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Abstract

The head-tail coupling apparatus (HTCA), also known as connecting piece, provides the
physical linkage between the sperm head and its tail. The HTCA morphogenesis initiates during
spermiogenesis and is assembled at the posterior area of the spermatid nucleus. The HTCA is
built around the proximal and the distal centriole, and consists of the accessory structures, basal
plate, capitulum, and segmented columns. These structures are responsible for the tight
attachment of the sperm head to the tail, and their disruption leads to acephalic spermatozoa
syndrome and male infertility. Thus, the stable connection is essential for moving the sperm
nucleus towards the oocyte and successful fertilization. However, its molecular composition is

scarcely known.

The outer dense fiber protein 1 (ODF1) is a component of the HTCA and involved in the tight
junction of the sperm head to the tail. Odf1 depletion as well as the partial disruption of Hook1
and Spag4l cause sperm decapitation and male infertility in mice. In humans, however,
mutations in these genes remain largely unknown. Thus, the DNA from two patients with the
acephalic spermatozoa syndrome was screened for mutations. The screen performed in this
study reveals a normal Odfl gene sequence. Besides, exons 10 and 11 of Hookl and exons 6
and 8 of Spag4l were identical to the wild type variant. Therefore, the analyzed regions of the
genes Odf1, Hook1, and Spag4l seem not to be implicated in the acephalic syndrome suffered
by the two patients here studied.

Beyond that, the interaction between ODF1 and the nuclear membrane protein SPAG4 has been
reported as a novel male germ cell-specific linkage complex between the cytoskeletal
connecting piece and the nuclear membrane, although their mechanism of interaction is unclear.
Thus, the induction of dimerization by rapamycin was explored as a new tool to analyze SUN4
and SUN5 topology. Besides ODF1 or SPAG4 interacting proteins that collaborate in the
formation of the HTCA have not been identified. In this study, the coiled-coil domain containing
42 (CCDC42), another essential HTCA component that causes decapitation when missing, and
the cilia and flagella associated protein 52 (CFAP52) have been characterized in detail.
CCDC42 has been localized to the manchette, perinuclear ring, and tail in male germ cells.
CCDC42 interacts biochemically with the outer dense fiber proteins ODF1 and ODF2. These
interactions might contribute to the assembly of proteins required for the formation and the
stability of the HTCA. CFAP52 localizes to the manchette and sperm tail, indicating that
CFAP52 is another promising candidate for the HTCA interacting network.
1



1 Introduction

11 Mammalian male germ cell differentiation

1.1.1 Spermatogenesis

Spermatogenesis is a sophisticated process whereby diploid spermatogonia generate mature
haploid spermatozoa. This process consists of three successive phases known as the mitotic or
proliferative phase, meiotic phase, and cytodifferentiation phase (Fig. 1.1) (Russell, 1990).

Stem cells multiply during the mitotic phase and undergo differentiation to produce
spermatogonia type A. This transformation process continues until spermatogonia type B are
generated. Intermediate type B spermatogonia undergo mitosis to give rise to preleptotene
spermatocytes (PI) (Oakberg, 1956; De Rooij & Grootegoed, 1998; Eddy, 1998).

The meiotic phase includes two successive rounds of cell divisions to generate haploid
spermatids (Hermo et al., 2010). Spermatocytes undergo two meiotic divisions that include
nuclear changes required for chromosome recombination and genetic material exchange. The
first meiotic division is characterized by a prolonged prophase which includes leptotene,
zygotene, pachytene, diplotene, and diakinesis. Chromatin condensation is initiated during
leptotene and is followed by chromosome pairing (synaptonemal complex formation) in
zygotene (Clermont, 1972; Russell, 1990). During zygotene-pachytene, the chromosome
synapsis is regulated by meiotic proteins of the synaptonemal complex (Meuwissen et al., 1992;
Yuan et al., 2000; Costa et al., 2005). After chromosome pairing, homologous chromatids
exchange genetic material in pachytene, a process known as crossing-over. Afterward, the
synaptonemal complex disintegrates in the diplotene phase. With diakinesis, the first meiotic
division is completed, and secondary spermatocytes are generated. Secondary spermatocytes
undergo a fast second meiotic division without DNA replication to produce round spermatids
(Russell, 1990).

Spermiogenesis, or cytodifferentiation phase, is the final stage of mature spermatozoa
production. During this phase, round spermatids experience a dramatic remodeling that includes
nuclear shaping and condensation, acrosome and flagellum development, and cytoplasm

elimination, which results in a functional spermatozoon (Russell, 1990).
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Figure 1.1 Scheme of spermatogenesis and spermiogenesis in the mouse. m™ (mitosis of intermediate
spermatogonia), '"m (intermediate spermatogonia), B (spermatogonia), Bm (mitosis of spermatogonia), Pl
(preleptotene), L (leptotene), Z (zygotene), ( P (pachytene), D (diplotene), m2°m (second meiotic division),
1-8 (round spermatids), 9—11 (elongating spermatids),16 (late spermatids) (Russell, 1990).

1.1.2 Spermiogenesis

Spermiogenesis is the last phase of spermatogenesis, where round spermatids experience a total
transformation to evolve into mature spermatozoa (Clermont, 1972). This process starts with
the acrosome development which consists of four stages: (1) Golgi phase, (2) cap phase, (3)
acrosome phase, and (4) maturation phase. During the Golgi phase (Fig.1.2-A), the Golgi
apparatus produces several proacrosomal vesicles. The fusion of these vesicles forms the
acrosomal vesicle that afterward attaches to the nuclear envelope by the acroplaxome plate.
Moreover, in the first phase of the acrosome development, centrioles localize close to the Golgi
apparatus. However, centrioles migrate to the caudal area of spermatids during the Golgi phase,
being opposite to the acrosome. Thus, acrosome and centrioles establish the bipolarity of the
nucleus (Hermo et al., 2009b; Chemes, 2012). Further, the proximal centriole attaches to the
nucleus, articulating the implantation fossa and forming the connecting piece. On the other hand,
the distal centriole gives rise to the basal body and initiates the formation of the axoneme
(Fawcett, 1975; Chemes & Rawe, 2010; Hoyer-Fender, 2012).



Afterward, during the cap phase (Fig. 1.2-B) the acrosome increases in size and moves
anteriorly. The development of the manchette characterizes the acrosomal phase (Fig. 1.2-C).
This transient microtubular structure evolves from the perinuclear ring situated in the caudal
area of the acrosome-acroplaxome complex (Rattner & Olson, 1973). The manchette extends
its microtubules longitudinally to the elongating spermatid. This transient structure provides a
platform for intramanchette transport (IMT), where molecular motors transport essential
proteins to develop the flagellum. In the late stages of spermiogenesis, the manchette
disassembles (MacKinnon et al., 1973; Kierszenbaum et al., 2003; Kierszenbaum & Tres, 2004;
O'Donnell & O'Bryan, 2014).

During the maturation phase (Fig. 1.2-D), the manchette disintegrates, and the sperm nucleus
condensates by compaction of the chromatin. During condensation, histone and nonhistone
proteins are replaced first by transition proteins, which are finally replaced by protamines. Once
spermatids have reduced their volume, the excess of cytoplasm (residual body) is eliminated.
The residual cytoplasm is phagocytized and digested by the Sertoli cells (Balhorn, 1982;
Russell, 1990).

At the end of the maturation phase, spermatozoa are completely formed and are composed of
two main structures: the head and the tail. The flagellum is constituted by the axoneme, a central
microtubular structure (9+2 arrangement), and is further subdivided into the middle, the
principal, and the end piece. The axoneme in the flagellum is encompassed by outer dense fibers
(ODFs), which in turn are covered by mitochondria in the midpiece. The principal piece is
composed of ODFs, which are surrounded by a fibrous sheath (Russell, 1990; O'Donnell &
O'Bryan, 2014). ODFs are responsible for protecting the sperm tail from tensile forces during
epididymal passage and ejaculation (Baltz et al., 1990a; Lindemann, 1996).
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Figure 1.2. Morphogenesis of the spermatozoa during spermiogenesis. (A) Golgi phase: Golgi apparatus
gives rise to proacrosomal granules, which are transported to the acrosomal vesicle. Centrioles migrate to the
caudal area of the nucleus and initiate the axoneme assembly. (B) Cap phase: the acrosome starts to descend
to the caudal area and increases its size. (C) Acrosomal phase: the acrosome attaches to the acroplaxome, and
the manchette extends its microtubules. Outer dense fibers and mitochondria are aligned around the axoneme.
(D) Maturation phase: chromatin is condensed by replacement of transition proteins, manchette is
disintegrated, and residual bodies are eliminated (adapted from Histology and Cell Biology: An Introduction
to Pathology - 4th Edition, ©2016.)



1.2 The head-tail coupling apparatus, a sophisticated structure that anchors the sperm
head to tail.

The head-tail coupling apparatus (HTCA), also known as the connecting piece or neckpiece, is
a sophisticated structure that anchors the head to the tail in sperm. The HTCA consists of sperm
centrioles and several proteins that contribute to building a tight connection between the head
and flagellum (Chemes & Rawe, 2010). The connecting piece, a complex dense structure is
placed near to centrioles. It starts to organize in striated longitudinal columns and assemble the
capitulum (Fawcett & Phillips, 1969). The capitulum is a curved shape structure that conforms
to the concavity of the basal plate. Although a narrow space separates both structures, they are
bridged by fine filaments. The basal plate further establishes a shallow concave area in the
posterior pole of the nucleus, denominated implantation fossa (Fawcett, 1975). In this place, the
implantation fossa is in contact with the capitulum, segmented columns of the neckpiece, and
the proximal centriole. Thus, these structures assemble the attachment of the sperm head to the
tail (Fig. 1.3) (Chemes et al., 1999).

The proper assembly of the HTCA in sperm is required to fertilize oocytes successfully.
Therefore, abnormalities in the HTCA lead to acephalic spermatozoa syndrome (Perotti et al.,
1981; Chemes et al., 1987). Studies in patients with headless spermatozoa evidence different
abnormalities in the head-tail junction, inter alia, loss of the implantation fossa, basal plate, and
the presence of nuclear envelope-derived vesicle in the caudal pole. Hence, alterations in these
structures lead to either fragility or the total disruption of the tight head-tail conjunction
(Baccetti et al., 1989; Chemes et al., 1999; Toyama et al., 2000). Nonetheless, a deeper
characterization and comprehension of the morphological and molecular components of the
HTCA remains to be elucidated.
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Figure 1.3. Scheme of the neck region and head to tail coupling apparatus (HTCA). (A) Neck localization
in a mature spermatozoon. (B) A detailed description of the neck components and HTCA. The implantation
fossa is a shallow concave area formed by the basal plate in the caudal area of the nucleus. The HTCA structure
includes the basal plate that is attached to the capitulum, centrosome and segmented columns connected to the
outer dense fibers (ODFs). ODFs are surrounded by the mitochondrial sheath (adapted from Ito et al., 2019).

1.3 Outer dense fiber protein 1 "ODF1" and its role in the formation of the HTCA

The sperm flagellum arises from the distal centriole at the posterior region of the nucleus. The
centriole gives rise to the axoneme, which consists of two central microtubules surrounded by
nine doublet microtubules. In the mid-piece, the axoneme is surrounded by nine outer dense
fibers (ODFs). Additionally, the connecting piece and segmented columns are continuous to the
capitulum, whereas their posterior area overlaps with the nine ODFs. ODFs in the mature
flagellum extend through almost all the length of the principal piece (Fawcett, 1975). Outer
dense fibers are indispensable for flagellar movements because they provide elastic recoil and
further protection against shearing forces during epididymal transport and ejaculation (Baltz et
al., 1990). Moreover, they provide force transmission to the flagellar base during the axonemal
beat (Lindemann, 1996).

ODFs are composed of around 14 polypeptides; however, few of them have been described
(Vera et al., 1984; Oko, 1988; Petersen, 1999). ODF1 is a spermatid-specific protein of ~27
kDa. It consists of an NH»-terminal, which enables self-interaction, and a highly conserved
COOH-terminal. The N-terminal domain contains a putative leucine zipper dimerization motif,

whereas the C-terminal comprises a high content of cysteine and proline as a repetitive tripeptide

7



motif CXP (van der Hoorn et al., 1990; Burfeind & Hoyer-Fender, 1991; Morales et al., 1994;
Shao & van der Hoorn, 1996). However, the CXP motif variability is not responsible for male
infertility in humans (Hofferbert et al., 1993).

ODF1 shares structural features with small heat shock proteins (SHSPs), particularly with the
conserved a-crystalline domain being named HSPB10 for this reason (Fontaine et al., 2003).
ODF1/HSPBI10 is restricted to the testis and its expression is first detectable in the round
spermatid stage (Burmester & Hoyer-Fender, 1996). Given that ODF1 localizes in the sperm
connecting piece, this protein acquires relevance regarding its role in the HTCA stability, the
formation of the sperm tail, and male fertility. The depletion of ODF1 in mice results in male
infertility because of several abnormalities of the HTCA. These disorders include the abnormal
structural organization of mitochondrial sheath and ODFs, and destabilization of the connection
between the nuclear membrane and capitulum by incrementing their distance, resulting in sperm
decapitation. Thus, ODF1 ablation severely affects the stability of the connecting piece and may
also cause human male infertility (YYang et al., 2012; 2014).

Although ODF1 is an essential component of the connecting piece, few ODFL1 interacting
proteins have been identified. ODF1 can self-associate due to its leucine zipper motif in the N-
terminal region, albeit this interaction is fragile (Shao & van der Hoorn, 1996). Beyond that,
ODF1 leucine zipper enables its interaction with a major ODF protein of the sperm tail
accessory fibers, the outer dense fiber protein 2 (ODF2) (Shao et al., 1997). ODF1 and ODF2
reside in the head-connecting piece complex. Therefore, the presence of these two proteins in
the connecting piece might be involved in the stable junction of the head to tail in sperm
(Schalles et al., 1998).

The stable linkage between the nucleus to the sperm tail is mediated by the HTCA, which is
supported by several molecular components that are still unknown. This linkage seems to be
assisted by the SUN domain proteins, which tether the centrosome to the nuclear membrane
(Malone et al., 2003). The SUN domain protein SPAG4 localizes in the posterior pole of the
sperm head in round and elongating spermatids and seems to interact with ODF1 (Shao et al.,
1999; Kierszenbaum & Tres, 2002; Pasch et al., 2015). Nevertheless, the disruption of ODF1
does not affect the localization of SPAG4. Although SPAG4 is an essential component for the
proper sperm head formation, manchette assembly, and male fertility, its disruption does not
prevent the HTCA formation in mice. However, SPAG4 is required for the attachment of the
connecting piece to the nucleus. The interaction of ODF1 and SPAG4 may mediate the head-
tail connection. In this scenario, the nuclear membrane protein SPAG4, which resides at the

posterior pole of spermatids, interacts with ODF1 that localizes in the basal plate and capitulum.
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Thus, SPAG4 might recruit ODF1 to the nuclear membrane and arrange the tight linkage of the
sperm head to the tail (Calvi et al., 2015; Pasch et al., 2015; Yang et al., 2018). Likewise, the
SUN domain protein SPAGAL is expressed in elongating spermatids and strongly associated
with the ODF1 leucine zipper (Shao et al., 2001; Fitzgerald et al., 2006). However, the
interaction of ODF1 with the SUN domain proteins remains to be investigated.

Furthermore, additional ODF1 interacting proteins might participate in the linkage of the sperm
head and tail, inter alia, KLC3 (kinesin light chain 3), which resides in the midpiece of the sperm
tail, and OIPI, a member of the RING finger family (Bhullar et al., 2003; Zarsky et al., 2003).
Besides that, the coiled-coil domain containing 42 (CCDC42) has a reported function in the
HTCA and sperm flagellum development. Mice lacking Ccdc42 display an abnormal HTCA
conformation, prevent sperm flagella formation, and suffer from male infertility (Pasek et al.,
2016). Therefore, CCDCA42 is an ideal candidate to evaluate its participation in the physical
linkage of the sperm head to the tail.

1.4 Centrosome and centrioles during spermatogenesis

The centrosome is the main microtubule-organizing center (MTOC) and is responsible for
generating the mitotic spindle during cell division. It consists of two small organelles, known
as centrioles, embedded in a dense pericentriolar matrix (PCM). The PCM is composed of
several proteins, although the most abundant components are y-tubulin and pericentrin (Kellogg
et al., 1994; Bornens, 2002; Luksza et al., 2013).

The centrosome is an example of semi-conservative segregation (Kochanski & Borisy, 1990).
Duplication starts in the transition phase G1, where each cell contains a centrosome consisting
of two centrioles. This process finishes with the separation of the two centrosomes and their
associated PCM. Each centrosome contains a pair of centrioles that consist of a mature or mother

centriole and a young or daughter centriole (Urbani & Stearns, 1999; Zimmerman et al., 1999).

Centrioles are short cylindrical structures with ~0.5 um in length and 0.2 pum in diameter
perpendicularly oriented to each other. They are mostly built from a- and B-tubulin and exhibit
an organized structure of nine microtubule triplets with a proximal, middle, and distal tubule
(Vorobjev & Chentsov, 1980; Urbani & Stearns, 1999).

The mature or mother centriole consists of distal and subdistal appendages (Vorobjev &

Chentsov, 1982; Alvey, 1985; Hoyer-Fender, 2010). The mature centriole in eukaryotic cells



becomes the basal body, which localizes at the base of cilia and flagella (Kellogg et al., 1994;
Urbani & Stearns, 1999). In male germinal cells, the centriolar pair migrate from the Golgi
apparatus region to the distal pole of the nucleus. There, the proximal centriole participates in
the formation of the connecting piece and the anchorage of the sperm nucleus and its tail,
whereas the distal centriole acts as a basal body and gives rise to the axoneme (Fawcett &
Phillips, 1969; Chemes & Rawe, 2010).

During spermiogenesis, the pericentriolar material (PCM) is remodeled and replaced by striated
columns and the capitulum, which connect the sperm head to the tail. The proximal and distal
centrioles attach to the nucleus via the HTCA. The proximal centriole is tightly connected with
the capitulum, whereas the distal centriole initiates the axoneme formation. In turn, the striated
columns connect with the nine outer dense fibers at the lower portion of the neck region (Fawcett
& Phillips, 1969; Iwashita & Oura, 1980). During this process the distal centriole that gives rise
to the axoneme disintegrates, whereas the proximal centriole goes through a reduction process.
The reduction process varies between species. In mice both centrioles are disintegrated, whereas
in humans and rhesus monkeys centrosome degeneration is partial (Fig. 1.4) (Schatten et al.,
1986; Manandhar & Schatten, 2000).

During the proximal centriole reduction some centriolar proteins are dismissed (Schatten et al.,
1986; Manandhar et al., 1998). However, further proteins have been localized in the connecting
piece, inter alia, Centrobin, SPATAG, and SPAG4. Beyond that, the depletion of these proteins
severely affects the HTCA, and hence they are directly related to the acephalic spermatozoa
syndrome (Liska et al., 2009; Yassine et al., 2015; Yuan et al., 2015; Shang et al., 2017; Yang
etal., 2018). Therefore, these proteins play an essential role in the development and stabilization
of the HTCA. Furthermore, disturbances in the formation of the HTCA are observed, derived
from the misalignment or unsuccessful attachment of centrioles to the spermatid nucleus.
Besides that, centrosomal defects might interfere with the success of assisted reproduction. In
intracytoplasmic sperm injection (ICSI), the sperm is microinjected into the oocyte. However,
the microinjection of a sperm with a faulty centriole affects early embryonic development and

implantation.

Moreover, centriolar defects may have a genetic cause inherited to the progeny causing male
infertility later on. Thus, centriolar impairment seriously affects HTCA stability and weakens
the linkage of the sperm head to tail, causing detachment. The sperm head-to-tail linkage
comprises centrioles and connecting piece. In some cases of male infertility, decapitated
spermatozoa are produced by abnormalities in sperm structure. These include malformation of

the midpiece, absence of the implantation fossa or basal plate (Kamal et al., 1999). The
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remodeling process of male germ cells during spermiogenesis includes centrosome reduction
and protein redistribution. The pericentriolar material surrounding centrioles is transformed into
the capitulum and striated columns (Avidor-Reiss et al., 2019). These structures contain specific
proteins such as SPATAB, essential for the head-to-tail junction (Yuan et al., 2015). However,
the set of proteins involved in the HTCA formation remain to be identified. Abnormalities of
the mid-piece in sperm could affect fertilization potential and impair the embryo development
after intracytoplasmic sperm injection (Kamal et al., 1999). Hence, identifying the molecular
components of the HTCA is of great significance for the development of new diagnostic tools
and the treatment of patients with acephalic spermatozoa (Simerly et al., 1995; Schatten & Sun,
2009; Chemes, 2012).
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Figure 1.4 Differences of centriolar degeneration in mice and humans. In mice, distal and proximal
centrioles degenerate, and this area is occupied by dense material. The centriolar vault is surrounded by
segmented columns and in the posterior area of the distal vault, the axoneme emerges, which is surrounded by
ODFs. In humans and rhesus monkeys only the distal centriole disassembles. The proximal centriole is in
close contact with the capitulum and is associated with striated columns. The distal centriole gives rise to the
axoneme, which is surrounded by ODFs (Image from Goto et al., 2010).

1.5 Overview of the nuclear envelope and the LINC complex

The nuclear envelope is a selective barrier responsible for separating the nucleus from the
cytoplasm. It is constituted by an inner and an outer membrane (INM, ONM), enclosing the
perinuclear space (PNS). The INM and ONM are fused at the nuclear pores, which are
responsible for mediating the traffic of molecules between the cytoplasm and the nucleus (Kite,
1913; Watson, 1955; Gerace & Burke, 1988). The INM is predominantly associated with lamins

type A and B, and is involved in chromatin organization. The genes Lmna, Lmnb1, and Lmnb2,
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encode lamins. Lmna encodes, by alternative splicing, the principal isoforms A and C. Lmnbl
encodes lamin B1, whereas Lmnb2 gives rise to the isoforms B2 and B3. Lamin A/C is expressed
in later somatic cell differentiation stages, whereas lamins B3 and C2 are shorter splicing
variants expressed exclusively in the early stages of spermatogenesis. Furthermore, lamin C2 is
exclusively expressed in spermatocytes while lamin B3 is spermatid specific (Watson, 1955;
Rober et al., 1989; Furukawa & Hotta, 1993; Alsheimer & Benavente, 1996; Alsheimer et al.,
2000; Burke & Stewart, 2002, 2013; Schiitz et al., 2005).

On the cytoplasmic side, the ONM is connected to the endoplasmic reticulum (ER). The ONM
is characterized by its high content of integral membrane proteins, inter alia, KASH domain
proteins (Klarsicht, ANC-1, and Syne homology) that mediate the linkage of the cytoskeleton
and the nucleoskeleton (LINC) via interaction with the conserved SUN domain proteins
(Watson, 1955; Burke & Stewart, 2002; Zhen et al., 2002; Schirmer et al., 2003; Starr, 2003;
Starr & Fridolfsson, 2010).

SUN domain proteins are highly conserved and span the inner nuclear membrane. Their N-
terminal region is oriented to the nucleoplasm and interacts with lamins. Their C-terminal
region, which contains the SUN domain, interacts with KASH domain proteins in the PNS.
Thus, the interaction of SUN-KASH domain proteins forms the LINC complex (Fig. 1.5)
(Malone et al., 1999; Burke & Stewart, 2002; Crisp et al., 2006; Starr & Fridolfsson, 2010).

The LINC complex is constituted by the association of several proteins, which include not only
SUN and KASH proteins (NESPRIN1/2 and Emerin) but also microtubules, actin filaments,
lamins A/C, and chromatin (Starr, 2003; Crisp et al., 2006; Tzur et al., 2006; Wilhelmsen et al.,
2006). Emerin resides in large part in the INM, whereas a small fraction localizes in the ONM.
It is responsible for binding centrosomes to the ONM via microtubules (Salpingidou et al.,
2007).

Besides that, centrosome attachment to the nucleus is mediated by the SUN-KASH complex.
The centrosomal and nuclear protein ZYG-12 is a member of the HOOK protein family, which
are cytosolic coiled-coil proteins, and mediate the binding to organelles and microtubules. ZYG-
12 has been described in C. elegans and was characterized as a type |1 ONM protein. ZYG-12
is recruited to the nuclear envelope by SUN1. Thus, ZYG-12 interacts with SUNL1 in the PNS,
collaborating in the proper junction of the centrosome to the nucleus. Furthermore, zyg-12 gene
mutations are harmful by disturbing the nucleus to the centrosome junction, affecting the mitotic
spindles and DNA segregation (Malone et al., 2003; Minn et al., 2009).
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Thus, the SUN-KASH protein complex plays an essential role in diverse cellular processes, inter
alia, linking nuclear components to the cytoskeleton, mediating chromosome movements in
S.pombe, and affecting the migration and location of the nucleus. Further, it mediates the
centrosome binding to the nucleus in C. elegans (Malone et al., 2003; Starr & Han, 2003,
Wilhelmsen et al., 2006; Chikashige et al., 2007).
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Figure 1.5. Scheme of the LINC complex. The N-terminal region of the SUN domain proteins spans the
INM, whereas the C-terminal region containing the SUN domain resides in the perinuclear space (PNS).
KASH domain proteins span the ONM and interact with the SUN domain in the PNS, forming the LINC
complex that connects the cytoplasm with the nucleoplasm (adapted from Zeng et al., 2018).

1.6 SUN domain proteins

SUN domain proteins were first described in Caenorhabditis elegans unc-84, which are
involved in nuclear migration. Thereafter, sad-1 was described in S. pombe. Hence, the
comparison between the C-terminal region of UNC-84, Sadl, and human proteins SUN1 and
SUNZ2 revealed the homology of this region defining the name of SUN domain proteins from
Sadl and UNC-84 (Horvitz & Sulston, 1980; Hagan & Yanagida, 1995; Malone et al., 1999).

SUN domain proteins share a common structure which consists of an N-terminal region
containing up to three transmembrane domains (TMs), a middle part with up to two coiled-coil
regions, and a C-terminal region that contains the conserved SUN domain (Crisp et al., 2006;
Haque et al., 2006). The N-terminal region extends into the nucleoplasm, whereas the conserved
C-terminal of the SUN domain proteins reside in the perinuclear space (Hodzic et al., 2004;
Crisp et al., 2006).

The conserved SUN domain proteins play several roles in different organisms, such as spindle
architecture, interaction with lamins, telomere anchorage to the nuclear envelope during meiotic
13



movements in mice as well as in S. cerevisiae. Furthermore, SUN proteins mediate the
centrosomal attachment to the nucleus in C. elegans (Malone et al., 2003; Conrad et al., 2007,
Ding et al., 2007; Schmitt et al., 2007).

In mammals, the SUN domain proteins are encoded by a minimum of five genes (Liu et al.,
2007). Sunl and Sun2 are widely expressed in several tissues, and they are crucial in the
connection of the cytoskeleton to the nucleoskeleton through giant nesprin and lamins (Hodzic
et al., 2004; Padmakumar, 2005; Crisp et al., 2006; Wang et al., 2006). In contrast,
SUNC1/SUN3, SPAG4/SUN4, and SPAG4L/SUNS are expressed predominantly in testes (Gob
et al., 2010; Frohnert et al., 2011).

SUN3 is a transmembrane protein with the same topological organization as other SUN domain
members. It is expressed in the late stages of spermiogenesis and colocalizes with lamin B3 and
lap2 at the posterior pole of spermatids. Moreover, SUN3 overlaps with the manchette in

elongating spermatids (Crisp et al., 2006; Géb et al., 2010).

Spag4, also known as Sund4, is spermiogenesis specific and starts its transcription in round
spermatids. During spermiogenesis, SPAG4 exhibits an initial expression in round spermatids
where it localizes in the nuclear envelope as well as SUN3 and Nesprinl. Afterward, in
elongating spermatids, SPAG4 colocalizes with the transient microtubular manchette. In
contrast, in the late stages of spermiogenesis, SPAG4 migrates to the distal pole of the sperm
nucleus, specifically where the sperm tail is inserted. Moreover, Spag4-deficient mice suffer
from severe defects in the manchette structure, chromatin condensation, and sperm head shaping
(Calvi et al., 2015; Pasch et al., 2015). Furthermore, Spag4-deficiency affects the correct
arrangement and docking of the manchette to the spermatid nucleus, perturbs the HTCA
tightness by altering the proper junction of the basal plate to the implantation fossa (Yang et al.,
2018). Thus, SPAG4 is part of the complex protein network organization that bridges the

nucleus to the sperm tail.

Spag4l, also called Sunb, is highly expressed in testis. The gene SRG4 encodes SUN5 in mouse
and its transcription is related to round spermatids (Xing et al., 2004). Spag4l and Spag4l2 are
two splice variants of the gene Sun5, which differ in 25 amino acids at the N-terminal region.
SPAGAL has one transmembrane domain, whereas the longer isoform, SPAG4L2, contains two
transmembrane domains at the N-terminus. Although SUN5 was first described to be associated
with the apical nuclear envelope of round spermatids facing the acrosome (Frohnert et al., 2011),
later analysis revealed that SUNS5 resides at the head-to-tail coupling apparatus in mature

spermatozoa (Yassine et al., 2015). Moreover, the partial deletion of Sun5-gene affects the
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HTCA development in mice and causes male infertility due to globozoospermia (Shang et al.,
2017).

Furthermore, studies in male patients have identified 12 mutations in the Sun5-gene (Fig. 1.6).
Zhu et al. (2016) predicted that Sun5 mutations might cause the acephalic spermatozoa
syndrome due to LINC complex alterations. The LINC complex is formed by the interaction of
SUN domain proteins with cytoskeletal proteins. Thus, mutations in the SUN domain, as
p.Val261Met, p.Thr275Met, p.Ser284, p.Asn348lle, and p.Arg356Cys, may severely affect
their ability to interact with their counterparts. Further, mutations that affect the coiled-coil
domain (c.425+1G>A, p.(Leul43Serfs*30), p.Argl59*, p.Met162Lys) and the transmembrane
domain (p.Gly114Arg and p.Val128Serfs*7) might disrupt SUN5 localization at the nuclear
envelope. Computational prediction and ectopic expression of Sun5 containing the p.Gly114Arg
mutation has shown that the SUN5 protein is not restricted to the NE but also distributes to the
cytosol. Moreover, p.Glyl14Arg mutation inhibits exon 5 splicing and is responsible for the
production of acephalic spermatozoa in humans, whereas the frameshift p.(Leul43Serfs*30)
deletes 5090 base pairs, which includes exon 8 (Elkhatib et al., 2017). Besides that, the mutation
p.Argl59* (c.475C>T) leads to an earlier stop codon that truncates the coiled-coil domain and
restrains the transcription of the SUN domain. This mutation is inherited paternally and
increases decapitated spermatozoa formation (Shang et al., 2018). (Nomenclature: prefix “p”
indicates amino acid change; “c” indicates coding DNA sequence; asterisk indicates translation

termination stop-codon)

Among all SUN domain proteins, SUN5 seems to be responsible for the tight linkage of the
head to the tail in sperm. Sun5 impairments may disrupt the LINC complex and thereby be

responsible for causing the acephalic spermatozoa syndrome.
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Figure. 1.6. Schematic localization of human SUN5 mutations. Transmembrane domain (TM) (blue),
coiled-coil domain (red), and SUN domain (green) (adapted from Zhu et al., 2016; Shang et al., 2018).
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1.7 Male infertility due to acephalic spermatozoa syndrome and its genetic etiology

Several morphological abnormalities of the spermatozoa could cause male infertility. These
abnormalities include sperm flagella disorders, impairment in head-neck attachment, irregular

acrosome development, and chromatin condensation (Chemes & Rawe, 2003).

In the present work, | focused my attention on abnormalities of the HTCA caused by several
defects in the connecting piece and centrioles formation. These aberrations produce acephalic
or pinhead spermatozoa, a type of human teratozoospermia (TZI) (WHO, 2010; Chemes &
Alvarez Sedo, 2012). HTCA abnormalities lead to a fragile head-tail junction or may severely
cause spermatozoa decapitation. Ultra-structural analyses have indicated that the instability of
the linkage of the connecting piece to the sperm nucleus caused abnormal alignment of the
sperm head to the midpiece. This disorder includes an irregular formation of the basal plate,
implantation fossa, and the inability of the proximal centriole to migrate to the posterior area of
the sperm nucleus. The proximal centriole attaches to the spermatid nucleus. However, its
dysfunction affects its physical contact with the nucleus and causes the separation of sperm head
and tail (Chemes et al., 1999; Chemes & Rawe, 2010; Yang et al., 2018). Thus, centriolar and
connecting piece dysfunctions seem to have a genetic etiology in humans (Baccetti et al., 1989;
Chemes et al., 1999). Yet, molecular components of the HTCA have been scarcely
characterized. In humans, solely the gene Sun5 has been identified to be responsible for the
acephalic spermatozoa syndrome. However, in mice models, several genes have been reported
to be involved in the head-tail junction, inter alia, Prss21, Oaz3, Cntrob, 1ft88, Spata6, Odf1,
Hook1, Arl3, RIM-BP3, and Sun5 (Mendoza-Lujambio, 2002; Netzel-Arnett et al., 2009;
Tokuhiro et al., 2009; Zhou et al., 2009; Liska et al., 2013; Qi et al., 2013; Yuan et al., 2015;
Zhu et al., 2016).

In mice, the proteins Centrobin (encoded by Cntrob), 1ft88, RIMBP3, and HOOK1 localize in
the manchette, and their disruption affects spermatid elongation. Centrobin resides at the
marginal ring of the spermatid acroplaxome, manchette, and HTCA. In mice, the disruption of
Cntrob affects the manchette assembly and the intramanchette transport, which is responsible
for transporting proteins to the HTCA and tail formation. Thus, Centrobin depletion affects the
attachment of the HTCA and implantation fossa contributing to sperm decapitation (Liska et al.,
2009). Likewise, the intra-flagellar transport protein IFT88 is involved in the formation of the
acrosome-acroplaxome complex, HTCA, and the spermatid tail. 1ft88-disruption affects the
intramanchette transport inhibiting the tail development in spermatids (Kierszenbaum et al.,
2011).
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RIM-BP3 localizes in the manchette of developing spermatids and the gene disruption severely
affects the acrosome, acroplaxome, manchette, and nucleus. Moreover, RIM-BP3 interacts with
HOOKZ1, which resides in the manchette (Zhou et al., 2009). HOOK1 belongs to the conserved
HOOK protein family, which has a highly conserved NH, domain, a coiled-coil domain in the
middle part, and a C-terminal domain. These domains are responsible for binding microtubules,
promoting the interaction with other proteins, and binding organelles. Moreover, HOOK1
mediates the manchette connection to the nuclear envelope through its C-terminal region. Thus,
the truncation of HOOKZ1 in mice causes abnormal spermatozoon head shape (azh) and male
infertility (Walenta et al., 2001; Mendoza-Lujambio, 2002).

The proteins PRSS21, OAZ3, SPAT6, and ODF1 contribute to the connection of the head to the
tail in sperm and their disruption is related either with a weak connecting piece or total sperm
decapitation. Mice lacking PRSS21 (Glycosylphosphatidylinositol-Anchored Serine Protease)
demonstrate spermatozoa with abnormal curled tails, decreased motility, abnormal heads and
tails orientation, and fragile neck. Thus, during the passage through the epididymis,
spermatozoa suffer from decapitation (Netzel-Arnett et al., 2009). Similarly, Oaz3-null male
mice (Ornithine decarboxylase antizymes) are infertile. They exhibit easy separation of heads
from tails due to basal plate and capitulum separation (Tokuhiro et al., 2009). SPATAG resides
exclusively on the connecting piece and Spata6-gene disruption in mice disarranges the basal
plate connection to the implantation fossa. Thus, Spata6 mutant mice cause male infertility due
to acephalic spermatozoa, which are devoid of the connecting piece, segmented columns, and
capitulum (Yuan et al., 2015). ODF1 is a cytoskeletal protein situated in the basal plate, and the
ablation of the Odf1-gene produces sperm decapitation due to an impairment in the sperm head-
to-tail linkage (Yang et al., 2012).

In mice, the disruption of Sun5 causes male infertility affecting the head-tail coupling apparatus,
whereas, in humans, 12 mutations of the gene have been identified. Thus, specific mutations in
Sun5 truncate the translation of the protein affecting its localization at the nuclear envelope.
These genetic disorders prevent the centriole attachment to the nucleus, disrupt the HTCA, are
responsible for the acephalic spermatozoa syndrome, and cause male infertility (Elkhatib et al.,
2017; Shang et al., 2018). The SUN5 protein is described in more detail in chapter 1.6. Thus,
identifying the molecular components involved in the acephalic spermatozoa syndrome may
contribute to a better understanding of male germ cell differentiation and design diagnostics and

treatments in assisted reproduction technology.
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1.8 Research objectives

ODF1 is an essential component of the HTCA, and its disruption causes sperm decapitation
(Yang et al., 2012; 2014). Even though ODFL1 is involved in the linkage of the head to the tail
in sperm, its interacting partners that mediates this linkage are still unknown. Besides that, Odf1-
depletion, the partial disruption of Spag4l and Hook1 cause male infertility in mice, suggesting
that the acephalic spermatozoa (AS) syndrome has a genetic origin, albeit few mutations have
been identified in humans. Given that ODF1 mediate the attachment of the connecting piece to
the sperm nucleus and mutations in this gene have not been reported, | explored the Odf1-
sequence in two patients who exhibited the AS-phenotype. Mutation screening also included
regions of the genes Spag4l and Hook1.

ODF1 interacts with the SUN domain protein SPAG4 (Shao et al., 1999), although this
interaction is unusual for SUN-domain proteins. SUN proteins localize at the nuclear envelope
(NE), whereas ODF1 localizes in the cytoskeletal area of the HTCA. Hence, this study focused
on characterizing the topology of SUN4 and SUN5 to obtain more insights about their
orientation in the NE. Thus, | evaluated the topology of Spag4l domains by immunocytology.
Due to the localization of the SUN-domain proteins at the NE, Spag4-depletion might disturb
gene transcription during spermatogenesis. Therefore, | evaluated marker genes during
spermatogenesis progression in Spag4”’” mice.

In order to identify additional interactors of SPAG4 apart from ODF1, | explored the amber
suppression method, which is based on incorporating a photoreactive unnatural amino acid as a
coding codon into a protein. This protein, after photo-activation, cross-links with nearby
proteins that afterward can be identified by Western blot. Further, to obtain more insights into
the ability of SPAG4 to interact with ODF1, | investigated the orientation of SPAG4 and
SPAGAL at the nuclear membrane. For this purpose, recombinant proteins were induced to
dimerize by adding the immunosuppressant “rapamycin.” To further analyze the function of
SPAGAL regarding male fertility, a part of this project was centered on the generation of Spag4l-

deficient mice.

The last objective was to identify new ODF1 interacting partners that collaborate in the HTCA
formation. The focus was centered on CCDC42 due to its reported effect on the formation of
the HTCA in mice (Pasek et al., 2016). Besides that, the expression and localization of CFAP52
were analyzed because of its physiological functions, potential role in axoneme stability, and its

ability to mediate protein interactions (Li et al., 2001).
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2 Material and methods

2.1 Material

2.1.1 Biological material

2.1.1.1 Bacterial strains

Competent Escherichia coli strain DHSa and Da10b were used to subclone plasmid DNA.
2.1.1.2 Cell lines

Two different cell lines were cultivated. The cell line derived from mouse embryonic
fibroblast (NIH3T3) (Todaro & Green, 1963) and cells derived from human embryonic kidney
(HEK293) (Graham et al., 1977).

2.1.2 Vectors

Different vectors were used either for cloning or protein expression in eukaryotic cells. The
vectors pCR™II and pJET1.2 were used for cloning, whereas pcDNA3.1 (-) C (Invitrogen) and

pEGFP-C1 (Clontech) were used for overexpression in mammalian cells.
2.1.3 Oligonucleotides

Oligonucleotides were designed by NCBI/primer BLAST, whereas primer properties were
evaluated using PCR Primer Stats
(https://www.bioinformatics.org/sms2/pcr_primer_stats.html). Oligonucleotide primers were
ordered either from Integrated DNA technologies IDT or Eurofins and dissolved in distilled
water to a final concentration of 100 uM/ ul, according to the manufacturer. Oligonucleotides

are listed in 6.1.
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2.1.4 Enzymes

Enzyme Type Enzyme Resource
Agel-HF New England Biolabs
BamHI-HF New England Biolabs
Bglll New England Biolabs
EcoRI-HF New England Biolabs
EcoRV-HF New England Biolabs
HindIlI-HF New England Biolabs
Kpnl-HF New England Biolabs
Restriction Enzyme Nhel-HF New England Biolabs
Notl-HF New England Biolabs
Sacl-HF New England Biolabs
Spel-HF New England Biolabs
Spel-HF New England Biolabs
Xbal New England Biolabs

Taq polymerase Fermentas

DNA-polymerase MangoTaq™ DNA Polymerase Bioline

Phusion

Own synthesis

Advantage 2 Polymerase Mix

Clontech

DNA polymerase mix for

2X KAPA SYBR® FAST gPCR

KAPA Biosystem

All-in-One™ qPCR

GeneCopoeia

gPCR
HOT FIREpol ® EvaGreen® qPCR Mix Solis BioDyne, Tartu, Estland
Plus (ROX)
Klenow fragment DNA Polymerase | Thermo Scientific

DNA ligase

T4 DNA Ligase

New England Biolabs

Proteinase K

Proteinase K

Roth

Table 2.1. Enzymes
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2.1.5 Antibodies

2.1.5.1 Primary antibodies

Antibody Target protein Host Code Reference
animal
AntiRedFP mCherry rat 5F8 Chromotek
Anti-GFP pEGFP rabbit An#00002 Own synthesis
ECFP First bleeding
Anti-GFP pEGFP mouse Own synthesis
ECFP Ibrahim Adham
Anti-CCDC42 COILED-COIL rabbit Bs-8131R Antibodies
DOMAIN ABIN872760 Online
CONTAINING 42
(CCDC42)
Epitope KHL
Anti- CCDC42 COILED-COIL rabbit ~ ARP52735_P050 Antibodies
DOMAIN ABIN2785068 Online
CONTAINING 42
(CCDC42)
Epitope middle region
Anti-ODF1 Outer dense fiber of rabbit Antibodies
sperm tails 1 (ODF1) online
Anti-Pericentrin Pericentrin rabbit PRB432C Covance
Anti-gamma Tubulin y-tubulin mouse GTU-88 Sigma-Aldrich
Anti-myc Myc-tag rabbit AA31-80 Antibodies Online
ABIN1532205
Anti-Myc polyclonal Myc-tag rabbit Millipore
Anti-HA HA-tag mouse C5 Abcam
Anti-CFAP52 CFAP52 rabbit PA839781LA01 Cusabio

Table 2.2. Primary antibodies
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2.1.5.2 Secondary antibodies

Antibody Target Host Code Reference
protein animal
goat anti-mouse HRP- mouse-HRP goat Jackson Immuno
coupled Research
goat anti-rabbit HRP- rabbit-HRP goat Jackson Immuno
coupled Research
goat anti-rat HRP-coupled Rat-HPR goat Jackson Immuno
Research
goat anti rabbit-1gG (H+L) rabbit 1gG goat Alexa fluor R 555 Life Technologies
goat anti-mouse-1gG (H+L) mouse 19G goat Alexa fluor R 555 Molecular probes
goat a guinea pig-1gG guinea pig goat Cy3 Dianova
IgG
goat o, mouse mouse 1gG goat MFP590 Mobitec
goat anti-rabbit rabbit 1gG goat MFP488 Mobitec
goat o rabbit IgG rabbit 1gG goat DyLight 488 Thermo Scientific
goat o mouse IgG mouse 1gG goat DyLight 488 Thermo Scientific

Table 2.3. Secondary antibodies
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2.1.6 Culture media

2.1.6.1 Culture media for eukaryotic cells

Cell line

Ingredients

NIH3T3
HEK?293

Gibco DMEM + Glutamax-1 1x 500 ml
(contains 4.5 g/l D-glucose and sodium
pyruvate), penicillin-streptomycin 1%, FBS 10%

Table 2.4. Culture media for eukaryotic cells

2.1.6.2 Culture media for prokaryotic cells

LB-Medium

10 g Trypton
10 g NaCl
5 g yeast extract

*Ampicillin at 100pg/mL or Kanamycin at 50
mg/mL

LB agar plate

1.5% (w/v) agar in LB medium

Table 2.5. Culture media for prokaryotic cell culture

2.1.7 Buffers and solutions

Buffer/solution name

Ingredients

Blocking solution (Western-Blot)

5% (w/v) skimmed milk powder
diluted in 1X-TBST buffer

Blocking solution (Immunocytology))

1 % (w/v) BSA in PBS
0.5 % (v/v) Tween
diluted in 1X-PBS buffer

Denaturation buffer 8X

250 mM Tris-HCI (pH 6.8)

8% (w/v) SDS

40% (w/v) 2-p-Mecaptoethanol
0.004% (w/v) bromophenol blue
60% (w/v) glycerol

Denaturation buffer 2X

62.5 mM Tris-HCI (pH 6,8)
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2% (w/v) SDS

10% (w/v) 2- B-Mecaptoethanol
0.001% (w/v) bromophenol blue
10% (w/v) glycerol

DNA loading buffer 6X

0.09% (w/v) xylene cyanol FF
60 MM EDTA

0.09% (w/v) bromophenol blue
60% (w/v) glycine

KHM buffer

110 mM KOAc
20 mM Hepes, pH 7.4
2 mM MgCl;

Laemmli electrophoreses buffer (10X)

0.25 M Tris
2 M (w/v) glycine
1% (w/v) SDS

Lysis buffer for eukaryotic cells

150 mM NacCl
2mM EDTA
1%Triton X-100

1X of protease inhibitors cocktail 100X

In PBS (pH 7.2)

Lysis buffer for prokaryaotic cells

150 mM NacCl

250 mM Tris-HCI (pH 7.2)
0.1% Triton X-100
1mMDTT

1 mM PMSF

Lysis buffer for in situ proteinase K digestion

0.4% SDS

2% Triton X-100

400 mM NacCl

50 mM Tris-HCI, pH 7.4
1mMDTT

2 pg/ml pepstatin A

1 pg/ml Leupeptin

NID buffer

50 mM KClI

10 mM Tris-HCI (pH 8,3)
2 mM MgCl;

0.1 mg/ml gelatine
0.45% (v/v) NP40

0.45% (v/v) Tween 20
Proteinase K 1,6U/300 pl




Paraformaldehyde 3.7% 3.7 gr Paraformaldehyde
diluted in 1X-PBS

PBS buffer (10X) 140 mM NacCl
7 mM NazHPO4
3 mM KH2PO,

RIPA buffer 150 mM NacCl

1% Nonidet P40

0.5% Sodium Deoxycholate
0.1% SDS

50 mM Tris (pH 7.7)

10 mM PMSF

10X RIPA buffer for crosslinking assay

0.5 M Tris-HCI (pH 7.4)
1.5 M NaCl

2.5% Deoxycholate
10% NP-40

10 mM EDTA

Stripping solution

1.5% (w/v) glycine
0.1% (w/v) SDS
1% Tween 20
Final pH 2.2

TAE buffer (50X)

242 g/l Tris

57.1 ml/I glacial acetic acid
100 ml of 0.5 M EDTA
Final pH 8.0

TBST

20 mM Tris-HCI (pH 7.5)
300 mM NacCl
0.2% Triton X-100

Transfer buffer

1 M Tris-HCI (pH 7.5)
20 M glycine

0.4 mM MgCl,

0.04% (w/v) SDS

20% methanol

Table 2.6. Buffers and solutions




2.1.8 Chemicals

Name Company
2-B- Mercaptoetanol Sigma-Aldrich
Agarose Serva
Ampicillin Serva
APS Sigma-Aldrich
Bromophenol blue Sigma-Aldrich
BSA AppliChem
CaCls Merk
DAPI Sigma-Aldrich
DTT Sigma-Aldrich
EDTA Roth
Ethanol VWR Chemicals
Fluoromount-G™ Invitrogen
Glacial acetic acid ChemSolute
Glucose Roth
Glycerol Roth
Glycine Roth
HCI (37%) Roth
HEPES Roth
Imidazole Roth
IPTG Sigma-Aldrich
Kanamycin Sigma-Aldrich
KCI Merk
KH2PO4 Merk
KOAc Roth
Methanol VWR Chemicals
MgCl, AppliChem
MgSO4 AppliChem
Na;HPO4 Merk
NaCl AppliChem
NaHCO3 Sigma-Aldrich
Nonidet P40 Fluka
PFA Sigma-Aldrich
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Pierce Protein G Agarose

Thermo Fisher Scientific

PL-FITC

PL biochemicals

PMSF

Sigma-Aldrich

PageRuler™ Prestained Protein Ladder #26616

Thermo Scientific

Protease inhibitors Roche
cOmplete Ultra tabler mini EDTA-free

100X Protease inhibitor cocktail Cell signaling
Rotiphorese gel 40 (29:1) Roth
Rapamycin Millipore
SDS Roth

Serva DNA Stain G Serva
Skimmed milk powder (slightly soluble) Difco
Sodium acetate AppliChem
S.0.C medium Invitrogen
TEMED Roth

Tris Roth
Triton X-100 Roth

Trypsin-EDTA 0,25%

Life technologies

Tween 20

Roth

X-gal

Thermo Fisher Scientific

Table 2.7. Chemicals
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2.1.9 Kits

Ambion® Acid Phenol:Chloroform: I1AA

Thermo Fisher Scientific

Antarctic Phosphatase BioLabs
Clarity Max™ Western ECL Substrate Bio-Rad
Dual promoter TA Cloning™ Kit Invitrogen

EndoFectin Max transfection reagent

Genecopoeia

KAPA™Mouse Genotyping Hot Start Kit

KAPA Biosystem

Maxima first-strand cDNA Synthesis Kit for RT-
gPCR

Thermo Fisher Scientific

5X MEGAscript® T7 kit

Invitrogen by Thermo Fisher Scientific

Miniprep kit NucleoSpin® plasmid

Macherey-Nagel GmbH&CoKG

NucleoSpin® Gel and PCR Clean-Up

Macherey-Nagel GmbH&CoKG

peqGold RNA Pure PEQLAB
Phenol:Chloroform:1AA, 25:24:1 Ambion

Plasmid Midi Kit QIAGEN

Protein G-Agarose Thermo Fisher Scientific
Qubit™ dsDNA HS Assay Kit Invitrogen

Qubit™ RNA HS Assay Kit Invitrogen

TA Cloning™ Kit, Dual Promoter Invitrogen

TURBO DNA-free™ Kit

Life technologies

Viagen DirectPCR-Tail

Viagen Biotech

Table 2.8. Kits

2.1.10 Software and web services

Software or web service

Website

ZEN blue and black

Microscope Software ZEN from ZEISS Microscopy

Adobe Photoshop 7.0

NCBI https://www.ncbi.nlm.nih.gov/
ENSEMBL https://www.ensembl.org/index.html
BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi
Expasy https://web.expasy.org/translate/

SAC multalin http://multalin.toulouse.inra.fr/

Clustal Omega

https://www.ebi.ac.uk/Tools/msa/clustalo/

Table 2.9. Software and services




2.2 Methods

2.2.1 Microbiological methods

2.2.1.1 Liquid culture of E.coli

Transformed bacteria from a colony or a glycerol stock were cultivated in LB medium (5 ml to
100 ml) containing selective antibiotics, either ampicillin or kanamycin (at either 100ug/mL or
50 mg/mL, respectively). Bacteria were shaken at 225 rpm at 37°C overnight. Bacterial cultures
containing a specific plasmid were used to prepare glycerol stocks (2.2.1.2) or purify DNA
plasmid (2.2.2.4).

2.2.1.2 Storage of transformed bacteria (E. coli)

For long-term storage of bacterial transformants, glycerol stocks were prepared. Bacteria were
grown overnight in media containing the selective antibiotic. Then 800 pl of liquid culture was

gently mixed by pipetting with 200 pl of sterile glycerol and stored at -80°C.
2.2.1.3 Transformation

10 — 50 pl of competent bacteria cells, either DH50. or DH10Db, were defrosted on ice and mixed
with 20 pl of ligation reaction (2.2.2.8). The mixture was incubated on ice for 30 minutes. The
cells were then heat-shocked for 90 seconds at 42°C and chilled for 2 minutes on ice. Afterward,
200 pl of SOC medium was added to the DNA-competent bacteria mixture and incubated for 1
hour at 37°C. Finally, the transformation mix was plated on LB agar plates containing the

appropriate selective antibiotic and incubated-overnight at 37°C.

2.2.2 Molecular biological methods

2.2.2.1 Plasmid DNA preparation from E.coli

Plasmid DNA was prepared in three quantitative scales. For small-scale plasmid preparation,
the—Mini Kit NucleoSpin® Plasmid was used (Tab. 2.8). To obtain a large-scale DNA
preparation, either Midiprep Kit NucleoSpin® Plasmid or Maxiprep was used. The procedure

was according to the manufacturer's instruction manual.
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2.2.2.2 Plasmid construction
2.2.2.2.1 Subcloning to validate the amber suppression method

First, LaminC2 and Lamin B3 were amplified from mice testes cONA by RT-PCR (Tab. 6.1.4).
PCR was performed using Phusion polymerase. Amplified fragments were purified from the
agarose gel (2.2.2.4) and subsequently subcloned into the vector pJET1.2-blunt (Fermentas).
LaminC2 and LaminB3 were excised from vector pJetl.2 using Xbal and Kpnl restriction
enzymes. After that, each fragment was subcloned into the expression vector pcDNA3.1

(Invitrogen). The successful cloning was verified via sequencing (2.2.2.9).

The LaminC coding sequence was subcloned into pEGFP-N1. The LaminC coding sequence
was site-direct mutated by introducing the Amber stop codon (TAG) at three different positions
encoding either the amino acid arginine in position 470 (R470), threonine in position 488
(T488), or threonine in position 534 (T534). The complete constructs containing the site-
directed mutations denominated R470, T488, T534, and the aminoacyl-tRNA were kindly
provided by Dr. Petra Neumann-Staubitz.

2.2.2.2.2 Subcloning of SUN domain proteins

Sunl and Sun3 were amplified from mice testes cDNA (Table 14). PCR was performed using
Phusion polymerase. Amplified fragments were purified from the agarose gel and subsequently
subcloned into the vector pJET1.2-blunt (Fermentas). Sunl was cut out from the pJET1.2 vector
using Nhel and BamH]I, whereas Sun3 was digested with restriction enzymes Nhel and Kpnl
(2.2.2.6). Both linearized fragments were subcloned into Cherry-pCR3.1. Sequences of
expression plasmids were verified via sequencing (2.2.2.9).

The full-length Spag4l2 was amplified from mouse testes cDNA as previously described
(Frohnert et al., 2010) and used as a template for PCR. Spag4l2 contains two transmembrane
domains denominated TM1 (TM38-58) and TM2 (TM77-95).

The TM1 (TM 38-58) was first amplified using the primer pair primerl and primer TM38-58r.
The amplified fragment was cloned into pcDNA3.1 myc/His (-) C (Invitrogen, Paisley, UK).
Then, the TM1 insert was excised with Nhel-EcoRI from the vector pcDNA3.1 myc/His (-) C.
The TM1 insert was subcloned into pEGFP-N1 (Clontech, Palo Alto, CA, USA).

The TM2 (TM77-95) was amplified using the primers: primerl, primer2, primer3 TM2, and
Spag77-95r EcoRI. The PCR product was digested with Nhel-EcoRI and cloned into pEGFP-
N1 (Clontech, Palo Alto, CA, USA).
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The TM1-TM2 was amplified using the primer pair primerl and Spag77-95r EcoRI and cloned
into pcDNA3.1 myc/His (-) C. The N-terminal region containing the HA tag, TM1 and TM2
were digested with Nhel and EcoRI. The digested fragment was cloned into pEGFP-N1
(Clontech, Palo Alto, CA, USA).

The full-length Spag4l2 sequence was amplified using the primers pair primerl and primer
Spag77-95r EcoRI. Afterward, the fragment was cloned into pCDNA3.1 myc/His (-) C
(Invitrogen, Paisley, UK).

The expression plasmid HA-Spag4l2-myc containing a frameshift mutation at its C-terminus
was generated by PCR using the primers pair Spag4Xbal-for and Spag4Kpnl-frameshift. The
PCR product was cloned into pCRII and then digested with Xbal and Kpnl. Finally, the
fragment was subcloned in pcDNA3.1 myc/His (-) C.

Spag4Lc-EGFP was generated by PCR amplification using the primer pair Spag4lC-term-F-
Hindlll and Spag4l C-term-rev-EcoRI. Then, the amplified fragment was subcloned into
pEGFP-NL. Finally, all clones were verified by DNA sequencing.

2.2.2.2.3 Subcloning of genes for the rapamycin system

The expression plasmid FRB-ECFP-Spag4 was prepared by amplifying the fragment mECFP-
FRB from the construct nECFP-FRB-in pCRII (Ref: Hoyer-Fender). The primer pair used were
ECFP-N-Nhel and FIASH-C-Nhel (Table 6.1.6). The amplified fragment was subcloned into
pCRII. Then, the pCRII-mECFP-FRB plasmid was digested with Nhel, whereas HA-Spag4-myc
in pcDNA3.1 (Ref: W. Sura) was linearized with Nhel and Xbal. Finally, both fragments were
ligated.

The plasmid Luciferase-mRFP-FKBP was prepared by amplifying the Luciferase gene from
pGL-3 (Promega) with primers Luc-Nhel-For2 and Luc-Agel-Rev2 (Tab. 6.1.5). The amplified
Luciferase fragment was subcloned into pJET1.2 blunt vector (Fermentas). Subsequently, the
plasmid was digested with restriction enzymes Nhel (at the 5’-end) and Agel (at the 3°-end).
The expression plasmid mRFP-FKBP in pEGFP-N1 (Ref: C. Schultz/M. Schifferer) was
linearized with the restriction enzyme Agel (at the 5’-end) and finally fused to the luciferase

gene.

The expression plasmid FRB-ECFP-Sun5 was generated by amplifying Sun5/Spag4l from the
construct HA-Spag4l-myc in pcDNAS3.1(Ref: S.Hoyer-Fender). The primers pair used were
Sun5-Sacl-N-Rap and Sun5-Kpnl-C-Rap (Tab.6.1.5). The PCR product was subcloned into

pJET1.2 blunt vector (Fermentas). Afterward, Spag4l was cut-out with restriction enzymes Sacl
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(at the 5’-end) and Kpnl (at the 3‘-end). The plasmid mECFP-FRB-in pCRII (Ref: S.Hoyer-
Fender) was linearized with the restriction enzymes Sacl and Kpnl (both at the 3’-end). Ligation
of Spag4l to pCRII-mECFP-FRB resulted in the fusion of Spag4l to the C-terminal region of
pCRII-mECFP-FRB. The coding sequence of FRB-ECFP-Spag4l was amplified with the primer
pair ECFP-N-Nhel and Sun5-Kpnl-C-Rap and cloned pcDNA3.1 (-) C (Invitrogen) linearized

with the restriction enzymes Sacl and Kpnl. All constructs were verified by sequencing.
2.2.2.3 Sodium acetate/ethanol DNA precipitation

Genomic DNA was concentrated and purified by adding 1/10 volumes of 3M sodium acetate
and mixing thoroughly. Then, 2 volumes of 100% ethanol were added, mixed, and incubated
overnight at -20°C. After incubation, the samples were centrifuged for 30 minutes at 4°C at top
speed. The supernatant was discarded, and the DNA pellet was washed 2 times with 70%

ethanol. The DNA pellet was air-dried and resuspended in ddH20.
2.2.2.4 DNA purification

The PCR product of interest was cut-out from the agarose gel and purified with NucleoSpin®

Gel and PCR Clean-Up Kit following the manufacturer's instructions.
2.2.2.5 Measurement of DNA and RNA concentrations

DNA and RNA concentrations were obtained using either photo-spectrometer (Nanodrop,
PegLab) or Qubit™., Nanodrop estimated DNA concentration is based on UV light absorption
at a wavelength of 260 nm. A ratio of OD260/0D280 provided information about the purity of
nucleic acids. Whereas Qubit™ estimate DNA or RNA concentration by measuring the
fluorescence emitted by the binding to a specific dye. Qubit™ quantification reduces noise and
gives more accurate results. DNA or RNA quantification was performed using specific Qubit™

fluorometers for dsDNA or RNA, as indicated in the instruction manual.
2.2.2.6 Restriction enzyme digestion of DNA

Specific restriction endonucleases were used to digest DNA. 1 pg DNA was incubated with 1
unit of restriction enzyme in the appropriate reaction buffer, provided by the manufacturers, at
recommended temperatures and time. Then, the DNA-enzyme digestion mix was inactivated at
specific temperatures and time recommended for each enzyme. Finally, digested DNA
fragments or vectors were analyzed by gel electrophoresis and purified using the NucleoSpin®
Gel and PCR Clean-Up kit (2.2.2.4).
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2.2.2.7 Vector DNA dephosphorylation

After the restriction enzyme digestion was completed, phosphate groups were removed to
prevent vector religation. DNA vector was treated with 1 pl Antarctic Phosphatase (AnP) (5U),
1/10 vol of 10X Antarctic phosphatase reaction buffer, and ddH20 up to 50 pl. The
dephosphorylation mix was incubated at 37°C for 30 minutes. The reaction was stopped by heat
inactivation at 80°C for 2 minutes. Finally, the dephosphorylated vector was used to proceed

with ligation.
2.2.2.8 Ligation

The ligation reaction was performed using T4-DNA ligase. The enzymatic activity of the DNA
ligase catalyzes the formation of covalent phosphodiester linkages between the 3" hydroxyl end
of one DNA fragment and the 5' phosphate end of another DNA fragment. Ligation reaction
contained: 50 ng vector DNA, X ng insert DNA, 2 ul T4 (10X) ligation buffer, 1 ul T4 DNA
ligase (5U/ pl) in 20 pl of total reaction volume. The ligation reaction was performed with a

molar ratio of insert/vector of 3:1 or 1:1 followed by overnight incubation at 4°C.
2.2.2.9 DNA Sequencing

Plasmid or purified DNA was sent to Microsynth Seqlab (Goéttingen) for sequencing.
2.2.2.10 Total RNA isolation

Total RNA was extracted either from NIH3T3 cells grown at a monolayer in cell culture dishes
or mouse tissues. Mouse tissues include testis, liver, brain, ovary, kidney, epididymides, and
spleen. A small piece of each tissue was triturated by using a mortar and continuously adding
liquid nitrogen. The pulverized tissue was homogenized in 1 mL of peqGOLD RNAPure™
using a Dounce hand homogenizer (Tab. 2.8). The RNA extraction was essential, as described
in the instruction manual. For RNA isolation from NIH3T3 cells, 1 mL of peqGOLD
RNAPure™ was directly added to the cell monolayer and the extraction was carried out

according to the instruction manual.
2.2.2.11 RNA precipitation

RNA precipitation was done by adding 0.1 volumes of 3M sodium acetate and 2 volumes of
100% ethanol. RNA was mixed thoroughly and incubated for 20 minutes at -80° C. After
incubation, the samples were centrifuged for 20 minutes at 4°C, the supernatant was removed,
and the RNA pellet was washed 2 times with 75% DEPC-treated ethanol (ice cold). The samples
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were centrifuged for 10 minutes at 4°C. The supernatant was removed, the pellet dried and

resuspended in nuclease-free water.
2.2.2.12 DNase treatment

The DNase treatment was performed by adding 5 ul 10X TURBO reaction buffer, 1 pl (2 U) of
TURBO DNase (MEGAscript® T7 kit (Tab. 2.8), 10 pg of RNA and nuclease-free water up to
50 ul. The reaction mix was incubated at 37°C for 30 minutes. Thereafter, the DNase was
inactivated by adding 0.1 volume ammonium acetate. Samples were stored at -80°C for future
cDNA synthesis.

2.2.2.13 Phenol: Chloroform DNA/RNA precipitation

DNA or RNA samples were treated with one volume of Ambion® Acid Phenol:Chloroform:
IAA, premixed with Isoamyl alcohol (IAA) (25:24:1, pH 6.6/ 7.9). The mixture was vortexed
for 20 seconds and centrifugated at room temperature for 5 minutes at 16,000 x g. After
centrifugation, the upper aqueous phase was transferred into a fresh 1.5 ml tube. DNA or RNA
was precipitated by the addition of 0.1 volume of 3M sodium acetate (pH 5.5) and 2.5x volumes
of 100% ethanol. Thereafter, samples were incubated at -20°C overnight. Then, samples were
centrifuged at 16,000 x g for 30 minutes at 4°C. The supernatant was removed, and the pellet
was washed twice with 70% ethanol. After the last wash, ethanol was removed entirely, and the
pellet was dried at room temperature for 20-30 minutes. Finally, DNA or RNA pellet was
resuspended in nuclease-free water. Samples were stored at -20°C (DNA) or -80°C (RNA) for

future experiments.
2.2.2.14 cDNA synthesis

According to the manufacturer's instructions, the cDNA was synthesized using the Maxima
First-Strand cDNA Synthesis Kit (Tab. 2.8). cDNA was used as the template either for RT-PCR
or gRT-PCR.

2.2.2.15RT-PCR

RT-PCR was performed according to each primer pair parameters and the size of the expected
fragments (Tab. 6.1.2). PCR amplification was carried out using either Mango Taq DNA

polymerase, Taq polymerase, or Phusion polymerase.
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2.2.2.16 QRT-PCR

gRT-PCR was performed either with All-in-One™ gPCR mix or HOT FIREpol ® EvaGreen®
gPCR using the CFX96™ Real-Time PCR System (Bio-Rad Laboratories, Hercules, CA, USA).
cDNA from a wild type mouse was used to calculate primer efficiency. Relative fold gene
quantity was calculated by the delta-delta Ct method (2722<") using mHPRT as a reference gene.

Primer sequences are given in table 6.1.3.
2.2.2.17PCR

DNA was amplified using MangoTaq™ DNA, Phusion, or Advantage 2 Polymerase. Different
reactions were performed following the manufacturer's instructions. PCR products were

evaluated by agarose gel electrophoresis.
2.2.2.18 Agarose gel electrophoresis of DNA

PCR products were evaluated by gel electrophoresis using either 1% or 2% agarose dissolved
in 1X-TAE buffer and Serva DNA Stain G. Gel was solidified and inserted into a chamber
covered with 1X-TAE buffer. DNA samples were mixed with loading dye, loaded onto the gel,
and separated at 100V-120V.

2.2.3 Biochemical methods

2.2.3.1 Protein extraction from mammalian cells

Mammalian cells were washed with 1XPBS, trypsinized, and centrifuged for 3min at 2000 x g.
The cell pellet was washed with 1X-PBS and cellular concentration was measured using a
Neubauer haemocytometry. 1x10° cells were resuspended in 32 pl 1x-PBS. Protein denaturation

was performed by adding 4 pl of 8X denaturation buffer and heating at 95°C for 10 minutes.
2.2.3.2 SDS-Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) (Laemmli, 1970) was used to separate proteins
based on their size. For that purpose, proteins were denatured to avoid protein folding and give
them a negative charge. SDS gels were prepared using a stock solution of 40% acrylamide/
bisacrylamide in a ratio of 29:1. The acrylamide concentration chosen for resolving gel
preparation (10%, 12%, or 15%) was adapted to the expected molecular size range, whereas the

stacking gel was prepared at a concentration of 10%.
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Protein samples were loaded onto the SDS-PAGE and separated at 80 V for 30 min. When the
loading dye has entered the resolving gel, the voltage turned to 100 V for another 1.5 hours.

Stacking gel Separating gel

10 ml 10% 12% 15%
40% AA Bis Mix 1.25 ml 40% AA Bis Mix 5ml 6 ml 7.5ml
ddH-0 6.3 ml ddH.0 9.6 ml 8.6 ml 7.1ml
1M Tris-HCI pH 6.8 1.25 ml 1.5M Tris-HCIpH 8.8  5ml 5ml 5ml
10% SDS 100 pl 10% SDS 200 pl 200 pl 200 pl
10% APS 100 pl 10% APS 200 pl 200 pl 200 pl
TEMED 100 pl TEMED 20 pl 20 pl 20 pl

Table 2.10. Volumes needed for the preparation of two stacking and separating gels

2.2.3.3 Western-blot (Immunoblot)

The Western-blot is defined as the transfer of proteins onto a nitrocellulose membrane (Towbin
et al., 1979), followed by protein detection using specific antibodies. The nitrocellulose
membrane (Amersham Hybond-ECL, GE Healthcare) was placed together with the SDS-gel
between two Whatman filter papers. This set was placed between two sponges into a cassette.
Finally, the cassette was placed into the blot chamber (Bio-Rad) containing Towbin buffer.
Protein transfer was performed by applying 100 V for 1 hour.

2.2.3.4 Immunological protein detection

Membranes were used for antibody detection. Membranes were incubated for one hour at room
temperature in blocking solution (5% dry milk in TBST). Afterward, membranes were
incubated with primary antibodies diluted in blocking solution at 4°C overnight. After
incubation with the first antibody, membranes were washed with TBST buffer for 45 minutes
and replacing the TBST buffer every 5 minutes. Then, membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies diluted in blocking solution for 45
minutes at room temperature. Unbound antibodies were removed by washing the membranes
for 30 minutes with TBST buffer, replacing the buffer every 5 minutes. The HRP conjugated
secondary antibodies were detected by chemiluminescence (ECL). Light emission from proteins
was detected by ChemiDoc™ Imaging System. The optimal exposure time of each membrane

was always adapted to the experimental needs.
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2.2.3.5 Nitrocellulose membrane stripping

The nitrocellulose membrane was reevaluated. For this purpose, the primary and secondary
antibodies were first removed. Nitrocellulose membranes were stripped accordingly: 1. blots
were incubated in 1X-PBS for 10 minutes at room temperature with constant agitation, 2. the
PBS buffer was exchanged for stripping solution (see 2.1.9) followed by incubation for 8
minutes, 3. the stripping solution was discarded, and membranes were washed twice with 1X-
PBS for 10 minutes each. Thereafter, membranes were washed twice with TBST buffer for 5
minutes each, and unspecific binding sites were blocked with 5% dry milk powder in TBST.

The nitrocellulose membrane is now ready for the antibody incubation.
2.2.3.6 Co-IP (Co-immunoprecipitation)

Cells were reseeded and transfected, as described above. 18-24 hours post-transfection, cells
were harvested by trypsinization, collected and washed twice with ice-cold 1X-PBS. Cellular
pellet was resuspended in 1 ml lysis buffer for ColP, vortexed, and incubated on ice for 20
minutes. After incubation, cell lysate was passed 10 times through a 21.5-gauge needle followed
by 3 times sonication for 45 seconds each. Samples were centrifuged at 15,000 x g for 15
minutes and the supernatant was used for ColP analysis. 50 pl of supernatant was stored as
input, whereas the remnant protein lysate was split into equal parts to perform
immunoprecipitation with specific and control antibodies. Incubation with fishing antibodies
was carried out on a rolling platform for 1 hour at room temperature. Then, protein G beads
were washed with lysis buffer for ColP and subsequently added to the protein lysate-antibody
mixture and incubated overnight at 4°C on a rolling platform. After overnight incubation, beads
containing proteins and antibodies were washed 4 times with 1 ml lysis buffer. Finally, beads
were resuspended in 50 pl 1X denaturation buffer, whereas the supernatant of 50 ul was
resuspended in 50 pl 2X denaturation buffer for SDS-PAGE electrophoresis and boiled at 95°C

for 10 minutes.
2.2.3.7 Crosslinking reaction and harvesting adherent cells

Twenty-four hours post-transfection, cell culture dishes were placed on ice, and the medium
was removed. Adherent cells were washed two times with 1X-PBS. Then, fresh 1X-PBS was
added to the cells, followed by incubation at 4°C with concurrent exposition with or without
UV-light at 365 nm for 15 min. Subsequently, PBS was removed and 150ul of 1X-RIPA,
containing protease inhibitors, was added (Tab. 2.6), followed by incubation on ice for 10
minutes under slow horizontal movements. Thereafter, cells were scratched using a cell scraper.

The cell lysate was transferred into a 1.5 ml tube and centrifuged at 11.000 rpm for 10 min at
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4°C. After centrifugation, the supernatant was transferred into a new 1.5 ml tube and 25 pl of
5X LPP buffer was added to 100ul of the supernatant. Samples were heated for 15 min at 95°C

and stored at -20°C for Western-blot analysis.

pPLMNC-T488-3X-FLAG Amber stop codon TAG 488
pPLMNC-T534-3X-FLAG Amber stop codon TAG 534
PLMNC-R470-3X-FLAG Amber stop codon TAG 470
PAXtRNAEpa

Table 2.11. Plasmids and tRNA for UAA incorporation

2.2.4 Cell biological methods
2.2.4.1 Propagation and subculture of eukaryotic cells

NIH3T3 and HEK293 cells were cultivated in Dulbecco’s Eagle Medium (DMEM) enriched
with 10% fetal bovine serum and 1% penicillin/streptomycin (complete DMEM). Cells were
maintained at 37°C and 5% CO,. Cells were propagated by removing the old medium and
washing them with sterile 1X-PBS. Cells were incubated with 0.25% trypsin, followed by
incubation for 3 minutes at 37°C. Trypsin was inactivated by adding complete DMEM and a
large part of the solution aspirated. The remaining cells were propagated further by adding fresh
complete DMEM.

2.2.4.2 Defrosting and freezing of eukaryotic cells

For long-term storage, harvested cells were resuspended in freezing medium containing 20%
DMSO. Cells were collected in cryo-vials and first incubated for 2 hours at -20°C followed by
transfer to -80°C overnight. Finally, cryo-vials were stored in liquid nitrogen. For revitalization,
frozen cells in cryo-vials were prewarmed in a water bath for 3 minutes at 37°C and

subsequently diluted with prewarmed medium.
2.2.4.3 Transfection

NIH3T3 and HEK293 cells were transfected with EndoFectin™ Max transfection reagent
following the manufacturer’s instructions. Thereafter, cells were incubated at 37°C and 5% CO>
for 18-24 hours.
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2.2.4.4 Immunocytology on sperm suspension

Fresh testes isolated from mice (C57BL/6) were washed with 1X-PBS, the tunica albuginea was
removed, and germ cells were suspended by mincing and pipetting in 3.7% PFA. Cell
suspensions were spread on Superfrost Plus (Menzel Glas, Braunschweig) followed by
incubation in a humid chamber for 20 minutes. Cells were permeabilized with 0.3% Triton X-
100 (in 1X-PBS) for 10 minutes at room temperature. After washing the samples with 1X-PBS,
they were incubated in PBT blocking solution for 1 hour. Proteins of interest were stained with
appropriate primary antibodies overnight at 4°C. Excess of primary antibodies was removed by
washing the samples 3 times with 1X-PBS. Thereafter, samples were incubated with appropriate
secondary antibodies for 45 minutes at 37°C. Finally, samples were washed three times in 1X-
PBS for 5 minutes each, the mounting medium (Fluoromount-G™) was added, and slides were
covered with a coverslip and sealed with nail polish. Samples were analyzed by the fluorescence
microscope LSM 750 or 980 (ZEISS) and processed using Adobe Photoshop 7.0.

2.2.4.5 Immunocytology

Transfected or untransfected NIH3T3 cells were cultivated on coverslips in six-well plates
containing an initial concentration of 2.5X10° or 3X10° cells per well. After 24 hours, cells were
washed 3 times with 1X-PBS and fixed in 3.7% PFA in 1X-PBS for 20 minutes at 4°C.
Alternatively, cells were fixed with 100% methanol for 10 minutes at -20°C. After 3 times
washing with 1X-PBS, specimens were permeabilized in 0.3% Triton X-100 (in 1X-PBS) for
10 minutes at room temperature. Samples were washed 3 times with 1X-PBS. Another fixative
option was to fix cells with 3% Glyoxal for 30 minutes at 4°C, followed by incubation with
NH,CI for 30 minutes at 4°C. Permeabilization was performed using 0.2% Triton X-100 (in 1X-
PBS) for 10 minutes at room temperature. After permeabilization, unspecific antibody bindings
were blocked with PBT for 1 hour at room temperature. Subsequently, primary antibodies were
added to the samples and incubated for 1 hour at 37°C. Thereafter, cells were washed 3 times
with 1X-PBS for 5 minutes each. Afterward, secondary antibodies were added, followed by
incubation for 45 minutes at 37°C. DNA was counterstained with DAPI. Cells were washed 3
times with 1X-PBS and covered with mounting medium (Fluoromount-G™). To protect
samples from drying, coverslip borders were sealed with nail polish. Slides were stored at 4°C
until they were analyzed by laser scanning microscopy (Zeiss LSM 750 or LSM 980) and
processed using Adobe Photoshop 7.0.
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2.2.5 Generation of Spag4l-deficient mice
2.2.5.1 Production of the targeting vector

Homologous recombined mouse embryonic stem cells (Sun5tm1(KOMP)Vicg,
KOMP/Velocigene project: VG16078) in which the insertion of a replacement vector deleted
the Spag4l2/Sun5 gene were purchase from Velocigene Regeneron Pharmaceuticals.Inc
(http://velocigene.com/komp/detail/16078). The Sun5 gene comprises in mouse 12 exons which
were entirely disrupted in the embryonic stem cell line and replaced by the reporter gene LacZ
and the resistant gene Neomycin. The cassette deleted the region 153856177 to 153870995,
which localizes to chromosome 2. The presence of the targeting vector in ES cells was tested
by PCR and gPCR.

2.2.5.2 Generation of Sun5 knockout mice

Recombinant ES cells were propagated by Prof. Dr. Ibrahim Adham (Institute of Human
Genetics, University Medical Center Gottingen). Chimeric mice were generated by
microinjection of recombinant ES cells into embryos of the C57BI6 mouse strain by the animal
facility of the Max Planck Institute of Experimental Medicine, Goéttingen. Heterozygous Sun5-
deficient mice were generated by breeding of chimeras carrying the replacement cassette and
C57BI6 mice. Chimeras and heterozygous Sun5-deficient mice were genotyped by PCR and
qPCR.

2.2.5.3 Genomic DNA extraction

Genomic DNA was prepared using either KAPA™Mouse Genotyping Kit, NID buffer, or
Viagen-DirectPCR®-Tail. ES cell pellet, mice tail-tips, or ear punches were incubated in lysis
solution containing 1 pl of KAPA express enzyme, 10X KAPA buffer, and PCR-grade water.
Lysis was performed by incubation in a heating block for 1 hour at 75°C followed by enzyme

inactivation for 5 minutes at 95°C.

To isolate genomic DNA from mice tail-tip biopsies, tails were placed into a 1.5 ml tube
containing 300 pl Viagen-DirectPCR®-Tail buffer (Tab. 2.8) and 0.4 mg/ml of proteinase K.
Samples were incubated overnight at 55°C under continuous agitation. Afterward, proteinase K

was inactivated by incubation at 85°C for 45 minutes.

Alternatively, mice tail-tips or ear punches were incubated 300 pl NID buffer containing
proteinase K (Tab. 2.6) followed by incubation at 56°C overnight. Then, proteinase K was

inactivated by incubation at 95°C for 15 minutes.
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Finally, DNA samples were quickly centrifugated, the supernatant transferred into a new 1.5 ml

tube, and DNA was precipitated using sodium acetate/ethanol (2.2.2.3).
2.2.5.4 Genotyping of mice using PCR

gDNA from ES cells or biopsies from chimeras and their progenies were used to investigate the
replacement of the gene Sun5 by the integration cassette. Thus, gDNA was used as a PCR

template using different primer pairs combinations (Tab. 6.1.7).

ES cells were genotyped by PCR using two primer pairs. SunUp/LaclnRev was used to amplify
a fragment of 562 bp comprising the upstream region of the wild-type allele and 132 bp of the
recombinant allele. NeoFwd/SunDown was used to amplify 101 bp of the recombinant allele

and 406 bp of the 3’ region of the wild-type allele.

Several primer sets were used to detect the transmission of the Sun5 replacement allele in
chimeras and heterozygous mice. SunUp/LacinRev is located at the 5" region as described.
LacInF/LacInR are located in the reporter gene LacZ. Different set of primers were used to
detect the selection marker neomycin, inter alia NeolnF/NeolnR, NeomycinFor3/NeolnR,
NeomycinFor/NeoSplitRev  and  NeomycinFor/NeoInR.  Alike,  NeoFwd/SunDown,
Geno2For/Geno2Rev, and NeomycinFor3/Genotype2Rev locate downstream of the targeting

vector or in its 3’ region (Fig. 3.24).

PCR reactions were performed using Mango Taq DNA polymerase and primer specific

conditions as described in table 2.12.

Step Temperature Time Repetitions
Initial denaturation 95°C 3 min
Denaturation 95°C 30 sec
Annealing Primer TM 30 sec
(Appendix 6.1) 45 cycles
Extension 72°C specific to each

fragment length

Final extension 72°C 10 min

Table 2.12. PCR conditions used for genotyping
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2.2.5.5 Genotyping of mice using qPCR

ES cells and mice tail-tips were genotyped by quantitative Real-Time PCR using CFX96™
Real-Time PCR System (Bio-Rad Laboratories, Hercules, CA, USA). gDNA was isolated as
described (2.2.5.3) and used as the template for g°PCR using different primer pair combinations.
Primer sets (Tab. 6.1.8) were designed for the amplification of either exon 7 or 9. Primer
efficiency was evaluated by the generation of a standard curve with wild-type mouse gDNA.

The standard curve was obtained by using serial dilutions of the template.

To perform the gPCR, gDNA from a wild-type mouse was used as internal control, whereas

Prm1 and Odf1 were used as reference genes to calculate the fold change (log24").

Internal control, samples, and non-template controls were prepared in triplicate and mixed with
the following components: 2X KAPA SYBR® FAST gPCR master mix or HOT FIREpol®
EvaGreen® qPCR Mix Plus (ROX), 10 uM forward and reverse primers each, gDNA template
and ddH20 water up to 10 pl total reaction volume. gPCR reactions were performed using the

conditions described in table 2.13.

Step Temperature Time Repetitions
Initial denaturation 95°C 3 min
Denaturation 95°C 3sec
Annealing 57°C 20 sec 40 cycles
Extension 72°C 15 sec

Table 2.13. gPCR conditions used for genotyping
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3 Results

3.1 Mutation screening in patients with acephalic spermatozoon phenotype

Teratozoospermia (TZI) describes sperm malformations that cause male infertility, including
abnormalities of the head and middle/principal piece. The syndrome acephalic or pinhead
spermatozoa is characterized by a fragile connecting piece disrupting the connection between
sperm head and tail. Albeit these disorders have genetic origins, the molecular components have
been scarcely described (Perotti et al., 1981; WHO, 2010; Chemes et al., 1999; Chemes, 2000).

Genetic studies in patients and the generation of knock-out mouse models combined with the
ultrastructural evaluations of spermatozoa have enabled the identification of essential genes
required for the tight junction between sperm head and tail. The disruption of HTCA or
manchette has been ascribed to alterations of Prss21, Oaz3, Cntrob, Ift88, Spata6, Odf1, Hook1,
Arl3, Stk36, Rim-bp3, and Sun5 (Mendoza-Lujambio, 2002; Netzel-Arnett et al., 2009; Tokuhiro
et al., 2009; Zhou et al., 2009; Liska et al., 2013; Qi et al., 2013; Nozawa et al., 2014; Yang et
al. 2012; 2014; Yuan et al., 2015; Zhu et al., 2016).

Most of these genes have been identified in mouse models. This is the case of Odf1 that encodes
the ODF1 protein. ODF1 is an essential component of the HTCA, and its disruption in mice
induces the detachment of the sperm head to the tail. However, no mutations have been reported
in infertile patients suffering from the acephalic spermatozoan syndrome. Thus, it raises the
question if Odfl mutations might be causative for male infertility in humans. Therefore, |
analyzed the DNA of two infertile patients who had been diagnosed with acephalic
spermatozoan phenotype. DNA samples were kindly provided by Prof. Dr. med. Héctor Chemes
(Center for Research in Endocrinology, Buenos Aires Children’s Hospital, Argentina), who also
got the informed consent of the patients. The screening for mutations was carried out on the
candidate genes Odfl, Hook1, and Sun5. These genes have been previously reported to play a

key role in the sperm head-tail junction.
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3.1.1 Patients with decapitated spermatozoa carried normal sequence variations of the

gene Odfl compared to the reference wild-type sequence

ODF1 is a component of the sperm tail outer dense fibers (ODFs) situated parallel to the
axoneme. They contribute to the tensile forces of the sperm by providing elasticity to the sperm
tail during the flagellar beat. The analyses of spermatozoa from Odfl-deficient mice have
revealed reduced sperm motility and sperm decapitation. Furthermore, the depletion of Odfl
caused abnormal mitochondrial arrangement and ODF organization and affected the proper
attachment of the sperm head and tail (Fawcett, 1975; Baltz et al., 1990a; Yang et al., 2012;
2014).

Odf1 gene consists of two exons. Exon 1 comprises 492 bp, whereas exon 2 consists of 596 bp
(Hofferbert et al., 1993). Thus, the DNA from two unrelated anonymous patients with acephalic
spermatozoan syndrome, named P17 and P19, were used to amplify both exons of the human
Odfl gene. Exons were amplified using the pair of primers Odfl-Homo-Exonl-For/ Odfl-
Homo-Exonl-Rev and Odfl1-Homo-Exon2-Forward/ Odfl-Homo-Exon2-Reverse (Tab. 6.1.1).
The PCR product of exon 1 exhibited a size of 590 bp, and amplification of exon 2 resulted in
two different fragments of 590 bp and 635 bp, respectively. All PCR products were cloned into
the vector pJET1.2/blunt (Fermentas), and the DNA isolated from 5 up to 9 individual colonies
were sequenced. The obtained sequences were aligned to the human reference NG_028006.1
by using Multiple Sequence Alignment Clustal Omega. Sequences from exon 1 exhibited a
normal coding region in both patients, being identical to the reference sequence (Fig.3.1 - 3.2).
Regarding exon 2, two slightly different amino acid sequences were detected in each patient,
which corresponded to the variations described as CSP and CNP (Fig. 3.3 — 3.4) (Hofferbert et
al., 1993). In humans, in its C-terminal region ODF1 possesses conserved cysteine residues in
a variable repetitive tripeptide motif of C-X-P. The tripeptide motif variation is either CSP or
CNP resulting from two nucleotide exchanges (AGC >AAC) and (CCC - CCG). Thus,
humans are either homozygous or heterozygous for the two Odf1 alleles. Allele I is shorter and
less frequent than allele I1. Besides that, allele Il is encoded by three additional motifs at the
COOH-terminal end. However, these variations do not cause a pathologic sperm phenotype
(Burfeind & Hoyer-Fender, 1991; Hofferbert et al., 1993; Hoyer-Fender et al., 1995). To
conclude, neither patient P17 nor patient P19 carry harmful mutations in the Odfl gene.

Therefore, in these cases, Odf1 is not responsible for the acephalic spermatozoa syndrome.
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0dfl MRRLSCLLDSVERDIKEVDRELREQLRCIDEFSTRCLCDLYMHPYCCCDLHFY FYCLCYSK &0
Fl7-Clon4 MRALSCLLDSVRRDIKEVLDRELRQLRCIDEFSTRCLCDLYMHEYCCCDLHEYPYCLCYSK &0
Fl7-Clon5 MRALSCLLDSVRRDIEKEVLDRELRQLRCIDEFSTRCLCDLYMHEYCCCDLHEYPYCLCYSKE &0
F17-Cloné MARALSCLLDSVERDIKEVDRELEQLRCIDEFSTRCLCDLYMHEYCCCDLHFY FYCLCYSK &0
F17-Clonlé MARRALSCLLDSVRRDIKEVDRELEQLRCIDEFSTRCLCDLYMHPYCCCDLHFY FYCLCYSK &0
Fl7-Clon2l MARALSCLLDSVRRDIKEVLDRELRQLRCIDEFSTRCLCDLYMHEYCCCDLHEYPYCLCYSK &0
Fl7-Clon23 MRALSCLLDSVRRDIEKEVLDRELRQLRCIDEFSTRCLCDLYMHEYCCCDLHEYPYCLCYSKE &0
F17-Clon24 MRRLSCLLDSVERDIKEVDRELEQLRCIDEFSTRCLCDLYMHEYCCCDLHFY FYCLCYSK &0
F17-Clon2% MARRALSCLLDSVRRDIKEVDRELEQLRCIDEFSTRCLCDLYMHPYCCCDLHFY FYCLCYSK &0

Fl7-Clon30 MAALSCLLDSVRRDIKEVDRELRQLRCIDEFSTRCLCDLYMHEYCCCDLHEYPYCLCYSK &0
B R R R R R R R R R R R R R R R R R R

0dfl RSRSCGLCDLY PCCLCDYRELYCLEPSLERSLERKATRATEDEKRELAK 107
Fl7-Clon4d RSRSCGLCDLYPCCLCDYKLYCLRESLESLEREAIRAIEDEKRELRE 107
Fl7-Clon5 R3R3CGLCDLY PCCLCDYRLYCLRESLESLEREAIRAIEDEKRELAK 107
F17-Cloné RSRSCGLCDLY PCCLCDYKLYCLREPSLESLERKATRAIEDEEKRELAK 107
F17-Clonle RSESCGLCDLY PCCLCDYKLYCLRPSLESLERKATRAIEDEERELAK 107
Fl7-Clon2l RSR3CGLCDLYPCCLCDYKLYCLRESLESLEREAIRAIEDEKRELRE 107
Fl7-Clon23 RSR3CGLCDLY PCCLCDYKLYCLRESLESLEREAIRAIEDEKRELAK 107
F17-Clon24 RSRSCGLCDLY PCCLCDYKELYCLEPSLESLERKATRAIEDEERELAK 107
F17-Clon2% RSRSCGLCDLY PCCLCDYKELYCLRPSLESLERKATRAIEDEERELAK 107
Fl7-Clon30 RSRSCGLCDLYPCCLCDYKLYCLRESLESLEREAIRAIEDEKRELRE 107

L T B R O o S T i R e o

Figure 3.1. Amino acid sequence alignment of ODF1-exonl from patient n°17. The nine clones analyzed
showed all an amino acid sequence identical to the reference ODF1 (ref. sec NC_000008.11).

0dfl MARLSCLLDSVRRDIKKVDRELRQLRCIDEFSTRCLCDLYMHPYCCCDLEFY FYCLCY 5K (1]
Fl9-Clonl MARLSCLLDSVRRDIKKVDRELRQLRCIDEFSTRCLCDLYMHPYCCCDLEFY FYCLCY 5K (1]
Fl19-Cloni3 MARLSCLLDSVERDIKKVDRELRQLRCIDEFSTRCLCDLYMHEFYCC CDLHFY FYCLCY SK a0
Fl9-Clon7 MARLSCLLDSVERDIKEVDRELROLRCIDEFSTRCLCDLYMHEFYCC CDLHFY FYCLCY SK a0
F19-Clonll MARLSCLLDSVRRDIKEVDRELRQLRCIDEFSTRCLCDLYMHFYCCCDLHFY FYCLCY 5K (]
P19-Clonl2 MARLSCLLDSVRRDIEEVDRELRQLRCIDEFSTRCLCDLYMHPYCCCDLHFY FYCLCY 5K (]
Fl9-Clonl% MARLSCLLDSVERDIKEVDRELROLRCIDEFSTRCLCDLYMHPYCCCDLHFY FYCLCYSK (1]
Fl9-ClonZl MARLSCLLDSVERDIEKEVDRELROLRCIDEFSTRCLCDLYMHPYCCCDLHFY FYCLCYSKE (1]
P19-Clon26é MARLSCLLDSVRREDIEKEVDRELRQLRCIDEFSTRCLCDLYMHPYCCCDLHFY FYCLCY 5K (1]

P19-Clondé MARLSCLLDSVRRDIEEVDRELRQLRCIDEFSTRCLCDLYMHPYCCCDLEFY FYCLCYSK a0
e R PP e T S E PP TS R

0dfl BSRSCGLCDLY PCCLCDYKLYCLEPSLRS LERKATRATEDERKRELAK 107
F1%-Clonl RSRSCGLCDLYPCCLCDYKLYCLRESLRS LEREATRATEDEKRELAK 107
P1%-Clon3 RSRSCGLCDLYPCCLCDYKLYCLRESLRS LEREATRATEDEKRELAK 107
F19-Clon7 RIRSCGLCDLYPCCLODYKELYCLRESLRS LERKATRATEDEKRELAK 107
F13-Clonll R3RSCGLCODLY PCCLCDYKLYCLRPSLESLERKATIRATEDEKEELAK 107
Fl9-Clonl2 RSRSCGLCDLYPCCLCDYELYCLEPSLESLERKATRATEDEKRELAK1QT
Fl19-Clonld RSRSCGLODLYPCCLCDYELYCLEPSLESLERKATRATEDEKRELAK1QT
F1%-Clon2l RSRSCGLCODLYPCCLCDYKLYCLRPSLESLEREKATRATEDEKRELAK 107
Fl1%-Clon26 RSRSCGLCDLYPCCLCDYKLYCLRPSLESLEREKATRATEDEKRELAK 107
Fl39-Clon3é RIRSCGLCDLYPCCLCDYKLYCLEPSLESLEREKAIRAIEDEKEELAK 107

L R R R R R Er R R

Figure 3.2. Amino acid sequence alignment of ODF1-exonl from patient n°19. The nine clones analyzed
showed all an amino acid sequence identical to the reference ODF1 (ref. sec NC_000008.11).
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Oodfl MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSPCNPCSPCNPCS 60
P17-Clon2 MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSP-—--—-—-—-—-—— Cs 51
P17-Clonb MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSP--—-—-=-—---— Cs 51
P17-Cloné6 MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPECNPCNPCSPCNPCS 60
P17-Clon8 MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPECNRPCNPCSPCNPCS 60
P17-Clon9 MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPENPCNPCSPCNPCS 60
***********************************************.* * %
Oodf1l PYDPCNPCYPCGSRESCRKMIL 82
P17-Clon2 PYDPCNPCYPCGSRFSCRKMIL 73
P17-Clon5 PYDPCNPCYPCGSRESCRKMIL 73
P17-Cloné6 PYDPCNPCYPCGSREFSCRKMIL 82
P17-Clon8 PYDPCNPCYPCGSREFSCRKMIL 82
P17-Clon?9 PYDPCNPCYPCGSRESCRKMIL 82

R R S e S b S I S b S 4

Figure 3.3. Amino acid sequence alignment of ODF1-exon2 from patient n°17. Two out of five clones
showed the variant motif CSP (clones 2 and 5; yellow) that corresponded to the less frequent allele I. Clones
6, 8, and 9 (green) have the variant motif CNP and contain three additional CNP motifs, which corresponds
to the allele 11 (ref. sec NG_028006.1 ).

Odfl MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSPCNPCSPCNPCS 60
P19 Clonlé6 MNICKEFSLPPRVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSP---—-—--——-— Cs 51
P19 Clon20 MNICKESSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSP-—-—-—-—-—-——-— CSs 51
P19 Clon22 MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPENR-——--—--- Cs 51
P19 Clon23 MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSP---—-—-—-——-— Cs 51
P19 Clon24 MNICKEFSLPPCVDEKDVTYSYGLGSCVKIESPCYPCTSPCSPCSPCSP------—-—-— Cs 51
*kkhkkkkhkk Kkhkk*k ***********************************'** * %
odf1l PYDPCNPCYPCGSREFSCRKMIL 82
P19 Clonl6 PYDPCNPCYPCGSRFSCRKMIL 73
P19 Clon20 PYDPCNPCYPCGSRFSCRKMIL 73
P19 Clon22 PYDPCNPCYPCGSRFSCRKMIL 73
P19 Clon23 PYDPCNPCYPCGSRFSCRKMIL 73
P19 Clon24 PYDPCNPCYPCGSRFSCRKMIL 73

LR R R R R S S

Figure 3.4. Amino acid sequence alignment of ODF1-exon2 from patient n°19. Four out of five clones
carried the variant motif CSP (clones 16, 20, 23, and 24; yellow) whereas clone 22 has the variant motif CNP
(green) (ref.sec NG_028006.1).
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3.1.2 Patients with decapitated spermatozoa carried normal sequences of exons 10 and

11 of the gene Hook1 compared to the reference wild-type sequence

The murine Hook1 gene is highly expressed in testis. Hook1 has 11 splice variants in mice and
6 in humans. The longest Hook1 transcript in humans and mice comprises 22 exons. In mice,
the deletion of exons 10 and 11 affects HOOK1 functionality and perturbs the correct attachment
of sperm head and tail (Mendoza-Lujambio, 2002). In humans, a missense mutation affecting
the exon 10 has been identified. This mutation localizes in the central region of the coiled-coil
domain, where the base pair G is replaced by A, causing a non-synonymous change in p.Q286R
(Chen et al., 2018). Therefore, an alteration in the coiled-coil motif might affect the protein’s
ability to interact with other proteins and bind to organelles. Besides that, HOOK1 localizes to
the manchette in mouse spermatids and is involved in the interconnection between the
manchette microtubules (Walenta et al., 2001). Thus, HOOK1 is implicated in the manchette's
correct positioning and its proper connection to the nuclear envelope. Therefore, a dysfunctional
protein might be responsible for decapitated spermatozoa. It proposes Hookl as a causative
candidate gene for human teratozoospermia or decapitation syndrome (Mendoza-Lujambio,
2002).

I investigated exons 10 and 11 of the Hook1 gene to figure out whether Hook1 is involved in
the acephalic syndrome represented by these two patients. Exon 10 and 11 were amplified using
the primer pairs Hook1-E10-N-for/Hook-Exon10-Rev and Hook1-E11-N-for/Hook1-E11-N-
Rev, respectively (Tab. 6.1.1). Both exons were amplified and cloned into the vector
pJET1.2/blunt (Fermentas). The DNA isolated from 2 up to 8 individual colonies were
sequenced. Sequences of exon 10 and 11 from both patients exhibit the same nucleotide
sequence as the reference NC_000001.11 (Fig. 3.5— 3.6 — 3.7). Mutations were not found in the
regions investigated, including the annotated deletion of exon 10 and 11. Therefore, the
possibility was excluded that mutations in exon 10 or 11 might be causative for the acephalic

spermatozoan syndrome in the patients studied here.
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Hookl Ex10 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60

P17 ClonA2 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGARAAGCAGC 60
P17_ClonA3 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGARAAAGCAGC 60
P17 ClonB4 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
P17 _ClonB6 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGARAAGCAGC 60
P17 ClonG1l9 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
P17_ClonG21 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGARAAAGCAGC 60
P17 ClonH23 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
P17 ClonH24 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGARAAAGCAGC 60
hok kA Kk k ok ok k kA khhhkhk kA Ak kkkk kA kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhk
Hookl Ex10 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17 _ClonA2 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17_ClonA3 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17 ClonB4 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17_ClonB6 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17 ClonGl9 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17_ClonG21 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17 ClonH23 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P17 ClonH24 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
LR ES SRS SRR SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESEEEE]
Hookl Ex10 TGAAAGATGAAATAGATGTTCTTAG 145
P17 ClonA2 TGAAAGATGAAATAGATGTTCTTAG 145
P17 _ClonA3 TGAAAGATGAAATAGATGTTCTTAG 145
P17 ClonB4 TGAAAGATGAAATAGATGTTCTTAG 145
P17 _ClonB6 TGAAAGATGAAATAGATGTTCTTAG 145
P17_ClonGl9 TGAAAGATGAAATAGATGTTCTTAG 145
P17 _ClonG21 TGAAAGATGAAATAGATGTTCTTAG 145
P17_ClonH23 TGAAAGATGAAATAGATGTTCTTAG 145
P17 _ClonH24 TGAAAGATGAAATAGATGTTCTTAG 145

R R

Figure 3.5. DNA sequence alignment of Hook1-exon10 from patient n°17. The alignment of the eight
clones analyzed are identical to the wild type sequence. Sequences were compared to the reference sequence
NC_000001.11.

Hookl Ex10 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
P19 ClonKl CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAARAGCAGC 60
P19 ClonK2 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGARAAGCAGC 60
P19 ClonLé6 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
P19 ClonM7 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAARAAGCAGC 60
P19 ClonM8 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGARAAGCAGC 60
P19 ClonN10 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
P19 ClonN11l CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
P19 ClonN12 CAAGGCTTGAAGCTGCAAAAGATGATTACCGTGTTCACTGTGAAGAACTTGAAAAGCAGC 60
ek ok ok ok Kk kK ok kK ok Kk kK ok ok Kk kK ko k ok Kk kK ok ok k ok Kk kK ok kK ok Kk kK ok ok Kk Kk kK ok ok Kk
Hookl Ex10 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P19 ClonKl TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P19 ClonK2 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAARACAAGAGCCC 120
P19 ClonLé6 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P19 ClonM7 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P19 ClonM8 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAARACAAGAGCCC 120
P19 ClonN10 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P19 ClonN1l1l TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
P19 ClonN12 TAATCGAATTCCAGCATAGGAATGATGAATTGACTAGTCTTGCAGAAGAAACAAGAGCCC 120
khkhkhkhkkhkkhkhkhkkhkhkhkhkhkhkhhkhkhkhkhkhhhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhhkhkhkhkhkhhkkkkkkhkkkhkkhkkkkx
Hookl Ex10 TGAAAGATGAAATAGATGTTCTTAG 145
P19 ClonKl TGAAAGATGAAATAGATGTTCTTAG 145
P19 ClonK2 TGAAAGATGAAATAGATGTTCTTAG 145
P19 ClonLé6 TGAAAGATGAAATAGATGTTCTTAG 145
P19 ClonM7 TGAAAGATGAAATAGATGTTCTTAG 145
P19 ClonM8 TGAAAGATGAAATAGATGTTCTTAG 145
P19 ClonN10 TGAAAGATGAAATAGATGTTCTTAG 145
P19 ClonN11l TGAAAGATGAAATAGATGTITCTTAG 145
P19 ClonN12 TGAAAGATGAAATAGATGTTCTTAG 145

Kkkkkkkkhkkkhkkkhkkkkkkkkkkk

Figure 3.6. DNA sequence alignment of Hook1-exonl10 from patient n°19. The alignment of the eight
clones analyzed are identical to the wild type sequence. Sequences were compared to the reference sequence
NC_000001.11.
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Hookl Ex11 GGCTACCTCTGATAAAGCAAATAAACTGGAGTCAACAGTTGAGATATATCGTCAGAAGCT 60
P17_clonl GGCTACCTCTGATAAAGCAAATAAACTGGAGTCAACAGTTGAGATATATCGTCAGAAGCT 60
P19 _clonl GGCTACCTCTGATAAAGCAAATAAACTGGAGTCAACAGTTGAGATATATCGTCAGAAGCT 60

Kok ok ok kK kK Kk K ok ok ok ok ok ok kK kK Kk Kk Kok ok ok ok ok ok kK kK ok ke k ok ok ok ok ok kK K K ok kK ok ok ok ok ok ok ok k

Hookl Ex11 ACAAGATCTGAATGACCTTCGCAAGCAGGTGAAAACTTTACAGGAAACCAACATGATGTA 120

P17_clonl ACAAGATCTGAATGACCTTCGCAAGCAGGTGAAAACTTTACAGGAAACCAACATGATGTA 120

P19 clonl ACAAGATCTGAATGACCTTCGCAAGCAGGTGAAAACTTTACAGGAAACCAACATGATGTA 120
ok ok kk ok kkkkkkkkkkkkkkhkkkkkkkkkhkkkkkkkkkhkkkkkkkkkkkkkkkkkk*

Hookl Ex11 TATGCATAATACAGTCAGCTTAGAAGAAGAATTAAAAAAAGCAAATGCAGCACGTACACA 180

P17_clonl TATGCATAATACAGTCAGCTTAGAAGAAGAATTAAAAAAAGCAAATGCAGCACGTACACA 180

P19 _clonl TATGCATAATACAGTCAGCTTAGAAGAAGAATTAAAAAAAGCAAATGCAGCACGTACACA 180
Hokokkkkkkkkkkkkkkkkkkhkkkkkkkkkhkkkkkkkkkhkkkkkkkkkkkkkkkkkk*

Hookl Ex11 ATTAGAAACATACAAAAGGCAG 202

P17 clonl ATTAGAAACATACAAAAGGCAG 202

P19 clonl ATTAGAAACATACAAAAGGCAG 202

hokkkkkkkkkkkkkkkkkkkxk

Figure 3.7. DNA sequence alignment of Hook1-exonll from patient n°17 and 19. The alignment of the
two clones analyzed are identical to the wild type sequence. Sequences were compared to the reference
sequence NC_000001.11.

3.1.3 Patients with decapitated spermatozoa carried normal sequences of exons 6 and 8

of the gene Spag4l compared to the reference wild-type sequence

Spag4l consists of 13 exons in humans that encode the nuclear membrane protein
SPAG4L/SUNS of a size of 43 kDa. SUN5 localizes at the implantation fossa of mature
spermatozoa (Yassine et al., 2015) and is essential for the attachment of the sperm head to the
tail. Given that SPAGAL is an essential protein of the HTCA, | explored the sequences of exons

6 and 8, which have a size of 50 bp and 109 bp, respectively.

Mutations of Spag4l in humans cause the abnormal attachment of the sperm flagellum to the
nucleus. The disassembly is triggered by the absence of the implantation fossa and the basal
plate. Previous analyses in patients with the acephalic spermatozoan syndrome have identified
11-point mutations. These mutations caused nonsense, missense, and one intron modification
and can affect the protein structure (Zhu et al., 2016; Elkhatib et al., 2017), e.g., the mutations
C.340G>A (p.Gly114Arg), c.425 + 1G A (c.1043A>T) and ¢.475C>T (p.Argl59%) (Fig.
3.8).

The mutation ¢.340G>A (p.Gly114Arg) localizes in the predicted transmembrane domain,
specifically to the last nucleotide of exon 5. According to a computational prediction, the
replacement ¢.340G—>A resulted in a missense mutation that affects the exon 5 and the
expression of the SUNS protein. Hence, the mutation ¢.340G—> A might disrupt the localization
of SUNS5 at the nuclear envelope because of the impairment of the transmembrane domain (Zhu
et al., 2016; Elkhatib et al., 2017; Shang et al., 2018).
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The intronic mutation ¢.425 + 1G = A in humans localizes in the first base of intron 7 and
introduces a premature stop codon. The induction of this mutation in the mouse testicular
teratoma cell line F9 truncates the protein translation, which ends at Arg-142. Furthermore, this
point mutation localizes upstream of the coiled-coil domain (Zhu et al., 2016; Elkhatib et al.,
2017; Shang et al., 2018). Therefore, it might affect the protein conformation. According to a
previous report, this protein alteration might disrupt the ability of SUNS5 to interact with other
proteins, especially with DNAJB13 (Shang et al., 2018).

A similar effect is caused by the mutation ¢.475C—>T (p.Arg159%). It localizes to exon 8, inside
the coiled-coil domain. This mutation introduces a premature stop codon and affects the
secondary structure of the SUN5 protein. Furthermore, this premature protein termination
increases the number of acephalic spermatozoa. Therefore, it has been suggested that this

mutation disrupts the ability of SUNS to interact with its counterparts (Shang et al., 2018).

Altogether, these data strongly indicate that impairments of the SUN5 function leads to the
acephalic spermatozoa syndrome. Therefore, | analyzed different exons of the two unrelated

infertile patients to identify possible mutations in Spag4l.

Exon 6 (50 bp length) was amplified using the primer pair Sun5-Ex7-For and Sun5-Ex7-Rev.
This primer pair amplified a fragment of 200 bp, which includes part of the upstream and
downstream introns. However, no mutations were found (Fig. 3.9 — 3.10 — 3.11). Thus, exon 6
seems not to be implicated in the acephalic spermatozoa syndrome in the two patients analyzed
here. Exon 8 (109bp) was amplified using the primer pair suggested by Zhu et al. (2016), here
named Sun5-Ex8-Zhu-For and Sun5-Ex8-Zhu-Rev. This primer pair amplified a fragment of
284 bp, which includes part of the upstream and downstream introns (Fig. 3.9). However, these
primers turned out to be unspecific, amplifying a fragment of chromosome 17, whereas Spag4l
localizes to chromosome 20. | also started to investigate exons 11 and 13 using the primer
sequences specified by Zhu et al., Sun5-E11-Zhu-For/Sun5-E11-Zhu-Rev, and Sun5-E13-Zhu-

For/Sun5-E13-Zhu-Rev. However, amplification of both exons was unsuccessful (Fig. 3.9).
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Figure 3.8. Mutations in TM and coiled-coil domain of the human Spag4l. (A) Distribution of mutations
in Spag4l. c.340G>A affects the transmembrane domain (TM), ¢.425+1G>A situates upstream of the coiled-
coil domain and ¢.475C>T situates in the coiled-coil domain. (B) ¢.340G>A mutation localizes in the last
nucleotide of exon 5 (red square). (C) ¢.340G>A mutation produces a missense change, p.Gly114Arg (red
square). (D) c.425+1G>A situates in the first nucleotide of intron 7 (red square), introducing a premature stop
codon (asterisk) and retaining partially 18 bp of the intron 7. (E) c.425+1G>A produces a splicing-site
mutation by the introduction of a stop codon (asterisk). (F) ¢.475C>T introduces a stop codon in exon 8 (red
square and asterisk. (G) ¢.475C>T truncates the secondary structure of SPAGA4L (asterisk). (Adapted from
Zhu et al., 2016; Shang et al., 2018).
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Figure 3.9. DNA amplification of exons 6, 8,
11, and 13 of Sun5. PCR was performed on
DNA from patient n°19. Primers to amplify
exon 6 generated the expected product size of
~ 200 bp (50 bp of exon 6 + introns). Primers
to amplify exon 8 generated a product of ~300
bp (109 bp of exon 8 + introns) as expected.
Primers to amplify exon 11 and 13 failed in
the amplification. The expected product was

not obtained.




Sun5-Ex6 GATTCTGGATGTTTTCTATTCACTTACCATCGAAAATGAAAGTCTGGCAG 50

Patl7-Clon25 GATTCTGGATGTTTTCTATTCACTTACCATCGAAAATGAAAGTCTGGCAG 50
Patl7-Clon26 GATTCTGGATGTTTTCTATTCACTTACCATCGAAAATGAAAGTCTGGCAG 50
Patl7-Clon28 GATTCTGGATGTTTTCTATTCACTTACCATCGAAAATGAAAGTCTGGCAG 50

R ik i b b S 2 b b e S b b b e I b b b b I S b b b S b b b S b b b S S b b S

Figure 3.10. DNA sequence alignment of Sun5-exon6 from patient n°17. The alignment of the three clones
analyzed are identical to the wild type sequence. Sequences were compared to the reference sequence
NG_054760.1.

Suns-Ex6 GATTCTGGATGTTTTCTATTCACTTACCATCGAARATGARAAGTCTGGCAG 50
Patl9-Clon2 GATTCTGGATGTTTTCTATTCACTTACCATCGAARATGAAAGTCTGGCAG 50
Patl9-Clonb GATTCTGGATGTTTTCTATTCACTTACCATCGAARAATGAAAGTCTGGCAG 50
Patl9-Clon7 GATTCTGGATGTTTTCTATTCACTTACCATCGAARAATGAAAGTCTGGCAG 50
Patl9-Clonlo GATTCTGGATGTTTTCTATTCACTTACCAT CGAAAATGARAGTCTGGCAG 50

RS i b e R e i e e e e e e e R R R R R e e e e B e R e e

Figure 3.11. DNA sequence alignment of Sun5-exon6 from patient n°19. The alignment of the four clones
analyzed are identical to the wild type sequence. Sequences were compared to the reference sequence
NG_054760.1.

3.2 Characterization of the SUN-domain proteins SPAG4 and SPAG4L

3.2.1 Localization of the SUN domain proteins SPAGA4L and SPAG4L2 at the

nuclear membrane

SPAG4 and SPAGAL play essential roles in the formation of the HTCA. The depletion of
SPAG4 in mice weakens the attachment of the basal plate to the implantation fossa affecting
the HTCA formation (Yang et al., 2018). Similarly, the partial disruption of Spag4l in mice
interferes with the correct attachment of the sperm head to the tail (Shang et al., 2017).
Additionally, the disruption of the exons that encode the SUN domain of SPAGAL results in
acephalic spermatozoa by affecting the implantation fossa as observed in infertile men (Shang
et al., 2017). Altogether, these data confirm the role of SPAG4 and SPAGAL in the formation
of the head to the tail coupling apparatus. Therefore, the topological analysis of SPAG4L and
its variant SPAG4L2 contributes to a better comprehension of their ability to recruit proteins to
the nuclear envelope. Moreover, it could improve the understanding of the mechanisms to link

the sperm head to the flagellum.

SPAGA4L and SPAG4L2 are nuclear membrane proteins that share a similar structure. Both

proteins are composed of one or two transmembrane domains in the N-terminal region,
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respectively, a coiled-coil domain in the middle and a SUN domain in the C-terminal region.
Spag4l and Spag4l2 are transcribed in testis, and their expression is correlated with the

emergence of round spermatids during spermiogenesis (Xing et al., 2004; Frohnert et al., 2011).

Spag4l?2 is a longer isoform of Spag4l that encodes two predicted transmembrane domains in
its N-terminal region. In contrast, Spag4l encodes solely one. In both isoforms, transmembrane
domains are followed by a coiled-coil region and the conserved SUN domain at the C-terminal
(Xing et al., 2004; Frohnert et al., 2011). Moreover, SPAGA4L2 has been described as nuclear
membrane protein, with a N-terminal region oriented towards the nucleoplasm, and a C-terminal
domain oriented towards the cytoplasm (Frohnert et al., 2011). Despite that fact, SPAGAL has
been also identified as interacting partner of the cytoplamatic protein ODF1 (Shao et al., 2001).
Given the localization of SPAGAL at the nuclear envelope (NE) it raises the question of how
SPAGAL is able to interact with ODF1. Thus, | reevaluate the localization of SPAG4L2 domains
and the impact of a truncated SUN-domain on the recruitment of the full-length protein to the
NE.

To figure out in more detail the contribution of the diverse protein domains for the distribution
of the whole protein, | generated a series of plasmids encoding specific parts of the protein fused
to either the HA-, myc-, or EGFP-tag (Fig. 3.12). Plasmids were transfected into NIH3T3 cells,

and their expression and protein localization were investigated by tag-specific antibodies.

Moreover, | investigated whether the disruption of the SUN domain affects the localization of
SPAGA4L 2 at the nuclear membrane. It has been reported that a CRISPR-mediated disruption of
the exons 10-12 encoding the SUN domain caused acephalic spermatozoa in mice (Shang et al.,
2017). Thus, an expression plasmid encoding the truncated protein reported by Shang et al.
(2017) was generated.
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Figure 3.12. Schematic representation of Spag412 expression plasmids. Transmembrane domain 1 (TM1);
transmembrane domain 2 TM2; coiled-coil domain (CC); SUN domain (SUN). (A) TML1 is tagged with HA
at the N-terminal and GFP at the C-terminal. (B) TM2 is tagged with HA at the N-terminal and GFP at the C-
terminal. (C) TM1 and TM2 tagged with HA at the N-terminal and GFP at the C-terminal. (D) Truncated
Spag4l2 with a deletion of exon 10-12 encoding the SUN domain. Truncated Spag412 was tagged with HA at
the N-terminal and with the myc epitope at the C-terminal. (E) Full-length Spag412 was tagged with HA at the
N-terminal and with the myc epitope at the C-terminal. (F) Full-length Spag4l, which contains only TM2,
tagged with HA at the N-terminal and with the myc epitope at the C-terminal. (G) The Coiled-coil region and
SUN domain were tagged with HA at the N-terminal and the EGFP epitope at the C-terminal.

Immunocytological analyses showed that the full-length SPAGA4L2 protein localizes at the
nuclear membrane as well as in the cytoplasm (Fig. 3.13 A-C). The TM1 tagged to HA at the
N-terminal and EGFP at the C-terminal is highly expressed in the cytoplasm and at the nuclear
membrane (Fig. 3.13 D-G). In contrast, the TM2 tagged to HA at the N-terminal and GFP at the
C-terminal was detected at the nuclear membrane and cytoplasm by its HA-tag. However, its

EGFP-tag was only detected in the region that seems to be the endoplasmic reticulum.
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Additionally, the localization of the recombinant protein HA-TM2-EGFP was detected by its
HA and EGFP tags in the region that corresponds to the Golgi apparatus endoplasmic reticulum
by analogy to previous reports (Frohnert et al., 2011) (Fig. 3.13 H-K). Expression of the
combined TMs (TM1 and TM2), tagged with HA and EGFP, revealed a clear nuclear membrane
localization (Fig. 3.13 L-O). Ectopic expression of the truncated Spag4l2, comprising TM1,
TM2, and the coiled-coil region but without the SUN domain, demonstrated a clear nuclear
membrane localization (Fig. 3.13 P-R). By contrast, the C-terminal region containing the coiled-
coil region and the SUN domain showed only a cytoplasmatic distribution (Fig. 3.13 S-U).
These results strongly indicate that the transmembrane domain | (TM1) is essential for
SPAGA4L2 localization at the nuclear envelope. Furthermore, the transmembrane domain 11
(TM2) seems not to be required for the localization of SPAG4L2 at the nuclear membrane.
Moreover, the coiled-coil region and SUN-domain displayed a cytoplasmatic localization and

they appear not to be responsible for SPAGA4L recruitment to the nuclear envelope.
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Figure 3.13. The protein domain organization of SPAG4L2 and their individual cellular distribution.
Different expression plasmids were transfected into NIH3T3 cells and analyzed immunocytologically. (A-C)
Full-length Spag412 (tagged with HA at the N-terminal and with the myc epitope at the C-terminal) localizes
to the nuclear envelope and shows a mild distribution in the cytoplasm. (D-G) TM1 (tagged with HA at the
N-terminal and EGFP at the C-terminal) exposes a strong distribution in the cytoplasm and at the nuclear
membrane. (H-K) TM2 (tagged with HA at the N-terminal and EGFP at the C-terminal) was detected at the
nuclear membrane and the cytoplasm by its EGFP-tag, whereas the HA-tag was only detected in the cytoplasm.
(L-O) TM1 and TM2 (tagged with HA at the N-terminal and EGFP at the C-terminal) expose a consistent
localization at the nuclear envelope as well as a distribution to the cytoplasm. (P-R) The truncated SUN domain
of Spag4l2 (tagged with HA at the N-terminal and with the myc epitope at the C-terminal) reveals a strong
distribution in the cytoplasm and the nuclear membrane. (S-U) The Coiled-coil region and SUN domain
(tagged with HA at the N-terminal and with the EGFP at the C-terminal) localizes in the cytoplasm. Nuclear
counterstain with DAPI (blue). Bars are of 2 um (A-L) and 5 um (M-P).
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3.2.2 Impact of Spag4- deficiency on gene expression during mouse spermatogenesis

In mice, the expression of the Spag4 gene is restricted to testes, and its transcription starts in
post-meiotic stages, around 18 days after birth. SUN4/SPAGA4 is exclusively expressed in round
and elongated spermatids. At the beginning of spermiogenesis, SPAG4 localizes at the nucleus
of round spermatids, while in elongated spermatids, SPAG4 is situated close to the manchette.
At the late stages of spermiogenesis, the manchette disassembles and SPAG4 is placed at the
distal pole of the nuclear envelope. Here, it contributes to the linkage of head to tail in sperm
(Yang et al., 2018). Thus, SPAG4 is essential for the correct sperm head shape, manchette
organization, and anchorage of the sperm head to the flagellum (Calvi et al., 2015; Pasch et al.,
2015; Yang et al., 2018).

SUN domain proteins reside in the nuclear envelope and participate in the linkage of the
cytoskeleton to the nucleoskeleton (LINC) by their interaction with the conserved KASH
domain proteins. Besides that, SUN domain proteins are involved in many cellular functions as
telomere attachment to the inner nuclear membrane and chromosomes movements during
meiosis (Malone et al., 1999; Padmakumar, 2005; Crisp et al., 2006; Ding et al., 2007; Razafsky
& Hodzic, 2009; Starr & Fridolfsson, 2010).

In mice, spermatogenesis requires around 35 days (Oakberg, 1956). The process starts with the
proliferation of spermatogonial stem cells (SSC). SSC undergo spermatogonia differentiation
to produce A-, intermediate and B-spermatogonia. After the differentiation phase, B-
spermatogonia produces pre-leptotene spermatocytes, which go through meiosis in ~8.6 days
old mice (Oakberg, 1956; Nebel et al., 1961; De Rooij & Grootegoed, 1998; Eddy, 1998).
Primary spermatocytes undergo the first meiotic division, including leptotene, zygotene,
pachytene, diplotene. Once the first meiotic phase is completed, secondary spermatocytes
experience a fast second meiotic division to produce round spermatids (RS) at 18 dpp. Finally,
RS undergo spermiogenesis, which is completed after 30 dpp and elongated spermatids are
detected (Oakberg, 1956; Nebel et al., 1961; Clermont, 1972; Frank et al., 1986; Russell, 1990).

In the first step of spermatogenesis, the stimulated by retinoic acid gene (Stra8), a
spermatogonial marker, is involved in spermatogonial proliferation and spermatocyte transition
(Ma et al., 2018). Spermatocytes then enter meiosis and proteins as SYCP1 and SYCP3 regulate
chromosome synapsis during zygotene-pachytene (Meuwissen et al., 1992; Yuan et al., 2000;
Costa et al., 2005). Once round spermatids are produced, cells start the nuclear shaping and
DNA packaging. During this process remodeling of the chromatin takes place that involves the

replacement of somatic histones by testis-specific histones followed by transition proteins and
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finally by protamines (Balhorn, 1982). The male germ cell-specific expressed histone
Hanpl/H1T2/H1-7 is one of the early replacement histones (Balhorn, 1982; Tanaka et al., 2005),

whereas protamine 1 is first transcribed in round spermatids (Braun, 1990).

During spermiogenesis, two a-tubulin isotypes restricted to testis, Ma3 and Ma7, start their
transcription (Villasante et al., 1986). Odf1 initiates its transcription in round spermatids before
condensation and elongation of the spermatid nucleus (Burmester et al., 1996). Spag4 starts its

transcription in postmeiotic spermatids (Pasch et al., 2015; Yang et al., 2018).

Given that SPAG4, a member of the SUN domain proteins, localizes at the nuclear membrane
and interacts with proteins inside the nucleus, disruption of Spag4 might affect the transcription
and spermatogenetic progression. Hence, to evaluate a possible influence of the deletion of
Spag4 in male germ cells, I investigated the expression pattern of molecular marker genes that
characterize the progression of spermatogenesis (Fig. 3.14). To achieve this purpose, RNA was
isolated from adult testes of wild type mice as well as of heterozygous and homozygous Spag4-
deficient mice using animals aged 10-months (wild-type and Spag4™ #319), 3-months
(Spag4 ~"- #343), and 8-weeks (wild-type #393, Spag4*" #371, Spagd” #363). Total RNA was

first treated with DNase and thereafter reverse transcribed into cDNA.

After the verification of the Spag4-genotype, the expression of meiotic and post-meiotic marker
genes was investigated. Amplification of cDNA from wild-type versus Spag4-deficient mice
showed a slight difference in Hanpl and Prm1 gene expression. Hanpl exhibits a weaker band
in the amplified cDNA from Spag4”’ testis compared to wild-type samples, whereas Prm1
shows a stronger band in the amplification of the cDNA from Spag4™ testis in comparison to
wild-type (Fig. 3.15 A). Therefore, both genes were analyzed by gRT-PCR to quantify their

expression.

First, specific primers were designed (Table 6.1.3), and their efficiencies and melting curves
were tested by serial dilutions. The marker genes Stra8, Hanp1, Prm1, and Odf1, were quantified
and their expression was calculated by the double delta Ct method. The housekeeping gene Hrpt

was used as an internal reference gene (Fig. 3.15 B).

Two independent gRT-PCRs were performed. The first one included animals between 3 and 10
months old, whereas the second one included 8-weeks old animals. Thus, the experiment was
performed using 2 biological replicates and 3 technical replicates. The results of the gRT-PCR
expression analyses confirmed the previous results obtained by RT-PCR. These results suggest

that Spag4-depletion affects the expression of the post-meiotic gene Hanpl and Prml. It was

58



observed that Spag4-deficiency reduced the expression of Hanpl and increased the expression
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Figure 3.14. Schematic representation of the expression of gene markers during spermatogenesis.
Spermatogonia are mitotically active cells that are characterized by the expression of Stra8. During meiosis,
homologous chromosomes undergo synapsis. This process is assisted by synaptonemal complex proteins as
SYCP1 and SYCP3. Chromatin remodeling starts in post-meiotic round spermatids with the replacement of
somatic histones by testis-specific histones as HANP1. Afterward, histones are replaced by protamines. The
transformation of round spermatids to mature spermatozoa includes the transcription of Spag4, Odf1, and the
a-tubulin isotypes Ma3 and Ma7. These genes encode essential proteins required for the head reshaping and
the connection of the sperm head and tail.
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Figure 3.15. Gene expression profiling of marker genes for spermatogenic progression in Spag4-
deficient mice. (A) RT-PCR was performed on cDNA generated from testes of 8-weeks old mice. The correct
genotype was verified by amplifying Spag4. Amplification of Gapdh was used to confirm cDNA quality. RT-
PCR shows normal expression of the premeiotic marker gene Stra8 and the meiotic marker genes Sycpl and
Sycp3. The early post-meiotic marker gene Hanpl shows a reduced transcription in Spag4” mice, whereas
Prml increases its transcription. The late post-meiotic marker genes Odfl, Ma3, and Ma7, display a
homogeneous expression. (B) gRT-PCR analysis for gene markers during spermatogenesis. The expression
of Prm1, Hanp1, Odf1 and Stra8 was evaluated using testicular cDNA obtained from wild type, Spag4*- and
Spag4™ mice. Relative expression values were calculated by normalizing to Hprt expression. Spag4-depletion
caused increased expression of Prml1 and reduction of Hanpl expression. Significance is indicated with
*p<0.05.

3.2.3 The amber suppression method and its suitability for the identification of SPAG4
binding proteins

Identifying novel SPAG4 bindings partners is essential for a better understanding of the sperm
decapitation syndrome and male infertility to incerase our knowledge about the molecular
components of the HTCA. Considering that SPAG4 is a SUN domain protein that mediates the
linkage between the nucleoskeleton and the cytoskeleton via binding KASH domain proteins, it
is important to investigate currently unknown KASH domain proteins and lamins that could be
specific for the male germ cell (Starr & Han, 2003; Crisp et al., 2006; Razafsky & Hodzic,
2009). Identification of novel interaction partners by taking advantage of the native topology

and orientation of SUN domain proteins inside the nuclear membrane is a challenging task but
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avoids severe artificial conditions that are present in Co-IP or pull-down assays (Choi et al.,
2019). 1, therefore, explored whether the amber suppression method is suitable for this purpose.

The amber suppression method takes advantage of an expansion of the genetic code. The genetic
code comprises 64 three-base codons. Of these codons, 61 encode for 20 canonical amino acids,
whereas the other 3 are the nonsense or termination codons (UAA-Ochre, UAG-Amber, and
UGA-Opal). The genetic code was considered universal and “frozen” because it remained
invariable in all organisms (Hinegardner and Engelberg, 1963; Woese et al., 1964; Sharp and
Bulmer, 1988). However, in mitochondrial and nuclear genomes, the genetic code has evolved,
e.g., in Mycoplasma sp., which translates UGA as Trp, and in Acetabularia acetabulum that
reassigns the stop codons UAA and UAG to GIn (Osawa et al., 1992; Knight et al., 2001). These
expansions of the genetic code enable the artificial incorporation of unnatural amino acids into

proteins.

To incorporate unnatural amino acids (UAAS) into proteins and expand the genetic code of
mammalian cells, new tRNA and its corresponding aminoacyl tRNA synthetase (tRNA-aaRS)
are required (Xie & Schultz, 2005). First, a stop codon should be incorporated into the protein-
coding sequence of interest. Then, the corresponding tRNA anticodon must be engineered to be
orthogonal to the aaRS. The aaRS must be modified to solely recognize the UAA and not any
other natural amino acid. Next, the aminoacyl tRNA synthetase, tRNA, and construct of interest
are introduced into cells. Once all components have been transfected and in the presence of the
UAA, the aaRS covalently links the tRNA with the UAA. Then, tRNA charged with the
anticodon recognizes the complementary three-base termination codon in the mMRNA
incorporating the UAA into the protein (Knight et al., 2001; Xie & Schultz, 2005).

Among the stop codons, the amber codon (UAG) is not used frequently by organisms as E.coli
(9%) and yeast (23%). Therefore, its incorporation into mMRNA does not significantly perturb
the host growth (Xie & Schultz, 2005). Furthermore, the amber tRNA anticodon can be
expressed in mammalian cells and can be aminoacylated by the mutant aaRS. Beyond that, it is
also possible to incorporate a photoreactive amino acid into proteins. The incorporation of a
photoreactive amino acid enables the identification of protein interacting partners that are near
to the photo-labeled protein of interest. The p-benzoyl-L-phenylalanine (pBpa) is an unnatural
amino acid that contains a photoreactive side chain (Kauer et al., 1986; Xie et al., 2005). The
benzophenone group of pBpa is an efficient photo-crosslinker. It reacts with peptides close to
the target protein, specifically with nearby C-H bonds, when cells are exposed to UV light of
350-365 nm. This reaction produces covalent cross-links between interacting proteins. pBpa

can be incorporated in vivo into proteins using an orthogonal aminoacyl-tRNA
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synthetase/tRNA-pair that translates the amber codon (Kauer et al., 1986; Chin et al., 2003;
Hino et al., 2005, Das and Oliver et al., 2011).

Thus, to first validate and explore the method, an orthogonal aminoacyl-tRNA synthetase/tRNA
(p4XtRNApBpa) that exclusively recognizes the amber stop codon, UAG, was generated.
Furthermore, different plasmids encoding for lamin C were generated. Lamin C consists of an
amino-terminal head, a helical rod domain (coiled-coil), and a carboxy-terminal tail domain.
The C-terminal tail is highly conserved among lamins and adopts an immunoglobulin (Ig) fold
(Dhe-Paganon et al., 2002; Krimm et al., 2002; Dittmer and Misteli 2011). Therefore, this region
is supposed to be a hot spot for protein interactions. Thus, three different plasmids were
designed in which amber codons were incorporated into the Ig-fold region of lamin C. An amber
codon replaced the codons corresponding to Arg-470, Thr- 488, and Thr-534 in the coding
region for the lamin C protein. The plasmids were named as pLMNC-R470-3X-FLAG,
PLMNC-T488-3X-FLAG, and pLMNC-T534-3X-FLAG. Dr. Petra Neumann-Staubitz kindly

provided all plasmids.

First, | evaluated the effective incorporation of the unnatural amino acid pBpa. NIH3T3 cells
were transfected with plasmids that encode the orthogonal tRNA-aaRS (p4XtRNApBpa) and
one of the plasmids containing the specific amber mutation. As expected, the orthogonal tRNA-
aaRS (p4XtRNApBpa) incorporated pBpa into lamin C amino-acid sequence. Cells transfected
with p4XtRNApPBpa/pLMNC-R470-3X-FLAG, p4XtRNApBpa/pLMNC-T488-3X-FLAG, or
p4XtRNApBpa/pLMNC-T534-3X-FLAG were grown in media with or without supplementation
of pBpa. After transfection, translation of LMNC comprising the amber codon was analyzed by

immunofluorescence using the antibody anti-Flag.

The results revealed that the ectopic expression of pPLMNC-R470-3X-Flag and p4XtRNApBpa
in NIH3T3 cells showed an abnormal expression of LMNC. Lamins generally reside at the
nuclear membrane; however, the genetically engineered LMNC localized inside the nucleus
(Fig. 3.16 A-C). In contrast, supplementation of 1mM of pBpa in the cell growth media enables
the correct translation of the protein and its location at the nuclear membrane (Fig. 3.16 D-F).
Similar results were obtained when cells were transfected with the following combinations:
either p4AXtRNApBpa/pLMNC-T488-3X-FLAG or p4XtRNApBpa/pLMNC-T534-3X-FLAG
(Fig. 3.16 G-R). This experiment confirmed the efficient incorporation of the unnatural amino
acid pBpa into the genetically engineered LMNC sequence. The addition of pBpa seemed

neither to affect the protein sequence nor its localization at the nuclear membrane.
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anti-Flag Figure 3.16 Incorporation of the unnatural
amino acid pBpa into LMNC sequences.
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incubated in the absence of the unnatural amino
acid pBpa (A-C; G-1; M-0) or with the addition
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In the next step, | attempted to reevaluate the interaction of the SUN domain proteins with
LMNC. Previously, it has been reported that SUN1 interacts with lamin A (LMNA) but not with
lamin C, B1, or B2 (Haque et al., 2006). Therefore, | expected that SPAG4 would not interact
with LMNC either. The first experiment performed served as a negative control experiment to

exclude any false positive interactions.

For this purpose, we used the plasmid HA-Spag4-MYC. HEK293 cells were transfected in
triplicate with the orthogonal tRNA-aaRS (4XtRNApBpa) and HA-Spag4-MYC, and either one
or the other Lmnc expression plasmid carrying the amber codon. One group of transfected cells
was not treated with pBpa. The second and third groups were incubated with the unnatural
amino acid (pBpa). Twenty-four hours after transfection, the third group of transfected cells
(previously incubated with pBpa) was treated with UV-light of ~365 nm. In this case, UV-light
acts as a linking agent causing covalent cross-linking of closely associated proteins. Proteins

were isolated from all cells and analyzed by western blotting.
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To sum-up the experimental setting:

Group 1: HEK293 cells transfected with pLMNC-R470-3X-Flag, pAXtRNApBpa and
HA-Spag4-MYC.

Group 2: HEK?293 cells transfected with pLMNC-R470-3X-Flag, pAXtRNApBpa and
HA-Spag4-MYC. Cells were incubated with 1 mM pBpa.

Group 3: HEK?293 cells transfected with pLMNC-R470-3X-Flag, pAXtRNApBpa and

HA-Spag4-MYC. Cells were incubated with 1 mM pBpa.
Exposition to ~365 nm UV light
Negative control: Untreated HEK293 cells

The results are shown in Fig. 3.17. The first lane of the images A and B shows the proteins
isolated and detected from group 1 of samples. The second lane corresponds to group 2. The
third lane corresponds to group 3, and lane four to untreated HEK293 cells. On the one hand,
image A shows that HA-SPAG4-myc was successfully overexpressed in HEK293 cells. SPAG4
was detected using the mouse anti-HA antibody. The electrophoretic band was detected at ~55

kDa, consistent with the expected molecular weight of SPAG4.

Further, SPAG4 was detected in the three different groups of transfected cells. On the other
hand, several unspecific bands were detected by the antibody in the image-A. One of these bands
is at ~100 kDa and it is present in all the samples, including the negative control (lane four).
Moreover, there are protein bands at ~130 kDa and ~180 kDa in the first lane. These unspecific
bands do not correspond to a potential cross-linked complex between SPAG4 and LMNC, which
has an expected molecular mass of ~110 kDa corresponding to the sum of SPAG4 (55 kDa) and
LMNC (62 kDa) (Fig. 3.16, A). To elucidate the origin of these unexpected protein bands, I
transfected HEK293 cells with pLMNC-R470-3X-Flag, exclusively. However, the same
unspecific protein bands were detected with the anti-HA antibody (data are not shown).

Regarding LMNC, the same protein lysates were immunoblotted and probed with mouse IgM
anti-laminA/C antibody. The expected electrophoretic bands at ~70 kDa and ~62 kDa,
corresponding to LMNA and LMNC, respectively, were detected. This result was somehow
unexpected because the third lane corresponds to proteins translated without pBpa
supplementation. It was, therefore, expected that no recombinant LMNC would be generated
(Fig. 3.17, B). The same protein lysates were immunoblotted with rabbit anti-Flag. However,
the antibody detected unspecific bands even in the negative control (data are not shown). These

data indicate that the endogenous expression of lamin A and lamin C seems to interfere with the
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detection of the recombinant LMNC. Besides that, no interaction between SPAG4 and LMNC

was detected.

To sum-up, the incorporation of the unnatural amino acid pBpa into LMNC sequences was
successful, as shown by immunocytological analyses. However, the detection of the genetically
engineered LMNC protein by Western blotting was unsuccessful.

A B
pLMNC-R470-3XFlag + + + - PLMNC-R470-3XFlag + + +
PAXtRNAPBPA 4 + + o P4XtRNApPBPA + + +
HA-Spag4-myc -+ + -+ - HA-Spag4-myc -+ + +
pBpa + + - - pBpa + + =
uv + - - - uv + - -
180 kDa 180 kDa___
130 kDa 130 kDa__
100 kDa 100kDa_
70 kDa 70 KD —— s =
55 kDa 55 kDa— W o

Figure 3.17 Evaluation of the amber suppression method by immunoblotting. HEK293 cells were
transfected with pLMNC-R470-3X-FLAG, p4XtRNApBpa, and HA-Spag4-MYC, followed by pBpa addition
or exclusion and UV exposure or omission. Proteins were detected using either mouse anti-HA to identify HA-
Spag4-MYC (A) or mouse IgM anti-laminA/C to identify LMNC (B). HA-Spag4-MYC was detected in all
samples in the expected molecular mass of ~55 kDa. Besides, an unspecific band was detected around 100
kDa (A). LaminA/C antibody detected two bands corresponding to LMNA of ~70 kDa and LMNC of ~62
kDa (B).

3.2.4 Reevaluation of the topology of SPAG4 and SPAGAL across the nuclear envelope
by drug-induced protein recruitment

The SUN-domain proteins reside in the nuclear envelope. As anticipated from somatic SUN-
domain proteins, their N-terminal region is located in the nucleus and their SUN domains in the
perinuclear space (Crisp et al., 2006). The N-terminal contains up to two transmembrane
domains, which recruit the full-length protein to the nuclear membrane. Beyond that, the
orientation of testicular SUN-domain proteins, as e.g. SPAG4, is unknown. Considering that the
C-terminal ends of SUN-domain proteins, including that of SPAG4 and SPAGA4L, are inside the
perinuclear space, it is completely unclear how they can directly interact with cytoskeletal
proteins, as e.g. ODF1. Therefore, determining the topology of SPAG4 or SPAGAL in relation
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to the nuclear membrane requires a sophisticated analysis. To this end, | established the

rapamycin system.

Rapamycin is a small molecule that binds to both FKBP and FRB to induce dimerization. In the
absence of rapamycin, FKBP and FRB proteins do not interact (Fegan et al., 2010; Inobe &
Nukina, 2016). Thus, by the generation of fusion proteins that are either linked to FKBP or FRB,

rapamycin induces their dimerization and, therefore, the recruitment of the fusion proteins.

The following sets of expression plasmids were designed to achieve this purpose: FRB-ECFP-
SUN4, FRB-ECFP-SUNS5, Luciferase-mRFP-FKBP, pLCK-ECFP-FRB, and FKBP-mRFP.
Here, it is important to remark that the N-terminal region of Sun4/Spag4 and Sun5/Spag4l were
fused to the C-terminal region of FRB-ECFP. Given that the SUN-domain of SUN4 and SUN5
reside in the perinuclear space, their N-terminal coupled to FRB-ECFP could be oriented
towards the nucleoplasm or to the cytoplasm. Thus, if the N-terminal region of FRB-ECFP-
SUN4 or FRB-ECFP-SUNS5 is oriented towards the cytoplasm, FRB will be available to interact
with its counterpart FKBP. This might indicate that the N-terminal of SUN4 and SUN5 might
interact with cytoplasmic proteins, e.g. ODFL1. It was expected that Luciferase-mRFP-FKBP
localized in the cytoplasm and not in the nucleoplasm. The proteins Luciferase-mRFP-FKBP,
pLCK-ECFP-FRB, and FKBP-mRFP were used as controls.

Plasmids were pairwise transfected into NIH3T3 cells:

a) FRB-ECFP-SUN4 and Luciferase-mRFP-FKBP: Luciferase-mRFP-FKBP should
predominantly be expressed in the cytoplasm, whereas FRB-ECFP-SUN4 in the nuclear
envelope. Rapamycin should enable the interaction of Luciferase-mRFP-FKBP and
FRB-ECFP-SUN4, causing the recruitment of the Luciferase-mRFP-FKBP protein
from the cytoplasm to the nuclear membrane.

b) FRB-ECFP-SUN5 and Luciferase-mRFP-FKBP: the localization and reaction of these
proteins should be the same as in a).

c) FRB-ECFP-SUN4 and mRFP-FKBP: FRB-ECFP-SUN4 should be expressed in the
nuclear membrane, whereas mRFP-FKBP should localize in both cytoplasm and
nucleoplasm. Rapamycin should induce the dimerization and relocalization of mRFP-
FKBP to the nuclear membrane.

d) FRB-ECFP-SUN5 and mRFP-FKBP: the localization and reaction of these proteins
should be the same as described in a).

e) pLCK-ECFP-FRB and Luciferase-mRFP-FKBP: Luciferase-mRFP-FKBP should
mostly be expressed in the cytoplasm, whereas pLCK-ECFP-FRB should localize in

66



both cytoplasm and nucleoplasm. Rapamycin may induce the relocalization of pLCK-
ECFP-FRB from the nucleoplasm to the cytoplasm (control).

f) pLCK-ECFP-FRB and mRFP-FKBP: Control. Both proteins should be expressed in the
cytoplasm and nucleoplasm. Rapamycin addition should induce dimerization of both

proteins but without changing their localization (control).

Rapamycin-induced heterodimerization of FKBP-rapamycin-FRB was started 24 hrs post-

transfection by addition of 1 mM rapamycin for 20 minutes.

Since SUN4 and SUNS5 are nuclear envelope proteins, | expected that the recombinant proteins
FRB-ECFP-SUN4 and FRB-ECFP-SUN5 would be likewise localized in the nuclear
membrane. In contrast, Luciferase-mRFP-FKBP was expected to be cytoplasmic. Rapamycin-
induced heterodimerization between Luciferase-mRFP-FKBP and the FRB-fusion protein,
either FRB-ECFP-SUN4 or FRB-ECFP-SUNS5, should cause a re-localization and recruitment
of Luciferase-mRFP-FKBP to the nuclear membrane (Fig. 3.18).

As expected, FRB-ECFP-SUN4 localizes at the nuclear membrane, whereas Luciferase-mRFP-
FKBP resides in the cytoplasm (Fig.3.19 A-H). The addition of rapamycin triggered the re-
localization of Luciferase-mRFP-FKBP from the cytoplasm to the nuclear membrane which is

visible by the red fluorescent rim at the nuclear membrane (Fig. 3.19 I-P).

Rapamycin Rapamyci
g f T
ivlc

Cytoplasm

Nucleoplasm

Figure 3.18. Schematic representation of the rapamycin system. (A) The interaction between FRB and
FKBP is mediated by rapamycin. (B) FRB-ECFP-SUNA4 resides in the nuclear envelope, whereas Luciferase-
mRFP-FKBP localizes in the cytoplasm. Rapamycin induces the relocation of Luciferase- mRFP-FKBP to the

nuclear membrane by affinity binding between FKBP-Rapamycin-FRB.
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Luciferase-mRFP-FKBP is highly concentrated in the cytoplasm and at the area that seems to
be the endoplasmic reticulum. The ER is an extension of the outer nuclear membrane (Lee et
al., 1988). Therefore, it is difficult to clearly identify whether the proteins studied localize in the
ER or at the nuclear membrane. Hence to inhibit protein translation, cells were incubated with
puromycin for 4 hours before adding rapamycin. Thus, | expected that nuclear proteins would
be recruited to the NE and would not be associated with the ER. However, cells treated with

puromycin did not show considerable changes compared to the untreated cells (Fig. 3.19 Q- X).

Similar results were obtained by co-transfection of FRB-ECFP-Sun5 and Luciferase-mRFP-
FKBP. SUN5/SPAGAL resides at the nuclear membrane, while Luciferase-mRFP-FKBP is
mostly localized in the cytoplasm without rapamycin incubation (Fig. 3.20 A-H). In contrast,
rapamycin addition induces FKBP and FRB interaction, and hence the recruitment of
Luciferase-mRFP-FKBP to the nuclear membrane via FRB-ECFP-SUNS5 (Fig. 3.20 I-P).

As is known for the topology of the somatic SUN-domain proteins, SUN1 and SUN2, their N-
terminal regions span the inner nuclear membrane and directly interact with lamin A and B
(Hodzic et al., 2004; Padmakumar, 2005). Accordingly, the N-terminus is orientated towards
the nucleoplasm. Therefore, | expected that the N-terminal fusion part FBR-ECFP linked to the
N-terminal end of either SUN4 or SUN5 would be likewise exposed to the nucleoplasm and
therefore not available for the rapamycin-induced dimerization when the FKBP-containing
fusion protein localizes to the cytoplasm. However, the results demonstrate the ability of FRB-
ECFP-SUN4 and FRB-ECFP-SUNS to recruit Luciferase-mRFP-FKBP to the nuclear envelope,
suggesting that the N-terminal end localizes in the cytoplasm.

To further validate the results, two control plasmids were used, mRFP-FKBP and pLCK-ECFP-
FRB. Both plasmids encode fusion proteins of ~50 kDa, that are, due to their small size, able to
passively diffuse through the nuclear envelope and enter the nucleus (Paine et al. 1972). Thus,
mMRFP-FKBP should be easily recruited by FRB-ECFP-SUN4 or FRB-ECFP-SUNS to the inner
nuclear membrane in the presence of rapamycin. FRB-ECFP-Sun4 and FRB-ECFP-Sun5 were
each co-transfected with mRFP-FKBP. FRB-ECFP-SUNA4 localized at the nuclear membrane,
whereas mRFP-FKBP has a strong expression in the nucleus (Fig. 3.21 A-D, I-L). The addition
of rapamycin caused recruitment of mMRFP-FKBP to the nuclear membrane by both, either FRB-
ECFP-SUN4 as well as FRB-ECFP-SUN5. However, a substantial amount of mRFP-FRB
remained in the nucleoplasm and the cytoplasm (Fig. 3.21 E-H; M-P). These results demonstrate
that the N-terminal ends of SUN4 or SUNS5, fused to the FRB-ECFP, are exposed to the

nucleoplasm, and can therefore recruit mRFP-FKBP.
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Additionally, the cellular distribution of the recombinant proteins pLCK-ECFP-FRB and
mRFP-FKBP were used as controls. Due to their small size, both proteins can pass the nuclear
membrane and are therefore found in the nucleoplasm (Fig.3.21 Q-T). These data support the
view that the luciferase fusion protein Luciferase-mRFP-FKBP localizes mainly in the
cytoplasm. To finally demonstrate the rapamycin-induced heterodimerization, Luciferase-
mRFP-FKBP was co-transfected with pLCK-ECFP-FRB into NIH3T3 cells. The addition of
Rapamycin induced heterodimerization visible by the strong cytoplasmatic fluorescence

(Fig.3.21 U-X).

Luc-mRF

FRB-ECFP-Sun4 + FRB-ECFP-Sun4 +
Luc-mRFP-FKBP Luc-mRFP-FKBP

FRB-ECFP-Sund +
Luc-mRFP-FKBP +
Rapamycin

FRB-ECFP-Sun4 +
Luc-mRFP-FKBP +
Rapamycin

FRB-ECFP-Sun4 +
Luc-mRFP-FKBP +
Rapamucin +
Puromycin

. anti-GFP

FRB-ECFP-Sun4 +
Luc-mRFP-FKBP +
Rapamucin +
Puromycin

Figure 3.19. Rapamycin-induced recruitment of Luciferase-mRFP-FKBP to the nuclear envelope via
FRB-ECFP-SUN4. Luciferase-mRFP-FKBP and FRB-ECFP-Sun4 were co-transfected into NIH3T3 cells
and analyzed by immuno-cytology. FRB-ECFP-SUN4 was immunodecorated by anti-GFP antibody (green),
and Luciferase-mRFP-FKBP was detected by its fluorescent tag (Luciferase-mRFP FKBP, red). (A-H) FRB-
ECFP-SUN4 is located at the nuclear envelope, whereas Luciferase-mRFP-FKBP is found mostly in the
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cytoplasm and weakly in the nucleoplasm. (I-P) The addition of rapamycin induces the recruitment of
Luciferase-mRFP-FKBP to the nuclear membrane resulting in a distinct red rim (Q-X). Pre-incubation with
puromycin only weakened the cytoplasmic distribution of Luciferase-mRFP-FKBP and FRB-ECFP-SUNA4.
Nuclear counterstain with DAPI (blue). Bars are of 2 um.

anti-GFP Luc-mRFP-FKBP

FRB-ECFP-Sun§ +
Luc-mRFP-FKBP

FRB-ECFP-Sun5 +
Luc-mRFP-FKBP

anti-GFP

FRB-ECFP-Sun5 +
Luc-mRFP-FKBP +
Rapamycin

anti-GFP

FRB-ECFP-Sun5 +
Luc-mRFP-FKBP +
Rapamycin

Figure 3.20. Rapamycin-induced recruitment of Luciferase-mRFP-FKBP to the nuclear envelope via
FRB-ECFP-SPAG4L/SUNS. Luciferase-mRFP-FKBP and FRB-ECFP-Sun5 were co-transfected into
NIH3T3 cells and analyzed by immuno-cytology. FRB-ECFP-SUN5 was immunodecorated with anti-GFP
antibody (green), and Luciferase-mRFP-FKBP was detected by its red fluorescent tag (Luciferase-mRFP-
FKBP, red). (A-H) FRB-ECFP-SUNS5 is located at the nuclear envelope without rapamycin, whereas
Luciferase-mRFP-FKBP is mostly cytoplasmic. (I-P) The addition of rapamycin induces the re-localization
of Luciferase-mRFP-FKBP to the nuclear membrane by heterodimerization of FRB-rapamycin-FKBP.
Nuclear counterstain with DAPI (blue). Bars are of 2 um.
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Figure 3.21. Controls for the Rapamycin system. FRB-ECFP-SUN4, FRB-ECFP-SUN5 and pLCK-FRB-
ECFP were immunodecorated with anti-GFP antibody (green). Luciferase-mRFP-FKBP was detected by its
red fluorescent protein, mRFP (red). (A-H) Co-expression of FRB-ECFP-Sun4 and mRFP-FKBP. (A-D) FRB-
ECFP-SUN4 localizes at the nuclear envelope, whereas mRFP-FKBP is strongly expressed in the

pLCK-FRB-ECFP +
Luc-mRFP-FKBP +
Rapamycin

nucleoplasm. (E-H) Rapamycin addition induces the heterodimerization of FRB with FKBP recruiting mRFP-
FKBP to the nuclear membrane. (I-P) FRB-ECFP-SUN5 and mRFP-FKBP were co-transfected into NIH3T3
cells. (I-L) FRB-ECFP-SUNS5 resides at the nuclear membrane, whereas mRFP-FKBP has a high expression
in the nucleus. (M-P) The addition of rapamycin induces mRFP-FKBP recruitment to the nuclear membrane.
(Q-X) Co-expression of pLCK-ECFP-FRB and Luciferase-mRFP-FKBP. (Q-T) Cytoplasmic and nuclear
localization of Luciferase-mRFP-FKBP and pLCK-ECFP-FRB in the absence of rapamycin. (U-X)
Rapamycin induces the heterodimerization of both proteins in the cytoplasm. Nuclear counterstain with DAPI

(blue). Bars are of 2 um.
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3.3 Generation of Spag4l/Sun5 knock out mice
3.3.1 Genotyping of ES cells

To investigate the function of the Sun5 gene, the project attempted to generate Sun5 deficient
mice using the knockout strategy. Homologous recombinant ES cells (Sun5tm1(KOMP)ViIcg,
KOMP/Velocigene project: VG16078) were obtained from Velocigene Regeneron
Pharmaceuticals Inc. The gene Spag4L/Sun5 was completely disrupted and replaced by the
reporter gene LacZ and the resistant gene Neomycin (Fig. 3.22). Recombinant embryonic stem
cells were evaluated by PCR and qPCR, according to the method described in 2.2.5.4 and
2.2.55.

E1 El2 E3 EI4 EIS E;S E|7 EIS EI9 E]O E1|1 E'|l2
Target gene _I H —1 | I 1
e 147 bp

Modified allele =
tac,InF LacInR NeolnF NeoInE """"
—3 211bp &— 282bp
Reporter - Selection .
—. 694 bp — promotor 507 bp
SunUp LacInZRev NeoFwd SunDown
NeomycinFor3 NeolnR
195 bp
NeomycinFor NeoSplitR
1240 bp

NeomycinFor NeolnR
333bp
Geno2For 1109 bp Geno2Rev

NeomycinFor3 Genotype2Rev
P

1441 bp

Figure 3.22: Scheme of the Sun5 knockout targeting vector. The mouse SUN5 gene consists of 12 exons.
The targeted allele consists of the reporter gene LacZ (blue), followed by LoxP, human ubiquitin promoter,
the selection gene neomycin (orange), and another LoxP site. This replacement cassette was integrated
between the middle area of exon 1 and exon 12 of Sun5, leading to the complete depletion of Sun5 coding
sequences. Positions and sizes of primers required for genotyping are illustrated. The primer pairs
SunUp/LacInZRev and NeowFwd/SunDown enable the identification of the correct genomic insertion of the
modified allele. The primer SunUp is situated in the upstream region of Sun5, whereas the primer LacInZRev
is situated in the 5 region of the LacZ reporter gene. On the other side, NeoFwd situates in the 3"region of
neomycin cassette, whereas SunDown is situated in the downstream region of Sun5. Different pairs of primers
served for genotyping and are shown as blue and orange arrows. The primer pair GenotypeFor2/
Genotype2Rev detects the wild type allele, whereas NeoFwd/SunDown, Geno2For/Geno2Rev, and
NeomycinFor3/Genotype2Rev identified the recombinant allele.
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DNA from ES cells was isolated using DirectPCR Lysis Reagent-Tail as described in 2.2.5.3
and the cassette insertion was verified by PCR using the primer pair SunUp and LacZRev. The
primer SunUp amplified the intronic region upstream of the Sun5 coding region. The cassette
was inserted 88 bp downstream in the exonl. The primer LacInZRev situates at the beginning
of the insertion cassette LacZ (Fig. 3.22). As expected, the PCR product had a size of ~602 bp
(Fig. 3.23, A). Further, the fragment obtained was isolated and the DNA was sequenced with
the primer LacInZRev to verify the cassette insertion in the genome. Sequences obtained

confirm the insertion of the cassette in the genome (Fig. 3.23, B).
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**I*i********
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ES-S52 AGNTGACAGTTCCATNTGACCCNGTAAATTNCANGTCACCT TCCAGGGAAT. 180
KKk kK KXEAXIK XX XX AXXX AKX KAXT Xk AXXXXAXAXAX XXX AXAKL kX Ak x
Re-allele 199
ES-S1 193
ES-S2 240
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Figure 3.23 Positive genotyping of ES cells. (A) Recombinant ES cells confirm the correct LacZ-Neomycin
cassette insertion in the mouse genome. The insertion was verified using the pairs of primers SunUp and
LacZInRev, which amplify a fragment of ~602 bp. The primer SunUp is situated in the intronic region of the
wild type allele ~ 562 bp upstream of the LacZ region (sequence highlighted in gray and green). Primer
LacZInRev is situated in the 5"region of the LacZ reporter gene and recognize a fragment of ~40 bp (light
blue). ES cells-sample 1 (S1), ES cells-sample 2 (S2). (B) Multiple alignment of the recombinant allele and
recombinant embryonic stem cell sequences. Recombinant allele sequence (Re-allele), ES cells -sample 1
(S1), ES cells-sample 2 (S2). The intronic sequence of the wild type allele (gray), exonl (green), LacZ
sequence (light blue).

Once the correct insertion of the cassette LacZ-Neomycin in ES cells was confirmed, the
deletion of Sun5 was confirmed by gPCR before microinjection. To check the reduction of the
expression of exon 7 and 9 of the Sun5 gene, the following pair of primers were used: Sun5-
mus-E5-For/ Sun5-mus-E5-Rev (to amplify exon7) and Sun5-mus-E8-For/ Sun5-mus-E8-Rev

(to amplify exon 9) (Tab. 6.1.8). For this objective, the expression differences of the Ct value

73



obtained from the wild-type mouse was compared with the Ct value from recombinant ES cells

using the double delta Ct method. Odf1 and protamine genes were used as internal reference.

The relative Ct value of exons 7 and 9 was set as 1 in DNA from the wild-type mouse. The
DNA from ES cells demonstrated a reduction of ~ 50%. These results demonstrate that the Sun5
knock-out ES cells contain only one allele of Sun5 exons 7 and 9 and are therefore heterozygous
for the wild-type allele (Fig. 3.24). Therefore, gPCR confirmed the proper cassette insertion and
disruption of the Sun5 gene. After confirmation of the correct homologous recombination by

PCR and gPCR, ES cells were used to generate chimeras.
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Figure 3.24. Recombinant Sun5 embryonic stem cells are heterozygous for the wild-type allele.
Quantification of exons 7 and 9 of Sun5 in wild-type and recombinant ES cells, either related to the quantity
of Prm1 or Odf1, respectively, always in the same probe. The relative amount of the wild-type allele (Ctrl
411) is 1. In contrast, in the recombinant ES cells, the relative quantities of exons 7 and 9 are close to 0.5 when

related to the quantity of either Prm1 or Odf1.
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3.3.2 Genotyping of chimeras

Genomic DNA was prepared using KAPA™Mouse Genotyping Kit as described in 2.2.5.3. The
genotyping of chimeras was performed using the primer pair NeomycinFor and NeoSplitRev
(Tab. 6.1.7), which amplify a fragment of the neomycin selection gene (Fig. 3.22). An expected
fragment size of ~1240 bp was amplified in 4 out of 61 chimeric mice (Fig. 3.25).

190 191 192 193 195 196 197 198 200 201 202 203

Figure 3.25. Genotyping of Sun5 chimeras. DNA obtained from chimeras was tested by PCR using the
primer pair NeomycinFor and NeoSplitRev. A fragment of ~1240 bp was obtained from chimeric mice #192,
#195, #196, and #198.

3.3.3 Genotyping of chimeras’ offspring

Positive chimeras were crossed with C57BI/N mice. In the first generation, 29 animals were
born, which were genotyped by nested PCR. First PCR was prepared using the primer pair
Geno2For and Geno2Rev (Tab.6.1.7). The primer pair amplifies part of the resistant cassette
and the targeted region (Fig. 3.22). No PCR product was visibly obtained when separated by
agarose gel electrophoresis (not shown). The first PCR reaction product was used as a template
for the secondary PCR, and a product of 507 bp was generated using the primers NeoFwd and
Sundown (Fig. 3.26). NeoFwd is situated in the neomycin gene, whereas Sundown localizes in
the 3'region flanking the cassette insertion. Two females, #336 and #360, were identified to
carry the recombinant allele. Both females were selected for breeding with wild-type mice to

establish the Spag4l/Sun5-deficient strain.
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Figure 3.26. Genotyping of the first generation of Spag4l-deficient mice by nested PCR. F1 mice were
genotyped by nested PCR. The first PCR reaction was performed with the primer pair Geno2For/Geno2 Rev.
The second PCR was performed with primer pair NeoFwd/Sundown. The expected fragment of 507 bp was
obtained in DNA from the females #336 and #360. C+ corresponds to the ES cells carrying the cassette,
whereas in C-, ddH,O was used as template.

Both females were fertile and gave birth to the F2-generation. All mice of F2-generation were
genotyped by nested PCR, using the primer pair NeomycinFor and NeoSplitRev for the first
PCR and primers NemoycinFor3 and NeolnRev for the secondary PCR. A product of ~195 bp
was obtained as expected in some samples. To confirm the correct transmission of the insertion
cassette, some PCR products were sequenced, confirming the presence of the neomycin gene
(Fig. 3.27).

Heterozygous animals, that tested positive for the presence of the insertion cassette and wild-
type allele by genotyping, were intercrossed to generate homozygous Spag4-deficient mice. The
breeding scheme and the progenies genotyped positive for the presence of the insertion cassette
is shown in figure 3.28. Genotyping was performed using DNA isolated by three different
methods. For the PCR reactions, different combinations of primers were used, which are
described in figure 3.22.
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Figure 3.27. Genotyping of the second generation of Spag4l-deficient mice (A) Genotyping was performed
by nested PCR using the primer pair NeomycinFor/NeoSplitRev for the first PCR reaction, and the primer
pair NemoycinFor3/NeolnRev for the secondary PCR reaction. The expected fragment of 195 bp was
amplified. The PCR product was sequenced (B) Alignment of DNA sequence from sample #499 with the
neomycin sequence revealed amplification of the neomycin gene. The primer sequence of NemoycinFor3 is

shown in green.
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Figure 3.28. Breeding scheme to generate homozygous-deficient Spag4l” mice. Heterozygous animals

were intercrossed to generate homozygous Spag4-deficient mice. Five generations of mice are represented in

the current scheme.
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Additionally, to confirm heterozygosity, samples were analyzed by qPCR to check whether the
quantity of exons 7 and 9 of Spag4l are reduced. gPCR was performed using the same conditions
as described for ES cells (2.2.5.5). The primer pairs Sun5-mus-E5-For/ Sun5-mus-E5-Rev and
Sun5-mus-E8-For/ Sun5-mus-E8-Rev were used to amplify exon 7 and 9, respectively. DNA
from a wild-type mouse was used as reference and protamine was used as an internal control
gene. Relative quantity was calculated using the 224 method. As shown in Fig. 3.29, a notable
reduction of the exon 7 and 9 was found in some samples. Therefore, those animals that were
positive genotyped for heterozygosity by PCR and gPCR were selected for breeding (Fig. 3.28).

After four generations of mice breeding, several animals were positive for the selection gene
neomycin. However, all mice obtained were heterozygous since the wild-type allele was
detected in all animals by using the primer pair GenotypeFor2 and GenotypeRev2 (Fig. 3.30).
Thus, besides intercrossing of heterozygous animals, no homozygous Spag4-deficient mice
could be obtained. After reevaluation of genotyping results, we concluded that transmission

failed. The project was therefore stopped.
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Figure 3.29. Relative quantity of exon 7 and 9 of the offspring from heterozygous mice. The quantity of
exons 7 and 9 relative to protamine was calculated using DNA from a wild type as reference. Exon 9 shows a
reduction in most of the animals analyzed (336, 360, 497, 499, 517, 518, 608, 613, 732, 757 and 858),whereas
exon 7 is reduced in a few samples 336, 812, 855, 858, 887. Relative gene quantity was calculated using the
2-A4C method.
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Figure 3.30. Genotyping example of the fourth generation. Offspring generated after mating of
heterozygous mice #732 and #812. (A) Primers NeomycinFor3 and NeolnRev amplified the neomycin
fragment ~195 bp, confirming Spag4l deficiency. (B) Primers GenotypeFor2 and GenotypeRev2 amplified a
fragment of 447 bp of the wild type allele and was used to detect the wild-type allele. Both pairs of primers
amplified a fragment in sample #967, thus confirming the heterozygosity of this mouse.
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3.4 Identification of proteins that collaborate in the formation of the HTCA

3.4.1 CCDCA42 localizes to manchette, HTCA and tail and interacts with ODF1 and

ODF2 in the formation of the male germ cell cytoskeleton

This chapter describes the identification of CCDC42 as an interacting partner of ODF1 and
ODF2, suggesting its collaboration in the HTCA formation. The coiled-coil domain containing
42 (CCDC42) is an essential protein involved in the formation of the HTCA and sperm flagella.
In early elongating spermatids, CCDC42 localizes to the manchette and perinuclear ring. In the
later stages of spermiogenesis, CCDC42 locates in the connecting piece and to the sperm tail.
Furthermore, CCDC42 interacts physically with ODF1, and both proteins exhibit a similar

distribution in the sperm tail.

Moreover, CCDCA42 interacts with the outer dense fiber protein 2 (ODF2). ODF2 is a known
component of the sperm tail and centrosome/basal body in somatic cells. Similarly, CCDC42
has been identified as a centrosomal component in somatic cells, albeit previous reports
restricted Ccdc42 expression to testis and brain. However, these results indicate that another
Ccdc42 isoform is expressed in somatic cells. Hence, CCDC42 interacts with the cytoskeletal
proteins ODF1 and ODF2, suggesting its potential role as a scaffold protein in the formation of

the connecting piece and sperm tail.

Constanza Tapia Contreras and Sigrid Hoyer-Fender

Author Contributions: CTC did the experiments and prepared the figures. SH-F was the

project leader and wrote the manuscript.

Status of manuscript: Published in Frontiers in Cell and Developmental Biology in 2019.

80



i‘ frontiers

in Cell and Developmental Biology

ORIGINAL RESEARCH
published: 14 August 2019
doi: 10.3389/fcell.2019.00151

OPEN ACCESS

Edited by:

Tomer Avidor-Reiss,

The University of Toledo,
United States

Reviewed by:

Marnia Eugenia Teves,

Virginia Commonwealth University,
United States

Bénédicte Durand,

Université Claude Bernard Lyon 1,
France

*Correspondence:
Sigrid Hoyer-Fender
shoyer@gwdg.de

Specialty section:

This article was submitted to

Cell Growth and Division,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 31 May 2019
Accepted: 18 July 2019
Published: 14 August 2019
Citation:

Tapia Contreras C and
Hoyer-Fender S (2019) CCDC42
Localizes to Manchette, HTCA
and Tail and Interacts With ODF1
and ODF2 in the Fonmation of the
Male Germ Cell Cytoskeleton.
Front. Cell Dev. Biol. 7:151.

doi: 10.3389/fcell. 2019.00151

CCDC42 Localizes to Manchette,
HTCA and Tail and Interacts With
ODF1 and ODF2 in the Formation of
the Male Germ Cell Cytoskeleton

Constanza Tapia Contreras and Sigrid Hoyer-Fender*

Johann-Friedrich-Blumenbach-Institute of Zoology and Anthropology — Developmental Biology, Géttingen Center
for Molecular Biosciences (GZMB), Georg-August-University of Géttingen, Géttingen, Germany

Terminal differentiation of male germ cells into functional spermatozoa
requires shaping and condensation of the nucleus as well as the
formation of sperm-specific structures. A transient microtubular structure,

the manchette, is mandatory for sperm head shaping and the development of
the connecting piece and the sperm tail. The connecting piece or head-to-tail
coupling apparatus (HTCA) mediates the tight linkage of sperm head and tail causing
decapitation and infertility when faulty. Using mice as the experimental model, several
proteins have already been identified affecting the linkage complex, manchette or
tail formation when missing. However, our current knowledge is far too rudimentary
to even draft an interacting protein network. Depletion of the major outer dense fiber
protein 1 (ODF1) mainly caused decapitation and male infertility but validated binding
partners collaborating in the formation of sperm-specific structures are largely unknown.
Amongst all candidate proteins affecting the HTCA when missing, the structural protein
CCDC42 attracted our attention. The coiled-coil domain containing 42 (CCDC42) is
important for HTCA and sperm tail formation but is otherwise largely uncharacterized.
We show here that CCDCA42 is expressed in spermatids and localizes to the manchette,
the connecting piece and the tail. Beyond that, we show that CCDCA42 is not restricted
to male germ cells but is also expressed in somatic cells in which it localizes to the
centrosome. Although centrosomal and sperm tail location seems to be irrespective
of ODF1 we asked whether both proteins may form an interacting network in the male
germ cell. We additionally considered ODF2, a prevalent protein involved in the formation
of spermatid-specific cytoskeletal structures, as a putative binding partner. Our data
depict for the first time the subcellular location of CCDC42 in spermatids and deepen
our knowledge about the composition of the spermatid/sperm-specific structures.
The presence of CCDC42 in the centrosome of somatic cells together with the obvious
restricted male-specific phenotype when missing strongly argues for a compensatory
function by other still unknown proteins most likely of the same family.

Keywords: spermiogenesis, HTCA, tail, CCDC42, centrosome, ODF2, ODF1
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Localization and Interaction of CCDC42

INTRODUCTION

The transformation of spermatids into terminally differentiated
sperm is a key event in spermatogenesis. Meiosis II generates
spermatids of spherical shape that are then gradually transformed
by shaping and condensation of the nucleus and the formation
of acrosome and sperm tail, finally resulting in the mature
spermatozoon (Fawcett, 1975; Russell et al., 1990; Jan et al.,
2012). There is circumstantial evidence indicating that the
shaping of the nucleus and the assembly of the sperm tail is
provoked by a transient microtubular structure, the manchette
(Clermont et al., 1993; Kierszenbaum, 2002; Kierszenbaum et al.,
2011). The manchette forms during the acrosomal phase of
spermiogenesis and disassembles during the maturation phase
(Clermontetal., 1993). In mice, it is first seen in step 8 spermatids
and disassembles prior to the formation of the sperm mid-piece
around steps 13-14 (O’Donnell and O’'Bryan, 2014; Lehti and
Sironen, 2016). The manchette consists of a perinuclear mantle
of microtubules emanating from the perinuclear ring (Fawcett
et al, 1971; Rattner and Brinkley, 1972; Dooher and Bennett,
1973; Rattner and Olson, 1973; Wolosewick and Bryan, 1977;
Clermont et al., 1993). However, detection of plus-end tracking
proteins as EB3 and CLIP-170 at the perinuclear ring together
with the absence of the minus-end binding protein y-tubulin
strongly argues against the perinuclear ring as the microtubule
nucleation site (Akhmanova et al., 2005; Kierszenbaum et al.,
2011; Lehti and Sironen, 2016). Instead, supporting evidence
indicates that the centriolar adjunct serves as a nucleator of
manchette microtubules with their plus ends reaching toward the
perinuclear ring (Fawcett and Phillips, 1969; Lehti and Sironen,
2016; Fishman etal., 2018). The manchette islinked to the nuclear
membrane and this is essential for nuclear shaping. The presence
of rod-like elements that link the manchette to the nuclear
envelope has first been demonstrated by electron microscopy
studies (Russell et al.,, 1991). Supportively, deletion of SUN4,
a testis-specific nuclear membrane protein and component of
the linker of nucleoskeleton and cytoskeleton complex (LINC)
caused detachment of the manchette and consequently round-
headed sperm (Calvi et al., 2015; Pasch et al., 2015; Yang et al.,
2018a). The importance of the manchette for nuclear shaping
and male fertility is furthermore exemplified by the seminal
discovery of the genetic cause underlying the azh phenotype in
mice. Male azh mice are infertile due to a malformed manchette,
abnormal spermatozoon head morphology, tail abnormalities
and decapitation all caused by a deletion in the Hookl gene
(Mendoza-Lujambio et al., 2002). (Review in: Chen et al,
2016). However, Hookl is a microtubule-binding protein and
most likely responsible for the cross-linking of the manchette
microtubules, whereas SUN4 is expected to be an inner nuclear
membrane protein. Thus, the true nature of the rod-like elements
that link the manchette to the nucleus is still unknown.

The observation of sperm decapitation indicated that the
manchette is involved in sperm head to tail coupling and/or
development of the sperm tail. Consequently, it was suggested
that molecules required for the developing basal body/connecting
piece and the sperm tail were delivered via intra-manchette
transport meaning that the manchette functions as a track in

supporting the delivery of molecules (Kierszenbaum, 2001, 2002;
Kierszenbaum et al, 2011). Contradictory, however, are the
observations that the manchette is assembled when the axoneme
is already developed and that the sperm tail develops irrespective
of the detachment of the manchette in SUN4-deficient spermatids
(Lehti and Sironen, 2017; Yang et al., 2018a).

The sperm tail develops from the basal body that itself is a
derivative of the former centrosome. In spermatids, the daughter
centriole of the centrosome is transformed into the proximal
centriole, which acts as a seed for the formation of the connecting
piece, and inserts into the nuclear indentation (Fawcett and
Phillips, 1969). The perpendicular positioned mother centriole
is transformed into the distal centriole, which acts as the basal
body to initiate sperm tail development. Later on, the distal
centriole disintegrates leaving the centriolar vault. The axoneme,
the microtubule-based core structure, is the prolongation of the
distal centriole that is surrounded by accessory structures as
the nine prominent outer dense fibers (ODFs) and the fibrous
sheath (FS) in the sperm tail. The ODFs are descending from
the segmented columns formed at the proximal centriole of the
head-to-tail coupling apparatus (HTCA). They accompany the
microtubule doublets of the axoneme throughout the length of
the tail whereas the FS is present only in the principal piece.
The accessory fibers are important for stiffening the sperm tail
thus supporting the elastic recoil of the sperm tail and protecting
against shearing forces (Baltz et al., 1990; Lindemann, 1996).
At the proximal region of the sperm tail, at the mid-piece, the
mitochondrial sheath surrounds axoneme and ODFs.

The HTCA or connecting piece develops from the
centrosome. It is an articular structure at the neck region
mediating the tight connection between the sperm tail and
the nucleus. Although the protein composition of the HTCA
is far from being known, a couple of proteins have already
been identified that are essential for the formation of the
HTCA and/or the sperm tail. One protein essential for the tight
connection of sperm head and tail is the outer dense fiber protein
1 (ODFI; also named HSPB10) (Burfeind and Hoyer-Fender,
1991; Schalles et al,, 1998; Fontaine et al., 2003). Depletion of
ODF1 caused sperm decapitation and male infertility in mice
(Yang et al., 2012, 2014). A few interacting proteins have been
identified, e.g., the outer dense fiber protein 2 (ODF2), which
is a major protein of the sperm tail accessory fibers (Shao et al.,
1997). Beyond that, validated ODFI interacting proteins that
are supposed to collaborate in the formation of sperm-specific
structures are currently unknown. Proteins known to affect
the HTCA or the sperm tail when missing are ideal candidates
as putative interaction partners. We, therefore, focused on
structural proteins with a reported effect on HTCA and sperm
tail formation as putative interaction partners of ODFl. We
asked here, whether the coiled-coil domain containing 42
(CCDC42) protein acts as a node in the ODF1 network. Cedc42
is specifically expressed in testis and brain and its deletion causes
male sterility in mice with malformation of the HTCA and
the sperm tail. Beyond that, no further phenotypes are evident
(Pasek et al., 2016). CCDC42 (coiled-coil domain containing
42) belongs to the CFAP73 family and is a paralog of CFAP73.
It contains the DUF4200, the domain of unknown function
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that is shared by a couple of coiled-coil domain proteins and
cilia-and flagella-associated proteins as CFAP73. The phenotype
of Ccdc42-deficient mice suggested a male germ cell-specific
function, but its expression and sub-cellular location is so far
unknown. We explored here putative interacting proteins of
CCDC42 in male germ cells and analyzed its expression and
sub-cellular location. We show that CCDC42 is recruited to the
manchette and the sperm tail and is specifically enriched in the
perinuclear ring of the manchette and the HTCA. Pull down and
co-IP experiments both indicated binding to ODF1 and ODF2.
Furthermore, CCDC42 localizes to the centrosome/basal body
not only in male germ cells but also in somatic cells. Revision
of Ccdc42 expression by RT-PCR demonstrated wide-spread
expression in somatic tissues. The co-localization of CCDC42
with microtubule-based structures as the manchette and the
centrosome/HTCA suggests that CCDC42 is involved in their
formation by generating a rigid scaffold. However, as no further
phenotypes are evident when Ccdc42 is missing its function
in somatic cells most likely might be taken over by other
members of the family.

MATERIALS AND METHODS
Ethics Statement

All mouse experiments were reviewed and approved by the
local ethic commission. License for animal experiments has been
obtained by the Institute of Human Genetics and the Max-
Planck-Institute for Experimental Medicine, Gottingen. The
guidelines of the German Animal Welfare Act (German Ministry
of Agriculture, Health and Economic Cooperation) were strictly
followed in all aspects of mouse work.

cDNA Synthesis and RT-PCR

Total RNA was prepared form adult mouse tissues as
well as from NIH3T3 mouse fibroblasts using peqGOLD
RNApure™ (PeqLab, Erlangen, Germany) following the
recommendations of the manufacturer. Total RNA was
digested with Ambion® TURBO DNA-free™ DNase (Life
Technologies) followed by c¢DNA synthesis using Maxima
First Strand cDNA Synthesis (Thermo Fisher Scientific). RT-
PCR for detection of transcribed sequences was performed
using the following primer combinations: Ccdc42-Nterm_For
(GTGGCACTGTCACTCACC) and C-terminal-Ccdc42-Rev
(GGCTCACCAGGAACCTTCTC) generating the full-length
product of 1093 bp, Ccdc42-For2 (GGAGACCGAGAATCCA
GCC) and Ccdc42-Rev2 (CCGTTGGAATGCCTCCTTCT)
for amplification of 305 bp of the 5 region (exons 1 + 2),
C-terminal-Ccdc42-For (GGAATCCACCCAAGTGTCCC)
and C-terminal-Ccdc42-Rev (GGCTCACCAGGAACCTTCTC)
generating a fragment of 203 bp of the conserved 3’ region (exons
6 + 7), Ccdc42-Exon5-For (GAAGAGATCCACGAGGTG)
and C-terminal-Ccdc42-Rev for amplification of exons 5-7
(expected fragment size 535 bp), Gapdh-For (GTATGA
CTCCACTCACGGCA) and Gapdh-Rev (GTCAGATCCACGA
CGGACAC) generating a fragment of 594 bp.

Plasmid Constructs

PCR amplification based on the Ensembl reference
sequence NM_177779 by using the following primers:
Ccdc42-Nhel-For (5'-GGCTGTTAGGTAGCTAGCGCAAC
CATGAGTTTGGG-3') and Ccdc42-HindIll-Rev (5'-GTTA
CTTCCTTAAGCTTGCCATCCGGACTTGCTGTbLTG-3'), each
primer containing restriction enzyme recognition sites. The
full-length coding sequence of the Cedc42 isoform 203 was first
cloned into pJET1.2/blunt (Thermo Fisher Scientific) followed
by Nhel/HindIII digestion and sub-cloning into pCR3.1-Cherry
resulting in an in-frame fusion with the C-terminal Cherry-
tag (pCR3.1, Invitrogen). The full-length coding region of
Odfl was N-terminally fused to ECFP in pECFP-CI (Clontech
Lab.). Odf2 was C-terminally fused to EGFP in pEGFP-NI
(Clontech Lab., #U55762) generating the full length construct
13.8NC-EGFP (Donkor et al,, 2004). Sequencing always revealed
correct reading frames.

Cell Culture and Immunocytochemistry
NIH3T3 (ATCC CRL-1658) or HEK-293 cells (ATCC CRL-
1573) were maintained in Dulbeccos Modified Eagle’s Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS), 1000 U/ml penicillin, 1000 pg/ml streptomycin, and
20 mM L-Glutamine (all Gibco) at 37°C and 5% CO,. NIH3T3
cells were grown on coverslips in 6-well plates and transfected
using EndoFectin™ Max Transfection Reagent, following the
recommendations of the manufacturer (GeneCopoeia). Twenty-
four hours after transfection, cells were washed in phosphate-
buffered saline (PBS) and fixed in methanol for 10 min at —20°C.
Specimens were then permeabilized in 0.3% TritonX-100 in PBS
for 10 min at room temperature and blocked for 1 h using
blocking solution (PBS containing 1% BSA and 0.3% TritonX-
100). Samples were incubated with primary antibodies toward
CCDC42 (ARP52735_P050, antibodies-online ABIN2785068),
Pericentrin (PRB432C, Covance), acetylated tubulin (6-11B-
1; Sigma-Aldrich), gamma-tubulin (GTU-88, Sigma-Aldrich),
ODF1 (ABIN4341345, antibodies-online), and GFP (raised in
rabbit, self-made) at 37°C for 1 h. Secondary antibodies
used are goat anti-mouse-IgG DyLight 488 (#35503, Thermo
Fisher Scientific), and goat anti-rabbit MFP590 (# MFP-A1037,
Mobitec). DNA was counterstained with DAPIL. Images were
taken by confocal microscopy (LSM 780, Zeiss) and processed
using Adobe Photoshop 7.0.

Immunocytology on Testicular Cell

Suspensions

Fresh testes from laboratory mice of strain C57/Bl6, or frozen
epididymides from wild-type mice or OdfI-ko mice (Yang et al.,
2012) were minced in PBS, transferred onto superfrost slides,
and fixed either in 2% or 3.7% paraformaldehyde in PBS for
20 min. Cells were permeabilized afterward in 0.3% Triton
X-100 in PBS for 10 min, followed by blocking for 1 hr in
blocking solution (PBS containing 1% BSA and 0.3% Triton X-
100). The following antibodies were used for immunocytology:
anti-a-tubulin (mouse monoclonal, DM1A, Calbiochem), anti-
acetylated tubulin (6-11B-1, Sigma-Aldrich), anti-CCDC42
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FIGURE 2 | CCDCA42 locates to manchette, perinuclear ring and connecting piece. Suspension preparations of adult mou
against a-tubulin (A,E,l; green) and CCDC42 (B,F; red) and subsequently detected
ti-mouse IgG-Dylight488 and anti-rabbit IgG-Alexa Fluor

555 (E-H). In the control, the antibody against CCDC42 was omitted (I-L).

DAPI merge

ise testis were incubated with antibodies
h the secondary antibodies anti-mouse IgG Dylight488 and anti-rabbit IgG

(ARP52735_P050; antibodies-online ABIN2785068), anti-ODF1
(antibodies-online, ABIN4341345), guinea pig anti-SUN4 (self-
made, Manfred Alsheimer, Wiirzburg). Primary antibodies were
detected using different combinations of secondary antibodies
as goat anti-mouse-IgG Alexa Fluor 555 IgG (H + L)
(A21422, Molecular Probes) and goat anti-rabbit-IgG DyLight
488 (#35553, Thermo Fisher Scientific), goat anti-mouse-IgG
DyLight 488 (#35503, Thermo Fisher Scientific) and goat
anti-rabbit-MFP590 (#MFP-A1037, Mobitec), goat anti-mouse-
IgG DyLight 488 (#35503, Thermo Fisher Scientific) and
goat anti-rabbit-IgG (H + L) Alexa Fluor R 555 (F[ab]2
fragment; #A21430, Life Technologies), and goat anti-guinea
pig-IgG Cy3 (Dianova #106-166-003). DNA was counterstained
with DAPI (4, 6-Diamidino-2-phenylindole; Sigma D-9542),
and the acrosome was decorated with FITC-labeled peanut
lectin (PL-FITC). Images were taken by confocal microscopy
(LSM 510, Zeiss) and processed using Adobe Photoshop
7.0. In some pictures, the fluorescent colors are replaced by
pseudo-colors.

Co-immunoprecipitation
HEK-293 cells were transfected using EndoFectin™ Max
Transfection Reagent (GeneCopoeia), and 24 h post-transfection
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harvested by trypsinization followed by two rinses in PBS.
The cell pellet was resuspended in 1 ml lysis buffer (150 mM
NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris-HCI, pH 7.6, containing protease inhibitor cocktail
(Halt Protease Inhibitor Cocktail 100x, Thermo Fisher Scientific,
#78438). Subsequently, cell lysates were passed 10x through a
syringe with a 21-gauge needle, followed by 3-times sonication
for 45 s each. The soluble fraction was obtained by centrifugation
at 15,000 x g for 15 min at 4°C. The supernatant was split
into three parts and incubated with different antibodies for
co-IP, either with rabbit anti-GFP (self-made), rat anti-RedFP
(5F8, Chromotek), or rabbit anti-GAL4 (DBD) (sc-577, Santa
Cruz Biotechnology). Protein G agarose beads (Thermo Fisher
Scientific) were washed three times with lysis buffer and the
antibody/supernatant mixture was then added. Samples were
incubated overnight at 4°C on a rotating wheel. Afterward, beads
were washed four times with lysis buffer, and bound proteins
obtained by suspension of beads in SDS sample buffer and
heating at 95°C for 10 min. Proteins were fractionated on SDS-
PAGE and transferred onto nitrocellulose membrane (Amersham
Hybond-ECL, GE Healthcare) (Laemmli, 1970; Towbin et al.,
1979). The membrane was incubated in blocking solution [5%
dry milkin TBST (10 mM Tris-HCI, pH 7.6, 150 mM NacCl 0.05%
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Tween 20)] for 1 h. Membranes were incubated overnight at
4°C with primary antibodies either rabbit anti-GFP (self-made),
mouse anti-GFP (MAB3580, Chemicon), or rat anti-RedFP
(5F8, Chromotek) in blocking solution. Following washing of
membranes in TBST, they were incubated with horseradish
peroxidase-conjugated secondary antibodies either anti-rabbit
IgG, anti-mouse IgG, or anti-rat IgG (Jackson ImmunoResearch,
WestGrove, PA, United States or Sigma Biosciences, St Louis),
respectively. Chemiluminescence detection was performed using
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ClarityMax Western ECL Substrate (Bio-Rad, #1705062) and
images captured with Chemdoc (Bio-Rad).

Pull Down Assay

Preparation of bacterially expressed and refolded His-tagged
ODF2-fusion protein (6xHis-13.8NC) was essentially as
described in Yang et al. (2018b). Ni-NTA agarose (Qiagen
GmbH, Hilden) was washed in wash buffer (50 mM NaPi,
500 mM NaCl, 30 mM imidazole, pH 7.6, containing protease
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inhibitors (Halt Protease Inhibitor Cocktail 100x, Thermo Fisher
Scientific, #78438) and 0.2 mM PMSF). For in vitro interaction,
6xHis-ODF2 proteins were added to the washed Ni-NTA agarose
and incubated for 1 h at 4°C in constant agitation. NIH3T3
cell lysate containing CCDC42-Cherry proteins was split into
halves and one half added to the resin followed by incubation
for 2 h at 4°C and constant agitation. The second half was used
for the negative control. The beads were washed four times in
wash buffer, followed by a final overnight washing step. To elute
bond proteins, Ni-NTA agarose was incubated for 10 min at
4°C in elution buffer (50 mM NaPi, 500 mM NaCl, 500 mM
imidazole, 0.2 mM PMSF). Eluates were boiled in SDS-sample
buffer and analyzed by Western-blotting using rabbit anti-ODF2
antibodies (ESAP 15572, ABIN2430582, antibodies-online)
and rat anti-RedFP antibodies (5F8, Chromotek). As negative
control, the resin was incubated with one half of the NIH3T3
cell lysate containing CCDC42-Cherry proteins but without
6xHis-ODF2 proteins and processed as described.

RESULTS

CCDC42 Localizes to Manchette,
Perinuclear Ring, Connecting Piece and
Sperm Tail

The coiled-coil domain containing protein of 42 kDa (CCDC42)
belongs to the DUF4200 family of proteins containing the
domain of unknown function 4200. Important paralogs
of CCDC42 are CFAP73, CCDC38, and CFAP100, also
known as CCDC37/MIAl. CCDC42 orthologs are present
in most organisms from vertebrates to choanoflagellates
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(Ruan et al.,, 2008; Guindon et al., 2010). Despite their widespread
occurrence, information is currently scarce. Ccdc42 is specifically
expressed in testis and brain but deletion of Ccdc42 seems to
affect exclusively male germ cells resulting in infertility (Pasek
et al, 2016). Cedc42-deficient spermatids developed malformed
HTCA and sperm tail that are functionally insufficient. However,
beyond that no further information about CCDC42 is available.
We first studied the subcellular localization of CCDC42 during
spermatogenesis in the mouse using a commercially available
antibody. The antibody was first validated by immunocytology
and Western blotting using the Ccdc42-expression construct
(validation results are online at antibodies-online and are shown
in Figure 9').

Weak expression of CCDC42 was first observed in
the cytoplasm of round spermatids (Figures 1A-D). In
elongating spermatids CCDC42 co-localized with the manchette
microtubules decorated by acetylated tubulin and more strongly
with the perinuclear ring which marks the anterior border of
the manchette (Figures 1E-L) Additionally, CCDC42 localized
to the connecting piece detectable as two adjacent spots at
the posterior end of the nucleus (Figures 1I-L, arrow in J).
In sperm, CCDC42, again, was found at the connecting piece
region and located to the sperm tail. CCDC42 strongly decorated
the principal piece but only weakly the middle piece whereas
acetylated tubulin marked the whole tail (Figures 1IM-P).
Labeling of detached sperm tails confirmed prevalent localization
of CCDC42 in the principal piece whereas acetylated tubulin
marked the whole tail. However, the anterior region of detached
sperm tails, which corresponds to the former attachment site
of the tail to the head, showed presence of CCDC42 visible by

!https://www.antibodies-online.com
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FIGURE 6 | Co-precipitation of CCDC42 and ODF1. Cells were transfected with the expression plasmids encoding CCDC42-Cherry or ODF1-ECFP. Proteins were
immunoprecipitated from cell lysates using either anti-GFP (raised in rabbit, rabbit anti-GFP; A) to capture ODF1-ECFP or anti-RedFP (raised in rat, rat anti-RedFP;
B) to capture CCDC42-Chermy. The co-purified protein interacting with the captured protein was detected by immunoblotting using either anti-RedFP (A) or anti-GFP
(B) as first antibodies followed by detection of first antibodies using the secondary antibodies anti-rat IgG (for detection of CCDC42-Cherry) or anti-mouse IgGs (for
detection of ODF1-ECFP). ODF1-ECFP, captured by rabbit anti-GFP antibody, co-precipitated CCDC42-Cherry with an expected molecular mass of ~70 kDa.
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reacted with the control IgGs, which were raised in rabbit (control) and which show a slightly higher molecular mass.

two adjacent spots (Figures 1Q-T; framed in R, S and enlarged
inset in R). A stronger staining of the principal piece of the
sperm tail than of the mid-piece might either reflect an unequal
distribution of CCDC42 along the sperm tail or is caused by
different accessibilities of the antibodies due to the presence of
the mitochondrial sheath in the mid-piece.

Decoration of the manchette, the perinuclear ring, and
the connecting piece was also demonstrated by using anti-
a-tubulin antibody staining in conjunction with anti-CCDC42,
both antibodies subsequently detected by varying secondary
antibodies (Figure 2). The control, with anti-a-tubulin antibody
incubation but omitting anti-CCDC42 antibody, followed
by both secondary antibodies subsequently, revealed only
a-tubulin staining thus supporting specificity of anti-CCDC42
staining (Figures 2I-L).

When concurrently stained for the nuclear envelope protein
SUN4, the weak CCDC42 staining of the cytoplasm in round
and early elongating spermatids was confirmed (Figures 3A-
H). The SUN4 positive domain partially overlapped with the
CCDCA42 positive region as this is the region where the manchette
develops. In early elongating spermatids, the SUN4 and CCDC42
localization domains seemingly overlapped corresponding most
likely to the region where the manchette has formed and to
which SUN4 locates (I-L) (Yang et al., 2018a). Again, CCDC42
more strongly decorated the perinuclear ring (I-L). The weak
cytoplasmic staining for CCDC42 in the round spermatid seemed

to be beyond background staining as demonstrated by the control
experiment (Figures 3M-0).

CCDC42 Interacts With ODF1 and ODF2

The small heat shock protein ODF1/HSPB10 is a main protein
component of the sperm tail ODFs. Beyond that, it locates to the
connecting piece and is essential for the tight connection between
head and tail (Schalles et al., 1998; Yang et al, 2012, 2014).
Immunocytological inspection confirmed sperm tail location of
ODF1 and, additionally, showed expression in the manchette
of elongating spermatids (Figure 4). Location of ODFI thus
resembled that of CCDC42 raising the question whether both
proteins also physically interact.

We first investigated whether the location of ODFI and
CCDC42 is interdependent when ectopically expressed
in NIH3T3 mouse fibroblasts. Cells were transfected with
expression plasmids encoding either CCDC42 fused to Cherry
(CCDC42-Cherry) or ODF1 fused to ECFP (ODFI1-ECFP)
and the proteins detected either by their fluorescent tags
or by immunostaining (Figure 5). Ectopic expression of
CCDC42-Cherry revealed bright staining of one or two
dots close to the nucleus that overlap with ODFI1-ECFP
expression (Figures 5A-D). Since twin-dots are a typical
signature of the centrosome, we verified centrosomal location
of ODFI-ECFP (Figures 5E-L) as well as of CCDC42-
Cherry (Figures 5M-T) using immunostaining for the
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FIGURE 8 | CCDCA42 interacts with ODF2. (A-D) Co-transfection of
expression plasmids encoding ODF2-EGFP (green) or CCDC42-Cheny (red)
in NIH3T3 cells and detection by their fluorescent tags. Fusion proteins

co-localize in the cytoplasm. Nuclear staining with DAPI (blue). Bars of 10 um.

(E) In vitro interaction of His-tagged ODF2 (6xHis-ODF2/6xHis-13.8NC) and
Cherry-tagged CCDC42. Co-purification of bacterially expressed 6xHis-ODF2
and CCDC42-Chey, ectopically expressed in NIH3T3 cells, by affinity
purification of 6xHis-ODF2 using Ni-NTA agarose (pull down). Low binding of
CCDC42-Cheny to the agarose beads in the absence of 6xHis-ODF2
(control). Proteins were eluted from the beads, and analyzed by
immunoblotting using antibodies against ODF2 (6xHis-ODF2) or RedFP
(CCDC42-Cherry).
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centrosomal marker proteins y-tubulin (Figures 5E-H,M-
P) or Pericentrin (Figures 5I-L,Q-T) (Doxsey et al, 1994).
Our results show that CCDC42-Cherry co-localizes with
ODF1-ECFP, when both proteins are ectopically expressed
in NIH3T3 cells, notably at the centrosome. However,
recruitment of CCDC42-Cherry to the centrosome is
independent of ODF1 due to the fact that ODF1 is not at
all expressed in somatic cells and CCDC42 locates to the
centrosome despite absence of ODF1-ECFP (Figures 5M-T)
(Yangetal., 2012).

Nevertheless,  the  physical  interaction  between
CCDC42-Cherry and ODFI-ECFP was proven by co-
immunoprecipitation. Both proteins were ectopically expressed
in cultured cells by transient transfection of expression
plasmids, and one of either protein immunoprecipitated out
of the cell lysate. The immunoprecipitate was analyzed by
immunoblotting detecting the protein that co-precipitated
with the fished protein (Figure 6). Co-immunoprecipitation
of CCDC42-Cherry and ODFI-ECFP was verified in either
direction, capturing either CCDC42-Cherry or ODF1-ECFP.
Our data thus indicate physical interaction between CCDC42
and ODFl. However, ODF1 is not only dispensable for
recruitment of CCDC42 to the centrosome but also to
the sperm tail. Immunocytology on epididymal sperm of
Odfl-ko mice showed decoration for CCDC42 similar as in
wild-type sperm (Figure 7, wild-type sperm in A-D, Odfl-
ko sperm in E-H). Acetylated tubulin staining identified
the sperm tail. As ODF1 is essential for the anchorage
of the sperm head to the tail causing head detachment
when missing, the sperm head is absent in ODFIl-ko sperm
(Figures 7E-H) (Yang et al, 2012). In the control staining,
when omitting anti-CCDC42 incubation but subsequent
incubation with both secondary antibodies, the sperm tail is
clearly visible by acetylated tubulin decoration but missed any
red staining (Figures 7I-L).

Another important protein of the sperm tail and the
connecting piece is ODF2. ODE2, furthermore, is an essential
component of the centrosome and the basal body in somatic
cells (Brohmann et al., 1997; Schalles et al., 1998; Nakagawa
et al.,, 2001; Hiiber et al., 2008). We, therefore, asked whether
ODF?2 is another binding partner of CCDC42. Co-transfection
assays of expression plasmids in NIH3T3 cells revealed similar
location of ODF2-EGFP and CCDC42-Cherry. ODF2 fused
to EGFP (13.8NC-EGFP) often generated fibrous structures
to which CCDC42-Cherry proteins localize (Figures 8A-D).
Additionally, a physical interaction between CCDC42-Cherry
and ODF2 was proven by pull-down assays (Figure 8E).
Bacterially expressed and refolded 6xHis-tagged ODF2 was
affinity purified using Ni-NTA agarose in the presence of
CCDC42-Cherry, ectopically expressed in cell culture. Thereafter,
eluates were immunoblotted for detection of the target protein
6xHis-ODF2 and its putative binding partner CCDC42-Cherry.
CCDC42-Cherry co-purified with 6xHis-ODF2 (Figure 8E, pull
down), whereas almost no binding of CCDC42-Cherry to the
beads was observed in the absence of 6xHis-ODF2 (Figure 8E
control). Our data, therefore, indicate ODF2 as another binding
partner of CCDC42.




anti-CCDC42

CCDC42-Cherry

anti-gamma-tubulin

anti-gamma tubulin

-
v

FIGURE 9 | CCDCA42 is a centrosomal component in NIH3T3 cells. (A-D) NIH3T3 cells were transfected with Cedc42-Chenry expression plasmid (as indicated on
the left side by CCDC42-Cherry) and CCDCA42 detected by its fluorescent tag (CCDC42-Cherry, red) and immuno-decoration (anti-CCDC42, green) to validate the
antibody. (E-H) Endogenous expression of CCDC42 in NIH3T3 cells was detected immunocytologically (anti-CCDC42, red) and co-located with the centrosomal
marker protein y-tubulin {anti-gamma-tubulin, green). (I-L) Omitting anti-CCDC42 antibody incubation showed no red decoration of the centrosome, which was
otherwise detected by anti-y-tubulin staining (anti-gamma-tubulin, green), demonstrating anti-CCDC42 antibody specificity. Nuclear counterstain with DAPI (blue).

Bars are of 2 um (A-D,I-L) or of 5 pum (E-H).

CCDC42 Is a Centrosomal Protein in

Somatic Cells

By ectopic expression of CCDC42-Cherry in NIH3T3 cells
we have observed predominant centrosomal location
(Figure 5). This prompted us to investigate whether CCDC42
is endogenously expressed in somatic cells being a novel
component of the centrosome. We first transfected cells with the
CCDC42-Cherry expression plasmid for validation of the anti-
CCDC42 antibody (Figures 9A-D). The antibody specifically
decorated only transfected cells and co-localized with the
fusion protein CCDC42-Cherry thus demonstrating its validity
(Figures 9A-D). We next incubated untransfected NIH3T3
cells with the anti-CCDC42 antibody. Immunostaining of the
endogenous CCDC42 decorated a twin-spot near the nucleus
that additionally stained for the centrosomal marker y-tubulin
(Figures 9E-H). The centrosome was exclusively decorated by
y-tubulin staining but did not show a red fluorescence when
omitting anti-CCDC42 antibody incubation (Figures 9I-L,
control). Immunocytological data thus indicate expression of

a
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CCDC42 in somatic cells, which is contradictory to its reported
restricted expression pattern.

Expression of Ccdc42 Isoforms

According to Pasek et al. (2016), Ccdc42 is expressed in
testis and brain. In mouse testes, weak expression was first
observed at 10-days of age that raised in 15-days old testis
and maintained into adulthood. Testicular expression thus
corresponds with the onset of meiosis around day 10 and its
increase roughly coincides with the progression of spermatid
differentiation during spermiogenesis (Nebel et al, 1961).
However, three putative CCDC42 isoforms have been reported
in mice (UniProtKB - Q5SV66) produced by alternative splicing
(Figure 10). The longest isoform 203 (Q5SV66) consists of 316
amino acids (aa). In isoform 201 (Q5SV65) the sequence encoded
by exon 5 is missing resulting in a putative protein of 238
aa. Isoform 202 (Q5SV66-2) has a postulated length of 169 aa
since the N-terminal end encoded by exons 1-4 is completely
missing. Instead, translation of the protein starts at the 3’ end of
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FIGURE 10 | Amino acid alignment of reported CCDC42 isoforms. The longest isoform 203 (Q5SV66) consists of 316 aa. In isoform 201 (Q5SV65) the sequence
encoded by exon 5 is missing resulting in a putative protein of 238 aa. Isoform 202 (Q5SV66-2) has a postulated length of 169 aa since the N-terminal end encoded
by exons 1-4 is completely missing. Instead, translation of the protein starts at the 3’ end of intron 4 encoding sequence MALGSQLFSDPSPLIPQ. The domain of
unknown function 4200 (DUF4200), comprising aa 44-161 at the N-terminal half of isoform 203, is depicted in violet. The coiled-coil region is highlighted in yellow.

316 aa

238 aa

169 aa

intron 4 encoding sequence MALGSQLFSDPSPLIPQ upstream
of exon 5 encoded sequences. According to Interpro, the domain
of unknown function 4200 (DUF4200) comprises aa 44-161 at
the N-terminal half of isoform 203 and is therefore present in
both, isoform 203 as well as in isoform 201, albeit shortened
in the latter, but is largely missing in isoform 202 (Figure 10,
depicted in violet). The coiled-coil region at the C-terminal
end is present in all three isoforms (according to SMART; in
Figure 10 highlighted in yellow). The antibody ABIN2785068,
used for immunocytology, detects the epitope of 50 aa in the
DUF4200, which is present in isoforms 203 and 202 but not in
201 (Figure 10, enframed in red).

Expression of Ccdc42 was reported to be restricted to testis. In
somatic tissues, with the only exception being the brain, Ccdc42
seems to be not expressed. We confirmed testicular expression by
RT-PCR using different primer combinations (Figure 11). The
full-length product of isoform Cedc42-203 was expected to be of

1093 bp, which was confirmed by RT-PCR (Figure 11A, exons
1-7). However, for the putative isoform Ccdc42-201, a length
of 729 bp was expected since exon 5 was skipped but we could
not amplify the expected fragment (Figure 11A). Amplification
of 305 bp of the 5 region (exons 1 + 2) again confirmed
testicular expression of Ccdc42 (Figure 11A, exons 1 + 2).
When amplifying 203 bp of the conserved 3’ region, Ccdc42
expression was also demonstrated in NIH3T3 mouse fibroblasts
(Figure 11A, exons 6 + 7).

Our results thus indicate that expression of Ccdc42 isoforms
is not restricted to testis. This prompted us to revise Ccdc42
expression in other tissues (Figure 11B). We performed a nested
PCR in order to detect even low expression levels. The first RT-
PCR was performed to amplify exons 5-7 encoding part of the
DUF domain with the epitope detected by the antibody, and
the conserved coiled-coil region. We found strong expression
in testis and epididymides and weak expression in the brain.
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FIGURE 11 | Expression of Ccdc42 is not restricted to testis. (A) RT-PCR on
cDNA generated from adult mouse testis as well as from NIH3T3 mouse
fibroblasts using different primer combinations for the amplification of the
full-length cDNA (exons 1-7), exons 1 + 2, and exons 6 + 7. The ful-length
cDNA of 1093 bp comresponding to isoform 203, as well as the 5" exons 1 + 2
of 305 bp were exclusively amplified from testis cDNA but not from NIH3T3
cells whereas the 3" exons 6 + 7 of 203 bp were also amplified from NIH3T3
cells. (B) Nested PCR for the detection of Ccdc42 expression. First RT-PCR
on cDNA synthesized from mouse tissues to amplify exons 5-7 revealed a
fragment of 535 bp in brain, testis, and epididymides. A nested PCR on the
first RT-PCR products was performed with primers amplifying exons 6 + 7. In
all tissues investigated, with the exception of kidney, the expected fragment of
203 bp was found. Amplification of Gapdh as control. Probes were loaded
side by side on one gel but uninformative lanes were skipped from the picture
as indicated by white lines.

Sequencing of the RT-PCR products generated form testis and
epididymides confirmed Ccdc42. Gapdh amplification, albeit
demonstrating successful cDNA synthesis in all tissues, also
indicated low amounts of ¢cDNA in spleen and brain, which
most likely accounts for the weak RT-PCR band found in
brain cDNA. When performing a nested PCR on the first PCR
products by amplifying exons 6 + 7 a fragment of the expected
size was found in all tissues, with the exception of kidney.
The RT-PCR fragments generated in ovary and NIH3T3 cDNA
were sequenced confirming Ccdc42 amplification. Our results,

therefore, indicate that Ccdc42 expression is not restricted to
testis. However, since the full-length product and the 5 region
(exons 1 + 2) were found only in testis but not in NIH3T3
cells it is most likely that in somatic cells another isoform
than the full-length CCDC42 isoform 203 is predominantly
expressed, and that this isoform was detected by immunocytology
in the centrosome.

DISCUSSION

The HTCA is a complex structure present in the neck region
of the sperm interconnecting the head and the tail. It develops
from the centrosome that itself is composed of a pair of
centrioles and associated components. During spermiogenesis,
the proximal centriole inserts into a nuclear indentation, known
as the implantation fossa, opposed to the acrosomal cap, and the
linkage complex and the longitudinal columns of the connecting
piece are formed (Fawcett and Phillips, 1969). The sperm tail
starts outgrowing from the distal centriole of the former centriole
that is now the basal body. In order to transmit only one centriole
during fertilization, sperm of most vertebrates have disintegrated
the distal centriole leaving only the proximal centriole. In
contrast to centriole reduction in most vertebrates, in mice and
other rodents, both distal and proximal centrioles degenerate
during spermiogenesis leaving the centriolar vaults (Schatten,
1994; Hoyer-Fender, 2011). The current dogma of centrosome
reduction in sperm was recently revisited by investigating the
centrosomal protein inventory in human sperm. These data
showed that the distal centriole is remodeled into an atypical
centriole surrounded by a pericentriolar matrix instead of being
completely vanished (Fishman et al, 2018). It is, therefore,
feasible to view the neck structure as a specialized form of the
pericentriolar matrix, and the centrioles as nucleation site for
both the sperm tail and the manchette MTs. Few proteins are
currently known that affect the head to tail linkage when missing,
in between ODF1 and CCDC42 (Yang et al., 2012; Pasek et al.,
2016). ODF1 is located in the sperm tail ODFs and in the
connecting piece (Schalles et al., 1998). It interacts with ODF2,
the major outer dense fiber protein, but no further interacting
proteins have been confirmed (Shao et al., 1997). To figure out
the interrelationship of HTCA proteins, and how they function
in the formation of the HTCA, ODF1 interacting proteins are of
utmost importance.

The coiled-coil domain containing 42 protein CCDC42 is
highly conserved in evolution with orthologs existing in most
organisms from vertebrates to choanoflagellates (Ruan et al,
2008; Guindon et al., 2010). Additionally, important paralogs of
CCDCA42 (also named CCDC42A) exist as CFAP73 (also named
CCDC42B and MIA2), CCDC38 and CFAP100 (also named
CCDC37 and MIAL). They altogether constitute the CFAP73
protein family. These proteins are in essential coiled-coil domain
proteins and share the domain of unknown function DUF4200.
Coiled-coil domain containing proteins are often involved in
ciliary motility (Inaba and Mizuno, 2016; Zur Lage et al., 2019).
In C. reinhardtii the gene product of the CCDC42 homolog
MIA2 is a dynein regulator and necessary for ciliary motility
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(Yamamoto et al., 2013). Further coiled-coil domain proteins
as CCDC39 and CCDC40 are essential for ciliary motility
by assembly of the dynein regulatory complex (Becker-Heck
et al, 2011; Merveille et al., 2011; Blanchon et al., 2012).
Cedc42-ko mice are phenotypically normal but males are
sterile. Sterility of Cedc42-deficient male mice is most likely
caused by the malformation of the HTCA and the sperm
tail resulting in functional insufficiency (Pasek et al., 2016).
These data suggest that CCDC42 has an important function
in male germ cells but is otherwise dispensable (Pasek et al.,
2016). Since CCDC42-deficiency affected exclusively the male
germ cell, CCDC42 seems not to be involved in ciliary
motility because otherwise, a more generalized phenotype has
to expected. CCDC42-deficient spermatids are characterized by
a multiplicity of the HTCA, defective nuclear shaping despite
presence of a manchette, dislocation of the HTCA from its
implantation site and a loss of flagellar outgrowth from the
HTCA (Pasek et al., 2016).

We have demonstrated by immunocytology that CCDC42 co-
localizes with ODF1- and ODF2-fusion proteins when ectopically
expressed, and with structures comprising these proteins
endogenously. Furthermore, co-precipitation by pull-down
and co-immunoprecipitation experiments indicated binding of
CCDC42 to ODF1 as well as to ODF2. However, recruitment
of CCDC42 to the sperm tail and the centrosome in somatic
cells does not require ODF1. CCDC42 consists in essential of
coiled-coil domains, which is also the main feature of ODF2.
Coiled-coil domains are important oligomerization domains
mediating homodimerization as well as heterodimerization
(Mason and Arndt, 2004). It is, therefore, most likely that
ODF2 and CCDC42 interact by means of their coiled-coil
domains. This mutual interaction might contribute to the
stabilization of important cytoskeletal structures potentially
mediated by ODFI. Although the true molecular function
of ODFI is not known, it belongs to the small heat shock
protein family and might, therefore, act as a chaperone in
protein folding (Fontaine et al, 2003). The protein complex
consisting of the core proteins ODF2/ODF1/CCDC42 may
thus build the rigid scaffold essential for the formation of
the connecting piece and the sperm tail. When missing any
one of these proteins the rigid scaffold is damaged causing
failure of the linkage complex and the sperm tail. Whether
CCDC42 interacts with any of those proteins that have a
reported function in HTCA formation, as Centrin 1, Centrobin,
Spata6, or Azil/Cepl3l awaits further investigation (Liska
et al, 2009; Avashti et al, 2013; Hall et al, 2013; Yuan
et al., 2015). However, since CCDC42-deficient sperm often
show two instead of one basal body inserted into the nuclear
membrane, centriole duplication, as well as correct attachment
of the centrioles to the implantation fossa seem to be affected
(Pasek et al,, 2016). As similar phenotypes have been observed
concerning mutations in Centrobin, Centrin 1, and Azi/Cep131
a functional interaction with CCDC42 is likely (Liska et al,
2009; Avashti et al, 2013; Hall et al., 2013). Our observation
that CCDC42 is expressed in the manchette and in particular
in the perinuclear ring illuminates its involvement in the
acrosome-acroplaxome complex formation and nuclear shaping

that are both affected when CCDC42 is missing. Since loss
of CCDC42 did not prevent manchette formation, it is most
likely involved in stabilizing the manchette or is a passenger
protein transported via the manchette. Its accumulation in the
perinuclear ring, however, points toward a stabilizing function
and its involvement in the attachment of the manchette to the
nuclear membrane.

Our data show that CCDC42 expression is not restricted to
testis and brain but instead is found also in somatic tissues.
We detected the endogenous protein in the centrosome of
somatic NIH3T3 cells and hence identified CCDC42 as a novel
component of the centrosome and the sperm tail not found
before by large scale proteomics screens (Amaral et al, 2013;
centrosome database Centrosome:DB). However, albeit RT-PCR
experiments confirmed expression of Ccdc42 in somatic tissues,
the full-length sequence could only by amplified from testis
cDNA. It is therefore probable that the full-length isoform
203 is restricted to testis or more specifically to male germ
cells whereas another isoform is expressed in somatic tissues.
We could not verify expression of isoform 202, which starts
with translated sequences encoded by intron 4 since a primer
that binds to these 5 sequences has amplified an unrelated
almost unknown sequence (C6Hlorf158). Furthermore, we got
no indications by RT-PCR of isoform 201, which was expected
to be encoded by a smaller cDNA due to skipping of exon 5.
Our data additionally show that CCDC42 is a component of
the centrosome in somatic cells and most likely functions in
scaffolding the centrosome via interaction with ODF2/Cenexin.
However, since the only obvious phenotype of CCDC42-deficient
mice is male infertility, CCDC42 is either dispensable for the
somatic centrosome or its function has been taken over by other
members of the CFAP73 family.
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3.4.2 The WD40-protein CFAP52/WDR16 is a centrosome/basal body protein and

localizes to the manchette and the flagellum in male germ cells

This chapter reports the cilia and flagella-associated protein 52, CFAP52, as a new structural
component of male germ cells located at the manchette and sperm tail. Initially, CFAP52
was related to the presence of motile cilia, while in Chlamydomonas, it contributes to the
stabilization of the axoneme. Cfap52 transcription has been detected in testes and the
ependymal layer of the brain. However, the subcellular localization of CFAP52 had not been
described. Thus, we have investigated CFAP52 localization in somatic and male germ cells.
Here, we show that CFAP52 localizes to the transient manchette in round and elongating
spermatids and the sperm tail. Further, our results reveal that CFAP52 expression is not
restricted to male germ cells but instead that CFAP52 is a novel centrosome/basal body
protein that also resides in the mitotic spindle poles and the mid-body. Thus, these data
indicate that CFAP52 is associated with a subset of microtubular structures, especially

centrosome/centriole derived structures.

Beyond that, CFAP52 is a member of the WD-repeat proteins, which mediate protein
interactions. Therefore, CFAP52 might likewise act in the assembly or stabilization of
protein complexes constituting the centrosomal/basal body matrix, the manchette, and the
sperm tail. Furthermore, the location of CFAP52 to the sperm tail but not to the axoneme of
primary cilia implies that CFAP52 fulfills specific functions in the stability or maintenance

of the sperm tail.
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and localizes to the manchette
and the flagellum in male germ
cells
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Development of spermatozoa requires remodelling and formation of particular structures. In
elongating spermatids, the transient microtubular manchette contributes to the formation of the
head-tail coupling apparatus (HTCA) and the sperm tail.The HTCA derives from the centrosome

in thatthe proximal centriole inserts into the nuclear indentation and the distal centriole gives

rise to the sperm flagellum. Although impairments in the formation of HTCA and sperm tail cause
male infertility their molecular constituents are only partially known.The WD40-protein CFAP52 is
implicated in motile cilia, but itsrelevance for male germ cell differentiation is not known. Here we
show that CFAP52 is widespread expressed and localizes to a subset of microtubular structures. In
male germ cells, CFAP52 is a component of the transient manchette and the sperm tail. However,
expression of Cfap52is not restricted to motile cilia-bearing cells.In NIH3T3 cells, CFAP52 |ocalizes
to the centrosome, the basal body, and the mitotic spindle poles, but not to the primary cilium.Our
results demonstrate that CFAP52 is not restricted to motile cilia but instead most likely functions in
constituting the centrosome/basal body matrix and the sperm tail.

The cilia and flagella associated protein 52, CFAP52 (also named WDR16, WD repeat domain 16, WDRPUH,
FLJ37528) is a member of the large WD40-repeat protein family and is widely expressed in eukaryotes. WD40-
repeats, which are also known as WD or beta-transducin repeats, are short motifs of 40-60 amino acids often
terminating in the dipeptide WD. The WD40-domain often comprises several of the WD40-repeats each forming
a beta-pleated sheet in a propeller blade'?. WD40 proteins are crucially involved in several physiological func-
tions as diverse as signal transduction, RNA processing, remodeling the cytoskeleton, regulation of vesicular
traffic, and cell cycle control*~*. Their immediate purpose most likely is to serve as platforms for the assembly of
protein complexes and to mediate protein—protein interactions®.

The WD40 protein family member WDR16 is highly conserved having homologs in invertebrates and verte-
brates including flies and humans’. In rat, expression of WDR16 was mainly observed in testis and in ependymal
cells of the brain, and with reduced expression in lungs. Its expression profile, especially during ependymal devel-
opment, indicated a correlation to the presence of motile cilia whereas in cells harboring primary cilia WDR16
could not be detected’. By immunofluorescence, WDR16 was found in the cytosol of rat testicular cells, especially
in early spermatocytes and pachytene spermatocytes showing a uniform and unspecific localization. Sperm fla-
gella stained negative for WDR16 but in Western blots the tail fraction of bull sperm revealed WDR16". Overall,
these results indicated that WDRI16 is a marker for motile cilia-bearing cells. WDR16 depletion in zebrafish
caused hydrocephalus, however, ciliary movement remained intact. Similarly, the ependymal layer did not display
visible alterations”. WDR16, furthermore, seems to be involved in the establishment of the left-right symmetry
in humans as the homozygous deletion caused laterality disorders®. Taken together, these data indicated, that
WDRI16 is functionally associated with motile cilia, either in the ependym or in the embryonic node albeit cilia
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seem not to be directly affected. Nevertheless, WDR16 might be involved in the stabilization of microtubular
structures, as observed for the Chlamydomonas WDR16 ortholog FAP52 that plays an important role in axoneme
stability®. Our intention was therefore, to elucidate the association of WDR16 with cilia in more detail by inves-
tigating its expression and localization at the subcellular level. We were interested in both motile and immotile
cilia/flagella firstly taking advantage of flagella formation in mammalian spermatogenesis.

Haploid spermatids derived from the second meiotic division differentiated into functional spermatozoa in
spermiogenesis. This process is characterized by reshaping of spermatids including elongation and condensa-
tion of the nucleus, and the development of specific structures as the acrosome, the transient manchette and
the flagellum, and eventually the shedding of the cytoplasm'®!'. These morphological changes produce highly
polarized cells determined by the apical acrosome and the flagellum at the opposite pole. The functionality
of the spermatozoon, that is propelling the sperm nucleus towards the oocyte, depends on the tight linkage
between sperm tail and nucleus mediated by the head-to-tail coupling apparatus (HTCA)"". The HTCA and its
morphological equivalent the connecting piece develops from the centrioles. During spermiogenesis, the acro-
some and the paired centrioles migrate to opposite poles of the nucleus'?. The proximal centriole inserts into the
caudal area of the nucleus forming the implantation fossa whereas the distal centriole constitutes the basal body
that gives rise to the axoneme!*!*!*. The sperm flagellum, furthermore, contains additional so-called accessory
structures as the outer dense fibres (ODFs) that went laterally to the microtubule (MT) doublets of the axoneme
and provide elasticity and stiffness to the flagellum'*'¢.

Spermatid elongation is characterized by the formation of a transient microtubular structure, the man-
chette. The manchette MTs are connected to the perinuclear ring, which is closely associated to the acrosomal
border, and extend progressively towards the caudal region thus forming a skirt-like structure surrounding the
nucleus'” . The manchette is essential for nuclear reshaping and considered as a track for the delivery of cargos
to assemble HTCA and sperm tail'®2".

Besides being far from figured out in detail up to now, knock out mouse models were useful in shedding light
on the underlying genetic causes responsible for impaired spermiogenesis and male infertility”'**. In this regard,
several genes were identified affecting manchette formation and reshaping of the spermatid when mutated,
e.g. the abnormal spermatozoon head shape (azh) phenotype is caused by a mutation in the Hook1 gene?*-".
Hook1-depletion, furthermore, disrupted the tight connection between flagellum and nucleus causing sperm
decapitation®. Sperm decapitation and male infertility were also observed when the outer dense fibre protein
ODF1 or one of its interacting proteins centrosomal protein coiled-coil domain containing 42 (CCDC42) or the
testis-specific SUN-domain protein SPAG4L/SUN5 were mutated”®-*'. SUN-domain proteins are integral nuclear
membrane proteins and are part of the linker of nucleoskeleton and cytoskeleton (LINC) complex responsible
for bridging the nuclear envelope and the cytoskeleton®?. In contrast, deficiency of SPAG4/SUN4, the second
testis-specific SUN-domain protein and reported ODF1-binding protein caused disjunction of the manchette
and male infertility but not decapitation®-37,

In order to figure out the protein interaction network responsible for HTCA and sperm tail formation we
focused here on the cilia and flagella associated protein 52 (CFAP52). We used RT-PCR for expression analyses,
and investigated its sub-cellular localization by immunocytology in transfected cells and in male germ cells. We
found that CFAP52 is not restricted to motile cilia bearing cells but instead most likely is ubiquitously expressed.
Our data indicate that CFAP52 is associated with a subset of MT structures especially centriole/centrosome
derived structures, and the manchette and the axoneme in the sperm flagellum.

Results

Widespread expression of Cfap52. In order to verify the reported expression of Cfap52, we performed
RT-PCR using total RNA isolated from mouse tissues, and in addition from the mouse fibroblast cell line
NIH3T3. Amplification of exons 1-14 of Cfap52 revealed the expected fragment of 1871 bp in testis and ovary
but not in any of the other probes (Fig. 1a), whereas amplification of Gapdh in all probes verified the quality
of cDNAs (Fig. 1¢). These results confirmed the previous observation of a testicular expression of Cfap52 but
additionally demonstrated that Cfap52 is also highly expressed in ovary, which to the best of our knowledge do
not harbor cells with motile cilia. However, to detect even low expression levels we performed a nested PCR on
the first PCR product amplifying a region comprising parts of exons 4 to 6. A DNA fragment of the expected size
of 255 bp was found in all samples (Fig. 1b). Sequencing of the PCR products obtained from brain, ovary and
epididymis confirmed amplification of Cfap52. The different intensities obtained for the secondary PCR product
are caused by differing amounts of first PCR used as template. These results demonstrate that Cfap52 is expressed
in all tissues investigated including the fibroblast cell line. Cfap52, therefore, seems to be ubiquitously expressed,
including somatic tissues and cells that to not generate motile cilia, although at a low level. Expression of Cfap52
is therefore not restricted to motile cilia bearing cells.

CFPAS52 |ocalizes to the spermatid manchette and to the sperm tail. Testicular expression of
Cfap52, previously reported in the rat, was confirmed by our investigation in the mouse. However, besides an
overall and unspecific cytoplasmic distribution of CFAP52 in spermatocytes no further specification is cur-
rently available’. We therefore intended to investigate the subcellular localization of CFAP52 during mouse
spermatogenesis using mouse testicular cell suspensions decorated by a commercially available antibody. We
first validated the anti-CFAP52 antibody for immunocytology by generating a CFAP52:EGFP fusion construct,
transfected the plasmid into NIH3T3 cells, and decorated the expressed fusion protein with the anti-CFAP52
antibody (Fig. 2a-d). Antibody staining was exclusively found in transfected cells, identified by their green auto-
fluorescence of the CFAP52:EGFP fusion. Furthermore, the antibody co-localized with the green fluorescent
CFAP52:EGFP fusion protein.
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Figure 1. Cfap52 expression is not correlated with the presence of motile cilia. RT-PCR on ¢cDNA synthesized
from different mouse tissues and from the fibroblast cell line NIH3T3. (a) Amplification of exon 1 to exon 14 of
Cfap52. The expected fragment size of 1871 bp is found in testis and ovary. (b) Nested PCR on the first RT-PCR
products was performed to amplify parts of exon 4 to exon 6 of Cfap52. The expected fragment size of 255 bp is
present in all probes. (¢) Gapdh amplification as quality check. Control is the PCR reaction without template.

CFAP52::EGFP

Figure 2. Validation of anti-CFAP52 antibody. NIH3T3 cells were transfected with the pCfap52::Egfp
expression plasmid encoding the fusion protein CFAP52::EGFP. Proteins were detected either by their auto-
fluorescence (green) or by the commercial anti-CFAP52 antibody (red). Colocalization of the inherent green
fluorescence and the antibody decoration demonstrated antibody specificity (a-d). Nuclear counterstain with
DAPI (blue). Bars: 2 ym.

Having the anti-CFAP52 antibody validated, we performed immunocytology on mouse testicular cell suspen-
sions (Fig. 3). The acrosome was decorated by peanut lectin-FITC staining to enable identification of spermatid
differentiation steps (Fig. 3). A weak expression of CFAP52 with a few strong dots and a shallow indication of
fibrous structures at the nuclear surroundings was first found in early round spermatids (Fig. 3a-d). These weak
structures are most likely the first indications of the forming manchette, as fibre like structures with a strong
CFAP52 reactivity are present in round spermatids of a more advanced step (Fig. 3e-h). Thereafter, a clear
manchette with its characteristic parallel bundles was visible in round spermatids (Fig. 3i-1) and elongating sper-
matids (Fig. 3m-x) that is strongly stained for CFAP52 indicating an association of CFAP52 with microtubules.
In mature spermatozoa, CFAP52 located to the sperm tail with a somehow stronger intensity in the principal
piece than in the mid-piece (Fig. 3y-y”’). No antibody staining was detected in elongating spermatids when
anti-CFAP52 antibody was omitted (Fig. 3z-z").

Colocalization of CFAP52 with the manchette microtubules was demonstrated by alpha-tubulin decoration in
round and elongating spermatids (Fig. 4a-h). Furthermore, CFAP52 showed a similar distribution as the LINC
components SUN3 and SUN4 (Fig. 4i-p). Enrichment of CFAP52 at the head-to-tail coupling apparatus (HTCA),
which was decorated by y-tubulin staining, was not found (Fig. 4q-t). Additionally, CFAP52 is not enriched at
the perinuclear ring, which was decorated for the microtubule plus-end binding protein EB3 (Fig. 4u—x), but
showed a faint ring-like concentration anteriorly to the perinuclear ring (Fig. 4u, x, arrows).

A similar distribution in the manchette and the sperm tail was observed for the outer dense fibre protein 1,
ODF1¥, posing the question whether the observed colocalization indicates interaction or interdependency. We,
therefore, investigated CFAP52 localization in testicular sections using both wild-type as well as Odf1-deficient
mice®. In testis-sections of OdfI*’*-mice we observed CFAP52-decoration in the manchette (Fig. 5a-d, i-I,
arrows). Odf1-deficient testis-sections exhibited the same strong CFAP52-staining in the manchette (Fig. Se-h,
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Figure 3. Subcellular localization of CFAP52 in male germ cells. CFAP52 is located to manchette and sperm
tail in mouse male germ cells. Suspension preparations of adult mouse testis were incubated with a commercial
antibody against CFAP52 (red) and the acrosome decorated with PL-FITC. The developing manchette is
decorated with CFAP52 in round and elongating spermatids (a-x). In spermatozoa, CFAP52 locates to the

tail with a more intense staining of the principal piece than the mid-piece (z-z"). No staining of elongating
spermatozoa was evident when the anti-CFAP52 antibody was omitted (control, y-y”’).
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Figure 4. CFAP52 localizes to the manchette but not the perinuclear ring in spermatids. CFAP52 colocalizes
with alpha-tubulin in the manchette in round (a-d) and elongating spermatids (e-h), and shows a similar
distribution as the LINC components SUN3 (i-1) and SUN4 (m-p). Highlighting the basal body of the sperm
tail by staining for gamma-tubulin could not demonstrate enrichment of CEFAP52 (q-t). The microtubule plus-
end tracking protein EB3 decorates the perinuclear ring that is not enriched for CFAP52 (u-x). The arrow points
to the faint ring-like concentration of CFAP52 anteriorly to the perinuclear ring. CFAP52 in red (a, e, i, m, q, u),
all other antibodies decorated in green (b, f, j, n, r, v). Nuclear counterstain with DAPI in blue (c, g, k, 0, s, w)
and merged images (d, h, 1, p, t, x). eS: elongating spermatids. Bars: 2 um (a-h) or 2.5 pm (i-x).
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Figure 5. Depletion of ODF1 does not affect manchette location of CFAP52. CFAP52 decorates the manchette
(arrows) in wild-type (a-d, i-1) as well as in OdfI ko testis sections (e-h, m-p) (in red). (a-h) Decoration of

the acrosome by PL-FITC (green). Spermatogenic stages according to the acrosome formation are indicated
(stage IX for the wild-type and stage I for the OdfI ko). (i-p) Double immunofluorescence with both, anti-
CFAP52 (red) and anti-alpha-tubulin (green). Nuclear stain with DAPI (blue). (a, e, i, m) anti-CFAP52 antibody
decoration (red), (b, f) PL-FITC (green), (j, n) detection of alpha-tubulin (green), (c, g, k, 0) DAPI (blue), (d, h,
1, p) merge. Bars: 10 um (a-h), 20 pm (i-p).

m-p, arrows) demonstrated by alpha-tubulin decoration. Thus, depletion of OdfI neither affected the forma-
tion of the manchette nor the recruitment of CFAP52. Localization of CFAP52 to the manchette microtubules
is therefore not mediated by ODF1.

Endogenous CFAP52 localizes to centrosome/basal body, intercellular bridge and spindle
poles in somatic cells. We have proven prevalent low-level expression of Cfap52 by nested RT-PCR. In
order to substantiate these findings, we performed immunoblotting using total proteins obtained from mouse
tissues as well as from NIH3T3 cells. CFAP52, in the expected molecular mass of ~ 68 kDa, was clearly detect-
able in all probes demonstrating once more that CFAP52 is not restricted to specific tissues (Fig. 6). Our results
are corroborated by Western blot validation of anti-CFAP52 (www.cusabio.com). Next, we used NIH3T3 cells
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Figure 6. Detection of CEAP52 in mouse tissues. Total proteins of mouse tissues and of NIH3T3 cells were
separated on a denaturing SDS-gel, transferred to Hybond ECL, and incubated with the anti-CFAP52 antibody.
Chemiluminescence detection of the antibody. In all probes, CFAP52 with the predicted molecular mass of

68 kDa was detected.

to isolate the coding sequence of Cfap52 and generated a fusion protein with EGFP by cloning Cfap52 in frame
to the N-terminal end of Egfp in plasmid pEgfp-N1. The plasmid pCfap52::egfp was transfected into NIH3T3
cells, and its distribution analyzed. Besides a more or less uniform background fluorescence we found a specific
concentration of the CFAP52:EGFP fusion protein in two closely associated spots in the vicinity of the nucleus.
Immuno-decoration with anti-y-tubulin antibodies as a centrosomal marker revealed that CFAP52:EGFP colo-
calized with the centrosome in NTH3T3 cells (Fig. 7A a-d). We then asked whether the centrosomal location is
caused by overexpression of the fusion protein, or otherwise is a feature of the endogenous protein character-
izing CFAP52 as a novel centrosomal protein. To this end, NIH3T3 cells were treated for immuno-decoration
and double stained with anti-CFAP52, and either anti-y-tubulin or anti-acetylated tubulin antibodies (Fig. 7B).
We detected the endogenous CFAP52 protein in the centrosome by colocalization with the centrosomal marker
protein y-tubulin (Fig. 7B a-d). Furthermore, CFAP52 is found in the cytoplasmic bridge linking the two daugh-
ter cells (Fig. 7B e-h). In this case, the cytoplasmic bridge is highlighted by acetylated tubulin. CFAP52 did not
colocalize with acetylated tubulin but instead seemed to be concentrated at the tip of the cytoplasmic bridge
near the plasma membrane. NIH3T3 cells generate non-motile, solitary cilia known as primary cilia that are
also easily identifiable by immuno-decoration for acetylated tubulin. The primary cilium as well as its associated
daughter centriole at its base were identified by acetylated tubulin (Fig. 7B i-1). CFAP52 was not found in the
ciliary axoneme but is highly concentrated at the basal body and at the daughter centriole. Additionally, CEAP52
is concentrated at the spindle poles that are highlighted by acetylated tubulin staining when captured at low
intensity (Fig. 7B m-p). Omitting the anti-CFAP52 antibody and using both secondary antibodies for incuba-
tion in the controls demonstrated decoration of the centrosome with anti-acetylated tubulin antibodies (in red)
but did not show any green fluorescence (Fig. 7B q-t).

Centrosomal recruitment of CFAP52 isoforms. We have identified CFAP52 as a novel centrosomal
protein in NIH3T3 cells. CFAP52 is encoded by the Wdr16/Cfap52 gene on chromosome 11 (11B3) in mice. The
gene consists of 14 exons, and encodes three isoforms by alternative splicing. The longest isoform (NP_082239.2)
consists of 620 amino acids (aa) encoded by exons 1-14. The isoform denominated X1 (XP_006534328.1) con-
sists of 577 aa by skipping of exon 4. Isoform 203 (Q5F201) has a postulated length of 342 aa and is encoded
by exons 1-8. We cloned the isoforms from NIH3T3 cells and generated in fusion plasmids to Egfp. Addi-
tionally, we generated another fusion protein named isoform X1-Nterm that consists of 309 aa of CFAP52 by
skipping exons 4 and all C-terminal exons 9-14 (Fig. 8). According to ProSite (https://prosite.expasy.org) the
full-length sequences CFAP52 and CFAP52-X1 contain two WD-repeats regions comprising aa 60-195, and
328-620 (related to the full-length isoform), and five WD-repeats-2. Referring to the full-length isoform, the
WD-repeats-2 sequences comprise aa 107-142, 413-446, 457-490, 541-582, and 583-620. The isoform 203
contains one WD-repeat region and one WD-repeat-2, comprising aa 107-142. The WD-region of the isoform
X1-Nterm differs from that of isoform 203 by a deletion of 43 aa (Fig. 8). To investigate the impact of the WD-
domains for centrosomal recruitment of CFAP52 the egfp-fusion plasmids were transfected into NIH3T3 cells
and the fusion proteins detected by their green auto-fluorescence (Fig. 9). The centrosome was decorated by
immunostaining for their marker proteins either y-tubulin or pericentrin. As observed previously for the full-
length CFAP52:EGFP fusion protein (Fig. 7A) both, the EGFP-fusion proteins of isoform 203 as well as of the
N-terminal end of isoform X1 (X1-Nterm), are concentrated in the centrosome (Fig. 9).Taken together, our data
indicate that (1) the C-terminal region comprising the second WD-repeats domain is not essential for centroso-
mal recruitment and that (2) parts of the first WD-repeats domain encoded by exon 4 are also not essential for
centrosomal recruitment. Thus, a centrosomal targeting sequence, if at all present, must reside in the N-terminal
end of CFAP52, represented by isoform X1-Nterm, or most likely the WD-repeats domains taken as a whole are
responsible to direct CFAP52 to the centrosome.
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Figure7. CFAP52 locates to the centrosome, the basal body, the intercellular bridge, and the spindle poles in NIH3T3 cells.
(A) The full-length pCfap52::Egfp expression plasmid was transfected into NIH3T3 cells and detected by auto-fluorescence
(green) (a). Immuno-decoration of the centrosome with the centrosomal marker y-tubulin (red) revealed localization of
CFAP52 in the centrosome (b-d). Bars are of 2 um. (B) Endogenous expression of CFAP52 in NIH3T3 cells was detected by
double immunostaining with anti-CFAP52 (green) and either anti-y-tubulin (red) or anti-acetylated tubulin (red). y-tubulin
and acetylated tubulin decoration for detection of the centrosome, acetylated tubulin for decoration of the basal body, the
spindle poles, the intercellular bridge, and the primary cilium. The endogenous CFAP52 (arrows) locates to the centrosome
(a-d), the intercellular bridge (e-h), the basal body and its associated daughter centriole (i-1), and the spindle poles (m-p).
Omitting anti-CFAP52 showed decoration of the centrosome by anti-acetylated tubulin staining (red) but no false CFAP52
staining (q-t). Nuclear counterstain with DAPI (blue). Bars are of 2 um except for (e-h), which are of 5 um.
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Figure 8. CFAP52 isoforms. Wdr16/Cfap52 encodes three isoforms by alternative splicing. The full-length
isoform CFAP52 (NP_082239.2) consists of 620 amino acids. The isoform denominated CFAP52-X1
(XP_006534328.1) consists of 577 amino acids, and the isoform CFAP52-203 (Q5F201) has a postulated
length of 342 amino acids. The sequence denominated CFAP52-X1-Nterm is the N-terminal end of isoform
X1 consisting of 309 aa and was artificially cloned. The WDA40 repeats regions (according to Prosite circular
profile) comprise aa 60 to 195 and 328 to 620 (enframed in red). The WD40 repeats (according to Prosite
WD-repeats-2) are colour-coded.
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Figure 9. Centrosomal location of EGFP-fusion proteins of CFAP52 isoforms 203 (CFAP52-203:EGFP) and
the N-terminal end of isoform X1 (CFAP52-X1-Nterm::EGFP). Expression plasmids for the isoform 203,
pCfap52-203::Egfp (a-h), and the N-terminal sequence of CFAP52-isoform-X1, pCfap52-X1-Nterm::Egfp (i-p)
were transfected into NIH3T3 cells and detected by the EGFP auto-fluorescence (green, a, e, i, m). Decoration
of the centrosomes by immunostaining for the centrosomal marker proteins either y-tubulin (anti-gamma-
tubulin, b, j) or Pericentrin (anti-Pericentrin, f, n) (both in red). Nuclear counterstain with DAPI (blue). Arrows
pointing to the centrosomal location of the fusion proteins. Bars are of 2 um (a-p).

Discussion

WDRI16/CFAP52 is a member of the WD40-protein family characterized by the WD-repeat domain. The WD40-
repeats, also known as GH-WD repeats, are repetitive motifs consisting of a conserved core bracketed by GH
(Gly-His) and WD, and additional sequences of variable lengths'**.

The WD40-domains were first described in B subunits of transducin and other G proteins isolated from
bovine tissues, and in the SCF (SKP1-CULI-F-box protein) ubiquitin ligase complex component CDC4. WD-
repeat proteins fulfill diverse biological functions including RNA synthesis/processing, signal transduction,
cytoskeleton assembly, mitotic spindle formation, vesicular trafficking and cell growth®**. WD-repeat domains
are hence widespread and highly conserved in eukaryotes. Particularly, the WD40-repeat protein CFAP52/
WDR16/WDRPUH was initially identified and found to be upregulated in human hepatocellular carcinomas.
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Its overexpression in NIH3T3 cells accelerated cell growth, whereas inhibition of WDRPUH/CFAP52 reduced
the growth of human liver carcinoma cells and induced apoptosis™’.

Previous investigation of Cfap52 indicated that its expression correlated with the presence of motile cilia’.
Furthermore, WDR16/CFAP52 was annotated in the Ciliome Database and was identified in mouse ciliated
tissues*’. Moreover, the Wdr16 gene was identified as FOX]J effector gene altogether indicating a correlation
of WDR16/CFAP52 with ciliation especially with the generation of motile cilia*’. Proteins containing specific
domains, especially coiled-coil domains, WD40-repeat domains, or tetratricopeptide repeat domains have all
been linked to cilia******. In this regard, the intraflagellar transport component IFTA-1 isa WD repeat-containing
protein*‘. However, WDR16/CFAP52 is not annotated in Syscilia Gold Standard (https://www.syscilia.org/golds
tandard.shtml) and therefore seems not to be an essential ciliary component.

The reported association of the cilia and flagella associated protein 52 (CFAP52/WDR16) with ciliation and its
high expression in testis offered the unique opportunity to investigate its sub-cellular distribution in more detail.
The formation of the flagellum starts in haploid spermatids and is well known step-by-step from the migration
of the paired centrioles towards the caudal end of the nucleus, their insertion into the implantation fossa, and
their progressive transformation into the basal body, the connecting piece, and eventually the outgrowth of the
flagellum. The proximal centriole inserts into the implantation fossa and mediates the proper linkage between
head and tail by the head-to-tail coupling apparatus (HTCA). The distal centriole, on the other hand, gives rise
to the basal body that in turn will seed flagellum formation'***. Furthermore, flagellum and connecting piece are
both discernable at light-microscopic resolution and are easily identifiable using immuno-decoration.

Formation of HTCA and sperm tail requires many proteins that are presumably transported by a transient
microtubular structure, the manchette’*?”. The HTCA is essential for functional sperm, and its malformation
causes acephalic spermatozoa and male infertility due to fragile attachment of sperm head and tail or even
detachment'2#. Albeit essential for fertilisation, the knowledge of the molecular composition of the HTCA is
just in the beginning. We therefore asked, whether CFAP52 as an annotated ciliary component is associated with
the flagellum or its development. We found that, opposed to previous reports, CFAP52 locates to the transient
manchette in round and elongating spermatids. CFAP52 might thus be involved in the stabilization of the struc-
ture or in supporting delivery of cargos, or is a cargo protein itself. Later on, CFAP52 was found in the sperm
tail with the strongest staining in the principal piece. A weaker decoration was observed in the middle piece
that might be explained by a reduced antibody accessibility due to the fact that mitochondria and outer dense
fibres encapsulate the central region of the axoneme. Although, location of CFAP52 to manchette microtubules
and sperm tail resembles that of the major outer dense fibre protein ODF1, recruitment of CFAP52 to these
structures is independent of ODF1.

Expression analyses of Cfap52 by RT-PCR, notably nested RT-PCR, revealed transcription in all tissues
investigated including those that do not harbour motile cilia, e.g. ovary. Additionally, Cfap52 was also expressed
in the fibroblast cell line NIH3T3. Cfap52 cDNAs were isolated from NIH3T3 cells and cloned in frame to egfp
to generate EGFP-fusion proteins when ectopically expressed. Investigations of the subcellular distributions of
CFAP52:EGFP-fusion proteins as well as of the endogenous CFAP52 protein demonstrated location of CFAP52
in the centrosome, the mitotic spindle poles, the tip of the mid-bodies, and at the base of primary cilia. However,
the primary cilium axoneme was not decorated by CFAP52. We observed centrosomal location of full-length
CFAP52 and its isoforms including its N-terminal part comprising a single truncated WD40-domain. We pro-
pose that centrosomal recruitment most likely is mediated by the WD40-domain that generally functions in
mediating protein—protein interactions®.

Our data indicate, that CFAP52 associates with a subset of microtubular structures, especially centrosome/
centriole derived structures. As WD-repeat proteins mediate protein interactions, CFAP52 might likewise act
in assembly or stabilization of protein complexes constituting the centrosomal/basal body matrix and the sperm
tail®. Furthermore, the location of CFAP52 to the sperm tail but not to the axoneme of primary cilia suggests that
CFAP52 fulfils specific functions related to the stability, maintenance, or motility of the sperm tail. A loss-of-
function of CFAP52 might therefore primarily affect the sperm tail and in turn male fertility. It is currently not
known whether mutations in CFAP52 affect male fertility although mutations in WD-repeat proteins, as e.g. in
WDR66/CFAP251, WDR96/CFAP43, and WDR52/CFAP54, causing human male infertility due to the sperm
flagella defects have been reported*’-*. Knock down or mutation studies of CFAP52 in zebrafish and humans,
respectively, indicated impaired motile ciliain the ependym causing hydrocephalus, and impaired motile, solitary
cilia in the node causing left-right symmetry disorders”®. However, it has not been investigated whether primary
cilia and the sperm tail are also affected, causing ciliopathies and male infertility due to sperm motility disorders,
respectively. We anticipate our results to be a starting point for a more sophisticated analysis of the role CFAP52
plays in the formation of centrosome-derived structures and in male germ cells using knock out approaches.

Materials and methods

cDNA synthesis and RT-PCR. Total RNA from adult mouse tissues (testis, liver, brain, ovary, kidney,
spleen, epididymides) as well as from NIH3T3 mouse fibroblasts was prepared using peqGOLD RNApure™
(PeqLab, Erlangen, Germany) following the recommendations of the manufacturer. Total RNA was digested
with Ambion® TURBO DNA-free™ DNase (Life Technologies). cDNA was synthesized using Maxima First
Strand cDNA Synthesis (ThermoFisher Scientific)*. Detection of transcribed sequences was performed by RT-
PCR using the following primer pairs: CFAP52-Nhel-X1-For (GCTAGCATGGAAGAACAAGTTTTACC) and
CFAP52-X1-BamHI-R (GGATCCGAAGCAAATGGGTATTTC) generating a product of 1871 bp. After first
PCR, the following primers were used to perform a nested PCR: CFAP52-For (CCAGCGTGGTCTTCTCTA
GG) and CFAP52-Rev (CCTTCACAGGCCCAGTATC) generating a fragment of 255 bp. Gapdh was amplified
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using Gapdh-For (GTATGACTCCACTCACGGCA) and Gapdh-Rev (GTCAGATCCACGACGGACAC) gen-
erating a fragment of 594 bp. PCR products were sequenced.

Plasmid constructs. Four different Cfap52 coding sequences were amplified by PCR. Cfap52 full-length
(NP_082239.2) and Cfap52 isoform X1 (XP_006534328.1) were amplified using the primer pair CFAP52-Nhel-
X1-For (5'-GCTAGCATGGAAGAACAAGTTTTACC-3) and CT-CFAP52-X1-BamHI-R (5-GGATCCGAA
GCAAATGGGTATTTC-3'). The isoform Cfap52-203 (Q5F201) and the N-terminal region of the isoform X1
were amplified using the following primer pair: CFAP52-Nhel-For (5-GCTAGCCATGGAAGAACAAGTTTT
AC-3') and CFAP52-KpnI-203-Rev (5'-GGTACCAATGGAAAGACAATGTCCTGG -3'). PCR products were
cloned into pJET1.2/blunt (ThermoFisher Scientific) followed by Nhel/BamHI or Nhel/Kpnl digestion and sub-
cloning into pEGFP-N1 (Clontech Lab., #U55762). Correct reading frames were confirmed by sequencing.

Cell culture and immunocytochemistry. NIH3T3 cells (ATCC CRL-1658) were maintained in Dul-
becco's Modified Eagle’s Medium (DMEM), 10% (v/v) fetal bovine serum (EBS), 1000 U/ml penicillin, 1000 g/
ml streptomycin, and 20 mM L-Glutamine (all Gibco) at 37 °C and 5% CO,. NIH3T3 cells were grown on glass
coverslips in 6-well plates and the plasmid DNA was transfected using EndoFectin™ Max Transfection Reagent,
using the manufacturer’s instructions (GeneCopoeia). Twenty-four hours post transfection, cells were rinsed
with phosphate-buffered saline (PBS) and fixed either in methanol for 10 min at — 20 °C or in 3.7% paraform-
aldehyde (PFA) for 20 min at 4 °C. Samples were then permeabilized with 0.3% Triton X-100 in PBS for 10 min
at room temperature. Cells were rinsed in PBS, and non-specific binding sites were blocked by incubation in
PBS containing 1% BSA and 0.3% Triton X-100 for 1 h*'. Samples were incubated with primary antibodies:
anti-CFAP52 (CSB-PA839781LA01HU; Wuhan Huamei Biotech Co., Ltd., Wuhan, China, Cusabio), anti-
Pericentrin (PRB432C, Covance), anti-acetylated tubulin (6-11B-1; Sigma-Aldrich), anti-y tubulin (GTU-88,
Sigma-Aldrich) at 37 °C for 1 h. Secondary antibodies used are goat anti-mouse-IgG DyLight 488 (#35503,
ThermoScientific), and goat anti-rabbit-MFP590 (#¥MFP-A1037, Mobitec). DNA was counterstained with DAPL
Images were taken by confocal microscopy (LSM 780, Zeiss) and processed using Adobe Photoshop 7.0.

Immunocytology on testicular cell suspensions. Fresh testes from laboratory mice of strain C57/Bl6
were minced in PBS containing 2% paraformaldehyde, 0.02% SDS, and 0.15% Triton X-100, and transferred onto
superfrost slides. Cells were blocked for 1 h in PBS containing 1% BSA and 0.3% Triton X-100. Anti-CFAP52
(CSB-PA839781LA01HU; Wuhan Huamei Biotech Co., Ltd., Wuhan, China, Cusabio) was used as 1:100 dilu-
tion and incubated at 4 °C overnight. CFAP52 was detected using the secondary antibody goat anti-rabbit-IgG
(H+L) Alexa Fluor R 555 (F[ab]2 fragment; #A21430, Life Technologies) used as 1:1,000 dilution. Additionally,
the following first antibodies were used: anti-a-tubulin (DM1A, Calbiochem, #CP06), anti-y-tubulin (GTU-88,
Sigma-Aldrich, #T6557), anti-EB3 (EB3(7), Santa Cruz, sc-136405), anti-SUN3 and anti-SUN4*’, and detected
using goat anti-mouse-IgG DyLight488 (Thermo Scientific, #35503) or goat anti-guinea pig-IgG Alexa Fluor
488 (Life Technologies, #A11073). DNA was counterstained with DAPI (4',6-Diamidino-2-phenylindole; Sigma
D-9542), and the acrosome was decorated with FITC-labelled peanut lectin (PL-FITC). Images were taken by
confocal microscopy (LSM 510, Zeiss) and processed using Adobe Photoshop 7.0.

Histology. Testes were fixed in 4% paraformaldehyde in phosphate-buffered saline (145 mM NaCl, 7 mM
Na,HPO,, and 3 mM NaH,PO,; PBS) and embedded in paraffin. 4 um sections were cut and placed onto Super-
frost slides. After deparaffinization and rehydration probes were treated for enzymatic epitope retrieval by incu-
bation with 0.5% Trypsin for 10-20 min at 37 °C. Specimen were blocked in PBS containing 1% BSA and 0.3%
Triton X-100 followed by antibody incubation with rabbit anti-CFAP52 (CSB-PA839781LA01HU) at 4 °C over-
night. Anti-CFAP52 was detected with goat anti-rabbit-MFP590 (#¥MFP-A1037, Mobitec) (diluted 1:100). The
acrosome was stained with FITC-labelled peanut-lectin (PL-FITC) and the DNA by DAPI (4’, 6-Diamidino-
2-phenylindole; Sigma D-9542).

Westernblotting. Proteins were prepared from mice tissues (testes, brain, liver, kidney) and NIH3T3 cells.
Tissues were homogenized with a Dounce homogenizer in lysis buffer [150 mM NaCl, 1% Nonidet P40,0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris—-HCl, pH 7.6, protease inhibitor cocktail (Halt Protease Inhibitor
Cocktail 100X, Thermo Fisher Scientific, #78438)]. NIH3T3 cells were harvested by trypsinization followed by
rinsing twice in phosphate-buffered saline (PBS). NIH3T3 cell pellet was resuspended in lysis buffer. Protein
lysates were sonicated 3 times for 45 s each. Total protein lysates were resuspended in 2 x SDS-sample buffer and
heated to 95 °C for 10 min. Proteins were separated on SDS-PAGE and transferred onto nitrocellulose membrane
(Amersham Hybond-ECL, GE Healthcare)*'*2. The membrane was blocked in 5% dry milk in TBST (10 mM
Tris-HCI pH 7.6, 150 mM NaCl, 0.05% Tween20) for one hour. Afterwards, the membrane was incubated with
the primary antibody rabbit anti-CFAP52 (CSB-PA839781LA01HU) in blocking solution at 4 °C overnight. First
antibodies were detected by incubation with HRP-conjugated secondary antibody goat anti-rabbit IgG (Jackson
ImmunoResearch, WestGrove, PA, USA). Signals were detected using ClarityMax Western ECL Substrate (Bio-
Rad, #1705062) and images were captured with Chemdoc (Bio-Rad).

Ethics statement.  All mouse experiments were reviewed and approved by the animal welfare commission
of the University Medical Faculty and Niedersichsisches Landesamt fiir Verbraucherschutz und Lebensmittelsi-
cherheit. Licence for animal experiments has been obtained by the Institute of Human Genetics. The guidelines
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of the German Animal Welfare Act (German Ministry of Agriculture, Health and Economic Cooperation) were
strictly followed in all aspects of mouse work. Odf1-ko mice has been previously described™.

Data availability
All data generated or analysed during this study are included in this published article.
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4 Discussion

4.1  Relevance and impact of mutations of candidate genes involved in the linkage

of sperm tail to its head

Infertility has been defined by the International Committee for Monitoring Assisted
Reproductive Technology, World Health Organization (WHQO), as a reproductive system
disease defined by the failure to achieve a clinical pregnancy after 12 months or more of regular
unprotected sexual intercourse (Zegers-Hochschild et al., 2009). This condition is a global issue
and it affects approximately 15% of couples due to primary or secondary infertility. Thus,
around 48.5 million couples worldwide suffer from infertility. At least 20%-30% and up to 40%
of reproduction failure is based on male infertility (WHO, 2010; Sharlip et al., 2002; Sharma,
2017).

Male infertility has attracted more and more attention, along with the development of assisted
reproductive technology (ART). Hence, identifying the causative factors of sperm pathologies,
especially when they originate genetically, is mandatory for successful ART. Therefore,
understanding the genetic causes of male infertility contribute to the efficacy, safety, and health
of the progeny conceived by ART (Sharlip et al., 2002; Sharma, 2017).

Teratozoospermia is defined as a low percentage of spermatozoa with normal morphology
(WHO, 2010). The acephalic spermatozoa syndrome is a type of teratozoospermia caused by an
abnormal head-tail connection that arises during spermiogenesis (Chemes & Alvarez Sedo,
2012; Miyamoto et al., 2012). Moreover, the decapitated sperm syndrome has been reported in
familial cases suggesting a genetic origin (Baccetti et al., 1989; Chemes et al., 1999). However,

which genes are affected is still unclear.

Alterations of the head-neck attachment have been described in mice provoked by the
experimental depletion of specific genes. Among these genes, Odfl and Spag4l are interesting
candidates to analyze in humans because their disruption in mice produces relaxation of the
head-tail junction and sperm decapitation (Yang et al., 2014; Yassine et al., 2015). Furthermore,
in infertile men some Spag4l mutations have already been identified in infertile men with
decapitated spermatozoa (Elkhatib et al., 2017; Zhu et al., 2016).

ODF1 is encoded by two slightly different alleles giving rise to two proteins that differ in the
number of the C-terminal tripeptide motifs, CSP or CNP (Hofferbert et al., 1993). Both alleles
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were also found in the two patients analyzed here. However, the variation of the expression of
these alleles is not causative for spermatozoa decapitation. Beyond that, no additional variations

were found in the coding region of the Odfl-gene in the two patients studied here.

The two exons that encode ODFL1 are separated by a 7 kb intron (Hofferbert et al., 1993). Even
though intronic sequences do not encode a protein, they contain conserved regulatory elements
involved in pre-mRNA splicing. Thus, mutations in intronic regions might also alter gene
expression (Gilbert 1978; Kelly et al., 2015). It is the case of the intronic mutation
€425 + 1G —A that affects the Sun5-gene leading to a premature stop codon (Zhu et al.,
2016). So far, no mutations have been reported to affect either Odfl exons or intron.
Nonetheless, exploring intronic variants that potentially affect Odf1-gene expression might be

highly informative.

Since a mutation in Odfl was excluded, I turned to Spag4l as the next likely candidate. Based
on the study conducted by Zhu et al. (2016), specific mutations in 8 of 17 infertile male patients
were identified. The mutations described in that study affected the exons 4, 5, 6, 7, 8, 11 and
13. Therefore, | attempted to investigate these variants in two unrelated patients with the
acephalic spermatozoa syndrome. The exons 6, 8 were successfully amplified, though their
sequences displayed no differences compared to the wild-type sequence. In contrast, the
amplification of exons 5, 11, and 13 failed due to unknown reasons, albeit the same primers

were used as indicated by Zhu et al. (2016).

The unsuccessful identification of mutations in the gene Sun5 in the patients studied here might
be related to the inappropriate selection of exons. | centered the attention on the exons 6-8 and
11-13 because they encode either the coiled-coil or SUN domain of SUND5, respectively (Zhu et
al., 2016). Although mutations in exons 6 and 8 have been reported in patients with decapitated
spermatozoa (Zhu et al., 2016), they are not causative of the syndrome in the patients studied

here.

Besides that, Hook1 attracted my attention because a truncating mutation caused abnormal head
shape and sperm decapitation in mice (Mendoza-Lujambio et al., 2002). Further, the missense
mutation p.Q286R in exon 10 has been reported in infertile men that suffer from headless sperm
(Chen et al., 2018). Moreover, HOOK1 localizes in the manchette, which is essential for the
transport of molecules required for tail formation (Mendoza-Lujambio, 2002). Therefore, |
investigated the Hook1 gene in two unrelated patients with acephalic spermatozoa syndrome.
Since deletion of exons 10 and 11 in mice caused azh (abnormal spermatozoon head shape)

phenotype, and mouse exon 10 corresponds to the human exon 10, | concentrated on these
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regions. Further, exon 10 encodes the VWFC domain that seems to be involved in the formation
of protein complexes (Bork 1993). However, | found no evidence for mutation by sequencing
the clones of the PCR products.

Our mutation screening using the genomic DNA of two unrelated infertile men that suffer from
sperm decapitation excluded mutations in the coding region of Odf1 as causative. Furthermore,
I found no indications for mutation in exon 6 of Spag4l or in exons 10 and 11 of Hook1. The
acephalic spermatozoa syndrome is a rare condition. Therefore, the failure in the identification
of a mutation in the two patients investigated is not surprising. To demonstrate a causative
mutation requires careful inspection of a large number of patients and genes. Besides that, Zhu
etal. (2016) has described an intronic mutation that affects the coiled-coil structure of the SUNS.
Therefore, it remains to explore the intronic sequences of the genes Odfl and Hookl that
eventually affect the protein conformation. In mice, some genes have been identified as
causative of sperm decapitation phenotype, but mutations affecting these genes in humans have
rarely been demonstrated. The loss of function of Ccdc42 in mice severely affects the formation
of the HTCA. However, no mutations in Ccdc42 were found in these two human patients

(Hector Chemes, personal information).

A high number of genes are involved in male infertility, which not only disrupts male germ cells
but also may cause genetic impairments in the offspring. These gene mutations may be
autosomal recessive or dominant and highly variable between individuals (Hackstein et al.,
2000; Matzuk et al., 2002). Even though many genes are involved in male infertility, few affect
spermiogenesis (Vogt, 2004). Therefore, the individual’s genetic constitution and the few
known genes that affect the head-tail junction hamper the detection of mutations in patients.
Here, | investigated specific regions of three promising candidate genes. However, identifying
the cause of the sperm decapitation in the two patients analyzed requires an intensive screening
of mutations in still unexplored genes. Further, DNA sequencing from infertile and fertile male
patients that share a specific genetic background may enable identifying new genes involved in

the acephalic spermatozoa syndrome.

Considering the complexity of the factors associated with male infertility and the limitation of
performing studies in many patients, mouse models are particularly valuable. Therefore, to
evaluate the impact of SUN5 on the spermatozoa ultrastructure, Spag4l-deficient mice were
developed. Two female founders were mated with wild-type males. After genotyping of the
offspring by PCR, ~38% of the F1 animals were heterozygous that is below the expected
Mendelian ratio of 50%. Heterozygous F1 mice were mated with wild-type mice. Intriguingly,

we obtained only a ~9% of heterozygous mice in F2 generation, whereas the expected number
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of heterozygous mice was 50%. Spag4l*"- mice obtained from two independent founder animals
were mated to obtain the F3 and F4 generations. Around 30% of heterozygous mice were
detected by genotyping, albeit they carried only a small fragment of the integration cassette, but

no homozygous Spag4l-deficient mice.

The gradual reduction of the cassette size over the generations was intriguing. In ES cells, the
up and downstream regions of the recombinant allele were detected by genotyping,
demonstrating the correct integration of the replacement cassette into the Spag4l gene.
Afterward, only the resistant gene neomycin and the flanking region at the 3"-terminal were
amplified. However, in further generations, only a small fragment of the neomycin insertion
was amplified, whereas the amplification of the flanking regions and the reporter gene LacZ
failed.

Multiple biological mechanisms may cause an unusual transmission ratio, including a faulty
integration of the targeting allele into the genome, genomic instability of the ES cell, and late
injection of ES cells into blastomeres (Martin, 1981; Palmiter et al., 1982). First, correct
incorporation of the insertion is fundamental to ensure the stable transmission of the modified
allele to the offspring (Palmiter et al., 1982). Further, if transgenic cells' contribution to the
germline is low, the foreign DNA transmission frequency will be greatly reduced (Wilkie et al.,
1986). Therefore, ES cell clones were carefully analyzed, and the sequencing of the PCR
product confirmed the correct position of the cassette. The integration of the cassette replaced
nearly the complete Sun5-gene, leaving only 89 bp of the N-terminal region. However, the

founders were not able to fully transmit the transgene.

Moreover, females are mostly undesirable for a breeding scheme, only two female chimeras
tested positive for the transgene and were selected as founders. Among the disadvantages of
female founders are the duration of the breeding process as well as the uncertainty of a
successful germline transmission (Longenecker et al., 2009). Even though female founders
produced offspring, they did not efficiently transmit the cassette. Besides that, the first two
generations were tested by nested PCR, given that the amplification of the 5°- region of the
insertion cassette could not be amplified. Thus, it is possible that our genotyping results of F1

and further generations were mostly false positive.
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4.2 Topology and localization of SPAG4 and SPAG4L.2 at the nuclear membrane

might mediate the connection of the sperm nucleus to its tail

SPAG4 and SPAGAL/SPAGA4L2 are members of the mammalian SUN domain protein family
and reside in the nuclear membrane. The mammalian SUN domain protein family comprises at
least five conserved SUN-domain proteins. SUN1 and SUN2 are widely expressed in somatic
and germinal cells, while SUN3, SUN4/SPAG4, and SUN5/SPAGAL are restricted to male
germ cells (Malone et al., 1999; Gadb et al., 2010; Padmakumar, 2005; Frohnert et al., 2011).
The SUN domain protein family shares a similar structure, consisting of an N-terminal region
containing up to three transmembrane domains (TMs), followed by one or two coiled-coil
regions and a conserved SUN domain at the C-terminal region. The N-terminus containing the
transmembrane domains spans the inner nuclear membrane and interacts with the nuclear lamina
and chromatin. Meanwhile, the C-terminus containing the SUN-domain resides in the
perinuclear space. Here, the SUN-domain interacts with the KASH domain proteins located in
the ONM, thus linking the cytoskeleton to the nucleoskeleton (Hodzic et al., 2004; Crisp et al.,
2006; Haque et al., 2006; Razafsky & Hodzic, 2009)

In round spermatids, SPAGAL is recruited from the cytoplasm to the nuclear envelope except
for the NE overlaying the acrosome. Meanwhile, in elongating spermatids, SPAGAL as well as
SPAG4 locate to the posterior pole of the NE, and more specifically at the implantation fossa
(YYassine et al., 2015; Yang et al., 2018). Previous analyses have confirmed that SPAG4 and
SPAGAL interact with ODF1 in vitro (Shao et al., 1999; 2001). Further, the homozygous
mutation c.381delA that affects the TM of Sun5 in humans seems to change the expression and
distribution of ODF1 (Sha et al., 2018). This data indicates that SPAG4 and SPAGA4L are
involved in the recruitment of ODF1 to the nuclear membrane. However, the localization of
SPAG4 and SPAGAL at the NE does not explain their ability to interact with ODF1 that locates
in the basal plate and capitulum. Therefore, this raises the question of whether the N-terminal
region of SPAG4 might also localize at the outer nuclear membrane to enable the interaction

with cytoskeletal proteins, as e.g. ODF1.

To obtain a clearer view of the orientation of SPAG4 and SPAG4L within the NE, their
transmembrane segments and domains were analyzed. The localization pattern of different
regions and domains of SPAGA4L revealed a clear localization of TM1 and TM2 in the NE. TM1
also locates in the cytoplasm, and TM2 strongly concentrates in the area that seems to be the
ER. In contrast to TM2, TM1 is widely distributed to the nuclear envelope and cytoplasm,
whereas the combination of both TMs recruits the protein to the nuclear envelope. These results

indicate that the TM1 is responsible for the recruitment of the protein to the nuclear membrane.
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In contrast, the presence of the TM2 in the Golgi-apparatus might be associated with protein
trafficking through membrane compartments. Analyses of the dynamics of SUN5 during
spermiogenesis have indicated that SUNS5 transits through the Golgi apparatus to experience
post-translational modifications before reaching its final localization at the NE (Yassine et al.,
2015). Additional data also indicate that TM2 does not recruit SPAG4L to the nuclear
membrane. The mutation ¢.340G—A (p.Glyl14Arg) affects the TM-domain of Spag4l in
humans, whereas in mice the mutation localizes in the position ¢.334G>A (p.Gly114Arg) and
affects the TM2 of Spag4l2. The overexpression of SUN5 carrying the p.Gly114Arg mutation
in HelLa cells induces protein aggregation near the NE but does not prevent its localization at
the nuclear membrane (Elkhatib et al., 2017; Shang et al., 2018).

The results also indicate that the coiled-coil and SUN domains are not involved in retaining
SPAGAL at the NE. According to a previous study, the deletion of the SUN-domain coding
region of Spag4l (exons 10, 11, and 12) leads to male infertility in mice (Shang et al., 2017).
Therefore, | investigated whether the C-terminal truncation of SPAGA4L2 affects its nuclear
membrane localization. My results show that the truncated SPAG4L2 is localized in the nuclear
membrane with a similar distribution as the full-length protein. These results coincide with
Frohnert et al. (2011), who described the two TMs (TM1 and TM2) as mediators of SPAG4L2
recruitment to the NE. Besides, Hasan et al. (2006) and Hodzic et al. (2004) have also reported
that the SUN-domain is not responsible for maintaining SUN1 and SUN2 at the NE, confirming

the data obtained here.

These data suggest that the TM1 plays a major role in recruiting SPAGAL and SPAG4L 2 at the
NE. Thus, mutations affecting the coding sequence of TM1 and TM2 might impair nuclear
membrane localization. On the other hand, mutations affecting the SUN-domain might disrupt
the ability of SPAGA4L2 to establish protein interactions, thus affecting the linkage to the
cytoskeleton and perhaps the linkage of the sperm head to the tail. However, it remains the
question how SPAG4 and SPAGAL interact with cytoplasmatic proteins.

Since SPAG4 and SPAGA4L are nuclear membrane proteins in somatic cells and SUN proteins
form the LINC complex, it is suggested that SPAG4 or SPAG4L might connect the NE to the
capitulum via ODF1. For this reason, the orientation of the N-terminal region of SPAG4 and
SPAGAL acquire great relevance and might explain the mechanism of these proteins to interact
with ODF1. Thus, | used the rapamycin-based FKBP-FRB dimerization to analyze the
orientation of SPAG4 and SPAGA4L.
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Rapamycin induces the formation of a ternary complex between FKBP and FRB (Banaszynski
et al., 2005). Therefore, the binding domain FRB was coupled to the N-terminus of SUN4 (or
SUNS)-ECFP, whereas Luciferase-mRFP was coupled to FKBP to its C-terminus. Luciferase-
MRFP-FKBP was mostly distributed at the cytoplasm, whereas FRB-ECFP-SUN4 (SUNb)
localized at the nuclear membrane. The addition of rapamycin induced the recruitment of

Luciferase-mRFP-FKBP from the cytoplasm to the nuclear envelope.

Thus, the NH.-termini of SPAG4 and SPAGA4L containing FRB were able to interact with their
partner FKBP in the presence of rapamycin. Without rapamycin induction, Luciferase-mRFP-
FKBP was exclusively cytoplasmatic. These results indicate that the N-terminal region of
SPAG4 and SPAGAL was oriented to the outer nuclear membrane (ONM). On the contrary, if
the NH2-termini of SPAG4 and SPAGAL were localized at inner nuclear membrane INM, FRB

would not be able to recruit the cytoplasmic Luciferase to the nuclear envelope.

To sum up, these results support the view that the NH.-termini of the SUN-domain proteins
SPAG4 and SPAGAL localize at the ONM as well as the INM. Thus, this model could explain
the ability of SPAG4 and SPAGAL to interact with ODF1 and still unknown cytoplasmatic
proteins to generate the coupling apparatus in sperm (Fig. 4.2, B).

So far, the only known interaction partner of SPAG4 is the HTCA protein ODF1, indicating its
function in the establishment of a novel sperm-specific LINC complex. Additional SPAG4
interacting partners that collaborate in the formation of the connecting piece still await to be
identified. Therefore, |1 have explored the application of the amber suppression strategy to
identify in vitro new SPAG4 interacting partners that might collaborate in the formation of the
HTCA. To identify potential protein interactions, it is necessary to overexpress candidate testis-
specific proteins in somatic cells in combination with an engineered sequence able to encode a

photoreactive amino acid.

The amber suppression method works by the reassignment of the stop-codon function that
enables the expansion of the genetic code. Stop codons can encode unnatural amino acids
(UAAs) and be incorporated into proteins. Further, the UAAs serve to label proteins to
investigate their functionality in a native context (Xie & Schultz, 2005). The translation of
UAASs can incorporate photo-crosslinking amino acids, e.g., p-benzoyl-phenylalanine (pBpa).
Once the amino acid pBpa has been integrated into the protein chain, cross-linking to close C-
H bonds of nearby proteins can be induced by illumination with UV-light of 350-360 nm (Kauer
et al., 1986). Thus, the cross-linking of close-by proteins or peptides enables the identification
of potential interacting proteins (Chinetal., 2002, 2003; Hino et al., 2005; Xie & Schultz, 2005).
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In this study, | evaluated the feasibility of this method to identify LMNC interacting partners.
First, the amber stop codon was incorporated into three different regions of LMNC, giving rise
to three independent LMNC expression plasmids. Amber nonsense mutations were inserted into
the C-terminal region of LMNC because this region contains immunoglobulin domains, which
are supposed to be involved in protein-protein interactions (Dechat et al., 2000). Once the amber
codon replaced the amino acid Arg-470, Thr-488, and Thr-534 in the LMNC sequence
respectively, the amber codon was translated into the photo-activatable amino acid (pBpa) in
the presence of the orthogonal tRNA-aaRS (p4XtRNApBpa) and pBpa.

The correct incorporation of the unnatural amino acid in LMNC was confirmed
immunocytologically. Cells that were exclusively transfected with Lmnc containing the
nonsense sequence produced a truncated protein. Thus, LMNC was detected in the nucleoplasm
forming aggregates. The incorporation of pBpa restored LMNC localization at the nuclear
membrane. Considering that the use of the inducible crosslinking of LMNC containing a UAA
can react with native proteins, it is mandatory to validate the system and avoid false positives.
Lmnc was co-transfected with Spag4, confirming that their respective proteins do not interact.
However, unspecific bands were detected by Western blotting. These protein bands could be
explained by the unspecificity of the antibodies and the presence of endogenous LMNC

expressed in NIH3T3 cells detected by the anti-laminA/C antibody.

To further evaluate the ability of the modified LMNC to interact with exogenous proteins, Lmnc
was transfected with its known binding partners Lmnb3 and Lmnc2, respectively (Ye &
Worman, 1995). However, no cross-linking between these proteins was found, whereas LMNB3
and LMNC?2 could be detected (data are not shown).

These results show that the amber suppression method is sensitive and susceptible to several
experimental conditions, including the amount of RS/tRNA transfected and the appropriate
protein translation. Furthermore, the modified LMNC is highly reactive with endogenous

proteins complicating the detection of interacting proteins.

Even though this system is appropriate to detect weak and transient interactions with high
specificity in mammalian cells (Hino et al., 2005), the identification of testicular protein
interactions will only be possible by their ectopic expression. However, the protein that will be
engineered to induce the photo-crosslinking should be carefully chosen to fit the specific
purpose of the experiment. Considering this aspect, the amber suppression method should first
be evaluated using the known interacting partners LMNA and SUN1 and SUN2 (Haque et al.,

2006; Crisp et al., 2006). Furthermore, LMNA is a suitable candidate to evaluate its interaction
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with the testes specific SUN-domain proteins SUN3, SUN4 and SUNS5. For this goal, a site-
specific UAA incorporation into Lmna and the addition of a tag for its posterior detection by
Western-blotting is mandatory. LMNA contains the immunoglobulin Ig-fold in its C-terminal
region, which may mediate specific intermolecular protein-protein, protein-DNA, and protein-
phospholipid interactions (Dhe-Paganon et al., 2002). It is known that the region of LMNA that
encompasses residues 430-545 adopts an Ig-like fold (Krimm et al., 2002). Therefore, this area
is an interesting “hot-spot” to incorporate pPBPA. Moreover, the modification of the amino acid
R482 (R482W) alters the interaction of the LMNA with LAP2a and emerin, among others
(Gilchrist et al., 2004). Hence, it will be recommended to consider replacing the amino acid

R482 with the amber stop codon.

4.3  ldentification of proteins that collaborate in the formation of the HTCA

The HTCA formation and its structure have acquired great relevance because its proper
development ensures oocyte fertilization. The ultrastructure of the HTCA is formed by specific
components such as the basal plate, capitulum, centrioles, and segmented columns. However,

its molecular components are barely known.

ODF1 is a pivotal component of the HTCA, and its disruption in mice affects the thigh junction
of the sperm head-to-tail, causing sperm decapitation. It localizes in the cytoskeletal portion of
the HTCA (Yang et al., 2012; 2014), whereas its interacting partner SPAG4, localizes at the
nuclear membrane of the sperm (Shao and van der Hoorn, 1996; Shao et al., 1997; 1999).
Considering that the linkage between the nucleoskeleton and the cytoskeleton in somatic cells
is mediated via interaction between SUN domain and KASH domain proteins, the HTCA might
be established via interaction between male germ cell-specific SUN domain proteins and still to
be identified KASH domain proteins or directly to cytoskeletal proteins, as, e.g., ODF1 (Starr,
2002; Starr & Fridolfsson, 2010). The SUN-domain proteins reside at the nuclear membrane.
Therefore, the ability of SPAG4 and SPAGAL to interact with cytoskeletal proteins in sperm is
far from being comprehended. SPAG4 and SPAGAL contain at least one transmembrane domain
responsible for recruiting the full-length protein to the nuclear envelope. Further, from the five
SUN-domain proteins encoded in mammals, SUN1 and SUNZ2 reside at the INM (Hodzic et al.,
2004; Haque et al., 2006; Hasan et al., 2006). However, the data obtained here indicated that
SPAG4 and SPAGAL also localize at the ONM. This suggests that the N-terminal region of
SPAG4 and SPAGA4L might recruit ODF1 to the nuclear membrane and thus link the sperm
head to its tail (Fig. 4.2, B). Furthermore, the Sun5 mutation c.381delA (p.Val128Serfs*7) has
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been described in 33.33% - 47.06% of Chinese patients affected by the acephalic spermatozoa
syndrome. Particularly, this mutation localizes at the coding region of the transmembrane
domain and reduces the expression of ODF1 in sperm from an infertile patient compared to the
sperm control (Sha et al., 2018). In Drosophila, SPAG4 is involved in the linkage of the sperm
head to the flagellum through the coiled-coil protein Yuri Gagarin. Yuri is a component of the
basal body in elongated spermatids and its localization is altered by the absence of SPAG4
(Kracklauer et al., 2010). These data support the ability of SPAG4 and SPAGA4L, to recruit

cytoskeletal proteins such as ODFL1 to the nuclear envelope.

ODFs are prominent components of the cytoskeletal structure of the sperm tail, and mostly
located in the mid-piece of human spermatozoa (Oko, 1988; Petersen et al., 1999). From these
proteins, the major components in human spermatozoa are ODF1, ODF2, and ODF3 (Petersen
et al., 2002). ODF1 and ODF2 are interacting partners via their leucine zipper motif (Shao et
al., 1997), whereas ODF3 is a cytoskeletal coiled-coil protein (Petersen et al., 2002). ODF1
(unpublished observation) and ODF2 are centrosomal components in somatic cells (Schweizer
et al., 2009), and both are required to maintain a tight connection between the sperm head and
its tail (Yang et al., 2012, 2014; Ito et al., 2019). These proteins are components of the cellular
cytoskeleton and their structure may contribute to forming a scaffold of proteins involved in the
formation of the HTCA. ODF3, also known as PMFBP1 or STAP, has a reported effect in the
detachment of the sperm nuclear envelope to the connecting piece when it is faulty (Sha et al.,
2019). In humans, six mutations that affect Odf3/Pmfbpl have been identified to be causative
of the acephalic spermatozoa syndrome (Zhu et al., 2018; Sha et al., 2019). In humans and mice
spermatozoa, polyamine-modulated factor 1-binding protein 1 “PMFBP1” localizes at the
HTCA, specifically between SUN5 and SPATAG6 (Zhu et al., 2018). SUN5 locates at the NE,
whereas SPATAG in the segmented columns and capitulum (Frohnert et al., 2010; Yuan et al.,
2015). Thus, the complex formed by SUN5/PMFBP1/SPATAG contributes to the junction of
the sperm head to the tail. Moreover, the mutations ¢.425+1G>A and ¢.1043A>T in Sun5 affect
the localization of PMFBPL1 in the implantation fossa, indicating their cooperative role in the
HTCA formation (Zhu et al., 2018). The coiled-coil protein ODF3/PMFBP1/STAP may serve
as platform of still unidentified protein that collaborate in the in the articulation of the sperm
head to the tail.

Another protein also implicated in the formation of the HTCA is the coiled-coil domain-
containing protein 42 (CCDC42). Genetic depletion of CCDC42 in mice affects sperm nuclear
shaping and the implantation site leading to male infertility (Pasek et al., 2016). Our subcellular

analyses have detected CCDC42 in the manchette and perinuclear ring in elongating spermatids,
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whereas, in sperm, it localizes to the connecting piece and the sperm tail. The presence of
CCDC42 in the manchette and sperm tail coincides with the localization of ODF1. Moreover,
in somatic cells, ODF1 and CCDC42 colocalized in the centrosome, indicating an interaction
between both proteins. The interaction between CCDC42 and ODF1 as well as ODF2 was
probed by pull-down and Co-IP assays. These data indicate that the interaction between
CCDC42 and ODF1 and ODF2 might serve as a scaffold in forming the HTCA and the sperm
tail.

The current research has shown that CCDC42 and ODF1 as well as the coiled-coil protein
HOOKZ1 localize at the microtubular manchette. Depletion of Hook1 disrupts the formation of
the HTCA leading to sperm decapitation (Mendoza-Lujambio, 2002). HOOK1 interacts with
the manchette-associated protein RIMBP3. Disruption of Rimbp3 results in abnormal sperm
head shape, detached acrosome, abnormal manchette positioning, and disarranges the sperm
head-to-tail linkage (Zhou et al., 2009). Furthermore, RIM-BP3 interacts with the microtubule-
dependent motor protein KIF3B which is involved in the manchette function and sperm tail
formation. KIF3B seems to be involved most likely in the intra-manchette transport of proteins
towards the axoneme (Zhou et al., 2009). KIF3B forms a complex with KIF3A, another
microtubule-based motor member of the kinesin family (Yamazaki et al., 1995). KIF3A
localizes in the basal body, axoneme and manchette of elongating spermatids, whereas in mature
spermatozoa it situates in the sperm tail (Lehti et al., 2013). In mice spermatids, KIF3A
disruption affects the nuclear shaping, manchette organization and alters the axoneme
organization and tail accessory structures (Lehti et al., 2013). Thus, KIF3A seems to be involved
in the microtubule network of the manchette and flagellar assembly (Lehti et al., 2013). During
axoneme formation, Kif3a expression correlates with the expression of Odf3/Pmfbpl and
Ccdc11/Cfap53 suggesting their interaction and collaboration in the formation of the flagellum
(Lehti et al., 2013).

As another putative component of the HTCA, the cilia and flagella associated protein 52
(CFAP52) came into focus. CFAP52/WDR16 is a WD-repeat domain protein, which contains
GH-WD repeats. These repetitive motifs have the property to support protein-protein interaction
enabling CFAP52 to perform several biological functions. WD-repeat domain proteins are
involved in RNA synthesis/processing, signal transduction, cytoskeleton assembly, mitotic
spindle formation, vesicular trafficking, and cell growth (Neer et al., 1994; Li & Roberts, 2001).
Therefore, | was interested first in the expression and localization of CFAP52 in somatic and
male germ cells. | demonstrated for the first time that CFAP52 is a centrosomal protein in

somatic cells. Furthermore, it localizes to the basal body, the mitotic spindle poles, and the
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intercellular bridge. In male germ cells, CFAP52 is a component of the manchette and sperm
tail as well as ODF1, although these proteins do not interact. Therefore, these results suggest
that CFAP52 might be associated with microtubular structures and is involved in the traffic of
proteins through the manchette. These data indicate that CFAP52 may be a suitable interacting
partner of KIF3A which is also involved in the manchette and axoneme organization (Fig. 4.1).

In summary, ODF1 and CCDC42 are essential for HTCA formation since their deficiency
causes sperm decapitation. Disruption of SPAG4 debilitates the tight junction between the
sperm tail and head. SPAGAL is responsible for the attachment between the sperm nucleus and
the flagellum, and mutations lead to the acephalic syndrome in humans. The proteins CFAP52
and CCDC42 were identified as centrosomal proteins in somatic cells and resided in specific
structures of male germ cells where they colocalize with ODF1 (Fig. 4.2, A). These proteins
may form a complex to stabilize the connecting piece, and their failure leads to sperm

decapitation and thus human male infertility.
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Figure 4.1. Mapping of HTCA protein interaction network. Green nodes represent proteins with a reported
effect in the formation of the HTCA. Blue nodes represent structural proteins in mammalian spermatozoa.
Gray nodes represent proteins associated with microtubular structures in mitotic or meiotic cells. Red lines
represent the interactions identified in this study. Black lines represent proteins interactions previously
published. Light blue dashed lines represent potential protein interactions.
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Figure 4.2. Representative scheme of proteins associated with the HTCA in elongating spermatids.

(A) The HTCA is composed of the basal plate (Bp), capitulum (Cp), proximal centriole (Pc) and striated
columns (Sc). The sperm head is linked to the connecting piece via basal plate and capitulum. SPAG4 localizes
at the nuclear envelope and interacts with the cytoskeletal protein ODF1. ODF1 localizes at the basal plate,
capitulum, striated columns and ODFs. ODF1 interacts with ODF2 and CCDC42. CCDCA42 localizes to the
manchette and connecting piece. CFAP52 is a component of the manchette. (B) SPAG4 and SPAGAL localizes
at the nuclear membrane. ODF1 localizes at the basal plate. The N-terminal region of SPAG4 and SPAGA4L
might be oriented towards the inner nuclear membrane (INM) or the outer nuclear membrane (ONM). In
contrast, their C-terminal region localizes at the perinuclear space (PNS). The N-terminal region of SPAG4
and SPAGA4L oriented to the ONM might enable the interaction with the cytoskeletal protein ODF1.
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6  Appendix

6.1 List of oligonucleotides

Table 6.1.1 Oligonucleotides for mutation screening in patients with acephalic spermatozoon

phenotype
Target Primer Sequence Annealing  Product
gene temperature size
°C) (bp)
Odfl Odf1-Homo-Exon1- TGAGGTCATAGAACACAAGC 54°C 590 bp
Exonl Forward
Odf1-Homo-Exon1- CAGGGTCATTATCCTGAACC
Reverse
Odfl Odf1-Homo-Exon2- GATTCTGAGGTCTGAGCTCCC 54°C 635 bp
Exon2 Forward
Odf1l-Homo-Exon2- GACTTTCACACAACACCAGCAG
Reverse
Hook1 Hook1-E10-N-for CAAGGCTTGAAGCTGCAAAAG 54°C 453 bp
Exon10 Exon10-Rev CTTGACCTCCCTGTACCTGTC
Hook1 Hook1-E11-N-for CCTCTTCTCACTCACTCAC 52°C 448 bp
Exonll Hook1-E11-N-Rev GCTTATTACATGCAACGCTTC
Sun5 Sun5-Ex7-For CAATGCTGGCAAGTGGCATAG 54°C 218 bp
Exon6 Sun5-Ex7-Rev TGACTGGTTAGGGTGAGACCT
Sun5 Sun5-Ex8-Zhu-For ATGAATGGGTCCAGGGATGG 53°C 284 pb
Exon8 Sun5-Ex8-Zhu-Rev AGATGTTTGGGGCAGAATGG
Sun5 Sun5-E11-Zhu-For AGGGGATCAAAGGTGGGATG 53°C 376bp
Exonll Sun5-E11-Zhu-Rev ACTTCCAGCCTTAAACCAAGC
Sun5 Sun5-E13-Zhu-For TGTCTGTCCTTCTGGCCTC 52°C 437bp
Exon13 Sun5-E13-Zhu-Rev TCAGATGTGAAAGGCTAGCC
Arl3 Arl3-E3-For CCACAACCTGGATGAAACAAGCA 55°C 613 bp
Exon3 Arl3-E3-Rev CAGTGGCATGATCTTCTGACTTCC
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Table 6.1.2 Oligonucleotides for RT-PCR in Spag4-deficient mouse

Target Primer Sequence Annealing Product
gene temperature size
(°C) (bp)
Gapdh rGAPDH-For3 GTCAGATCCACGACGGACAC 52°C 595 bp
rGAPDH-Rev2 GTATGACTCCACTCACGGCA
Spag4 Spag4-650for TGCAGGGAAATCTGCTCC 55°C 546 bp
Spag4C2-Kpnl GGTACCTTAGAGTCAGCATCTCCGTAGGTTC
Stra8 Stra8 For TCACAGCCTCAAAGTGGCAGG 56°C 444 hp
Stra8 Rev GCAACAGAGTGGAGGAGGAGT
Sycpl MmSycp1f CGCTACAACCACATGCTTCG 52°C 200 bp
MmSycp1f GGAACGCTGGTTAGATCTCCTC
Sycp3 MSycp3-5'Kpnl GACGGTACCATGCTTCGAGGGTGTGGG 52°C 900 bp
MSycp3r TTGACACAATCGTGGAGAGAA
Odfl OdfiC CCGCGGTACCCAAGATCATCTTCCTACA 54°C 800 bp
OdfIN-TomHindlll AAGCTTATGGCCGCACTGAGTTG
Odfl Odf1N434 CCTCTACTACCCGTGCTG 52°C 548 b
OdfiC CCGCGGTACCCAAGATCATCTTCCTACA
Prml mProtaminl1f TCCACCTGCTCACAGGTTGGC 52°C 407 bp
mProtaminlr GCAGGCTCCTGTTTTTCATCG
Hanpl Hanpl-HIT2-for GCTGGCTACTTCAGGGTCT 50°C 800 bp
Hanpl-HIT2-rev TGTATGCTGGGAGCGTTG
a-Tubulin  Ma3_For TTGAGGACCAGTGGTGAGG 55°C 1464 bp
Ma3_Rev TTTCCAATGGTGGGGAAGACAT
a-Tubulin  Ma7_For CTCGTAGGATCGGCTGAGGTA 54°C 1400 bp
Ma7_Rev CCATGCGCTCAGTACTCCT
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Table 6.1.3 Oligonucleotides for gRT-PCR in Spag4-deficient mouse

Target gene Primer Sequence

HPRT mHPRT-For2 GGAGTCCTGTTGATGTTGCC
MHPRT-Rev2 GGGACGCAGCAACTGACATT

Protamin Protamin-p1-For CCCTCTCACCACTTTTCTTACCTT
Protamin-p1-For GGCGAGATGCTCTTGAAGTCT

Stra8 Stra8 For TCACAGCCTCAAAGTGGCAGG
Stra8 Rev GCAACAGAGTGGAGGAGGAGT

Odf1 ODF1-p1-Forward CGGGGCTCTTTTAGTCTTGCTA
ODF1-p1-Reverse TTCAAAGCCGCACACATTCAC

Hanpl qHANP1-For CTGCTGGCTACTTCAGGGTCTGG
qHANP1-Rev GGACCTTGTTCTGACCCTCCTG

Table 6.1.4 Oligonucleotides for amber suppression method

Target Primer Sequence Annealing
gene temperature
0
Sunl Suni1-Nhel-F 5" GGTCTGAGACGGTGCTAGCAACATGGACTTT 62°C
Sunl-BamHI-Rev2 TCTC-3"
CTAGGATCCTGGATGGGCTCTCCG
Sun3 Sun3-Nhel-For CGCTAGCAATGTTAACTCGATCATGGAAG 65°C
Sun3-Kpnl-Rev GGGTACCGCAGTGTAATCACTGGGGATG
Lamin C2 LmnC2-Xbal-For TCTAGAGGCCCAGCCATGGGGAAC 58°C
LmnC2-Kpnl-Rev CGGTACCAGCGGCGGCTGCCACTCAC
Lamin B3 LamnB3-Xbal-For CTCTAGAGCCATGGGGGAGTCGGAATC 58°C

LmnB3-Kpnl-Rev

TGGTACCATCAGTCGGCAGCCCCTTG
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Table 6.1.5 Oligonucleotides for rapamycin system method

Target Primer Sequence Annealing Product
gene temperature size (bp)
(°C)
MECFP- ECFP-N-Nhel GCTAGCATGGGCTGCGTGTGCAGCAG 58°C 1100 bp
FRB FIASH-C-Nhel GCTAGCGGGCTCCATGCAGCAGCCG
Luciferase Luc-Nhel-For2 GAGCTAGCATGGAAGACGCCAAAAACAT 58°C 1668 bp
(pGL3) Luc-Agel-Rev2 TAACCGGTGCCACGGCGATCTTTCCGCC
Sun5 Sun5-Sacl-N-Rap GAGCTCATGCCCCGGACGAGGAAC 60°C 1130 bp
Sun5-Kpnl-C-Rap CTTGGTACCGGGATAGGGGCTCTAGGTGTG
Table 6.1.6 Oligonucleotides for Spag4l2 investigation
Primerl CGGCTAGCGCCACCATGGCCTACCCCTACGACGTG
Primer2 GCCTACCCCTACGACGTGCCCGACTACGCCTCTAGA
primer 3 TM2 CCCGACTACGCCTCTAGAATGAAGATGGGCCTTCTGGTCCTC
TM38-58r GGAATTCGCTGGGTCTGAGTCCTCAGGAA
Spag77-95r EcoRl GGAATTCGTAAGTGCATGGAAAACATCCA
Spag4Xbal for GCTCTAGAGCAATGCCCCGGACGAGGAACATC
Spag4Kpnl-frameshift AGCTTGGTACCGACTGGCAAAGGCCCAGCAGTTC
Spag4IC-term-F-Hindlll CCAAGCTTATGCCATCAAAAGTGGAAGTCTGG
Spag4l C-term-rev-EcoRl GGAATTCGGGATAGGGGCTCTAGGTGTGA
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Table 6.1.7 Oligonucleotides for Spag4L2-deficient mice genotyping.

Target gene Primer Sequence Annealing Product
temperature  size (bp)
0
LacZ LacInZRev GTCTGTCCTAGCTTCCTCACTG 54°C 694 bp
SunUp TGGCATCCTCTGAGGGAG
Lacz LaclnFor GGTAAACTGGCTCGGATTAGGG 55°C 211 bp
LaclnRev TTGACTGTAGCGGCTGATGTTG
Neomycin NeolnFor TTCGGCTATGACTGGGCACAACAG 55°C 282 bp
NeolnRev TACTTTCTCGGCAGGAGCAAGGT
Neomycin NeoFwd TCATTCTCAGTATTGTTTTGCC 52°C 507 bp
SunDown GAGACTGAGGCCCTAGGAGG
Neomycin NeomycinFor GAACAAGATGGATTGCACG 50°C 1239 bp
NeoSplitRev GCAAAACAATACTGAGAATG
Neomycin NeomycinFor GAACAAGATGGATTGCACG 48°C 333 bp
NeolnRev TACTTTCTCGGCAGGAGCAAGGT
Neomycin/Sun5 3’end  NeomycinFor3 GTCAAGACCGACCTGTCCGG 56°C 1441 bp
Genotype2Rev GAGCGGTCACTGTCCTCCTATG
Neomycin and Sun5 Geno2For AGGACATAGCGTTGGCTACC 52°C 1109 bp
3’end Geno2Rev TAGCTGTCATCCTGCCCCTA
Sun5 GenotypeFor2 GGAGCTGCTACACTCTGGCTC 57°C 447 bp
wild type allele GenotypeRev2 GAGCGGTCACTGTCCTCCTATG

Table 6.1.8 Oligonucleotides for gPCR for Spag4l2-deficient mice and ES cells.

Target Primer Sequence

Protamin Protamin-p1-For CCCTCTCCACCACTTTTCTTACCTT
Protamin-p1-Rev GGCGAGATGCTCTTGAAGTCT

Odfl ODF1-p1-Forward CGGGGCTCTTTTAGTCTTGCTA
ODF1-p1-Reverse TTCAAAGCCGCACACATTCAC

Exon7 Sun5-mus-E5-For GGTAGACCCAGGAGAGGGAA
Sun5-mus-E5-Rev TGGTAAAGGGTCTAACGGCA

Exon 9 Sun5-mus-E8-For GGGTGCCCTCAGAACTTGTC
Sun5-mus-E8-Rev CCTCTTCTGGCCACCTCCTA
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6. 2 List of abbreviations

°C
ASS
AnP
APS
Arl3
ART
Bm

bp
BSA
CCDC42
cDNA
CFAP52/WDRPUH/WDR16
Cntrob
COq
Co-IP
COOH-terminus/C-terminus
Ct
C-X-P
DAPI
ddH20
DEPC
DH10b
DH5a
DMEM
DMSO
DNA
Dnase
dsDNA
DTT
ECFP
ECL
EDTA
ER

ES

et al.
FBS
Fig
FKBP
FRB

Fu
G1-S

Degree centigrade

Acephalic spermatozoa syndrome
Antarctic Phosphatase

Ammonium persulfate
ADP-ribosylation factor-like protein 3
Assisted reproductive technology
Mitosis of spermatogonia

Base pair(s)

Bovine serum albumin

Coiled-coil domain containing 42
complementary DNA

Cilia and flagella associated protein 52
Centrobin

Carbon dioxide
Co-immunoprecipitation
Carboxyl-terminal

Cycle threshold

Cysteine-X-proline

4" 6 -diamidino-2-phenylindole
ultra-pure and sterile water

Diethyl pyrocarbonate

10-beta competent E.coli

5-alpha Competent E.coli

Dulbecco's Modified Eagle's Medium
Dimethyl sulfoxide
Deoxyribonucleic acid
Deoxyribonuclease

double-stranded desoxyribonucleic acid
Dithiothreitol

enhanced cyan fluorescent protein
enhanced chemiluminescence
Ethylenediaminetetraacetic acid
Endoplasmic reticulum

Embryonic stem

et alii (and others)

Fetal bovine serum

Figure

FK506 binding protein

FKBP rapamycin binding

Protein serine-threonine kinase Fused
Transition phase
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GAPDH
gDNA
HA
HANP1/ HIT2
HEK293
HEPES
HOOK1
HPRT
HPRT
HRP
HSPB10
HTCA
ICSI
Ift88
19G

Inm

INM
IPTG
KASH
kb

kDa
KIF27
KLC3
Ko
KOAc
LB
LINC
LMNA
LMNB1
LMNB2
LMNC
LoxP
LSM

M
m2°m
MBP
mg

mIn

mL
MTOC
MYL6
Mo3

Mo7
NH2-terminal/N-terminal

Glyceraldehyde-3-Phosphate Dehydrogenase

Genomic deoxyribonucleic acid
Human influenza hemagglutinin
Human testis-specific H1 histone
Human embryonic kidney cell line
Hydroxyethyl piperazineethanesulfonic acid
Protein Hook homolog 1

Hypoxanthine phosphoribosyltransferase
Hypoxanthine phosphoribosyltransferase
Horseradish peroxidase

Heat shock protein B10

Head-to-tail coupling apparatus
Intracytoplasmic sperm injection
Intraflagellar Transport 88
Immunoglobulin G

Intermediate spermatogonia

Inner nuclear membrane
isopropil-B-D-1-tiogalactopirandsido
Klarsicht/ANC-1/Syne-1 homology
kilobase

kilodalton

Kinesin protein

Kinesin light chain 3

Knock out

Potassium acetate

Lysogeny broth

Linker of nucleoskeleton and cytoskeleton
lamin A

lamin B1

lamin B2

lamin C

locus of X-over P1

Confocal laser scanning microscopy
molar

Second meiotic division
maltose-binding protein
Milligram(s)

Mitosis of intermediate spermatogonia
Millimeter(s)
Microtubule-organizing center
Myosin

mouse a3-tubulin

mouse a7-tubulin

Amino-terminal
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NIH3T3
Oaz3
oD
ODF1
ODF2
ODFs
ONM
PAGE
pBpa
PBS
PCM

PCR
PFA

PK

PI
PL-FITC
PMC

PMFBP1
PMSF

Prml
Prss21

PS

gPCR
gRT-PCR
RIM-BP3
RNA

rRNA

RS
RT-PCR
S.0.C
SDS-PAGE
SHSPs
SPAG4/SUN4
SPAG4L/SUN5S
SPAGA4L?2
SPATAG
Stk36

Stra8

SUN
SYCP1
SYCP3
SYNE-1
TAE

TBST
TEMED

Mouse embryonic fibroblast

Ornithine Decarboxylase Antizyme 3

optical density

Outer Dense Fiber of Sperm Tails 1

Outer Dense Fiber of Sperm Tails 2

Outer dense fibers

Outer nuclear membrane

Polyacrylamide gel electrophoresis

Unnatural amino acid p-benzoyl-L-phenylalanine
Phosphate-buffered saline

Pericentriolar material

Polymerase chain reaction

Paraformaldehyde

Protein kinase

Preleptotene

Fluorescein isothiocyanate-labeled peanut lectin
Dense pericentriolar matrix

Polyamine modulated factor 1 binding protein 1
Phenylmethanesulfonyl fluoride

Protamine 1
Glycosylphosphatidylinositol-Anchored Serine Protease
Perinuclear space

Real-time PCR

Real-Time Quantitative Reverse Transcription PCR
RIMS Binding Protein 3

Ribonucleic acid

Ribosomal ribonucleic acid

Round spermatids

reverse transcription-PCR

Super Optimal broth with Catabolite repression
Sodium dodecy!l sulfate-polyacrylamide gel electrophoresis
Small heat shock proteins

Sperm associated antigen 4

Sadl and UNC84 domain containing 5-like
Sadl and UNC84 domain containing 5
Spermatogenesis Associated 6
Serine/Threonine Kinase 36

Stimulated by retinoic acid gene 8

Sadlp, UNC-84 domains

Synaptonemal complex protein 1

Synaptonemal complex protein 3

Synaptic nuclear envelope protein 1
Tris-acetate-EDTA

Tris-buffered saline with Tween 20
Tetramethylethylenediamine
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TM1

TM2

TMs

tRNA
tRNA-aaRS
TZI

U

UAAS

uv

\Y/

viv

wiv

WD40
WHO

WT

x g (or RFC)
He

ul

uM

pm

Transmembrane domain |
Transmembrane domain Il
Transmembrane domains
Transfer ribonucleic acid

Orthogonal aminoacyl tRNA synthetase-tRNA

Human teratozoospermia
Units

Unnatural amino acids
Ultraviolet

Volt

volume/volume
weight/volume

WD40 domain-containing proteins
World Health Organization
Wild type

relative centrifugal force
microgram(s)

microliter(s)

micromolar

micrometer(s)
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