of only
a relatively small number of sperm tail proteins was altered in the
absence of CEP76. We accept, however, that additional proteins may
have been equally mislocalised, but as their overall content per
sperm was unaltered, they were therefore overlooked in our mass
spectrometry analysis. As such, AKAP4 and DNAH2 should be
considered a minimum list of CEP76 target proteins, supporting the
hypothesis that CEP76 is highly selective in its function and that
other TZ proteins are required to form a functioning sperm tail. The
absence of pathology in somatic tissues is, however, consistent with
the concept that TZ content is cell type-specific and that different
TZ proteins are involved in the selective recruitment of precise
subsets of proteins from the many thousands of proteins present
within the cell cytoplasm; that is, the TZ functions as a cell type-
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specific filter controlling protein entry into cilia. As a specific ex-
ample in support of the hypothesis that CEP76 is required for full TZ
function, we identified a reduction in alpha-tubulin protein content
in sperm from Cep76 mutants, consistent with the reduction in
sperm tail length. Although a reduction in sperm tail length could
otherwise be explained by disruption to the intraflagellar transport
pathway (56), the reduced protein content within the body of the
tail, the presence of ectopic protein localisation to the sperm neck
(external to the TZ), and prior data implicating CEP76 in TZ function
(42) strongly suggest an essential role of CEP76 in male germ cell TZ
function. Indeed, data from the ciliopathy field (reviewed in ref-
erences 16, 57) highlight that loss-of-function mutations across
different TZ proteins induce a broad spectrum of pathologies
that partly overlap, but are distinct depending on the affected gene.
This suggests individual TZ genes/proteins serve tissue-specific
functions.

Overt consequences of CEP76 loss included the abnormal as-
sembly and content of sperm tail axoneme and accessory struc-
tures. We observed inappropriate packaging of the fibrous sheath
and the absence of spacing between the circumferential ribs. AKAP4
is the most abundant fibrous sheath protein, constituting nearly
half its entire content (58), and acts as a scaffold protein for both
the longitudinal columns and ribs, whereas AKAP3 plays a similar
role in the ribs of the fibrous sheath (23, 59). The fibrous sheath
defects seen in the absence of CEP76 are consistent with the poor
entry of major fibrous sheath proteins into the sperm tail com-
partment via the TZ and abnormal fibrous sheath compaction.
Similarly, we identified an accumulation of granulated bodies in the
sperm neck region and the partial absence of outer dense fibres in
the principal piece axoneme. Collectively, our results strongly
suggest the deficit in the entry of fibrous sheath and outer dense
fibre components into the tail compartment resulted in compro-
mised accessory structure development and thus directly impaired
sperm motility.

Finally, we identified significant aggregation of mitochondria
and morphology in the midpiece. The mitochondrial sheath is the
last accessory structure to be loaded onto the sperm tail. This
occurs contemporaneously with the migration of the annulus and
plasma membrane down to a position immediately proximal to,
and abutting, the principal piece, as marked by the start of the
fibrous sheath (26, 60). Although membrane migration occurs at
the same time as annulus migration, it does not appear to be
driven by the annulus as the former occurs even when the an-
nulus does not form (30, 32). Although the annulus is strictly not
required for mitochondrial sheath formation, in its absence,
mitochondrial morphology is frequently abnormal (30, 33, 61).
Before their loading, spherical mitochondria are recruited from
the cytoplasm and ordered in four columns parallel to the axo-
neme. They then move towards the core of the tail and attach to
the outer dense fibres, elongate, coil, and stagger to intercalate
around the midpiece (60). Next, mitochondria elongate and attach
end-to-end to form a double helix around the axoneme. Cep76
mutant sperm mitochondria were largely elongated and uniform
along the midpiece, suggesting that mitochondrial recruitment
and early mitochondrial elongation processes proceeded nor-
mally. We predict the shorterannulus migration distance in sperm
from Cep76 mutant males leaves insufficient space for the normal
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number of mitochondria to coil around the sperm tail, that is, to
sterically interfere with the later processes of mitochondrial
elongation and prevent their tight compaction within the mid-
piece (62). Although unlikely, CEP76 may also be involved directly
in recruiting mitochondria into the midpiece. Alternate hypoth-
eses to explain abnormal mitochondrial morphology and en-
larged crista spacing include a reduced ability of the annulus to
act as a diffusion barrier (potentially adding additional cellular
stress via osmoregulation); or that the sperm are beginning to
undergo activation of the apoptotic pathways, noting that the
mitochondria are the origin of a truncated cell death pathway in
sperm (63).

Our data revealed a second function of CEP76 in male germ
cells—a role in suppressing supernumerary centrioles, analogous
to its role identified in human sarcoma cells in vitro (39). A pre-
viously established mechanism highlighted that CEP76 controls
centriole duplication via interaction with PLKT and CP110 (38, 39).
Although not investigated directly here, we note Cep76 mutant mice
were viable and were free of any overt body-wide disease, sug-
gesting that CEP76 is not essential for centriole function in somatic
tissues. Furthermore, the absence of double axonemes and tails
suggests these centriole components are non-functional. A similar
role in regulating centriole number in male germ cells (64) has been
identified for another TZ protein, DZIP1 (65). The finding that two
predicted TZ proteins, CEP76 and DZIP1, influence centriole number,
reiterates the functional relationship between the centriole and the
TZ (see Graphical Abstract). Specifically, the TZ is a structure formed
from, and just distal to, the distal centriole that sits at the interface
between the sperm head and the tail.

Tothe best of our knowledge, this is the first example of a protein
with a predicted germ cell-specific function in the TZ. In the ab-
sence of CEP76, essential components of the sperm tail are unable
to enter the ciliary lobe, meaning less or minimal incorporation into
the growing tail and thus male infertility. These data provide
support for the concept that TZ composition is cell type-specific
and that the TZ provides an additional layer of specificity to the
composition and function of cilia and flagella.

Materials and Methods

Ethics statement

Experimental procedures involving mice followed animal ethics
guidelines generated by the Australian National Health and Medical
Research Council (NHMRC). All animal experiments were approved
by the Animal Experimentation Ethics Committee (BSCI/2017/31) at
Monash University, or The University of Melbourne Animal Ethics
Committee (application 20640). Mice were housed on a 14-h light
cycle with temperature set to 20°C and standard environmental
enrichment.

Mutant mouse production
As described previously (36), exome sequencing of infertile men
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gene. The patient carried a homozygous ¢.607G>C (p.Gly203Arg)
missense variant in a conserved residue of CEP76, which was
predicted to be intolerant to variation (Fig S1). Pathogenicity
assessments using SIFT and PolyPhen-2 (66, 67) predicted the
missense variant to affect function (SIFT) and to be possibly
damaging (PolyPhen). To test the requirement for CEP76 in male
fertility, Cep76 loss-of-function mice were generated on the
C57BL/6) background through the Monash University Genome
Modification Platform (a partner of the Australian Phenomics
Network) using the CRISPR/Cas9 technology. Excision of exon 3 of
Cep76 was undertaken with CRISPR guide sequences targeting
regions flanking exon 3: upstream—TTTAAAACTCAGTTCGTGGT; and
downstream—GGTCTACATAGTAAAGTTCT. This was predicted to lead
to a premature stop codon in exon 4 and a truncated protein in the
only full protein-coding transcript of Cep76 (ENSMUST00000097542.3)
but did not target the smaller second transcript encoding exons 5-
12. Changes in the gene sequence were identified with Sanger se-
quencing (Supplemental Data 1). Mice heterozygous for the
Cep76 deletion were intercrossed to generate mutant individuals
and wild-type controls. Genotyping was performed by Transnetyx.
A reduction in the Cep76 truncated transcript level was investigated
using qRT-PCR on testis cDNA (primers F—GCGGCTCGATTTGTTAATGT;
and R—AGTCCCCACACAGACAAAGG) relative to Ppia (primers
F—GTCTCCTTCGAGCTGTTT; and R—ACCCTGGACATGAATCCT). Simi-
larly, confirmation that all transcripts contained the Cep76
deletion was done using primers in the deleted region
(F—CCCTTCTTCTCCAAAGCAAACCG; and R—CGAGCAAATCTGTCCAGGCAA).

CEP76 species alignments

CEP76 protein alignments were conducted using the protein Basic
Local Alignment Search Tool (NCBI). Sequences used were Homo
sapiens ENSP00000262127; Pan troglodytes ENSPTRP00000016812;
Macaca mulatta ENSMMUP00000069818; Rattus norvegicus
ENSRNOP00000034590; Mus musculus ENSMUSP00000095149;
Danio rerio ENSDARP00000075595. We compared entire protein
identity across species and focused on the conservation of
amino acid 203G, which was mutated in the infertile patient (Fig
S1B).

Analysis of Cep76 expression

Whole organ RNA was extracted from adult mouse brain, epidid-
ymis, heart, liver, lung, spleen, and testis, to investigate the ex-
pression of Cep76 across different tissues. Each tissue was
homogenised in TRIzol Reagent to isolate RNA, which was converted
to cDNA using 50 pM oligo(dt)15 primers with SuperScript Il
enzyme, and used for gRT-PCR with SYBR Green Master Mix as
previously described (68). Primers used to detect Cep76 were
F—CTCGGTCACCAGCAATGAAA; and R—CAGACAGTGGTGAGGCCAAG,
and the housekeeping gene Ppia is denoted above. We also used
published RNA-seq data for human organs to assess CEP76 ex-
pression (40) and single-cell RNA-sequencing data contained within
FertilityOnline (mcg.ustcedu.cn/bsc/spermgenes2.0/index.html) to
investigate Cep76 expression in mouse testes (69).
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Fertility analysis

Mutant males (Cep767~'") and wild-type male littermates (Cep76*’)
were aged 10-14 wk, and their fertility was assessed using the
pipeline outlined previously (70). In brief, five mice of each ge-
notype were set up to mate with two independent wild-type fe-
males each (6-12 wk old). The presence of a copulatory plug was
recorded as an indication of successful mating. Litter sizes were
recorded as the number of pups generated per plug. Males were
subsequently culled and weighed (10-14 wk of age), and one testis
and epididymis were dissected and processed for histological
assessment. Additional testes and epididymides were snap-frozen
on dryice for calculation of daily sperm production and epididymal
sperm counts as described previously (71). In brief, testes were
weighed and resuspended in a detergent-based solution and
sonicated to burst the nuclei of cells with non-compacted DNA
while leaving resistant elongated spermatids and sperm nuclei
intact. Detergent-resistant nuclei were counted on a haemocy-
tometer (71), and the total number of cells within the testis was
calculated. To calculate daily sperm production, this number was
divided by 4.84—the length of time in days step 14-16 spermatids
(detergent-resistant) spent in the testis (72). To measure the total
epididymal sperm count, the same method was used without the
calculation to obtain a daily count. Before incubation in the de-
tergent solution, the epididymides were finely minced.

In addition, sperm were collected from the cauda of the epi-
didymis through backflushing, then resuspended in MT6 medium at
37°C for motility assessment via computer-assisted semen analysis
(73). Residual sperm were washed in PBS, then dried onto Super-
Frost slides overnight. Sperm were then fixed in 4% PFA for 10 min,
washed in PBS, and stained with Mayer's haematoxylin for 10 min
and eosin (Amber Scientific) for 1 min to allow an assessment of
sperm morphology and tail length. Alternatively, fixed sperm were
permeabilised in 0.1% Triton X-100/PBS (Sigma-Aldrich) for 10 min,
washed in PBS, and stained with 10 pg/ml DAPI (Thermo Fisher
Scientific) to allow an assessment of sperm head morphology, or
1ug/ml peanut agglutinin conjugated to Alexa Fluor 488 to label the
acrosome. Head morphology assessment was performed using
Nuclear Morphology Analysis software version 1.17.1 (74) via an
Image) plugin (National Institutes of Health, USA). All length
measurements (midpiece length, principal piece length, full tail
length, and annulus positioning) were measured using Image)
(version 1.52k).

Electron microscopy

To investigate germ cell ultrastructure, testes were processed for
electron microscopy as outlined previously (75). Similarly, caudal
sperm were backflushed into MT6 medium and processed for
electron microscopy as outlined previously (75). Images were taken
either on aJeol 1400 Plus electron microscope at the Vera and Clive
Ramaciotti Centre for Electron Microscopy (Monash University,
Australia), or on a Talos L120C or a FEI Teneo VolumeScope at the lan
Holmes Imaging Center (The University of Melbourne). To view the
mitochondria, annulus, and fibrous sheath structure of sperm via
SEM, sperm were isolated from the cauda epididymis and incubated
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in 100 pl of 1x PBS for 30 min to strip the plasma membrane, then
processed as outlined in reference (76).

Scoring of mitochondrial sheath, fibrous sheath, and
annulus normality

To quantify the degree of ultrastructural defects within sperm tail
structures, scoring of each structure (mitochondrial sheath, fibrous
sheath, and annulus) was performed on SEM images. For each
biological replicate, at least 25 sperm were assessed. Mitochondrial
sheath normality was scored (1-5): 1—missing mitochondria;
2—many abnormally oriented and/or thick mitochondria; 3—few
abnormally oriented and/or thick mitochondria; (4)—broadly
normal with very few abnormally oriented mitochondria; and (5)—
no defects, where “normal” was defined as homogeneously coiled
mitochondria, with none missing, thick, or abnormally oriented.
Fibrous sheath normality was scored from ranks (1-3): 7—no slits
and/or massive aggregation of circumferential ribs or longitudinal
columns; 2—reduced number of slits or slight aggregation; and
3—normal structure, where normal was defined as slits occurring at
regular intervals and no aggregation. Annulus normality was scored
as follows: normal—intact, not shrunken, and localised to the
junction between the midpiece and the principal piece; or
abnormal—small, ectopically placed, or unidentifiable.

Mass spectrometry to define sperm protein composition

Sperm were backflushed from cauda epididymides of adult wild-
type (one mouse per replicate, n =3 replicates) and Cep76 mutant
(two mice per replicate because of reduction in epididymal
sperm content) males into MT6 medium for 15 min at 37°C. Sperm
were washed three times in 1x Tris-buffered saline, pelleted, and
then stored at -80°C. Sperm pellets were then dried in a speed
vacuum, prepared for liquid chromatography-tandem mass
spectrometry, and run on a SCIEX QTRAP6500 as described
previously (77).

Data were assessed as (1) total/raw spectral counts or (2) total
spectral counts were normalised to the alpha-tubulin content
(tubulin alpha-8 chain) for a comparison of sperm tail protein
content in recognition of the shorter sperm tails measured from
Cep76 null mice. Sperm tail proteins were identified via proteo-
mics or localisation studies. For completeness, proteins with an
unknown localisation or that are localised throughout the head
and tail were included in the tail protein group. Proteins asso-
ciated exclusively with the sperm head or neck and mitochondrial
proteins were not included here as the normalisation process (to
alpha-tubulin) as they would not be influenced by processes
involved in selective entry into the ciliary compartment. A two-
tailed t test was used to determine significant differences in
protein content between genotypes. All data are available in Table
S1. As we have not corrected for multiple comparisons in our
proteomics data and have used zero values for proteins not
detected in individual biological replicates, the biological sig-
nificance of proteins identified via this screen as being signifi-
cantly modulated in mutant sperm should be interpreted with
caution.
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Immunofluorescence and protein localisation

To define centriole number and manchette structure in male germ
cells, spermatids were isolated from the testes of males using the
STAPUT method (78). Cells were settled onto poly-L-lysine-coated
SuperFrost slides for 15 min and then fixed in ice-cold methanol
at -20°C for a maximum of 7 min. Slides were immediately washed
and rehydrated in PBS. Fixed elongating spermatids were
permeabilised in 0.2% Triton X-100/PBS for 10 min, blocked in CAS-
Block (Dako), incubated overnight in 0.1 yg/ml centrin antibody (04-
1624; Merck) to stain centriole components and beta-tubulin
(ab21057; Abcam) to stain the manchette for spermatid staging,
then counterstained with DAPI. For manchette imaging, spermatids
were incubated overnight with an alpha-tubulin antibody (T5168, 1:
1,000; Sigma-Aldrich), then stained with secondary goat anti-mouse
488 (Abcam) and DAPI. Z-stacks of labelled cells were taken using a
Leica SP8 confocal and flattened to capture all slices in a single
frame. The number of centriole components per spermatid was
then counted for 100 cells per replicate, per genotype.

To define the localisation of a subset of differentially expressed
proteins, fixed sperm were permeabilised in 0.2% Triton X-100/PBS,
blocked in CAS-Block, incubated overnight in primary antibodies
(0.5 pg/ml DNAH2 [64309; Invitrogen], 2.5 pg/ml SEPT4 [166788;
Abcam]) at 4°C, stained with relevant fluorescent secondary an-
tibodies (Thermo Fisher Scientific) for 1 h, then counterstained with
DAPI. For other antibodies (2.8 pg/ml AKAP4 [24986-1-AP; Pro-
teinTech], 0.8 ug/ml SUN5 [17495-1-AP; ProteinTech]), sperm were
permeabilised in 0.5% Triton X-100/PBS. For the assessment of
sperm mitochondrial sheath length, live sperm were loaded with
5 UM MitoTracker Red CMXRos in MT6 solution for 30 min as per the
manufacturer’s instructions. Sperm were then washed in PBS, fixed
in 4% PFA, and allowed to settle onto slides, as described above. All
images were taken using cellSens software (Olympus) on an
Olympus BX-53 microscope (Olympus) equipped with an Olympus
392 DP80 camera or a Leica SP8 confocal. Ectopic localisation of
DNAH2 and AKAP4 was scored in at least 100 sperm per biological
replicate. Immunofluorescence staining intensity was used as a
surrogate of protein content in sperm tails. FIJl v2.1.0 was used to
trace sperm tails (freehand line tool) and measure the average
pixel intensity for AKAP4 and DNAH2 staining in at least 20 sperm, to
account for differences in tail length.

CEP76 localisation in testis sections, germ cells, and sperm was
attempted with three antibodies: ab86613; Abcam, #A302-326A,
Bethyl Laboratories, and HPA039395; Sigma-Aldrich (Human Pro-
tein Atlas). All antibodies reacted with antigens in mutant tissue,
suggesting they bound non-specifically. Equally, all antibodies
bound non-specifically to non-CEP76 proteins when used in
Western blotting (data not shown).

Statistical analysis

Statistical analyses to determine the significance between wild-
type and Cep76 mutant data were performed in Prism 9 (GraphPad).
For all data that were normally distributed with sufficient sample
size (Shapiro-Wilk test), we used a t test with Welch's correction to
account for variance. For data not normally distributed, we used a
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Mann-Whitney U test. A P-value less than 0.05 was considered
significant. No data were excluded.

Data Availability

Mass spectrometry data are available in Table S1.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202302452.
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