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Abstract

ABSTRACT

Mari Lehti
Microtubule-mediated protein transport mechanisms during spermiogenesis

University of Turku, Faculty of Medicine, Institute of Biomedicine, Department
of Physiology, Turku Doctoral Programme of Molecular Medicine (TuDMM)),
Natural Resources Institute Finland (Luke), Green technology

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, 2016

Formation of cilia and flagella is a tightly controlled process organized by
intraflagellar transport (IFT), for which two motor proteins, kinesin-2 and
dynein, are responsible. The exact functions of IFT and IFT-related proteins in
spermiogenesis are poorly understood in mammalian species. To investigate
mechanisms of IFT during mouse spermatogenesis, a male germ cell-specific
knockout mouse model for kinesin-2 subunit kinesin-like protein 3A (KIF3A)
was generated. Depletion of KIF3A caused defects in sperm tail development
and the core structure, the axoneme, failed to form. A transient microtubular
platform, the manchette, surrounds the sperm head during spermiogenesis. In
KIF3A-depleted mice, the manchette appeared constricted and its clearance was
delayed, causing abnormal head shape, suggesting that IFT and KIF3A function
are also important for manchette function. In addition, we identified the KIF1-
binding protein (KBP) and the meiosis-specific nuclear structural protein 1
(MNST1) as a novel interaction candidates for KIF3A.

Sperm flagellar protein 2 (SPEF2) has been shown to localize in elongating
spermatids, and its interaction with I[FT-related protein IFT20 has been
established. To characterize the function of SPEF2 in sperm tail formation, a
male germ cell-specific conditional knockout mouse model for SPEF2 was
generated (Spef2 cKO). Depletion of SPEF2 caused defects in axoneme
formation, and similar defects in the manchette and head shaping were observed
in KIF3A-depleted mice. We also identified cytoplasmic dynein 1 and GOLGA3
as novel interaction candidates for SPEF2 in the testis. Inhibition of dynein 1
activity in the manchette blocked the SPEF2 transport, suggesting its role in
manchette-related transport. IFT20 and SPEF2 localization in the Golgi complex
and the delayed appearance of IFT20 in the manchette in Spef2 cKO suggests
that SPEF2 functions as an adaptor in dynein 1-mediated transport in elongating
spermatids. This study increases our understanding of the protein transport
mechanisms required for the formation of functional spermatozoa.

Keywords: Intraflagellar transport, spermiogenesis, SPEF2, KIF3A
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Mikrotubulusvilitteiset proteiinien kuljetusmekanismit spermiogeneesin aikana

Turun yliopisto, Ladketieteellinen tiedekunta, Bioladketieteen laitos, Fysiologian
oppiaine, Molekyylildédketieteen tohtoriohjelma (TuDMM), Luonnonvarakeskus,
Vihred teknologia

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, 2016

Solunsisdisen kuljetusmekanismin (intraflagellar transport, IFT) oikeanlainen
toiminta on edellytys virekarvan ja siittion hidnndn muodostumiselle.
Kuljetusmekanismissa toimivat moottoriproteiinit, kinesiini-2 ja dyneiini ovat
vastuussa proteiinien kuljetuksesta. Kuljetusmekanismin toiminta siittion hdnnén
muodostuksen aikana on vield melko tuntematon. Tdssd tutkimuksessa olemme
pyrkineet selvittimién kuljetusmekanismin toimintaa poistamalla kinesiini-2
proteiinin alayksikon kinesiinin-kaltainen proteiini 3A:n (KIF3A) urosten
sukusoluista. KIF3A proteiinin poisto aiheutti ongelmia siittion hénnén
muodostuksen aikana. Siittion hdnnén ydinrakenne, aksoneema, ei muodostunut
sekd siittion padn ympdrille hetkellisesti ilmentyvd mikrotubulusrakenne,
mansetti, oli epdmuodostunut sekd sen poistuminen viivdstynyt. Tunnistimme
my0s KIF3A:n kanssa toimivia proteiineja kiveksessd kuten KIF1:td sitovan
proteiinin (KBP) sekd meioosi-spesifin tuman rakenne proteiinin 1:n (MNS1).

Siittion flagella proteiini 2:n (SPEF2) on nédytetty ilmentyvén siittién hénnén
muodostumisen aikana. Sen toiminta IFT kuljetusmekanismiin liittyvin IFT20
proteiinin kanssa on osoitettu aiemmissa tutkimuksissa. Tdssd tutkimuksessa
teimme urosten sukusoluspesifisen poistogeenisen hiirimallin SPEF2:lle
ymmartddksemme paremmin sen toimintaa siittion hdnndn muodostumisen
aikana. SPEF2 proteiinin poisto aiheutti ongelmia aksoneeman muodostuksessa,
mansetti oli epdmuodostunut seké poisto viivdstynyt, samoin kuten havaitsimme
KIF3A poistogeeniselld hiirelld. Tunnistimme GOLGA3:n ja sytoplasmisen
dyneiini 1:n SPEF2:n kanssa toimiviksi proteiineiksi. Osoitimme my0s etté
dyneiini 1 moottorin toiminnan hdiri6 estdd SPEF2 proteiinin kuljetuksen
mansetissa. SPEF2 ja IFT20 proteiinien sijoittuminen Golgiin sekd IFT20
proteiinin viivdstynyt paikantuminen mansettiin SPEF2 poistogeeniselld hiirelld
viittaavat SPEF2 proteiinin mahdollisesta roolista toimia linkkind dyneiini 1
moottorin ja IFT20 proteiinin vélilld. Tdmi tutkimus auttaa ymmértdméin
proteiinien kuljetusmekanismeja siittion kehityksen aikana.

Avainsanat: intraflagellaarinen kuljetus, spermiogeneesi, SPEF2, KIF3A
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1 INTRODUCTION

Understanding the complex process of sperm tail formation and its functions are
essential for solving male infertility issues. The sperm tail is a specialized form
of the cilium, a hair-like structure that points out of the cell surface. The
function of cilia has been shown to be essential for life since cilia have multiple
functions in different organs in the body. Motile cilia contain a 9+2 microtubule
structure, where nine outer doublets surround the central pair of the microtubule.
Inner and outer dynein arms are attached to the doublets and are responsible for
cilia movement. Non-motile cilia contain only nine outer doublets and lack the
structures required for cilia movement. For example, non-motile cilia in the
kidney function as sensory organelles, and in the trachea, motile cilia play an
important role in discarding the unwanted particles from the airways. Sperm tail
and motile cilia axoneme share similar 9+2 microtubular structures. Thus,
understanding the formation of the sperm tail will also help us understand the
function of the cilia.

Animal models are widely used to understand male fertility since sperm tail
development in vitro is still not established. Knockout mouse models for specific
spermatogenesis-related genes are valuable tools for understanding protein
functions and networks required for male fertility. Mouse and human
spermatogenesis are conserved, and spermiogenic steps and cell types are
similar. Thus, a mouse is an excellent model to wunderstand human
spermiogenesis and male infertility.

This thesis focuses on the complex process of sperm tail development,
specifically to understand the function of the required protein transport
mechanism. Since the axonemal structure of cilia and the sperm tail are identical,
similar transport systems are likely to function in both. KIF3A is known to be an
important player in intraflagellar transport (IFT) in a cilium, and SPEF2 has been
known to be essential for sperm tail formation; however, these proteins specific
roles during spermiogenesis are still not understood. By analyzing these proteins
functions, we have been able to clarify the transport mechanism function during
spermiogenesis. Results from this study reveal that a similar IFT mechanism,
which functions in cilia, is essential for sperm tail formation. In addition to
revealing the mechanisms of sperm tail formation, this study also underlines the
importance of [FT-related genes in protein delivery in the manchette.
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2 REVIEW OF THE LITERATURE

2.1 Spermatogenesis

Spermatogenesis, a complex process of sperm development, occurs in
seminiferous tubules of the testis (Figure 1). It is a set of complex events, which
starts with several mitotic divisions by spermatogonial cells and continues with
chromosome duplications, genetic recombination, and finally a reduction of the
chromosomes and genetic material via two meiotic divisions to produce haploid
round spermatids. Round spermatids undergo dramatic metamorphosis to form
mature spermatozoa with the head and tail (Hess, de Franca 2008).

s—V/as deferens

Epididymis caput

Seminiferous tubules

Y Epididymis cauda

Sertoli cells

(/

% i A( &\‘\\ Spermatozoa

8 s 2 Spermatid

/

Spermatocyte

Spermatogonia

Figure 1. Spermatogenesis. Spermatogenesis occurs in the testis in seminiferous tubules.
Spermatogonia divide by mitosis and give rise to spermatocytes. Spermatocytes go through
meiosis and form haploid spermatids, which enter the complex transformation process to form
elongated spermatids. Spermatozoa are released in the seminiferous tubule lumen and
transported to the caput epididymis. During the epididymal transit, spermatozoa mature and are
stored in cauda epididymis. Figure modified from (Samplaski et al. 2010).
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In seminiferous tubules, spermatogonia reside next to the tubule membrane
(Figure 1) and divide by mitosis to maintain the germ cell population. Sertoli
cells are only somatic cells existing in the seminiferous tubules and are crucial
for the spermatogenesis by nursing and regulating the environment of the germ
cells (Hess, de Franca 2008, Franca et al. 2016, Griswold 1998). Four classes of
spermatogonia can be recognized in mice: undifferentiated type A, which are
early progenitor cells; differentiated type A (Ai.4), which are cells that have been
committed to the differentiation pathway; and intermediate (In) and type B
spermatogonia (B) (Hermo et al. 2010a). B spermatogonia divide by mitosis to
form preleptotene spermatocytes (P1), which enter meiosis I, resulting in
secondary spermatocytes (Hermo et al. 2010a). Secondary spermatocytes
undergo meiosis Il and give rise to haploid round spermatids (Hess, de Franca
2008). Haploid spermatids begin a complex process referred to as
spermiogenesis, where round spermatids are transformed into elongated
spermatids. During this process acrosome is formed around the head, chromatin
is condensed and the sperm tail is formed (Hess, de Franca 2008, Hermo et al.
2010b). Spermiogenesis can be divided into 16 steps, where in the first eight
steps, spermatids appear round and axoneme elongation begins. In the following
six steps, the manchette appears around the head and the head begins to achieve
its typical hook-like shape. The accessory structures are formed throughout
spermiogenesis and in the final two steps, sperm tail formation is finalized; at

step 16, mature spermatozoa are released in the tubule lumen (Hermo et al.
2010b).

Spermatogenesis is organized in the seminiferous epithelium in a specific
manner, where a given cross section contains a specific association of germ cells
at different developmental stages (Hess, de Franca 2008, Ahmed, de Rooij 2009).
These are called the stages of the seminiferous epithelial cycle and in mice, 12
stages can be recognized (Figure 2) (Hess, de Franca 2008, Ahmed, de Rooij
2009). At stage I, A spermatogonia, pachytene (P) spermatocytes, and steps 1
and 13 spermatids are present in the tubule lumen; stages II-1II and IV contain A
and In spermatogonia and P spermatocytes, steps 2-3, and 14, 4, and 15
spermatids appear respectively. At stages V and VI, A and B spermatogonia, P
spermatocytes and step 5, 6, and 15 spermatids can be detected. At stages VII
and VIII, A and A1l spermatogonia, Pl and P spermatocytes, steps 6, 7, and 16
spermatids and at stages IX and X, A2 spermatogonia, leptotene (L), and P
spermatocytes and steps 9-10 spermatids are present. Stage XI, A3
spermatogonia, zygotene (Z) and diplotene (D) spermatocytes and step 11
spermatids are present in the tubule and finally at stage XII, A3 spermatogonia, Z
spermatocytes, meiotic divisions and step 12 spermatids can be detected (Figure
2) (Hess, de Franca 2008, Ahmed, de Rooij 2009).
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Figure 2. 12 stages of the seminiferous epithelial cycle in mouse. A. In stages I-II, both round
and elongating spermatids are detected. Elongating spermatids locate in bundles near basal
lamina. At stages III-V, the acrosome begins to flatten over the nucleus of round spermatids,
and elongating spermatids are moving toward the tubular lumen. The acrosome continues
flattening and covers almost two-thirds of the nuclei at stage VIII. At the stage VIII, spermatids
are released into the tubular lumen. Round spermatids begin to elongate at stage IX and the



Review of the literature 15

manchette appears. Secondary spermatocytes undergo meiosis to form haploid round spermatids
at stage XII. RS: Round spermatid, Spc: Spermatocyte, acr: acrosome, Sp: Spermatid, Spg:
Spermatogonia, Ser: Sertoli cell, ES: Elongating spermatid, Mei: meiosis, *: lumen, scale bar 1
um. B. Graphical presentation of the stages of the mouse seminiferous epithelial cycle. C.
Stages are following each other in order along the length of the seminiferous tubule. Figure
modified from (Hogarth, Griswold 2010).

Different stages of the seminiferous epithelium can be identified from its cross
sections (Figure 2). However, germ cells are not moving along the seminiferous
tubule and stages can also be identified in consecutive order along the length of
the tubule. This sequential order along the tubule length is called the wave of the
seminiferous epithelial cycle (Figure 2) (Hess, de Franca 2008, Hogarth,
Griswold 2010).

During the first wave of the seminiferous epithelial cycle, spermatogenic cells
appear synchronously in the lumen of the tubule in a temporal manner. Newborn
mouse testes contain only Sertoli cells and spermatogonia. At postnatal day
(PND) 6, type A spermatogonia locate near the basement membrane and at
PNDS8, both types of spermatogonia (A and B) are present in the tubules. Pl and
L primary spermatocytes appear at PND10 in the tubule, and Z spermatocytes are
present at PND12. At PND14, P spermatocytes are present and the seminiferous
tubule has acquired lumen beginning from PND16. Secondary spermatocytes and
round spermatids are increasing in number beginning from PND20 (Bellve et al.
1977). Elongating spermatids can be detected at PND28. A complete array of
spermatogenic cells is present at PND35 (McKinney, Desjardins 1973).

2.1.1 Spermiogenesis

After meiosis, haploid round spermatids begin spermiogenesis, a process where
the nucleus is condensed, the acrosome and sperm tail are formed, and excess
cytoplasm is discarded (Hermo et al. 2010b). Spermiogenesis in mice can be
divided into 16 steps (Figure 3, all stages and steps in this thesis describe mouse
spermatogenesis unless otherwise stated) (Russell et al. 1990). At steps 1-8, the
nucleus appears round and the acrosome flattens. Centrioles can be detected in
the cytoplasm and the axoneme begins to elongate from the distal centriole
(Turner 2006, Turner 2003). At steps 8-9, the manchette, a transient microtubular
platform, appears around the distal part of the sperm head, participating in
shaping the head and delivering the proteins to the developing tail (Hermo et al.
2010b). At steps 13-14, the manchette disappears (Lehti, Sironen 2016).
Accessory structures of the sperm tail develop after the axoneme has been
formed. At early spermiogenesis, the fibrous sheath (FS) starts to structure in the
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principal piece (Irons, Clermont 1982); during midspermiogenesis, outer dense
fibers (ODFs) develop to surround the axoneme in the principal piece and in the
midpiece. In later spermiogenesis, mitochondria are assembled helically around
the ODFs in the midpiece of the sperm tail. Finally, in step 16 spermatids, excess
cytoplasm is discarded and spermatids are released into the tubule lumen (Turner
2003).

Step 3 Step 8 Step9  Step 14 Step 16
Acrosome

Golgi Nucleus _ _
Mitochondrial
Acrosomal
vesicle sheath
Centrioles Outer dense

fiber

Fibrous sheath
Outer dense

fiber
Microtubule

doublets

Manchette
I microtubules
Axoneme

Mitochondria

Figure 3. Overview of mouse spermiogenesis. At step 3, the acrosomal vesicle makes contact
with the nucleus and starts spreading, covering over nearly half of the nucleus at step 8.
Axoneme elongation begins at early spermiogenesis, originating from the distal centriole.
Around steps 8-9, the manchette microtubules are assembled and sperm head shaping continues.
The manchette has disappeared at step 14. FS formation begins at early spermiogenesis, ODF
formation in midspermiogenesis, and finally the mitochondrial sheath assembles around the
ODFs at late spermiogenesis.

2.1.2 Acrosome formation and the Golgi complex

The acrosome is a membrane-enclosed organelle surrounding the most anterior
region of the sperm head (Figure 4). Acrosome biogenesis can be divided into
four differentiation phases: the Golgi, cap, acrosomal, and maturation phases
(Hess, de Franca 2008). In mice, the Golgi phase occurs at steps 1-3 of
spermiogenesis (Hermo et al. 2010b). The Golgi complex participates in the
initiation of acrosome formation and several Golgi-derived vesicles fuse together
to form the acrosomal vesicle. Golgi-derived vesicles utilize a microtubular
network to reach their destination (Moreno, Palomino & Schatten 2006). At the
beginning of the cap phase during steps 4-5, the acrosomal granule makes contact
with the nucleus, begins to flatten, and finally covers almost one-third of the
nucleus at step 8. Simultaneously the Golgi complex begins to move to the
opposite pole of the nucleus (Moreno, Schatten 2000). The acrosomal phase
begins after step 9, when the elongating spermatid head forms a curved dorsal
side and flat ventral side, and the acrosome moves over the ventral surface. The
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acrosome maturation phase occurs at steps 15-16, when the nucleus still
continues to condensate and the acrosome covers the whole ventral side of the
head except the area which is connected to the tail (Hess, de Franca 2008).

| S5
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Figure 4. Acrosome formation. The acrosome appears first as a round shape at steps 4-5. It
flattens and covers the nucleus opposite to the basal body (BB) at steps 7-8. At steps 9-10,
nuclear elongation has been initiated and the manchette microtubules can also be detected. The
acrosome is covering the condensed nucleus at steps 14-15. Nuc: nucleus, Acr: acrosome, Ax:
axoneme, BB: basal body and Man: the manchette microtubules.

The developing acrosome is anchored to the surface of the nucleus by a
cytoskeletal plate, the acroplaxome (Kierszenbaum, Rivkin & Tres 2003a). It
consists of F-actin, Keratin 5, actin-based motor protein myosin Va, and
Rab27a/b, a membrane-trafficking regulator (Kierszenbaum, Rivkin & Tres
2003b, Kierszenbaum et al. 2004). The acroplaxome is also thought to serve as a
trafficking track for acrosomal vesicles. Studies with the HIV-1 Rev-binding
protein (Hrb), a protein containing NPF motifs (Asn-Pro-Phe), mutant mouse
have indicated the importance of the Hrb protein in acrosome formation. The Hrb
protein locates in the cytosolic surface of Golgi-derived pro-acrosomal vesicles,
and the lack of Hrb prevents vesicle fusion and blocks acrosome formation. In
addition, in Hrb mutant mice, the acroplaxome lacks the protein Keratin 5,
causing nuclear protrusion in pseudoacrosomal sites and round-headed sperm
(Kierszenbaum et al. 2004, Kang-Decker et al. 2001). Furthermore, a mutation in
the Golgi-associated PDZ- and coiled-coil motif-containing gene (Gopc) causes
the generation of round-headed sperm that lack an acrosome. Golgi-derived
vesicles fail to fuse and the acroplaxome leading edge, the marginal ring,
formation was disrupted in Gopc” mice (Ito et al. 2004, Yao et al. 2002). These
studies highlight the important role of the Golgi complex in acrosome formation.
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2.1.3 Formation of the transient microtubular platform, the manchette

The manchette is a microtubular and F-actin-containing platform, which is
transiently expressed during spermiogenesis. The manchette microtubules are
attached to a perinuclear ring (Phillips 1980), locating adjacent to the marginal
ring of the acroplaxome. The manchette microtubules seem to extend from the
BB to surround the nucleus during steps 8-9 (Lehti, Sironen 2016). Microtubules
reach out to the perinuclear ring and thereafter, dissociate and reach over the BB
(Figure 5). The manchette is moving towards the tail and is disassembled during
steps 13-14 (Lehti, Sironen 2016).

Figure 5. The manchette appears around the head. The manchette assembles around the
head during steps 8-9. Microtubules dissociate from the BB at steps 10-11. Arrows are pointing
at the manchette microtubules. Man: manchette, Ax: axoneme.

It is not completely understood how the manchette is constructed and from where
its microtubules are originally nucleated (Lehti, Sironen 2016). Microtubules are
composed of a- and B-tubulin heterodimers, which polymerize into long
polarized filaments, wherein o-tubulin presents the minus-end and B-tubulin the
plus-end of microtubules. The microtubule minus-end is connected to the
microtubule organizing center (MTOC), which contains the most well-known
nucleator, y-tubulin (O'Donnell, O'Bryan 2014). The y-tubulin forms a ring
complex in the MTOC, where growing microtubule filaments can anchor
themselves and stabilize (Teixido-Travesa, Roig & Luders 2012). During
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spermiogenesis, y-tubulin is found only from the centrioles. It has been shown
that microtubule plus-end proteins, CLIP-170 (Akhmanova et al. 2005) and EB3
(Lehti, Sironen 2016), locate specifically near the perinuclear ring, suggesting
that nucleation occurs at the BB. However, some studies propose that the
manchette microtubules can nucleate from the perinuclear ring (Moreno,
Schatten 2000). Periodic densities detected from the perinuclear ring have been
suggested to function as MTOC for the manchette microtubules (Russell et al.
1991).

2.1.4 LINC complexes connect the manchette to the nucleus

The manchette is attached to the nuclear envelope via the linker of
nucleocytoskeleton and cytoskeleton (LINC) complexes (Pasch et al. 2015),
which have been shown to be important in linking the nucleus to the cytoskeleton
in various cell types. LINC complexes are composed of bridges between the
cytoskeleton and nuclear envelope, where interaction is formed by two
transmembrane proteins, SUN and KASH (Crisp et al. 2006). In mammals, five
distinct genes encode SUN proteins and of those, three are testis-specific: Sun3
(Gob et al. 2010), Sun4 (Spag4) (Shao et al. 1999), and Sun5 (Spag4L) (Frohnert,
Schweizer & Hoyer-Fender 2011). SUN proteins locate in the inner nuclear
membrane and share a similar C-terminal SUN-domain (Sad-1/UNC-84), which
interacts with KASH-domains (Klarsicht/ANC-1/Syne/homology) of KASH
proteins. KASH proteins localize in outer nuclear membranes and are connected
to the cytoskeleton (Pasch et al. 2015). Altogether, five KASH proteins are
known: Nesprin 1 and Nesprin 2 are actin- and microtubule motor protein-
interacting proteins (Zhang et al. 2001, Zhang et al. 2002), Nesprin 3 interacts
with plectin (Wilhelmsen et al. 2005), Nesprin 4 is kinesin-binding (Roux et al.
2009), and dynein-binding KASHS5 is meiosis-specific (Morimoto et al. 2012).
Nesprin 1-3 and KASHS are found in the testis. Sun4 has been localized
specifically in the posterior side (the manchette region) of the sperm head and is
present only in regions where cytoplasmic microtubules are in contact with the
nuclear envelope. Implantation fossa (IF) and the sperm tail axoneme have been
detected as negative for Sun4 (Pasch et al. 2015). Sun4 colocalizes with Sun3,
and Sun3 has been shown to interact with Nesprinl in the manchette (Gob et al.
2010). Sun4 knockout (KO) mice suffer from severe defects in head shaping and
manchette detachment in addition to disorganized manchette microtubules (Calvi
et al. 2015), supporting the theory that LINC complexes are involved in the
manchette binding to the nuclear envelope.
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2.1.5 Manchette removal

The manchette shapes the elongating spermatid head simultaneously with nuclear
condensation by the zipper-like movement toward the neck region of the sperm
(Toshimori, Ito 2003). The zipper-like movement continues until the perinuclear
ring is no longer in contact with the nuclear membrane (Russell et al. 1991).
Cytoplasmic dynein has been localized in the manchette in rat spermatids (Hall et
al. 1992, Yoshida et al. 1994). During manchette removal, cytoplasmic dynein is
located between the nuclear envelope and the manchette, suggesting it serves as a
motor protein for the process (Yoshida et al. 1994). However, the exact
mechanisms of manchette removal have not been studied. In addition to its role
in head shaping, manchette movement along the head facilitates residual body
formation and enables its removal during spermiation (Toshimori, Ito 2003).

2.1.6 Sperm tail structure

The sperm tail central structure, the axoneme, is similar to the axoneme of motile
cilia. The sperm tail is a specialized form of cilia since the axoneme is
surrounded by the accessory structures ODF, FS, and the mitochondrial sheath
(MS) (Figure 6) (Turner 2003). Mature sperm tails can be divided into four parts:
the connecting piece, midpiece, principal piece, and end piece. The connecting
piece contains BB and connects the head and tail together. The midpiece contains
all mitochondria found in the sperm and nine ODFs surrounding the axoneme. In
the principal piece of the sperm tail, two ODFs are replaced by the longitudinal
columns of the FS, which are connected to each other by transverse ribs (TR).
The end piece of the sperm tail contains only the axoneme surrounded by the
plasma membrane (Turner 2003).
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Figure 6. Structure of the sperm tail. Graphic illustration of the sperm tail structure. The
connecting piece attaches the sperm tail and head. The axoneme runs through the whole length
of the sperm tail. ODFs are found in the mid- and principal pieces. Longitudinal columns of the
FS (LC) and TR are placed in the principal piece. All mitochondria found from the sperm are
located in the midpiece. Figure modified from (Turner 2003). OMDA: outer microtubule
doublets of the axoneme, CP: central pair, PM: plasma membrane, DA: dynein arm, RS: radial
spoke, LC: longitudinal columns of the FS.

2.1.7 The sperm tail connecting piece

A pair of centrioles exists in the round spermatid cytoplasm. Axoneme
elongation begins from the distal centriole at the beginning of spermiogenesis
(Turner 2003). This pair of centrioles forms the connecting piece, a cone-shaped
structure, which anchors the elongating sperm tail to the posterior pole of the
nucleus (Figure 7). The capitulum is an electron-dense sheet in the connecting
piece that associates with IF in the nuclear surface, connecting the tail to the
nucleus. Centrioles are lost in mature sperm (Manandhar et al. 1999).
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Figure 7. Step 11 spermatid. The connecting piece attaches the sperm tail to the head
(encircled by dashed line, insertion). The manchette (Man) is a skirt-like structure surrounding
the sperm head. Acr: acrosome, CB: chromatoid body, Mt: mitochondria, Ax: axoneme, If:
implantation fossa, Cap: capitulum, An: annulus.

Defects in proteins involved in the connecting piece formation or function can
cause head and tail disconnection. The SPATAG6 protein is specifically expressed
in the connecting piece of elongating spermatids. Microstructural studies have
revealed SPATAG-specific expression in segmented columns and capitulum
during spermatid elongation. Depletion of SPATAG6 causes serious defects in the
connecting piece and even its complete loss in steps 15-16 spermatids in addition
to tail structure disorganization and acephalic sperm (Yuan et al. 2015).
Depletion of the Centrosomal protein 131 kDa (Cepl31) in Azil/Cepl31 KO
mice causes misalignment of the centrioles in IF, and the sperm tail appears short
and disorganized (Hall et al. 2013). Depletion of the centriolar protein Centrin 1
causes malformation of IF and BB degradation before axoneme formation in
Centrin 1 KO mice (Cetnl”") (Avasthi et al. 2013).

2.1.8 The annulus is a structural component and a diffusion barrier

The annulus is a SEPTIN-containing cytoskeletal ring around the axoneme. It
appears in early spermiogenesis close to the connecting piece and causes
invagination of the cell membrane around the axoneme. During spermatid
elongation it migrates toward the principal piece of the sperm tail and anchors
itself between the mid- and principal pieces (Guan, Kinoshita & Yuan 2009). The
annulus has been thought to establish a diffusion barrier between these different
membrane domains in addition to its function as a structural component of the
sperm tail (lhara et al. 2005, Kwitny, Klaus & Hunnicutt 2010). In mice,
SEPTINs 1, 4, 6, 7, and 12 have been located in the annulus (Thara et al. 2005,
Kissel et al. 2005, Steels et al. 2007), and SEPT4 has been shown to be essential
to the formation of the annulus and FS. Sept4”~ male mice are sterile due to
immotile and morphologically abnormal spermatozoa. Depletion of SEPT4
causes absence of the annulus and FS, but the mitochondrial layer and ODFs
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appear intact (lhara et al. 2005). Furthermore, another study (Kissel et al. 2005)
reports defects in the Sept4 mutant mice mitochondria structure and variation in
mitochondria size, resulting in defects in the normal precise arrangement of the
mitochondrial layer. The migration of the annulus appears necessary for the
transport of the residual body, since it is retained in the neck area instead of the
distal midpiece near the annulus in Sept4 mutant mice. The annulus functions as
a membrane restriction barrier and has also been demonstrated using Sept4”
mutant mice, where BASIGIN localization was distributed (Kwitny, Klaus &
Hunnicutt 2010). In wild type mice, BASIGIN localizes in the principal piece in
spermatozoa isolated from the caput epididymis, and in transition through the
epididymis, BASIGIN translocates to the midpiece of the cauda sperm (Saxena et
al. 2002). However, in Sept4”- mutant mice, BASIGIN was present along the
whole length of the sperm tail.

2.1.9 The cytoskeleton of the sperm tail: the axoneme

The axoneme of the sperm tail consists of a central pair (CP) of single
microtubules (C1 and C2) surrounded by nine outer doublets of microtubules
(Figure 8). Microtubule doublets contain two units of microtubules; A-tubules
are round and complete and B-tubules are C-shaped, associating with the A-
tubule. Both tubules are formed dimers of a- and B-tubulin (Hermo et al. 2010c¢).
Axonemal microtubules are very stable since they contain high amounts of
acetylated tubulin (Linck, Chemes & Albertini 2016). Dynein arms (inner dynein
arms [IDA] and outer dynein arms [ODA]) project out from tubule A toward the
adjacent doublet B-tubule. Doublets are connected to each other via nexin links
(NL). Nexin locates between A- and B-tubules and is also a member of the
dynein regulatory complex (DRC) of the IDA (Hermo et al. 2010c, Heuser et al.
2009). The A-tubule connects to the CP of microtubules established by radial
spokes (RS). RS participates in motility by sliding past CP, transiently interacting
with tubules. Phosphorylation and dephosphorylation regulate this brief
interaction (Linck, Chemes & Albertini 2016).

Figure 8. Structure of the sperm tail axoneme.
Nine outer doublets surround the CP in the axoneme.
Outer doublets contain A- and B-tubules, which are
connected via NL. RS establish the connection
between outer doublets and the CP. IDA and ODA are
participating in the motility.
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2.1.10 Defects in sperm axoneme formation

During spermiogenesis, the axoneme is the first sperm tail structure established.
Defects in axoneme formation or structure often lead to overall failure of tail
formation. Understanding sperm tail axoneme formation can be based on studies
of the ciliary axoneme formation. Defects in ciliary axoneme formation cause
primary ciliary dyskinesia (PCD), with various symptoms that include respiratory
problems, situs inversus, and infertility (Praveen, Davis & Katsanis 2015).
Unfortunately, detailed analysis of the function of PCD-causing genes during
sperm tail formation is poorly studied. Several hundred genes are required for
assembly of the axoneme, and some of them are known to affect male fertility.
Most of the causative PCD genes with reported effects on spermatogenesis are
related to the dynein arms. For example, defects in dynein axonemal assembly
factor 2 (DNAAF2) and Leucine-Rich Repeat-Containing 6 (LRRC6) have been
reported to be essential for cytoplasmic assembly of the ODA and IDA (Kott et
al. 2012, Omran et al. 2008) before their translocation to the axoneme. Mutations
in these genes cause the absence of ODA and IDA, causing defective axoneme
formation in motile cilia. PIH domain containing 3 (Pih1d3) has also been
reported to be involved in the cytoplasmic assembly of the dynein complexes.
Pih1d3 depletion causes sperm immotility since both ODA and IDA are absent
and overall structure of the sperm axoneme is disorganized (Dong et al. 2014).

Defects in the axonemal ODA genes dynein axonemal heavy chain 5 (DNAHS5)
(Fliegauf et al. 2005) and dynein axonemal intermediate chain 1 (DNAI1)
(Guichard et al. 2001) cause reduced sperm motility, although sperm axoneme
structure appears intact (Zuccarello et al. 2008). IDA-related coiled-coil domain-
containing proteins 39 (CCDC39) and 40 (CCDC40) are involved in axoneme
assembly and IDA function. Mutation of these genes causes reduced sperm
motility and absence of IDA (Antony et al. 2013, Blanchon et al. 2012).

2.1.11 Structure of the central pair

The axoneme is a highly conserved structure across species and Chlamydomonas
reinhardtii has been used as a model organism to understand the axoneme and
central pair complex (CPC) formation. Recently the structure of the axoneme
CPC has been visualized in Chlamydomonas (Figure 9). CPC contains two
central microtubules (C1 and C2), which are linked to each other. From the C1
tubule, two longer (la and 1b) and four shorter (1c-f) projections have been
recognized, and from the C2 tubule, there are two longer (2a and 2b) and three
shorter (2c-e) projections (Carbajal-Gonzalez et al. 2013).
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/ Ra Figure 9. Simplified model of Chlamydomonas
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2.1.11.1 Defects in CP-related genes

Mouse models bearing a specific mutation in CPC genes have been useful in
understanding differences between mammalian and Chlamydomonas axoneme
structure and function. Mutation in the central pair complex 1 (CPC1) protein in
Chlamydomonas causes reduced cilia beating frequency, and detailed analysis
revealed that 1b projection was missing from the CPC (Mitchell, Sale 1999,
Zhang, Mitchell 2004). The mammalian ortholog for cpcl is Spef2, which is
expressed in the testis and other ciliated tissue (Ostrowski et al. 1999, Sironen et
al. 2006, Sironen et al. 2010). The Spef2 gene has several transcript variants and
tissue-specific defects can be detected in SPEF2-mutated animal models (Sironen
et al. 2006, Sironen et al. 2011, Finn, Evans & Lee 2014). SPEF2 depletion
causes lowered beat frequency in tracheal epithelial cilia despite the fact that cilia
structure appears normal. In the sperm tail, however, defects in axonemal
structure are observed and one or both of the central microtubules are missing
(Sironen et al. 2011). Thus, defects in sperm tail formation compared to ciliary
structure may be more severe, indicating a more crucial role for specific protein
isoform in the testis.

Mutation in a large, over 500-kiloDalton (kDa) polypeptide called Hydin results
in the loss of C2b projection in mice (Lechtreck et al. 2008) and in humans
(Olbrich et al. 2012), but also in Chlamydomonas, part of the C2c projection is
missing (Lechtreck, Witman 2007). Hydin mutant mice suffer from
hydrocephalus, impaired tracheal and ependymal cilia motility, and reduced
beating frequency. In humans, depletion of Hydin causes PCD, and spermatozoa
appear rigid and completely immotile (Olbrich et al. 2012).

Several Sperm-associated antigen (Spag) genes (Spag6, Spagl6, and Spagl?7)
have been shown to be important for CPC function. Deletion of the
Chlamydomonas pf16 ortholog for mouse Spagé causes impaired motility, and
C1 projection is missing from the axoneme (Mitchell, Sale 1999, Smith,
Lefebvre 1996). Spag6-deficient mice suffer from a variety of different
symptoms, which are not limited to ciliated tissues, indicating that SPAG6
functions as a microtubule-associating protein. However, deletion of Spag6
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causes infertility and defects in sperm axonemes, including missing central pair
and disorganized ODFs (Sapiro et al. 2002, Sapiro et al. 2000).

PF6 in Chlamydomonas is required for the assembly of Cla projection and
motility (Goduti, Smith 2012). Spagi7 is the mammalian ortholog for pf6, and its
depletion in mice causes PCD. Ultrastructural studies have revealed the
disappearance of one CP tubule and the loss of C1 projections in addition to
other CPC abnormalities in tracheal cilia (Teves et al. 2013a, Teves et al. 2013b).

P20 is a Chlamydomonas ortholog for mouse Spagl6. Mutation in pf20 causes
the disappearance of the whole CPC, since PF20 locates in the bridges between
central tubules (Smith, Lefebvre 1996, Mitchell, Smith 2009, Smith, Lefebvre
1997). In the mouse, Spagl6 codes for two transcripts of sizes 35 kDa and 71
kDa: SPAG16S and SPAGI6L, respectively (Zhang et al. 2004). Interestingly,
SPAGI16S is male germ cell-specific and SPAGI6L is also expressed in cells
with motile cilia. Disruption of both forms affects spermatogenesis (Zhang et al.
2004). However, depletion of only SPAG16L expression causes motility defects,
but the axonemal structure of the sperm tail appears intact (Zhang et al. 2006).
SPAG16S localizes in nuclear speckles at the beginning of spermiogenesis and
regulates SPAG16L expression (Nagarkatti-Gude et al. 2011). Thus, it appears
that there are testis-specific isoforms of ciliary genes, which may compensate for
the loss of the ciliary variant.

2.1.12 Accessory structures of the sperm tail

2.1.12.1Fibrous sheath

FS has been thought to serve as a rigid support for the tail and participates in tail
motility in addition to being a scaffold for metabolic- and signaling-related
pathways (Turner 2006, Turner 2003). The sperm tail principal piece containing
the FS covers almost three-quarters of the whole length of the tail. FS is composed
of two longitudinal columns, which are attached to ODFs 3 and 8 in an anterior
part of the principal piece. In the middle and posterior part of the sperm tail,
longitudinal columns of FS replace ODFs and associate with outer microtubular
doublets. Longitudinal columns decrease in size toward the end piece and are
connected to each other by TR along the whole length of the principal piece.
Formation of the FS continues during most of the spermiogenesis elongation
phase, and formation of the longitudinal columns and TR occurs in a distal-to-
proximal direction (Eddy, Toshimori & O'Brien 2003, Johnson et al. 1997). Thus,
all proteins required for FS formation need to be transported to the assembly site.
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Several proteins have been reported to localize in the FS of the sperm tail
(Hermo et al. 2010c, Eddy, Toshimori & O'Brien 2003). Cyclic AMP-dependent
protein kinase (PKA) anchoring proteins (AKAPs), PKA anchoring protein 82
(AKAPS82 renamed AKAP4) (Carrera, Gerton & Moss 1994, Fulcher et al. 1995),
AKAP3, and the A-kinase anchoring protein (TAKAP-80) (Mei et al. 1997) form
the majority of protein content of the FS.

AKAP3 and 4 contain PKA RII and RI binding sites (Miki, Eddy 1999, Miki,
Eddy 1998). AKAP4 binds the regulatory subunit (RII) in PKA proteins (Carrera,
Gerton & Moss 1994, Visconti et al. 1997), which facilitates protein
phosphorylation and regulates sperm tail motility. AKAP4 is expressed first as a
precursor form in round spermatids (Fulcher et al. 1995). It is transported to the
principal piece, where it is proteolytically modified to form mature AKAP4
(Johnson et al. 1997). AKAP4 has been shown to interact with AKAP3 (Brown
et al. 2003). In AKAP4 mutant mice, less than 10% of spermatozoa were motile
with reduced waveform, and none were able to generate progressive motility or
hypermotility. Lack of motility was due to reduced thickness of the principal
piece and the short tail. However, ODFs and the axoneme were unaffected.
Ultrastructural studies suggested that FS structures begin to develop but fail to
complete in the absence of the mature AKAP4. AKAP3 and glyceraldehyde 3-
phosphate dehydrogenase-S (GAPDS) levels were also low in AKAP4 mutant
mice, suggesting reduced glycolysis (Miki et al. 2002).

GAPDS is expressed in step 9 spermatids, but the protein appears in spermatids
at steps 12-13. It specifically localizes in the FS, suggesting that it is involved in
glycolysis and energy production and is therefore involved in sperm motility
(Welch et al. 1992, Bunch et al. 1998). Depletion of GAPDS in the mice caused
male infertility due to reduced sperm motility with no detectable progressive
movement. In addition, glycolysis was impaired since ATP production was
dropped by almost 90%. Interestingly, mitochondrial oxidative phosphorylation
was retained, suggesting that glycolysis is the main energy source for sperm
motility (Miki et al. 2004).

Calcium-binding tyrosine phosphorylation-regulated protein (CABYR), a protein
with an RII binding domain, has also been identified in the FS of the sperm tail
principal piece (Naaby-Hansen et al. 2002). CABYR contains two protein coding
regions, CABYR-A and CABYR-B. CABYR isoforms form dimers and
oligomers, which are involved in formation of the FS structure. CABYR is
expressed first in step 11 spermatids and is transported to the FS during steps 15-
16. The calcium-binding capacity of CABYR and increased calcium levels are
required for sperm capacitation, a sperm maturation process required for
fertilization (Breitbart 2002).
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2.1.12.2 Outer dense fibers

ODFs begin from the connecting piece and can be found until near the proximal
end of the principal piece. Nine ODFs form adjacent to axonemal outer doublets
during midspermiogenesis, first as very thin filaments and then as gathering
material later on. The ODF structure can be distinguished as a cortex composed
of a single layer of globular units and the electron-dense medulla (Olson,
Sammons 1980). ODFs are thought to provide support and elasticity to the motile
tail, and they may enhance the strength of the waveform (Hermo et al. 2010c).
The mRNA for ODF proteins is synthesized and stored in the cytoplasm and
translationally regulated in later spermiogenesis after the transcriptional activity
of haploid germ cells has been stopped. ODFs are resistant to detergents since
they contain disulfide bonds. This has been a challenge in research trying to
unveil the protein content of ODFs. However, there are studies that have
successfully isolated and characterized multiple polypeptides from ODFs (Olson,
Sammons 1980, Vera et al. 1984). ODF protein 1 (ODF1) is the most abundant
protein in the ODF and is found from the medulla (Schalles et al. 1998, Burfeind,
Hoyer-Fender 1991). Furthermore, ODF protein 3 (ODF3) (Petersen et al. 2002)
and ODF protein 2 (ODF2) have also been detected in the testis (Schalles et al.
1998). ODF2 localizes in the cortex and medulla of ODFs and in the connecting
piece. ODF2 is transcribed in both pachytene spermatocytes and round
spermatids and is translated only in elongating spermatids (Schalles et al. 1998).
ODF1 and ODF2 have been shown to associate through leucine zippers (Shao et
al. 1997). SPAGS are ODF binding proteins, which are thought to be involved in
ODF protein transportation to their destination (Kierszenbaum 2002b). SPAG4
has been identified as an ODF1 interacting protein (Shao et al. 1999), but it is
also detected in the manchette and the axoneme. Spag4 is transcribed in round
spermatids and translated in elongating spermatids, similar to Odf1. Spag5 is
transcribed in both spermatocytes and spermatids, but in contrast to ODF2,
SPAGS is also translationally active in both of these cell types (Shao, Xue & van
der Hoorn 2001).

2.1.12.3 Mitochondrial layer

The mitochondrial layer develops in later spermiogenesis. Mitochondria surround
the axoneme and ODFs in the midpiece of the sperm tail. During spermiogenic
steps 8-10, the mitochondrial matrix is less condensed and crescent-shaped.
Some of these mitochondria migrate to the developing tail, and extra
mitochondria are removed in the residual body. During steps 14-15,
mitochondria translocate to the sperm tail midpiece, reduce their size, and coil
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around ODFs (Meinhardt, Wilhelm & Seitz 1999). Mitochondrial layer formation
can be divided into four phases. During phase one, mitochondria are round and
assemble in four arrays circulating around the flagellum. During phase two,
mitochondria become crescent-shaped and elongate, protruding between
surrounding mitochondria in adjacent arrays. During phase 3, mitochondria
continue to elongate and almost surround the ODFs. Finally, during phase four,
mitochondria are rod-shaped and surround the flagellum, forming left-handed
double helixes (Ho, Wey 2007).

SPERGEN-1 (also known as SPATA19) has been suggested to play a role in
mitochondria cluster formation during midpiece formation. SPERGEN-1
contains an N-terminal mitochondrial targeting signal (Doiguchi et al. 2002) and
specifically localizes to mitochondria in elongating spermatids and to the
mitochondrial membrane in mature sperm in rat and mouse testes (Doiguchi et al.
2002, Matsuoka et al. 2004). Kinesin light chain 3 (KLC3) has been shown to
associate with mitochondria (Bhullar et al. 2003) and ODFs (Zhang, Oko & van
der Hoorn 2004) in rat testes. Studies with KLC3AHR-GFP mutant mice, which
lack the ODF binding domain in the KLC3 protein, have shown mild defects in
midpiece formation. Mitochondria were assembled in multiple layers or were
unevenly divided around the ODFs. Thus, it can be speculated that KLC3
functions as a bridging molecule between mitochondria and ODFs (Zhang et al.
2012). In addition, selenoprotein GPX4 has been shown to act as a structural
protein stabilizing the mitochondrial layer (Ursini et al. 1999).

2.2 Intraflagellar transport

Cilia and flagella lack protein translation machinery. All proteins and molecules
required during cilia and flagella elongation have to be transported to the site of
assembly and maintenance (Johnson, Rosenbaum 1992). IFT is the process
whereby proteins and signaling molecules are transported to cilia and flagella. It
utilizes axonemal microtubule outer doublets as tracks for motor proteins kinesin-2
and dynein 2 (Figure 10) (Hou, Witman 2015). Kinesin-2 is a plus-end directed
motor protein carrying cargos toward the tip of the flagellum, and dynein 2 is a
minus-end directed motor protein responsible for the transport back to the cell
body. Dynein 2 and kinesin-2 bind large IFT-A and -B complexes, respectively.
IFT complex A consists of 6 IFT proteins, and IFT complex B has 16 (Figure 10)
(Lechtreck 2015). These IFT complex proteins form supramolecular structures and
function as a link between the motor protein and the cargo.

Several studies have pointed out the importance of a functional IFT since
dysfunctional transport causes failure in the formation of cilia or ciliary loss after
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assembly (Davenport et al. 2007). For example, full deletion of the kinesin-2
subunit KIF3A causes abnormalities in left-right determination during
development and embryonic lethality due to lack of cilia (Marszalek et al. 1999).
IFT complex B IFT74 and -81 have been shown to interact directly with tubulins,
and IFT81 interaction with the tubulin has been shown to be essential for cilia
formation (Bhogaraju et al. 2013).

Anterograde transport

& > Dynein 2 Kinesin-2
IFT complex A  IFTcomplex B
HQ" Q" oQ° IFT144 IFT172 IFT54
; ; ; IFT140 IFT88 IFT52
— ‘e IFT139 IFT81 IFT46
‘j ._j ._j 3 IFT122 IFT80 IFT38
IFT121 IFT74 TFT27
F Retrograde transport IFT43 IFT70 IFT25

IFT57 IFT22

& Kinesin-2 ) IFT complex B ® Axonemal precursor cargo
IFT56 IFT20

& Dynein 2 @ IFT complex A ™ Axonemal turnover cargo

Figure 10. Intraflagellar transport. Motor protein kinesin-2 transports particles needed for
cilia assembly and maintenance along microtubular doublets just beneath the cell membrane.
Retrograde motor dynein 2 restores spare particles back to the cell body. IFT-A consists of 6
IFT proteins and IFT-B contains 16 IFT proteins.

2.2.1 Microtubule-mediated protein transport in spermiogenesis

Two microtubule-based platforms, the manchette and the axoneme, are required
for formation of the functional spermatozoa. Cargos utilizing motor proteins are
transported along these microtubule structures. Since the axoneme of the sperm
tail resembles the motile cilia axoneme, it suggests that similar protein transport
mechanisms are operating during spermiogenesis. The manchette is involved in
protein transport during spermatid elongation. Intramanchette transport (IMT)
has been thought to share similar functions with IFT, since related molecular
mechanisms and proteins are found in both microtubular structures
(Kierszenbaum 2002a). Current evidence shows that the transport of proteins
through the acroplaxome and the manchette is crucial for the development of the
sperm tail and head shaping. However, little is known about the function of
protein transport mechanisms during spermiogenesis.
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Several proteins (e.g., HOOK1, p150Glued, GMAP210, and IFT88) have been
localized to the acrosomal side of the nucleus before their migration through the
acroplaxome and the manchette finally localizing in the connecting piece
(Kierszenbaum et al. 2011, Kierszenbaum, Rivkin & Tres 2011). Several studies
have suggested the manchette as an important route for transport of proteins
required for formation of the spermatid axoneme and accessory structures.

Depletion of an important gene for ciliogenesis, 5-azacytidine induced gene 1
(Azil/Cep131), causes major defects in spermatid head shaping and sperm tail
formation (Hall et al. 2013). Cepl31 has been shown to traffic along
microtubules and concentrate on BB in studies with Danio rerio and Drosophila
melanogaster. During spermiogenesis, it localizes in the acrosome at steps 10-12
and subsequently to the connecting piece, suggesting that it migrates through the
manchette during spermatid elongation (Hall et al. 2013). The study of serine-
threonine kinase Fused (Fu) has provided a link between IMT and tail accessory
structure development. Fu is expressed in tissues containing motile cilia, and it
plays a role in the assembly and maintenance of the axonemal central pair
apparatus (Wilson et al. 2009). However, Fu mutant mice did not express defects
in the sperm tail axoneme, but interestingly, FS was observed to be distorted and
additional columns were present around the axoneme. Furthermore, Fu was
localized in the acrosome, acroplaxome, perinuclear ring, and the manchette. It
interacts with ODF1 and KIF27, which suggests its possible role in transporting
and sorting cargos, such as components for sperm tail accessory structures
(Nozawa et al. 2014).

Meiosis-expressed gene 1 (Meigl) has been thought to function in meiosis, but
research with Meig/ mutant mice revealed its role in the regulation of
spermatogenesis and specifically its essential role in IMT. Meig/ mutant mice
suffered defects in head shaping and axoneme organization, and the manchette
was disorganized or even absent (Zhang et al. 2009). MEIG1 interacts with the
Parkin co-regulated (PACRG), which recruits MEIG1 to the manchette, and this
complex is involved in SPAGI16L transport to the growing flagella (Li et al.
2015). Furthermore, a not very well characterized gene, leucine-rich repeats and
guanylate kinase domain containing (Lrguk), has been identified as essential for
haploid sperm maturation. LRGUK isoform 1 (LRGUK-1) mutant mice have
been identified with acrosomal detachment, manchette disorganization and
impairment of its movement, and defective axoneme elongation from the BB.
LRGUK-1 depletion also affects the BB attachment to the nucleus. LRGUK-1
has been localized to all these structures and interacts with HOOK?2. LRGUK-1
and HOOK2 are potentially transported as a complex in the acrosome-
acroplaxome-manchette-tail axis (Liu et al. 2015).
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2.3 Kinesin-like protein 3A

The heterotrimeric motor protein kinesin-2 contains non-motor unit kinesin-
associated protein 3 (KAP) and two motor units KIF3A, which form a
heterodimer either with kinesin-like protein 3B (KIF3B) or kinesin-like 3C
(KIF3C). Homodimers or heterodimers between KIF3B and KIF3C are rare
(Marszalek et al. 1999, Marszalek, Goldstein 2000, Yamazaki et al. 1996,
Yamazaki et al. 1995, Yang, Goldstein 1998, Kondo et al. 1994). KIF3A motor
protein domain locates in the NH> terminus, the proline-rich globular region near
the COOH end, and in the middle locates the alpha helical domain (Kondo et al.
1994). The essential role of KIF3A in cilia formation has been shown in KIF3A-
null mutants where embryonic nodal cilia were missing, causing defects in left-
right determination and death at day 10 post coitum (Marszalek et al. 1999).
Since KIF3A full KO models are lethal, the function of KIF3A has been studied
with several tissue-specific KO models. KIF3A depletion in photoreceptors
causes cell death and prevents cilia axoneme formation (Marszalek et al. 2000,
Jiang et al. 2015). In tamoxifen-induced photoreceptor-specific KIF3A knockout
mice, the axoneme fell apart beginning from the distal end (Jiang et al. 2015),
suggesting a role for KIF3A in axoneme maintenance in addition to its role in
axoneme assembly. In the kidney, depletion of KIF3A caused loss of cilia and
defects in planar cell polarity (Patel et al. 2008). During spermatogenesis, KIF3A
function is not understood, but its localization in rat testes has been shown.
KIF3A has been detected in the manchette, in the cytoplasm of spermatids (Hall
et al. 1992), in the neck region, in the flagellum (Miller, Mulholland & Vogl
1999), and in the trans-Golgi network in the Sertoli cells in rats (Johnson, Hall &
Boekelheide 1996). Thus, previous studies have demonstrated that Kif3a
depletion prevents IFT in ciliated tissues and is present in the testis.

2.4 Sperm flagellar protein 2

The importance of SPEF2 for male fertility was first detected in pigs. Infertility
problems in the Finnish Yorkshire pig population were already described in
1987, and 11 years later it was a serious reproductive problem. The problem
appeared as a decreased sperm count and short immotile sperm tails. Electron
microscopy studies revealed several problems in the organization of the sperm
tail. One or both central microtubules were missing or less than nine outer
doublets were seen (Andersson et al. 2000). Further studies revealed Spef2 as a
disease-causing gene (Sironen et al. 2006, Sironen et al. 2002). A large 9000 bp
insertion was identified within the intron 30, causing premature translation stop
codon and lack of the protein product. Sequence analysis confirmed integration
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of a long interspersed nuclear element-1 (LINE-1) into the Spef2 gene (Sironen et
al. 2007).

The SPEF2 protein has been localized in the wild type mouse testis in the Golgi
complex, the manchette, the BB, the midpiece of the sperm tail, and in the Sertoli
cells (Sironen et al. 2010). SPEF2 localization changed during epididymal
transport, where in caput sperm, SPEF2 staining appeared scattered along the
midpiece and concentrated to the distal part of the midpiece in the corpus. In
sperm isolated from the cauda and vas deferens, SPEF2 staining was clearly
observed only in the distal part of the midpiece (Sironen et al. 2010). Yeast two-
hybrid analysis has revealed IFT20 as an interaction partner for SPEF2 (Sironen
et al. 2010). Both proteins are detected in spermatids in the Golgi complex and
the manchette in steps 10-12 and around step 14 in the BB (Sironen et al. 2010).
After this step the IFT20 staining was lost. Mutations in the Spef2 gene in the big
giant head (bgh) mouse model caused PCD-like symptoms, including
hydrocephalus, sinusitis, and male infertility. Detailed analysis revealed two-
point mutations in the Spef2 gene. The mutation in exon 3 causes glutamine
substitution to lysine in the domain of unknown function (DUF), which may
cause dysfunction of domain folding or function. The second mutation in the
Spef2 gene was identified in exon 28. This nonsense mutation causes a premature
translation stop codon and nonsense-mediated decay of the RNA product
(Sironen et al. 2011). Interestingly, the pig model did not suffer from any
symptoms other than the male infertility problem, suggesting that the mutation in
the Spef2 gene exon 3 is responsible for the identified PCD symptoms in the
mouse model.

SPEF2 plays an important role in tracheal epithelial cells as well as in bgh
mutant mice. Ostrowski and colleagues have identified upregulated Kpl2 gene
expression in cultured rat tracheal epithelial cells in addition to other ciliated
tissues, including the brain, testis, and lung (Ostrowski et al. 1999). The actual
function of SPEF2 in tracheal epithelial cells was investigated in more detail in
bgh mutant mice. The structure of cilia in tracheal epithelial cells was normal,
but the beating frequency was dropped by about 17% compared to the controls,
which caused sinusitis and mucus accumulation in the sinus cavity (Sironen et al.
2011).

Several isoforms of Spef2 have been predicted, and these appear to have a tissue-
specific expression (Ostrowski et al. 1999, Sironen et al. 2010). The mouse Spef2
gene contains 43 exons. PCR analysis detecting exons 3-7, 37-43, and 6-43
revealed that all studied exons are expressed in the testis, and exons 37-43 and 3-
7 were also expressed in the lung, brain, kidney, and liver. Interestingly, PCR
product from exons 3-7 was shorter in other studied tissues than in the testis, and
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sequence analysis revealed that exon 4 was testis-specific. During the first wave
of spermatogenesis, Spef2 regions are differentially expressed, suggesting that
several isoforms are also present during spermatogenesis. PCR product from
exons 6-43 was first expressed at PND14, exons 37-43 were already weakly
detected at PND7, and intense expression appeared at PND21. Exons 3-7 were
not detected until PND28 (Sironen et al. 2010).

The SPEF2 protein contains several predicted domains of known function
(Figure 11) ((Sironen 2009), www.ensembl.org, www.ncbi.nlm.nih.gov). The
calponin homology domain is thought to bind actin; however, in vitro studies
were not able to confirm the interaction (Chan et al. 2005) and DUF is common
with proteins involved in flagella function, e.g. sperm flagella protein 1 (SPEF1)
(Chan et al. 2005), sperm associated protein 4 (SPATA4) and CPC1. The nuclear
localization sequence (NLS) is required for nuclear/cilia transport. The EF-hand
contains a helix-loop-helix structure and is known as a calcium binding site. The
P-loop containing adenylate kinase (ADK) site may be involved in the
conversion of adenine nucleotides.

Mouse SPEF2

NH,- . - -COOH
DUF NLS P-loop NLS IFT20 binding site
Calponin homology ADK mnd

Figure 11. Mouse SPEF2 predicted protein domains. The SPEF2 protein sequence is
predicted to contain several regions corresponding to known domains. The IFT20 binding site
locates near the C-terminus of the SPEF2 protein. The gray box indicates Spef2 exons 3-5.
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3 AIMS OF THE STUDY

The overall aim of this study was to clarify the function of the protein transport
mechanisms in sperm tail development by elucidating the roles of two proteins,
SPEF2 and KIF3A. The IFT kinesin KIF3A is a potential regulator of protein
transport during spermiogenesis. However, its exact functions in sperm tail
development and maintenance are poorly understood. Spef2 is a gene that has
been shown to be involved in sperm tail development. It can be hypothesized that
IFT is required for protein delivery during spermatid elongation. This hypothesis
was tested using KIF3A depletion as a model. The localization pattern of SPEF2
in differentiating spermatids and interaction with IFT20 suggests that it might
also be involved in IFT and the delivery of tail components.

Specific Aims of the Study

» To study the role of IFT during sperm tail development by using a male
germ cell-specific KIF3A knockout mouse model

» Characterize the role of SPEF2 during spermatogenesis by developing a
male germ cell-specific SPEF2 knockout mouse model

» To identify novel interaction partners for KIF3A and SPEF2 and their
possible roles in protein transport
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4 MATERIALS AND METHODS

4.1 Ethical statement (I-I1I)

Mice used in experiments were sacrificed with CO: or cervical dislocation and
tissues were collected for experiments. All mice were handled according to
international guidelines to care and use of laboratory animals. Mice were
maintained in specific pathogen free stage at Central Animal Laboratory of
University of Turku. All experiments was approved by the Finnish Ethical
Committee (licence 315/041003/2011/ and 2006-1206-Kotaja).

4.2 Generation of Spef2 targeting vector (I1I)

Generation of the Spef2conditional knockout (cKO) mouse model is described in
detail in III. Briefly, targeting vector was designed to produce both full and
conditional knockout mouse models for Spef2. DsRed fluorescent protein and
stop codon were surrounded by Frt sites and inserted after exon 3. LoxP sites
were inserted before Frt site upstream from exon 3 and after exon 5. Targeting
construct was electroporated into hybrid mouse embryonic stem cells (G4,
129S6B6F1) and cells were injected into C57BL/N6 mouse blastocysts.
Chimeric mice were bred with Flp deletor mice to delete DsRed and stop codon
to generate Spef2 cKO mouse model.

4.3 Generation of KIF3A and Spef2 cKO mouse models (I-11I)

To generate male germ cell-specific mouse model for Spef2, mice carrying LoxP
sites surrounding exons 3-5 were mated with mice carrying Cre recombinase
under control of neurogenin 3 promoter (Ngn3Cre) (provided by Dr. Pedro L.
Herrera, University of Geneva, Switzerland) (Korhonen et al. 2011, Desgraz,
Herrera 2009). Neurogenin 3 expression is induced in postnatal male germ cells
at PNDS5 causing floxing of the Spef2 gene only in male germ cells. For
genotyping we used primers detecting LoxP site before exon 3 (III, Figure 1A
and B). For experiments we used Spef2 fl/-;Cre (Spef2 ¢KO) mice and control
mice were Spef2 fl/- (CTRL) or B6 (C57BL/6N).

To create male germ cell-specific conditional mouse model for KIF3A, Ngn3Cre
mice were mated with KIF3A fl/fl mice carrying LoxP sites before and after exon
2. KIF3A {I/fl mice were purchased from Mutant Mouse Resource and Research
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Centers (MMRCC, The Jackson Laboratory, Bar Harbor, ME, USA) (Marszalek
et al. 1999, Marszalek et al. 2000).

4.4 Genotyping of the conditional knockout mouse models (I-1IT)

Mice were earmarked and DNA was isolated for genotyping PCR. Genotyping
primers used to confirm Cre expression were for Ngn3Cre forward 5-CCT GTT
TTG CAC GTT CAC CG-3' and reverse 5'-ATG CTT CTG TCC GTT TGC CG-
3" and for pTimer forward 5-ACG GCT GCT TCA TCT ACA AGG-3' and
reverse 5-TTG GTG TCC ACG TAG TAG TAG-3'. Primers for Spef2
genotyping were forward 5°-GAT TCT TAA ATT TTG AGG CC-3’ and reverse
5’-ATG CTG TTC AGT GGA TAA AA-3’. Kif3a primers used for genotyping
were forward 5’- AGG GCA GAC GGA AGG GTG G-3’ and reverse 5’- GGT
GGG AGC TGC AAG AGG G-3’. cKO mice were selected for analysis based on
the positive Cre and pTimer band and homozygosity for the Spef2 or Kif3a fl
allele containing the flox sites.

4.5 Gene expression analysis

4.5.1 RNA sequencing (1)

Total RNA from C57BL/6NHsd mouse testis at timepoints PND7, 14, 17, 21,
and 28 was extracted using RNeasy Midi kit (Qiagen) and samples were prepared
for Solid4 sequencing using commercial kits and protocols provided by Applied
Biosystems. The sequence reads were aligned against the mouse reference
genome (mm9 assembly) using the standard whole transcriptome pipeline and
the colorspace alignment tool provided by Applied Biosystems and distributed
with the instrument (LifeScope v2.1). Differential transcript expression analysis
was carried out using the Cuftlinks pipeline (Trapnell et al. 2012).

4.5.2 RT-PCR (D)

RNA was isolated from the mouse testis and reverse transcribed using oligo T
primers and ImProm-II Reversed Transcription System (Promega) according to
manufacturer’s instructions. Specific primers for Kif3a were forward 5’-GCC
GAT CAA TAA GTC GGA GA-3’ and reverse 5’- AGC CCC GGT ACT GCT
CGA AC-3’. Primers for the control gene Eef2 were forward 5’-GCT TCC CTG
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TTC ACC TCT GAC TCT G-3’and reverse 5’-CCT TGC ACA CAA GGG AGT
CGGT-3.

4.5.3 RT-qPCR (1I)

RNA from the whole WT mice testis was extracted and reverse transcribed as
described above. Primers used for cDNA amplification were for Kbp 001
forward 5~ ACGTGCCAGAGCTTTACCAT-3’ and reverse 5’-AAA AGC TCC
CTG GCT TCT TC-3’, Kbp_004 forward 5’-ATT GCC ACA GCA CAC TGA
AA-3’ and reverse 5’-CAT ATA CAT GCC CCC AAA CC-3’. For the
housekeeping gene Rp/l3a primers were forward 5°-AGG GGC AGG TTC TGG
TAT TG-3 and reverse 5’-CCG AAC AAC CTT GAG AGC AG-3’. qPCR was
performed using ViiA7 Real-Time PCR System in 96-well microtiter plates
using Absolute qPCR SYBR Green ROX Mix (VWR, Radnor, PA, USA). 12,5
pl of Absolute qPCR SYBR Green Mix, 70 nM of primers and 100 ng of cDNA
was used in qPCR amplification, which started with 15 min enzyme activation at
+95°C followed by denaturation at +95°C for 15s, annealing at +60°C for 30 s
and extension at +72°C for 30 s for 40 cycles. Raw data was analyzed using
sequence detection software (Applied Biosystems, Thermo Fischer Scientific)
and relative quantitation was performed with GenEx Software (MultiD,
Goteborg, Sweden). The mean of triplicates was used to define ratio between
target and reference gene. Differences in amplification efficiency were corrected
by producing standard curve for each primer pair. Primer-dimer formations were
not observed for selected primers.

4.6 Immunohistochemistry

4.6.1 Immunohistochemistry of paraffin embedded testis samples (I-I11)

Testis and epididymis were dissected and fixed with 4% paraformaldehyde
(PFA) or Bouin’s solution at RT for 4-20h. After washes with 50 % and 70 %
ethanol testis were embedded in paraffin and cut into 4 um sections. PFA-fixed
testis sections were deparaffinized and rehydrated before antigen retrieval in 10
mM sodium citrate buffer pH 6.0, 0,05% Tween 20 in pressure cooker at 120 °C
for 20 min. Slides were let to cool down for 2 hours and washed in MQ water
and PBS before entering immunofluorescence stainings. For histology, PFA
fixed epididymis and Bouin fixed testis sections was deparaffinize, rehydrated
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and stained with Mayer’s Hematoxylin and eosin or Periodic acid-Schiff (PAS)
staining according to general protocols.

4.7 Protein isolation and co-immunoprecipitation (I-11I)

For co-IP and protein analysis adult and 4 week old testes were dissected and
snap-frozen in liquid nitrogen. Proteins were isolated in lysis buffer using Ultra
Turrax homogenizor and centrifuged 13000 rpm at +4°C for 30 min. Protein
concentration was measured using Bradford assay (Thermo Scientific). Protein G
Dynabeads were coupled with protein-specific antibodies and negative control
antibodies (anti-Rabbit IgG or anti-Mouse IgG) and co-IP was performed
according to the manufacturers protocol (1003D, Thermo Fischer Scientific,
Waltham, MA, USA). For KIF3A co-IP adult testes were decapsulated and
released seminiferous tubules were minced in small pieces for incubation in
collagenase solution in rotation at RT for 1h. Testicular cell suspension was
filtered, first through 100 um and then through 40 pm silk, before centrifugation
and suspension into lysis buffer [SO mM Tris—HCI pH 8.0, 170 mM NaCl, 1%
NP40, 5 mM EDTA, 1 mM DTT and protease inhibitors (Complete mini; Roche
diagnostic)]. Cell lysate was sonicated 10 times in 30 s intervals and incubated
on ice for 20 min before lysate clearance by centrifugation.

4.8 Mass spectrometry (I, III)

For mass spectrometric analysis proteins were separated in 4-20% gradient SDS-
page gels and specific bands were detected using Silver Staining Kit (Thermo
Fischer Scientific). Protein bands of specific interest were isolated from the gel
for in-gel digestion and tryptic peptides were dissolved in 10 pl of 1% formic
acid and 5 ul was submitted to LC-MS/MS analysis using LTQ Orbitrap Velos
Pro mass spectrometer. Database searches were performed by Mascot search
engine and Swissprot protein sequence database.

4.9 Western blot (I-11I)

Proteins were separated in denaturing conditions in 10% SDS-page gel or 4-20%
precasted gradient gels (Bio-Rad). Proteins were blotted onto hybond membrane
and blocked in 5% milk in 0.1% Triton X-100 PBS at RT for 1 hour. Primary
antibodies (Table 1) were diluted in 1% milk in 0,1% Triton X-100 in PBS and
incubated at +4°C overnight. Membrane was washed with 0,1% Triton X-100 in
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PBS and incubated with secondary antibody [HRP linked anti-mouse/rabbit IgG
(GE Healthcare Life Sciences, Little Chalfont, UK)] diluted in 1% milk in 0,1%
Triton X-100 in PBS at RT for 1h. Bands were visualized using ECL Plus
Western blotting detection system (Amersham Pharmacia, Piscataway, NJ, USA)
and chemiluminescence signal was detected with LAS4000 (Fujifilm, Tokoy,
Japan).

4.10 Electron microscopy (LIII)

Specific stages of seminiferous tubule segments, epidymal sperm samples or
testis were fixed in 5% glutaraldehyde. Samples were treated with potassium-
ferro-cyanide-osmium fixative and embedded in epoxy resin. Sections were
stained with 1% uranyl acetate and 0,3% lead citrate. Preparations were
visualized with JEM 100SX, JEMI200EX or JEM-1400 Plus electron
microscopes.

4.10.1 Immunofluorescence (I-111)

All immunofluorescence staining was performed as described above unless
otherwise stated. Antibodies used for stainings are listed in table 1. Slides were
blocked with blocking buffer (10% normal donkey/goat serum, 3% bovine serum
albumin (BSA) diluted in 0,05% Triton X-100 in PBS) at RT for 1 hour. Primary
antibody was diluted in antibody dilution buffer (Adb, 3% normal donkey/goat
serum, 1% bovine serum albumin diluted in 0,05% Triton X-100 in PBS) and
incubated at +4°C for overnight. Slides were washed three times using 0,1%
Triton X-100 in PBS and incubated with secondary antibody diluted in Adb
1:500. Nucleus was stained with DAPI (D9542, stock 5 mg/ml, Sigma-Aldrich,
St. Louis, MO, USA) diluted in 1:10000 in PBS for 5 min, washed in PBS and
mounted with Prolong Diamond Antifade Mountant (P36970, Life Technologies,
Carlsbad, CA, USA) or Mowiol 4-88 medium (Polysciences, Inc). Images were
acquired using Leica DMRBE, Zeiss Axio Imager M, Zeiss 510 Meta (Carl Zeiss
AG, Oberkochen, Germany) or 3i Spinning Disk Confocal (Intelligent Imaging
Innovations, Gmbh, Géttingen Germany).

4.10.1.1 Immunofluorescence of Drying Down preparations (I-11)

Testes were dissected and decapsulated in PBS. Stage-specific drying down
preparations were prepared as described previously (Kotaja et al. 2004). Briefly
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specific stages of seminiferous tubule were cutted and transferred into 100mM
sucrose. Tubule pieces were ripped apart and cells were released into the sucrose
solution. Cell suspension was spread into the object slide containing fixing
solution (1% PFA, 0,01 % Triton X-100 in PBS) and dried o/n in humified
chamber. Following day slides were air-dried and stored at -80°C or continued
directly to immunofluorescence stainings. Before immunofluorescence,
preparations were post-fixed with 4% PFA for 5 min and washed before
quenching autofluorescence in 100 mM NH4Cl for 2 min. Preparations were
washed in PBS and treated in 0,2 % Triton X-100 in PBS for 2 min before
blocking and antibody incubations.

4.10.1.2 Immunofluorescence of cryosections (I1)

Testis were dissected and fixed with 4% PFA at RT for 4h, washed in PBS and
incubated in 20% sucrose at +4°C for overnight. Testis were dried, embedded in
Tissue-Tek O.C.T Compound (Sakura Finetek USA Inc, Torrance, CA, USA)
and frozen in dry ice chilled isopentane or after dissection testis was embedded
directly to Tissue-Tek O.C.T Compound for freezing. Testes were stored at -
80°C. Before immunofluorescence sections were post-fixed with 4 % PFA for 5
min, washed and permeabilized with 0,2 % Triton X-100 in PBS for 3 min.
Slides were blocked in 10 % BSA in PBS and antibodies were diluted in 3%
BSA in PBS.

4.10.1.3 Immunofluorescence of sperm slides (I)

Cauda epididymis was dissected and placed in PBS. Small incisions were made
to let spermatozoa swim out at +37°C for 30 minutes time period. Released
sperm were collected, washed twice in PBS, spread onto object slides, air dried
and stored in -80°C. Sperm slides were post-fixed in 4% PFA for 15 min, washed
in PBS and permeabilised in 0,2% Triton X-100 in PBS for 10 min. Sperm slides
were blocked in 10 % normal goat serum in PBS and antibodies were diluted in
3% normal goat serum diluted in PBS.

4.11 Seminiferous tubule culture (III)
WT mouse testis was decapsulated and seminiferous tubules were released into

PBS. Different stages of spermatogenesis were distinguished based on the light
absorption observed under the stereomicroscope. The manchette-specific stages
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(IX-XI) were cut and cultured in DMEM with dynein activity inhibitor
ciliobrevin D in final concentration of 200 uM for 3-6 hours. Control tubules
were incubated with equal amount of DMSO diluted in DMEM. After treatment
with inhibitor or DMSO, tubules were collected, placed on object slides and
squashed with a cover slip to spread germ cells out from the tubule. When
monolayer was formed object slides were dipped into liquid nitrogen and cover
slip was removed. Slides were fixed with 100% acetone, air-dried overnight at
RT before immunofluorescence or slides were stored at -80°C.

Table 1. Antibodies used in experiments

Species & Western | Drying | Testis | Cryo- | Sperm
antigen company catalog # type blot down | section | section | slides | Squash | Used in
Mouse
Acetylated T7451, clone monoclonal
tubulin Sigma 6-11B-1 IgG2b 1:1000 1
AKAPS82 Mouse 1:500 1
mouse
Alpha-tubulin NeoMarkers | MS-581-P monoclonal 1:4000 1:1000 | 1:1000 1:1000 | L 1III
Alpha-tubulin Mouse IgG1-
Alexa 488 Invitrogen 322588 kappa 1:500 1
Goat
CBEI Santa Cruz sc-162645 polyclonal 1:100 1
DYNCII2 Proteintech | 12219-1-AP Rabbit IgG 1:1000 1:600 11
Gamma-tubulin | Abcam abl1316 Mouse IgG 1:1000 11T
Mancini et al
Golga3 2000 Rabbit 1:1000 111
Gift from G.
IFT20 J. Pazour Rabbit 1:200 111
H00026128- Mouse
KBP Abnova BO1P polyclonal 1:300 1:100 1:100 11
Thermo Rabbit
KIF3A scientific PAI-20240 polyclonal 1:4000 1:1000 1:2000 | 1:200 LI
Sironen et al Rabbit
KPL2 end 2010 polyclonal 1:300 111
Lectin HPA
(AF488 Life
conjugated) Technologies | L11271 mouse 1:50
Zhou et al
MNS1 2012 1:250 1:250 1
Goat
MNSI1 SantaCruz sc-138435 polyclonal 1:100 1
Rabbit
PT-KBP Protein Tech | 25653-1-AP polyclonal 1:300 1:200 11
Rhodamine
PNA AF580-
conjugated Vector R
Laboratories | RL-1072 1:15000 111
Rabbit
SPEF2 Sigma HPA039606 polyclonal 1:200 111
Shang P et al
TSKS 2010 Rabbit 1:500 1:500 I
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5 RESULTS

5.1 KIF3A is required for spermiogenesis (I)

5.1.1 KIF3A localization in the mouse testis (I)

Immunofluorescence analysis of WT mouse testis sections revealed that KIF3A
protein expression begins in early P spermatocytes. In spermatogonia and early
spermatocytes, the KIF3A signal was very low or absent. The KIF3A-specific
signal was detected in the cytoplasm of spermatids until step 14, and more
detailed analysis of the WT mouse drying down preparations localized KIF3A in
the BB, the axoneme, and the manchette. In mature sperm isolated from the
cauda epididymis, the KIF3A-specific signal was detected in the principal piece
of the sperm tail (I, Figures 1 and 2).

5.1.2 Generation of the KIF3A cKO mouse model (I)

To investigate the specific function of KIF3A during spermatogenesis, we
generated a male germ cell-specific cKO mouse model for KIF3A by breeding a
floxed Kif3a mouse (Marszalek et al. 1999) with a Neurogenin 3- (Ngn3) Cre*
expressing mouse (Desgraz, Herrera 2009). The genotype of the mouse was
confirmed by PCR, where the Kif3a floxed allele produced 490 bp length and the
WT allele produced 360 bp length PCR products (I, Figure 3A). Expression of
Cre recombinase was confirmed by detecting specific bands for Cre and pTimer
as described previously (Korhonen et al. 2011). The disruption of the Kif3a open
reading frame and protein production was confirmed by analyzing the total
proteins and RNA isolated from both WT and KIF3A cKO mouse testes. A clear
reduction in the KIF3A protein and gene expression levels was confirmed in
KIF3A cKO mouse testes (I, Figure 3B and C).

5.1.3 KIF3A cKO males are infertile (I)

KIF3A ¢KO mice presented normal health statuses and they grew normally to
adulthood. However, KIF3A c¢KO male mice failed to conceive WT females.
Vaginal plugs were observed, but no pups were born after a six-week mating
period. Analysis of the KIF3A c¢cKO mouse testis and epididymis revealed
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enormous reduction in sperm production. Only a few sperm were observed in the
cauda epididymis and all of them appeared morphologically abnormal.

Analysis of KIF3A ¢cKO mouse testis sections revealed normal organization of
the seminiferous tubules, and all 12 stages of the seminiferous epithelial cycle
were identifiable. Spermatogonia, spermatocytes, and round spermatids appeared
normal, and defects were first seen at stage [X in KIF3A cKO testis sections. The
sperm head shape appeared abnormal and the manchette was elongated. In
addition, the sperm tail was undetectable (I, Figure 4).

Detailed structural analysis using electron microscopy of stage-specific tubule
segments and sperm isolated from the cauda epididymis showed a total lack of
the axoneme and disorganization of sperm tail accessory structures. All
components required for sperm tail construction appeared to be produced, and
short microtubules, FS, and ODF components were observed, but all of them
were mislocalized. In addition, the manchette was placed ectopically and the
perinuclear ring was constricted around the head, causing its abnormal knob-like
shape (I, Figure 6).

5.1.4 KIF3A has several novel interaction candidates in the testis (I)

To understand more deeply the exact role of KIF3A during sperm development,
we set up a co-IP to identify KIF3A interacting proteins. We used anti-KIF3A as
a fishing antibody to pull down KIF3A and its interacting proteins from the WT
mouse testis lysate. Interaction candidates were separated in SDS page gel for
identification in mass spectrometry. Importantly, the whole kinesin-2 complex
including KIF3A, KIF3B (Yamazaki et al. 1995) and KAP (Yamazaki et al.
1996) was pulled down, indicating the specificity of the method. Several
interesting interaction candidates were also detected: Meiosis-specific nuclear
structural protein 1 (MNSI, Q61884), Spermatid-specific manchette-related
protein 1 (SMPR1, Q2MH31), Enkur (Enkurin Q6SP97), Outer dense fiber 3
(ODF3, Q920N1), Coiled-coil domain-containing 11 (CCDCI11, Q9D439),
Coiled-coil domain-containing protein 105 (CCDC105, Q9D4K?7), and protein
FAM166A (FAMI166A, Q9D4KS5). These interactions were identified in all
triplicate KIF3A co-IPs and negative controls were clean (I, Figure 7).

5.1.5 Expression of KIF3A interaction candidates in the WT mouse testis (I)

Using transcriptomic sequencing, we analyzed expression of all KIF3A
interaction candidates during the first wave of spermatogenesis. Different
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spermatogenic cell types appear in the tubule in a temporal manner; the first
spermatogonia are present at PND7, early spermatocytes appear at PND14, and
late spermatocytes at PND17. Round spermatids are formed at PND21 and fully
elongated spermatozoa appear at PND28 (Bellve et al. 1977). For all of the
identified proteins, expression increased later, during the first wave of
spermatogenesis. The KBP interaction with KIF3A has been previously
published (Alves et al. 2010). Enkurin (Sutton et al. 2004) and ODF3 (Petersen et
al. 2002) have been localized in the sperm tail, specifically in the principal piece
and ODFs, respectively. SMRP1 has been detected in the manchette (Matsuoka
et al. 2004) and studies with MNS1 KO mouse models have revealed its essential
role during sperm tail development (Zhou et al. 2012).

5.1.6 MNSI1 was retained in the manchette in KIF3A cKO mice (I)

We studied MNSI1 protein localization in WT and KIF3A cKO mouse drying
down preparations using two different antibodies. One antibody recognizes the
internal region and another recognizes the C-terminal part of the MNSI protein.
We colocalized MNS1 with KIF3A in the manchette and principal piece of the
sperm tail in WT mice. MNSI1 was detected also in the principal piece of the
mature sperm tail isolated from the cauda epididymis. Moreover, we could detect
MNSI1 in the acrosomal region and in the perinuclear ring. Using MNS1 antibody
recognizing C-terminal part of the protein, we detected specific signals in the
acrosomal granule and near the marginal ring. Interestingly, we could observe
that the MNS1 signal was retained in the malformed manchette and acrosomal
region in KIF3A cKO mice in steps 11-12 spermatids, when the MNSI signal
was absent in the WT. However, the MNSI1 signal detected in the acrosomal
region, granule, and perinuclear ring was not affected in the KIF3A ¢KO mice (I,
Figure 8).

5.1.7 KBP expression during mouse spermatogenesis (11)

One of the KIF3A interacting proteins was KBP. To investigate the KBP-KIF3A
interaction, we first confirmed the interaction by co-IP using KBP as a fishing
antibody. We pulled down proteins from the adult WT testis lysate and
confirmed the presence of KIF3A in the eluate by Western blot (11, Figure 4).

To study the localization of the KBP in WT mouse testes, we performed
immunofluorescence staining in cryosections and drying down preparations. We
detected the KBP signal starting from step 5 round spermatids and the strongest
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signal was present in steps 12-15. The KBP signal appeared as a bright dot
locating near the BB, in the manchette, and the connecting piece of elongating
spermatids. However, at steps 15-16, the elongating spermatids KBP signal was
reduced dramatically (II, Figure 1F). The specific localization of the KBP was
confirmed using another antibody against KBP (ptKBP). Both antibodies stained
specifically the manchette and a dot near the BB in drying down preparations.
Furthermore, ptKBP also stained the acrosome and midpiece of the sperm tail (11,
Figure 2). Both KBP antibodies recognize the full-length form of the KBP;
however, the immunogen used for KBP has been full-length KBP and for ptK BP
amino acids 272-621, which may explain the differences detected in staining
patterns.

Two isoforms of kbp (kbp 001 and kbp 004) were expressed in WT mouse
testes. Kbp 001 presents a full-length form of the kbp, and its expression peaked
at PND21 (II, Figure 1B). Protein levels also consistently increased during the
first wave of spermatogenesis, beginning at PND21 and showing the highest
expression in the adult testis at PND42. We also analyzed the kbp expression in
the lung, heart, liver, and kidney. The highest Kbp 001 expression was detected
in the testis and lower levels were expressed in the lung, heart, and liver.
Kbp 004 appears to be expressed only in the testis. Kbp expression was not
detected in the kidney (II, Figure 1C).

5.1.8 KBP localizes to the late chromatoid body (II)

The KBP signal localization in elongating spermatids resembled the so-called
late CB that is an electron-dense cytoplasmic granule found specifically in
elongating spermatids. CB is a ribonucleoprotein (RNP) particles-containing
granule, which is moving in the round spermatids cytoplasm. It is transiently in
close contact with the nucleus and the Golgi complex/acrosome (Meikar et al.
2014). CB function is related to RNA regulation and processing pathways
(Kotaja, Sassone-Corsi 2007). It has been shown that CB loses its characteristic
markers at step 9 and is functionally transformed to the late CB (Shang et al.
2010), which divides into a ring structure that surrounds the developing
flagellum and satellite structure that remains in the cytoplasm. To confirm the
localization of KBP to the late CB, we performed co-staining with and antibody
against testis-specific kinase substrate (TSKS) that is expressed specifically in
the late CB (Shang et al. 2010). Interestingly, the TSKS signal overlapped partly
with the KBP signal, suggesting the KBP localization is associated with the late
CB. In a closer view, using phase contrast microscopy and a KBP-specific signal,
we could define the late CB satellite as a KBP positive structure (II, Figure 3).
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5.2 In Spef2 cKO mice spermiogenesis is disrupted (III)

5.2.1 Spef2 cKO mice express truncated SPEF?2 protein (111)

We generated Spef2 cKO mice to understand the function of Spef2 during
spermatogenesis. To confirm Spef2 gene depletion in the Spef2 cKO mouse
testis, we isolated RNA for RT-PCR analysis. mRNA covering exons 1-3 was
detected only from C57BL/6N (B6) samples. From RT-PCR amplifying exons 1-
9, we detected specific bands for both B6 and cKO, but the band from the cKO
appeared shorter. After sequencing the PCR product, we confirmed the absence
of exons 3-5 in cKO mice but the Spef2 gene reading frame after the deletion
appeared intact (III, Figure 1C). Western blot analysis revealed a weak shorter
SPEF2-specific band in the cKO mouse testis lysate, indicating that a truncated
form of the SPEF2 protein was translated despite the absence of exons 3-5 (I,
Figure 1D). The full-length SPEF2 was absent in the cKO testis.

5.2.2 Spef2 cKO mouse spermatogenic phenotype (I11)

The overall organization of the seminiferous epithelium appeared normal in the
Spef2 cKO, and spermatogenesis proceeded normally until late spermiogenesis.
The most dramatic defects were observed at the beginning of stage XII in step 12
elongating spermatids with clear abnormalities in head shaping. Furthermore,
during the later stages IV-VIII, sperm tails were not detected in the tubular
lumen. In addition, fewer condensed heads were seen in stage VII in the cKO
mice (III, Figure 1E). Reduction in the number of elongating spermatids was
supported by the findings from the cauda epididymis, where almost no sperm
were found in the cKO mice. In contrast, CTRL mice cauda were filled with
mature sperm (III, Figure 1F). More detailed morphological analysis of the
elongating spermatids using phase contrast microscopy of stage-specific drying
down preparations confirmed defects in head shaping and tail elongation. The
cKO elongating spermatids had short sperm tails or no tails at all. Bent tails or
several tails per spermatid were also observed (111, Figure 2A). The tail accessory
structures failed to form in the cKO spermatids (III, Figure 2A).

Ultrastructural studies revealed severe defects during spermiogenesis in cKO
mice. We studied stage-specific seminiferous tubule segments using transmission
electron microscopy. In axoneme cross sections, the central pair was incomplete
or missing (III, Figure 2E). The acrosome and Golgi appeared normal in all steps
during spermiogenesis (III, Figure 2B). The manchette microtubules were
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assembled correctly in cKO mice, but they were constricting the head, causing
knob-like head shaping (III, Figure 3A). It also appeared that manchette
clearance was delayed in cKO mice (III, Figure 3B). We were able to identify
mitochondria, ODFs, and FS components, but they were totally misplaced in
cKO (I, Figure 2F). Interestingly, we could observe two basal bodies in several
elongating spermatids. First, duplicated basal bodies were detected in step 7
spermatids (III, Figure 2C and D).

5.2.3 SPEF2 interaction candidates in the testis (I11)

To understand the protein network required for SPEF2 function during
spermatogenesis, we performed co-IP and mass spectrometry analysis. As a
protein source, we used four-week-old mouse testis to enhance the number of
early elongating spermatids in the lysate. We were able to identify the SPEF2
protein in the IP samples, which confirmed the specificity of the antibody and
function of the method. The negative control antibody did not recognize any
identified SPEF2 interaction candidates. We identified several interesting
interacting candidates for SPEF2, such as two members of the cytoplasmic
dynein 1 complex and GOLGA3 (111, table 1).

5.2.4 Cytoplasmic dynein 1 interacts with SPEF2 (I11)

We further studied the cytoplasmic dynein 1 interaction since we pulled down
two members from the cytoplasmic dynein 1 complex, the heavy chain 1 and
intermediate chain 2 (III, table 1). We used an antibody against DYNCI112 for
further studies since it has been suggested as the possible interaction site for
cargo adaptors. First we confirmed the interaction using co-IP with anti-
DYNCI1I2 as a fishing antibody, followed by Western blotting with a SPEF2
antibody (III, Figure 4A). For identification of the interaction site we analyzed
the DYNCI112 localization in the CTRL mouse testes sections. DYNC1I2 specific
signal was observed in the spermatocytes cytoplasm and in the manchette of
elongating spermatids. In the manchette, DYNCI1I2 localized only to the area
covering the nuclear surface, while the manchette microtubules free ends
reaching over the nucleus toward the tail were DYNCI1I2 negative. The
DYNCII2 signal in ¢cKO mice appeared similar to the CTRL (IIl, Figure 4B).
Since both SPEF2 and DYNCI1I2 proteins are localized in the manchette, we
further analyzed the possibility of cytoplasmic dynein 1 function as a motor
protein for SPEF2. We prepared IX-XI specific segments from seminiferous
tubules of B6 testes and incubated them with or without the dynein activity
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inhibitor ciliobrevin D. After 3 hours of culture, we collected tubules for squash
preparations and continued with immunofluorescence staining. We observed a
clear effect of ciliobrevin D and inhibited dynein activity on the SPEF2 protein
localization. In the control tubule culture, SPEF2 staining was only covering half
of the manchette surface, leaving the area adjacent to the perinuclear ring devoid
of SPEF2 signal, while in ciliobrevin D-treated cells, SPEF2 localization was
covering the total area of the manchette (I1I, Figure 4C).

5.2.5 Interaction with GOLGA3 may connect SPEF?2 to the Golgi complex

Since we could detect several hits for GOLGA3 in the mass spectrometric
analysis, we studied GOLGA3-SPEF2 interaction further. We confirmed the
interaction with SPEF2 and GOLGA3 by co-IP and Western blotting (I1I, Figure
5B). GOLGA3 localized to the Golgi complex of spermatocytes and round
spermatids and to the acrosome/acroplaxome in the CTRL mouse testis sections.
However, GOLGA3 localization was not changed in Spef2 cKO mice (111, Figure
5C and D).

5.2.6 IFT20 transport is delayed in the Spef2 cKO

IFT20 has been identified as an interaction partner for SPEF2 in the mouse testis
(Sironen et al. 2010). We studied the localization of IFT20 in the CTRL and
Spef2 ¢cKO mouse testis sections. IFT20 localized to the cytoplasm of stages 1X-
XII elongating spermatids and the manchette (III, Figure 6A and B). In addition,
an IFT20-specific signal was concentrated in the Golgi complex area in
spermatocytes and round spermatids (III, Figure 5A). In cKO spermatocytes and
round spermatids, the SPEF2 specific signal was less intense at the Golgi
complex and more SPEF2 was found in the cytoplasm. Furthermore, the
expression of SPEF2 was greatly reduced in the cytoplasm of cKO step 9
elongating spermatids. Closer examination of elongating spermatids showed that
the appearance of IFT20 in the manchette was delayed compared to the CTRL. In
addition, the distribution of IFT20 in the manchette was affected in the cKO, and
the IFT20 signal covered the whole area of the manchette compared to the
restricted localization in the lower parts of the manchette in CTRL spermatids
(11, Figure 6B).
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6 DISCUSSION

6.1 KIF3A and SPEF2 are required for sperm tail axoneme formation

6.1.1 Axoneme formation is blocked in the absence of KIF3A

Formation of the sperm tail axoneme begins in early spermiogenesis in round
spermatids and is thought to utilize IFT. However, the actual functions of the
motor proteins and cargo delivery mechanisms have remained unsolved. In
KIF3A cKO mice, axoneme formation is perturbed at the beginning of
spermiogenesis.

The IFT88 protein is a member of the IFT-B complex, which is known to interact
and co-operate with kinesin-2 in the cilia assembly. Interestingly, mice with
defective IFT88 have defects in sperm tail axoneme formation. In if88” mutant
mice, axoneme formation is not completely blocked, but short axonemes was
assembled in elongating spermatids, and in some cases extra single or doublets of
microtubules were present around the short axoneme (San Agustin, Pazour &
Witman 2015). This indicates that tubulin transport was affected, but not
completely blocked. It has been shown that tubulin is most likely transported via
interaction with IFT-B complex proteins IFT74 and -81 (Bhogaraju et al. 2013)
into the elongating axoneme, and therefore IFT88 may be involved in the
transport of other components required for correct axoneme formation (San
Agustin, Pazour & Witman 2015). However, the depletion of IFT88 appears to
disturb the IFT-B complex and possibly kinesin-2-related functions, which
causes defects in axoneme formation. Results from the KIF3A cKO mouse
model suggest that KIF3A functions as an important anterograde motor protein
for IFT that enables the transport of tubulin and other proteins required for
axoneme assembly (Figure 13).

6.1.2 Depletion of SPEF?2 disrupts CP formation

Previous studies have indicated the SPEF2 protein essential role in male fertility
and sperm development (Sironen et al. 2006, Sironen et al. 2011). Similar defects
in axonemal formation were found in Spef2 cKO mice compared to previous
animal models. In haploid spermatids at the beginning of spermiogenesis, the
outer doublets of the axoneme were formed, but CP was missing. Furthermore,
the sperm tail accessory structures were not correctly formed and they appeared
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disorganized in elongating spermatids. In the mature sperm, the flagellar
structure was completely disrupted, indicating that an intact axoneme is required
for sperm tail formation. Studies with Chlamydomonas have revealed that
formation of the CP of the axoneme begins shortly after the outer doublets
formation (Lechtreck, Gould & Witman 2013). IFT transports CP components
toward the tip of flagella, where they associate together to construct the CP in a
tip-to-base direction. CP deficiency in Chlamydomonas caused IFT20, -172, -81,
-57, and dynein motor to accumulate in the axoneme and the flagella appeared
shorter (Lechtreck, Gould & Witman 2013). In Spef2 ¢cKO mice, the absence of
CP caused shorter sperm tail formation and IFT20 accumulation in the BB,
without disruption of the axonemal outer doublets.

Spef2 is a PCD gene causing decreased cilia beating frequency in tracheal
epithelial cells (Sironen et al. 2011). Detailed analysis, however, did not observe
defects in the tracheal ciliary structure (Sironen et al. 2011). Depletion of Spef2
ortholog cpcl in Chlamydomonas causes absence of Clb projection, disturbing
CP formation, and reduction of flagella beating (Mitchell, Sale 1999, Zhang,
Mitchell 2004). We have analyzed the CP structure in the SPEF2 full knockout
(Spef2 KO, unpublished data) mice tracheal cilia using EM-tomography. The
results showed that Clb projection in Spef2 KO mice was intact (Figure 12,
unpublished data, in collaboration with Dr Hannah Mitchison and Dr Amelia
Shoemark, University College London). This proposes that SPEF2 is required for
intact CP structure in the sperm axoneme, but the effect in tracheal cilia is not
obvious. Thus, SPEF2 may function in protein transport rather than as a
structural component in tracheal cilia.

Figure 12. EM-tomography of Spef2 KO mouse tracheal cilia. Cpc/ is a ortholog for Spef2.
CPCl1 is a known structural protein of the Cl1b projection in the Chlamydomonas axoneme. In
Spef2 KO tracheal cilia, CP and C1b projection appeared intact. Graphical illustration of the CP
from (Olbrich et al. 2012); EM-tomography figures were prepared by Hannah Mitchison and
Amelia Shoemark, University College London.



52 Discussion

6.2 KIF3A and SPEF2 function in protein transport during
spermiogenesis

6.2.1 KIF3A and SPEF?2 are involved in manchette-mediated transport

Both KIF3A and Spef2 cKO mouse models demonstrate defects in manchette
shape and function. Both proteins have been localized to the manchette, which
suggests that KIF3A and SPEF2 have a role in manchette-related transport
processes (Figures 13 and 14).

In KIF3A cKO mice, manchette formation in early elongating spermatids
appeared unaffected, but in later steps it was ectopic, thick, and elongated. The
manchette was still present in steps 13-14 spermatids, indicating its delayed
clearance. These findings suggest that IMT resembles IFT and kinesin-2, and the
functional IMT are required for the correct manchette function. This is further
supported by the phenotype of [ft§8 mutant mice that closely resembles the
phenotype observed in the KIF3A cKO. In mouse spermatids, [FT88 localizes in
the Golgi complex, acrosome-acroplaxome, manchette, connecting piece, and
tail. In /ft88 mutant mice, spermiogenesis is disrupted, the sperm tail is not
formed, and the manchette is abnormal, elongated, and ectopically assembled,
causing a knobbed head shape (Kierszenbaum et al. 2011).

Similar to the KIF3A cKO, in Spef2 cKO mice, manchette function was
defective, causing an abnormal head shape. SPEF2 localization in the manchette,
axonemal phenotype, and interactions with IFT20 and cytoplasmic dynein 1
complex suggest that SPEF2 is involved in manchette-mediated cargo transport
during sperm tail formation. Cytoplasmic dynein 1 is a large and complex
molecular motor driving cargo molecules toward the minus-end of the
microtubules (Allan 2011). It has been localized in rat testes, specifically in the
nuclear surface close to the manchette in elongating spermatids (Yoshida et al.
1994). Cytoplasmic dynein 1 complex protein DYNCI1I2 was also localized in
the manchette and between the manchette microtubules and nuclear surface. Its
inhibition affected the distribution of SPEF2 in the manchette by allowing the
localization of SPEF2 in the area close to the perinuclear ring. These results
suggest that SPEF2 utilizes cytoplasmic dynein 1 as a motor protein for
intramanchette trafficking (Figure 14).

Katanin p80-depleted mice (Katnbl™/7@) suffer from similar spermatogenic
defects to Spef2 cKO mice; sperm tail axoneme CP is missing in addition to
some missing outer doutlets (O'Donnell et al. 2012). Furthermore, the manchette
of Katnb 1™/ Tely mice was elongated and its clearance was delayed. The
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perinuclear ring appears constricted, causing abnormalities in head shaping
(O'Donnell et al. 2012). Katanin p80 is a regulatory subunit that forms together
with the enzyme p60, a microtubule-severing complex. In Chlamydomonas,
depletion of pfi5p an ortholog for Katanin p80 caused the absence of CP and
paralyzed flagella (Dymek, Lefebvre & Smith 2004). Interestingly, Katanin p80
has been shown to bind cytoplasmic dynein (Toyo-Oka et al. 2005), highlighting
the possibility that defects observed in KatnbI7/7@ly mice may be related to
defective transport in the manchette.

6.2.2 Sperm tail proteins are delivered through the manchette

Increasing evidence supports the functional interplay between IMT and IFT and
the active transport of sperm tail proteins via the manchette to the site of a
growing axoneme (Kierszenbaum 2002a, Li et al. 2015). KIF3A interaction with
accessory structure proteins MNS1, ODF3, and Enkurin suggests that it could be
involved in accessory structure delivery to the tail. MNS1 has been localized to
the tail as a punctate staining in elongated spermatids (Zhou et al. 2012). In our
studies, MNS1 colocalized with KIF3A in the manchette (Figure 13, I, Figure 8)
and in the principal piece of elongating spermatids. In addition, MNS1 was also
present in the acroplaxome (Figure 13). MNSI1 has a role in sperm tail formation,
as demonstrated by short and immotile sperm tails in MNS1 mutant mice (Zhou
et al. 2012). Depletion of KIF3A caused a delay in the transport of MNS1 (and
possibly other cargo particles) and its accumulation to the manchette. Defective
IMT and overload of various cargo proteins in the manchette may also affect the
elongation of the manchette and defects in its clearance.

¢ TUBULIN 4 KIF3A/KINESIN [T~ & MNSI IFT-B complex

Figure 13. Hypothesis of KIF3A function during spermiogenesis. A. The KIF3A/kinesin-2
motor protein travels along the developing axoneme and transports tubulin to the site of
axoneme assembly. B. During manchette formation in early elongating spermatids, KIF3A
localizes along the microtubules and its interaction candidate MNS1 near the marginal ring. C.
KIF3A is involved in MNS1 transport through the manchette.
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The correct formation of the axoneme is required for accessory structure
assembly. Since the axoneme is not formed in KIF3A c¢cKO mice, we were not
able to study the precise mechanism of the accessory structure formation. If88"
mutant spermatids have a short axoneme, but the accessory structures appeared
to be misplaced. FS was not detected along the tail and FS material appeared to
be accumulated in the tips of the tail in if#88” mutants. ODF formation occurs in
a base-to-tip direction, but the ODF fibers were not assembled correctly and were
present in the cytoplasm of ift88”- mutant mice (San Agustin, Pazour & Witman
2015). These results further support the possible involvement of kinesin-2
mediated transport in accessory structure formation.

6.2.3 SPEF?2 is required for Golgi-derived transport

An interesting interaction candidate characterized for SPEF2 was GOLGA3.
GOLGA3 has been shown to be essential for spermatogenesis (Banu et al. 2002,
Bentson et al. 2013) and its depletion causes significant germ cell loss between
days 15 and 18 during the first wave of spermatogenesis in Golga3 " **’mutant
mice. During sperm tail elongation, Golga3""°?’mutant mice exhibited fused
heads and tails, which may be caused by incomplete cell division. GOLGA3
locates in the Golgi complex and its interaction with GOPC has been indentified
in HelLa cells (Hicks, Machamer 2005). GOPC -/- mice suffer from round-
headed and acrosomeless sperm, suggesting that GOLGA3-GOPC interaction
may be defected, causing vacuolization of the acrosome in the
Golga3 ’°’’mutant. GOLGA3 depletion does not affect Golgi complex
morphology and is probably required for cargo targeting and directing from the
Golgi complex (Hicks et al. 2006, Williams et al. 2006). It is also shown that
GOLGA3 recruits the dynein 1 motor protein to Golgi complex membranes and
regulates Golgi complex motility (Yadav, Puthenveedu & Linstedt 2012).
Because of the reported localization of SPEF2 in the Golgi complex, it is
tempting to speculate that GOLGA3 may also recruit SPEF2 to the Golgi
complex membranes and may be involved in cargo loading for dynein 1
mediated transport. Moreover, GOLGA3 localization in the acroplaxome may
suggest its possible role in the Golgi complex-derived vesicle tethering toward
the manchette microtubules (Figure 14).

SPEF2 has been shown to interact with IFT20, and they colocalize in the Golgi
complex, manchette, and connecting piece of the sperm tail (Sironen et al. 2010).
IFT20 has been linked to intracellular transport of compounds from the Golgi
complex to cilia in addition to its role in IFT (Follit et al. 2006, Follit et al. 2009).
GMAP210 anchors IFT20 to the Golgi complex membranes, and after vesicle
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budding from the membranes, IFT20 marks them as ciliary cargo and transports
them toward the ciliary base (Follit et al. 2008). In photoreceptors, IFT20
localizes in the BB of the connecting cilium and in the cytoplasm and membranes
of the inner segment. It has been shown that inner segment membrane domains
are involved in vesicle fusion and transport to the cilium. In this study we
showed that in the absence of SPEF2, IFT20 protein was diffusely in the
cytoplasm, indicating a defect in the accumulation of IFT20 in the Golgi
complex. However, the localization of IFT20 in the Golgi complex was not
completely blocked in Spef2 cKO spermatocytes and round spermatids. In
addition, the IFT20 signal was greatly reduced in the cytoplasm of early
elongating spermatids, and its transport through the manchette was delayed.
These results suggest that SPEF2 regulates the dynamics of [FT20, probably by
functioning as an adaptor between IFT20 and cytoplasmic dynein 1 in Golgi-
associated transport as well as in the manchette (Figure 14).

(o) ﬁﬁ& A
’ 3
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s Cytoplasmic Dynein 1 # SPEF2 ® [FT20 IFT-B complex
§ GOLGA3 ’t Cargo 4 Motor protein

Figure 14. Hypothesis of SPEF2 function during spermatogenesis. A. SPEF2 interacts with
GOLGA3, IFT20, and dynein 1 in the Golgi complex membranes. GOLGA3 recruits SPEF2
and dynein 1 to Golgi complex membranes, where they interact. SPEF2 functions as an adaptor
for IFT20 and cargo proteins. B. Dynein 1 transports SPEF2 and IFT20 through the manchette
toward BB. IFT20 interacts with the IFT-B complex in the BB and is transported together with
SPEF?2 to the elongating sperm tail.

6.2.4 The role of SPEF?2 in late spermatocytes

We also observed duplication of the pair of centrioles in Spef2 cKO mice. The
overall structure of the centrioles appeared normal; however, the duplicated pair
of centrioles was always attached together. The mechanism under this
phenomenon is not clear and requires detailed analysis. The GOLGA3 has been
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shown to be essential for late meiosis and correct cell division (Bentson et al.
2013). SPEF2 localized in the meiotic spindle and also in the BB (Sironen et al.
2010). However, we do not see a clear defect during meiosis in Spef2 cKO mice.
It has been shown that proteins involved in meiosis can cause very mild defects,
resulting in only a decrease in the number of haploid spermatids (O'Donnell et al.
2012). Since at least one isoform of SPEF2 is present in the meiotic
spermatocytes (Sironen et al. 2010), and both GOLGA3 and SPEF2 localize in
the spermatocytes Golgi complex, it raises an intriguing thought that SPEF2 may
be involved in Golgi-derived cargo transport during meiosis and is involved in
centriole duplication, causing the identified BB defects in Spef2 cKO mice.

6.3 SPEF?2 has isoform-specific functions

Previous studies have indicated that SPEF2, specifically the 3’ end of the Spef2
gene, has an essential role in male fertility and sperm development (Sironen et al.
2006, Sironen et al. 2011). Our aim was to ablate the 5’ end of the Spef2 gene
and protein expression during spermatogenesis by deleting exons 3-5. When
comparing previous Spef? animal models (the bgh mouse model and the pig
model) with the Spef2 cKO mouse model generated in this study, similar defects
in sperm tail formation were observed. Sperm tail formation was defected,
including the lack of CP in the axoneme and assembly of the tail accessory
structures. However, in contrast to other Spef2 mutant animal models, Spef2 cKO
suffered from defects in manchette function and sperm head shaping. Since the
Spef2 gene has various isoforms, the depleted exons from the 5’ end may also
disrupt other Spef2 isoforms in addition to the full-length form of the Spef2 gene.
This may explain the phenotypic differences in spermatogenesis between animal
models, since in the pig and bgh models the 3’ end of the Spef2 gene was
depleted.

Previous studies have also shown different expression patterns for specific Spef2
gene exons during the first wave of spermatogenesis (Sironen et al. 2010). A
faint expression of exons 37-43 was already detected at PND7 and peaked at
PND21. This may suggest that the 3” end of the Spef2 gene is important for the
beginning of axoneme formation. Spef2 gene exons 3-7 expression was
prominent at PND28, when elongating spermatids appear in the tubular lumen. In
Spef2 cKO mice, exons 3-5 were depleted, which may explain the more serious
and diverse defects detected, particularly in the elongating spermatid manchette.

In the bgh model, the Spef2 gene contained mutations in exon 3 (missense) and in
exon 28 (nonsense), and the pig model had a mutation only in intron 30
(nonsense). Besides defects in spermatogenesis, bgh mice also suffered from
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hydrocephalus, sinusitis, and reduced tracheal epithelial cilia beating. Since the
pig model did not suffer from symptoms other than spermatogenic defects, it can
be hypothesized that defects in other tissues are caused by the mutation in exon
3. This is also supported by the results gained from the studies with Spef2 KO,
which has a stop codon after exon 2 (unpublished data). Spef2 KO mice suffered
from severe hydrocephalus and growth retardation and usually died at three
weeks of age. It appeared that the hydrocephalus was more severe in Spef2 KO
mice than in bgh mice models, which might have been caused by complete
deletion of the 5’ end isoforms.

Several protein domains with known functions have been predicted based on the
SPEF2 protein sequence (Figure 11). Two NLS, P-loop with ADK, and EF-hand
domains may remain intact in the Spef2 cKO. However, in SPEF2, functions of
these domains have not been studied. DUF and calponin homology domain
localize near amino-terminus, and both domains are disrupted in Spef2 cKO
mice. It has been shown that calponin homology domain containing proteins may
be involved in regulating cytoplasmic dynein activity by binding dynein-dynactin
complex (Olenick et al. 2016). Similar DUF domain has been predicted from
SPATA4 and SPEFI protein and both proteins have been implicated to
cilia/flagella function. Depletion of SPATA4 caused decreased cilia number in
retinal epithelial cells and increased number of BBs (Albee et al. 2013). SPEF1
has been detected from the sperm flagella as integral component (Chan et al.
2005), suggesting that similar DUF domain-containing proteins are involved in
flagella or BB assembly or function. Defects detected in Spef2 cKO mice suggest
that the disrupted amino-terminus may cause problems in the function of the
other protein domains. The full length form of SPEF2 appears to be required for
correct sperm tail formation based on the previous studies and the observed
defects in the cKO mice indicate that the truncated form is not able to rescue the
sperm phenotype. However, complete understanding of the function of the
SPEF2 domains and isoforms requires further studies.

6.4 KIF3A interacting partner KBP is a novel late CB marker

The exact function of the KBP protein has not been revealed in previous studies,
but its interaction with kinesin motor proteins and microtubule destabilizing
protein SCG10 has been established (Alves et al. 2010, Wozniak et al. 2005).
KBP is involved in the axonal outgrowth in central and peripheral nervous
systems in the zebrafish (Lyons et al. 2008). We identified KBP expression
during spermatogenesis and confirmed its interaction with KIF3A. Interestingly,
KBP has a specific localization in the late CB in addition to its colocalization
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with KIF3A to round spermatids cytoplasm and the manchette. CB is an electron-
dense granule that has been thought to serve as an RNA processing center in
round spermatids. It contains multiple RNAs including mRNAs, long noncoding
RNAs, and piRNAs, as well as a variety of RNA-binding proteins and proteins
involved in RNA regulation (Meikar, Kotaja 2014). During spermiogenesis, the
CB moves in close, associating with the nuclear membrane toward the
connecting piece. At the onset of spermatid elongation, there are dramatic
changes in CB composition and the majority of well-characterized CB
components disappear and the CB is thought to be functionally transformed
(Shang et al. 2010). The full protein composition of this late CB is still unclear,
but it has been reported to contain testis-specific serine/threonine protein kinase 1
(TSSK1) and 2 (TSSK2) and TSKS (Shang et al. 2010). At this point, the late CB
divides, forming a ring around the axoneme close to the annulus and the
connecting piece and a freely moving satellite granule (Shang et al. 2010,
Parvinen 2005). During midpiece formation, the late CB ring moves along the
axoneme to the junction between the mid- and principal pieces, and it may be
involved in mitochondrial layer formation (Shang et al. 2010, Chuma et al.
2009). Both CB-derived structures diminish in size during elongation and are
removed in the residual body. KBP is most probably involved in microtubule-
mediated functions (Alves et al. 2010, Drevillon et al. 2013) and thus may be
involved in CB movement during later steps of spermiogenesis or may regulate
microtubule related KIF3A transport in the manchette. The CB appeared
fragmented in steps 11-14 spermatids of KIF3A cKO mice; however, this defect
may be a secondary consequence of the serious defects during sperm tail
development and manchette function. Further studies are required to understand
if KIF3A is directly involved in CB integrity and to solve the role of KIF3A in
CB function.
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7 CONCLUSIONS

Correct sperm tail construction and function are essential for male fertility. To
reveal protein networks and transport mechanisms required for functional
spermatozoa, cKO mouse models for KIF3A and SPEF2 were generated. This
study characterized the vital roles of KIF3A and SPEF2 during spermatogenesis
and established their role in protein transport.

Major findings of this study:

1. IFT is required for sperm tail axoneme formation and manchette function
2. KIF3A is involved in protein transport via the manchette to the developing tail

3. KIF3A interacts with a novel late CB protein KBP and may regulate CB
motility

4. SPEF2 is involved in sperm tail axoneme CP assembly and manchette function
5. Cytoplasmic dynein 1 is the motor for SPEF2 transport through the manchette

6. SPEF2 may be involved in Golgi-associated cargo transport
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