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Molecular and cellular aspects of spermatogenesis in mouse

Spermatogenesis is a highly specialized and organized process of male germinal cell
division and differentiation, leading to the formation of male gametes. In the testes
of mammals at reproductive age, spermatogenesis includes three phases (Figure 1):
1) self-renewal and mitotic proliferation, in which a few cells from a population of
self-renewing spermatogonial stem cells (SSCs) undergo several steps of committed
cell differentiation and mitotic proliferation, before entering the subsequent mei-
otic prophase; 2) meiosis, in which diploid spermatocytes go through the meiotic
prophase and two meiotic divisions, giving rise to haploid round spermatids con-
taining the recombined genetic information inherited from father and mother; 3)
spermiogenesis, in which round spermatids undergo a series of differentiation and
metamorphosis events, becoming spermatozoa [1-4].

Sex determination, a very beginning

As a male-specific event, spermatogenesis is one of the consequences of sex determi-
nation. Within the whole process of sex determination, the sex of both the gonadal
somatic cells and germ cells are determined. The pathways which govern the sex of
the germ line are distinct from those in the soma [5]. Yet, the first and decisive step
in sex determination concerns the assignment of a male or female fate to gonadal
somatic cells [6,7].

In mammals, there is no morphologically visible phenotypic sex difference in
early embryo, although there is a genetic sex, based on the X and Y sex chromosomes,
where males are XY and females have two X chromosomes. Initiating with a series of
gene expression, the bipotential gonads begin their differentiation towards testes or
ovaries [5,8,9]. In mice, in the presence of the Y chromosome carrying the Sry gene,
a transient burst of §7y expression in the gonadal supporting cell precursors at about
10.5 days post coitum (dpc) directly induces up-regulation of the gene Sox9 in male
gonads [10-13]. The encoded transcription factor SOX9 is necessary to drive the
gonadal supporting cell precursors to differentiate further into Sertoli cells, which
are essential for testis tubule formation and spermatogenesis [13-16]. Formation of
testicular tubules is followed by development of interstitial Leydig cells, which are
responsible for testicular steroidogenesis [17,18]. Compared to the process of male
gonadal determination, ovarian determination has long been thought of as a default
pathway which is switched on passively in the absence of Sry [7,19]. However, this
point of view has been challenged by recent studies on a crucial ovarian transcrip-
tion factor FOXL2, which represses Sox9 expression during gonadal development in
mice, even postnatally, in adulthood [20]. In adult female mice with Fox/2 ablation,
increased expression of Sox9 is followed by reprogramming of granulosa and theca
cell lineages into Sertoli-like and Leydig-like cell lineages [21]. These findings in-
dicate that the ‘default pathway’ for female gonadal determination in fact is actively
provoked by specific genetic and molecular pathways.

Germ cell sex differentiation, in mouse, begins soon after primordial germ
cells (PGCs) migrate into the undifferentiated gonads (urogenital ridges) between
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Figure 1. A schematic overview of mouse spermatogenesis and the spermatogenic

cycle

A. Spermatogenesis is a process whereby diploid spermatogonial stem cells (SSCs)
give rise to highly differentiated, haploid spermatozoa. SSCs are the adult stem cell
population of the testis, arising postnatally from more undifferentiated precursors,
termed gonocytes. Similar to other adult stem cell populations, SSCs are capable of
undergoing both self-renewal and differentiation. Self-renewal of SSCs is an infinite
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process which maintains the stem cell pool, allowing for continual spermatogen-
esis throughout the lifetime of a male. On the other hand, SSCs can differentiate
into spermatogonia, of which there are three major subclasses: type A, intermediate,

and type B spermatogonia. The type A spermatogonial population consists of A
(A), Apaire . (Apr), Aaligne (A ),Al1,A2, A3, and A4 spermatogonia (A1-A4). Actually 4
the A_spermatogonia are often considered SSCs; this type is the daughter progeny
from a SSC division, and A_spermatogonia are not interconnected by intercellular
bridges. In the mitotic division leading to formation of Apr spermatogonia, and in
all subsequent mitotic and meiotic divisions, cytokinesis is incomplete, so that the
spermatogenic cells remain connected by intercellular bridges, forming an expanding
syncytium. Besides the capability of self-renewal, A_spermatogonia can alternatively
be committed to initiate the spermatogenic process by mitotic division and differ-
entiation resulting in Apr spermatogonia. Apr spermatogonia then undergo a series
of mitotic cell division to produce Aﬂl( " Aal(S)’ and Aal(lé) spermatogonia. The Aal(16)
spermatogonia can differentiate into A1 spermatogonia without a mitotic division.
A1 spermatogonia next go through mitotic proliferation to form A2, A3, and A4
spermatogonia. The next two mitotic cell divisions give rise to intermediate sper-
matogonia (I) and type B spermatogonia (B), respectively. Type B spermatogonia
gradually lose their contact with the basal lamina, and in the very last mitotic cell
division of spermatogenesis these type B spermatogonia give rise to the preleptotene
spermatocytes (PL), which are at the start of meiotic prophase. The preleptotene
spermatocytes go through the Sertoli cell barrier (SCB, shown in red dash lines),
entering the spermatogenic milieu. Preleptotene spermatocytes engage in DNA syn-
thesis, which results in diploid (2n) primary spermatocytes with a 4C content of
DNA (1C is the DNA content of a haploid gamete). In later preleptotene stage,
individual chromosomes containing a pair of sister chromatids start condensing. The
condensed chromosomes exhibit an appearance of thin filaments which identify the
nucleus of the leptotene stage (L). In addition, in the leptotene spermatocytes, the
synaptonemal complex proteins start being synthesized. As the primary spermato-
cytes move into the zygotene stage (Z), further thickened homologous chromosomes
begin to get paired, with the formation of the synaptonemal complex between two
homologous chromosomes. The further enlargement of the nucleus and condensa-
tion of the paired homologous chromosomes, termed bivalents, provides the nuclear
characteristics of the pachytene stage primary spermatocyte (P). During this stage,
homologous recombination occurs between two homologous chromosomes. The
sites of homologous recombination are marked by chiasmata, which become visible
when the paired homologous chromosomes slightly separate in the diplotene stage
(D). In the diplotene stage, paired homologous chromosomes gradually separate, and
each chromosome still contains two chromatids. With the dissolution of the nuclear
membrane, the diplotene spermatocytes enter metaphase of the first meiotic division
(MI), in which the chromosomes align on a spindle, so that each chromosome from
a homologous chromosome pair can move to opposite poles of the spindle during
anaphase. The resultant daughter cells are called secondary spermatocytes (2nd)
which contain a haploid number of chromosomes (1n and 2C). After a short inter-
phase, the secondary spermatocytes commence the second meiotic division (IMII),
when the sister chromatids of each chromosome are separated, which gives rise to

the haploid daughter cells known as round spermatids (1n and 1C). The process of
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10 and 11 dpc. Although the PGCs contain either XY or XX sex chromosomes,
they are sexually bipotential. In the undifferentiated gonads, these bipotential germ
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spermatids developing into mature spermatozoa is termed spermiogenesis. Based on
morphological changes in the acrosome and nucleus, developing spermatids are de-
fined into different steps. In mouse, there are 16 steps which are generally described
into three phases: acrosome development/round spermatids (steps 1-8), elongation
and condensation/elongating and condensing spermatids (steps 9-14), and cyto-
plasma reduction/condensed spermatids (steps 15-16). Finally, mature spermatozoa
(SZ) are released from the spermatogenic epithelium into the lumen of seminiferous
tubules (spermiation, shown in double arrow head).

B. In mouse, one spermatogenic cycle is classified into 12 stages (stages I-XII),
which is based on the first 12 steps of spermatid difterentiation. However, sper-
miogenesis requires more than one cycle for completion, thus steps 1-8 of sperma-
tid development overlap with steps 13-16, which forms two layers of spermatids in
stages I-VIII tubules. In tubule stage I, the step 13 spermatids form the second layer.
Tubule stages II and III contain the step 14 spermatids. The step 15 spermatids are
found in stages IV-VI tubules, and the step 16 spermatids are in stages VII and VIII.
At stage VIII, mature spermatozoa are released (spermiation). When the stages
classified by spermatid development are used as a key, developmental relationships
of all spermatogenic cells can be clearly established. Type A spermatogonia exist
throughout the whole cycle. From stages I1I to VIII, type A spermatogonia are in a
low mitotic state (A | e " A1 differentiation), so that there is a constant number of
type A spermatogonia counted in the tubule cross sections corresponding to these
stages. Afterwards, there are three peaks of mitotic cell division, at stage IX, stage
X1, and stages I-1I (marked with red arrow heads), which respectively result in A2,
A3, and A4 spermatogonia. The mitotic division peak at stage IX is also recognized
as the start point for timing the mouse spermatogenic process (34.5 days). However,
the timing of the mitotic divisions from A_to AM(1 5 femains unclear. These divisions
might occur at the stages I-II mitotic division peak. At stages II and III, A4 sper-
matogonia undergo a nuclear reorganization to form the intermediate spermatogo-
nia (I) which commonly can be seen at stages I1I and IV. Type B spermatogonia (B)
are limited to stages IV-VI. Afterwards, the type B spermatogonia undergo one last
mitotic division, giving rise to the preleptotene primary spermatocytes (PL) which
initiate the meiotic prophase. In these PL cells, at the very beginning of the meiotic
prophase, the last round of DNA replication during spermatogenesis takes place. The
PL spermatocytes also pass through the Sertoli cell barrier. Thus, from stages VII
to XII, the tubules contain two layers of primary spermatocytes. At the first layer,
preleptotene spermatocytes are seen at stage VII and early stage VIII, then they enter
leptotene (L) at stage VIII and remain in leptotene at stage IX and part of X. Zygo-
tene (Z) begins at stage X, with complete homologous chromosome pairing by early
stage X1II. At stage XII, the long pachytene (P) phase begins, which runs through
stages I to X, and from stage VII these cells become the second layer of primary
spermatocytes in the tubules. At stage XI, these cells reach diplotene (D), the final
stage of meiotic prophase. At stage X11I, the two meiotic divisions (MI&MII) occur,
and the newly formed step1 spermatids begin the spermiogenic differentiation, from

stage 1. [3,65-67,70,72,74,352-354].
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cells still continue to divide mitotically for 2-3 days. During the process, germ cells
in male or female gonads respond to the corresponding gonadal environments, and
become committed to differentiate along either the male or the female gametogenic
pathways [22]. At about 12.5-13.5 dpc, germ cells in a developing ovary cease mito-
sis and enter prophase of the first meiotic division. Going through this prophase they
reach the diplotene stage, where they are arrested at about the time of birth [23,24].
However, germ cells in a developing testis do not enter meiosis, but are arrested in
G /G, phase of the mitotic cycle at about 12.5-13.5 dpc [25,26]. This quiescent state
remains until the onset of spermatogenesis after birth.

How is the sexual fate of germ cells determined? Or, in other words, how do
germ cells become committed to either spermatogenesis or oogenesis? As indicated
above, this is not mainly determined by the presence, in the germ line cells, of XX
or XY sex chromosomes. In the 1970s, in studies on chimaeric XX/XY mice with
ovaries, authors observed that an XY germ cell was able to differentiate into an oo-
cyte when present in ovarian tissue [27,28]. Further, with more studies focusing on
sex-reversed mice (XX or XO males with Sry, and XY females without §ry), it was
noticed that the XY germ cells in a female somatic environment enter meiosis at a
time typical of female germ cells, while in a testis environment XX and XY germ cells
both behave typically like male germ cells, and undergo mitotic arrest rather than
entering meiosis [29-31]. All these findings suggested that the fate of germ cells,
ultimately forming a sperm or an oocyte, is not simply a matter of their sex chro-
mosome constitution. Instead, the sex-committed gonadal environment drives germ
cells towards either oogenesis or spermatogenesis [8]. However, on the other hand,
germ cells are not able to properly complete gametogenesis when their sex chromo-
some constitution does not match the sex of gonads. In sex-reversed mice, XX germ
cells in a testis, as well as XY germ cells in an ovary, cannot complete gametogenesis
[30-32]. Thus, the sex chromosome constitution is also indispensable for gametic sex
determination [5,33].

Sertoli cells and the spermatogenic milieu
In placental mammals, with few exceptions such as some rodent species [34-37], the
presence of Sry plays a pivotal role to achieve sufficient expression of the related gene
Sox9. These genes are members of the same family (SRY-like HMG box genes), but
Sryis male sex specific whereas Sox9 is an autosomal gene which is important also for
other somatic processes [38-41]. It has been extensively accepted that Sry together
with Sox9 is necessary and sufficient to differentiate the supporting cell lineage into
Sertoli cells [14,15,42-44], although the absolute necessity of the existence of Sry
was challenged by an observation of XX Sertoli cells in XX/XY chimaeras [45]. In
fact, it has now been shown that transgenic expression of Sox9 in undifferentiated
gonads leads to testis determination, meaning that the main function of §ry is to
trigger Sox9 expression, at the right time and at the right place [12].

The initiation of testis differentiation includes migration of mesonephric
cells into the gonads, where they form a male-specific coelomic vessel [46]. In mice,
the coelomic epithelium cells which commit to pre-Sertoli cells are positive for ste-
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roidogenic factor 1 (SF1) within a specific time window between 11.25 and 11.5 dpc
[47,48]. Sertoli cells are the first cell type to appear, and form testicular cords from
12.5 dpc, where the primordial germ cells are enclosed [7].

Sertoli cells play an essential role to facilitate the differentiation of other cell
types in gonads towards testis formation [16,45]. However, the mechanism of how
Sertoli cells exert this effect on other cell types during testis development remains
unclear [49-51]. Anti-miillerian hormone (AMH) is produced by Sertoli cells soon
after Sertoli cell formation, and this is the first testicular hormone, which acts to
eliminate the miillerian ducts in the male embryo [52]. In female embryos, in the
absence of AMH, the miillerian ducts differentiate into the female ductal system
including oviducts, uterus, and upper vagina. The fetal population of testicular Ley-
dig cells produces the second testicular hormone, testosterone, thereby supporting
the development of the wolfhian ducts, which differentiate into epididymides, vasa
deferentia, and seminal vesicles; in the absence of such testosterone production, the
wolffian ducts regress in female embryos [53]. Besides the functions in early testis
development and male sex differentiation, Sertoli cells play another important role in
regulation and maintenance of spermatogenesis, during postnatal reproductive life.

Sertoli cells construct the spermatogenic milieu, in which preleptotene
(PL) spermatocytes develop into spermatozoa (Figure 2). The Sertoli cell barrier (or
blood-testis barrier) is a large junctional complex composed of tight junctions, ad-
herens junctions, and gap junctions between adjacent Sertoli cells, which assures that
the spermatogenic milieu is relatively insulated from the complex body environment,
and from the immune system [54-56]. On the other hand, the Sertoli cell barrier
tunctions as a single-orientated valve: once the PL spermatocytes go through this
valve, they irreversibly enter an assembly line towards the formation of spermatozoa.
During this process, Sertoli cells provide structural support and nutrition to germ
cells, phagocytize the apoptotic germ cells, help to remove the excess cytoplasmic
material of elongated spermatids (this generates the ‘residual bodies’), and are active-
ly involved in the release of spermatozoa at spermiation [57,58].

Testis, seminiferous tubules, and the spermatogenic cycle
Mammalian testes are paired organs which essentially perform two functions: to
produce spermatozoa, and to synthesize steroid hormones [59]. A testis is composed
of lengthy and winding seminiferous tubules, in which spermatogenesis takes place,
and the intervening interstitial spaces where Leydig cells (the major source of an-
drogens), and other interstitial tissue cells are located, all of which are encased by a
connective tissue capsule, the tunica albuginea [3].

Seminiferous tubules are constructed by two somatic cell types: Sertoli cells
and peritubular myoid cells (myofibroblasts), and exhibit a triple-layer structure [60].
Sertoli cells, together with germ cells constitute the inner layer - the seminiferous
(or spermatogenic) epithelium. Sertoli cells and spermatogonia are in close contact
with the basal lamina, a modified form of extracellular matrix (ECM) [61]. A tunica
propria (the outer layer) is comprised of peritubular myoid cells interposed between
collagen and elastic fibers, by which the seminiferous epithelium is enveloped. The
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Figure 2. Cellular composition and intercellular interactions in the spermato-
genic epithelium

The diagram shows a Sertoli cell interacting with different germinal cell types at
stage V of the spermatogenic cycle in mouse testis. The type B spermatogonia are
in the basal compartment, separated from the more advanced germ cell types in
the spermatogenic milieu, by tight junctions on all sides between neighboring Ser-
toli cells (indicated with an asterisk). These tight junctions form the ‘Sertoli cell
barrier’, or ‘blood-testis barrier’. S, Sertoli cell nucleus; B, type B spermatogonia;
P, pachytene spermatocytes; 5, step 5 spermatids; 15, step 15 spermatids. (adapted
from: Grootegoed (1996) [354]).
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contractile myoid cells provide the force to move spermatozoa and fluid towards the
rete testis [62,63].

With the maintenance of the self-renewing stem cell population (sper-
matogonial stem cells, SSCs), spermatogenesis is much more a continuous process,
compared to oogenesis in the female [64,65]. New cells enter spermatogenesis at
regular intervals, and the subsequent steps of spermatogenesis are precisely timed. As
a result, at any site along the seminiferous tubules, the spermatogenic process initi-
ated by SSC differentiation shows a cyclic pattern. Because the mitotic and meiotic
cell cycles in this process are strictly controlled, the time span of the differentiation
of progeny cells into spermatozoa, including the duration of all intermediate steps,
is constant and specific for each species [3,66-70]. In transverse histological testis
sections, distinguishable germ cell associations will be observed for different tubule
cross sections (Figure 1). At one position, a precise sequential occurrence of stages
will be observed, where the stages will follow each other in time. In this spermato-
genic cycle, or the cycle of the seminiferous epithelium, the distinct cellular associa-
tions are termed ‘stages’ of the cycle [68]. Normally, the division of the spermatogenic
cycle into a certain number of stages in different species is an arbitrary division based
on the changing acrosome structure of the developing sperm cells (the acrosome is
described below), while we also can divide the cycle more precisely, or roughly, by us-
ing different morphological markers [71]. Using a variety of techniques, the duration
of the spermatogenic cycle was shown to vary for different species, from 8.6 days in
mouse, 12.8 days in rat, and 10-16 days in primates (16 days in human) [3,70,72].
'The duration of the spermatogenic cycle is about a quarter of the time taken for the
complete process of spermatogenesis, because approximately 4 cycles are required
from a basal spermatogonium (type A2) to reach the final stage of spermatid devel-
opment [69,72,73].

Although the time span of a spermatogenic cycle is constant in each species,
within a cycle the duration of individual stages differ from each other. Therefore,
the frequency of the appearance of a stage in a testicular cross-section reflects the
duration of that stage in the spermatogenic cycle. For example, in mouse testicular
sections, the most frequent tubular stage is stage I, and it lasts for about 22.2 hours;
the least frequent stage is stage 111, which lasts about 8.7 hours (Figure 1) [3,69,74].

Conservation and divergence of molecular and cellular aspects of
spermatogenesis

Spermatogenesis represents an essential core biological event underlying reproduc-
tion, genetic diversity of individual animals, natural selection, and speciation. Hence,
spermatogenesis possesses a certain level of conservation among different animal
species [75]. Throughout the vertebrate subphylum, spermatogenesis shows striking
similarities, not only for the cellular organization of testicular tissue, but also regard-
ing genes and proteins involved in the regulatory pathways critical for spermatogen-
esis (for example, for the control of meiosis and signaling among different testicular
cell types), and genes and proteins involved in building the highly specialized sper-
matozoa [76-78]. Actually, such conservation can be traced back even to invertebrate
species, such as Drosophila [79,80]. However, some genes associated with spermato-
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genesis diverge very rapidly throughout the entire process of speciation and evolution
[81,82]. In many cases, this rapid divergence is driven by adaptive evolution (positive
selection) [83].

As one of the consequences of adaptive evolution, a homologous protein
can be endowed with new functions during evolution, while the ‘ancient’ (or fun-
damental) functions can still be retained. There is a very interesting example about
a well-defined RNA binding protein, BOULE, which is a member of the DAZ
(Deleted in AZoospermia) RNA binding protein family, of which the functional
orthologues exist from C. elegans to human [84-87]. In Drosophila, male boule mu-
tants are infertile with meiotic arrest at prophase I [88], while a recent study of a Bo//
(boule-like) knockout mouse also showed an exclusively male infertility phenotype.
However, in the mouse mutants, meiosis was completely normal, but spermatogen-
esis was arrested at the postmeiotic stage, when round spermatids differentiate to
become spermatozoa (as described below) [89]. Xu ez a/. (2003) reported that ex-
pression of human BOLL could rescue the infertile phenotype in the boule mutant
flies [90]. Actually the DAZ family members show us a beautiful evolutionary series
of events. The meiotic function is an ancient function of BOULE, which is retained
in higher species, like mouse and human. However, in these mammals the meiotic
tunction of BOULE might be partly taken over by the new family member DAZL,
since DAZL functions in both spermatogonial differentiation and meiotic progres-
sion [91,92]. In mice, the lack of BOULE is not sufficient to bring the meiotic phe-
notype, and the postmeiotic function of BOULE might be gained during evolution.
In addition, DAZ is another new mammalian family member, which is unique to
human and other higher primates [93-95]. However, either human DAZ or human
DAZL cannot completely rescue the mouse Dza/” phenotype [96,97]. This suggests
that in human and other higher primates the functions of both DZAL and DAZ have
become less prominent [87]. This is a typical ‘subfunctionalization’ outcome after a
gene duplication event.

Actually, for all species living on this planet, ‘evolution’ means ‘adaptation
to the environment’, while the meaning of reproduction is to generate genetically
heterogeneous offspring, leading to a population with the best adapted and fertile
individuals. As the key component of this mechanism, the reproduction system must
adapt itself to the environmental alterations more quickly. Hence, it is logic that
adaptive evolution events must be dramatically active in the reproduction system. In
fact, authors have noticed that the evolutionary rates of many reproductive proteins
indeed is higher than those of proteins which are not directly involved in reproduc-
tion [98,99]. This is often caused by adaptive evolution [81], but it is important to
note that such a rapid evolution of reproductive proteins could also be related to the
fact that it is a driving force in speciation [81].
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Spermiogenesis

Spermiogenesis is the postmeiotic process of spermatid development, during which
haploid spermatids undergo a series of morphological and physiological differentia-
tion, eventually becoming mature spermatozoa. The final goal of spermiogenesis is to
build a perfect genetic information delivery vehicle. In this construction process, the
following aspects or structures are taken into account: 1) the sperm nucleus contains
tightly packed chromatin material, and is covered and protected by a cytoskeletal
structure, the perinuclear theca [100]; 2) the acrosome, which is formed by the Golgi
apparatus, contains hydrolytic enzymes necessary to penetrate the zona pellucida of
the oocytes [101]; 3) the acrosome-acroplaxome-manchette complex facilitates the
sperm head shaping into a stream-lined appearance which improves fluid dynam-
ics during swimming [102]; 4) the helical mitochondria sheath wraps around the
flagellum and forms a rigid middle piece, which might play a role in guiding and
stabilizing the sperm movement, as the role of the middle piece mitochondria in
energy production is still on debate [103,104]; 5) the principle piece of the tail cov-
ered with fibrous sheath is an engine and propeller essential for the sperm movement
[105,106]; 6) the tubulobulbar complexes (TBC), together with the contacted Serto-
li cells, remove most of the cytosolic material shortly before release of the spermatids
from the Sertoli cells [63,107]. After all these structures and processes have been
correctly formed and taken place, the brand new spermatozoa disengage from the
Sertoli cells, in a process named spermiation, and enter the lumen of the seminiferous
tubules. They are then transported via the rete testis into the epididymis, where they
will undergo the final maturation to gain fertilizing capacity.

Genetically haploid spermatids are phenotypically diploid
Homologous recombination between all pairs of two homologous chromosomes
occurs in meiotic prophase, before the first meiotic division. Subsequently, during
the first meiotic division, the recombined homologous chromosomes segregate from
each other, and respectively enter two secondary spermatocytes. These haploid sec-
ondary spermatocytes next undergo the second meiotic division, in which two sis-
ter chromatids of each chromosome segregate, and are distributed into two haploid
spermatids. After the meiotic divisions, each newly formed haploid spermatid carries
a unique haploid genome. There is significant gene expression in round spermatids
[108,109], and it can be questioned whether the phenotype of the haploid spermatid
is determined by the diploid genotype of the organism (diploid control), or depends
on the haploid genotype of the spermatid itself (haploid control).

Although most of the genetic evidence argues against a haploid control of
spermatid development (reviewed in [110,111]), it is positively supported by the
studies on the ‘preferable transmission’ of a #~haplotype which contains recessive mu-
tants at the T-locus on mouse chromosome 17 (reviewed in [112,113]). T-locus is a
variant region of the proximal part of mouse chromosome 17, which exists as a poly-
morphism in wild-type mice. Male homozygotes of the #-haplotype (%) are sterile,

20

Front pages.indd 20 071114 09:39



but male heterozygotes of a #-haplotype (7/%) preferentially transmit the #-haplotype
(+/2) to the offspring (50%-99%). This phenomenon of a distorted transmission ratio
of the -haplotype from heterozygous males is also described as #-haplotype trans-
mission ratio distortion (TRD) [113,114]. To be explained, this requires that some
protein which affects the fertilizing capacity of the spermatozoa is not shared be-
tween two haploid spermatids. This is not self-evident, because the round spermatids
are interconnected through intercellular cytoplasmic bridges, described below.

'The phenotype of spermatids is determined mainly by the diploid genome.
Individual spermatids contain haploid genomes with distinct genetic information,
but each of them eventually is able to develop into a fully mature spermatozoon.
This requires genetically haploid spermatids to be phenotypically diploid. Several
decades ago, it was assumed that protein synthesis during spermiogenesis and the
differentiation of the haploid spermatids is mainly dependent on stored mRNAs
derived from the diploid phase of spermatogenesis (reviewed in [115]). The results
of autoradiographic and biochemical studies, especially on mouse spermatogenesis,
have demonstrated that a considerable proportion of RNA transcribed in meiosis is
preserved until late spermiogenesis [116]. However, with more and more findings
about the postmeiotic gene expression [117-121], it seems that there must be an-
other mechanism to facilitate sharing of the postmeiotic gene expression products
between haploid cells. As early as in the 1950s, Burgos and Fawcett, in their electron
microscopic studies, had described that during the mitotic and meiotic cell divisions,
cytokinesis of male germ cells is incomplete, which gives rise to a syncytium of a
clone of cells interconnected by stable intercellular bridges [122,123]. Although it
seems obvious that one important function of intercellular bridges is to facilitate
the sharing of gene products, the real proof that this occurs postmeiotically was not
shown until three decades later. With a transgenic mouse model, Braun ez a/. (1989)
observed that the product of a heterozygous transgene expressed only in postmeiotic
germ cells was evenly distributed among the genetically distinct spermatids [111].
Besides facilitating the sharing of gene products, more recent reports showed that in-
tercellular bridges also allow for the passage of cell organelles and other cytoplasmic
constituents [124,125]. The structure of intercellular bridges among male germ cells
is conserved from insects to mammals, which indicates the importance of intercellu-
lar bridges in male germ cell development throughout evolution [126-128].

Gene regulation in spermiogenesis
During the course of spermiogenesis, the peculiar head shaping and chromatin pack-
ing procedures lead to transcriptional silencing several days before the completion of
spermiogenesis [129,130]. Thus, to ensure the development of spermatids properly
going through spermiogenesis, a delicate control of gene expression becomes a pre-
requisite, which is regulated basically at both transcriptional and translational levels.
For the transcriptional regulation during spermiogenesis, the general tran-
scription regulation factors are fundamental. For example, recruitment of the general
transcription factor TFIID to the promoter is a crucial and basic step in the initiation
of transcription by RNA polymerase II (Pol II), which also is required for haploid
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gene expression. The TATA-binding protein (TBP), as an important component of
the TFIID complex, is responsible for a specific binding to the TATA-box which is
one of the best characterized cis-acting elements, and is present in protamine genes
[109,131]. Proper control of these protamine genes is important, because they en-
code the basic proteins which replace the histones, leading to compaction and tran-
scriptional silencing of the genome in spermatids. The general transcription factor
TFIIA and TFIIB directly bind to the TBP of the TFIID complex and stabilize the
association between the latter and the promoter [132]. The accumulation of TBP
in round spermatids is much higher than in any somatic cell types [133]. The TBP
binding partners, TFIIB and Pol II, also are over-expressed in round spermatids
[134].

CRE-box, another well-studied cis-acting element, is able to recruit the tran-
scription factors CREM (cAMP-responsive element modulator), CREB (cAMP re-
sponse element-binding protein), and ATF1 (activating transcription factor 1) [135-
137].In somatic cells, transcription activation by CREM requires a co-activator CBP
(CREB-binding protein) that is recruited by the phosphorylated CREB [138]. In
testis, CREM transcriptional activity is controlled by a testis-specific CREM activa-
tor, ACT (activator of CREM in testis), which has a phosphorylation-independent
activation capacity. The function of ACT is regulated by a germ cell-specific kinesin,
KIF17b, which is the first evidence for a role of kinesins in transcriptional regulation
pathways [139]. Further, the mRNAs from CREM-regulated genes interact with
several testis-specific RNA binding proteins, which function to transport, store, and
stabilize these mRINAs [140].

Some testis-specific transcription factors can recognize and bind to specif-
ic cis-acting elements that are always localized near promoters [141,142]. The tes-
tis-specific factor 1 (TET1), a testis-specific transcription activator, can specifically
recognize and bind to a small regulatory element at 64bp upstream (-64) of the
protamine 1 promoter. Although this regulatory element shares 8bp with the CRE-
box, TET1 cannot bind to the CRE-box [143]. Two additional transcription fac-
tors are known to bind two regulatory elements near the profamine 2 promoter: the
protamine-activating factor 1 (PAF1) can bind one regulatory element at position
-64/-68, and the Y-box protein P48/P52 binds another at -48/-72. The binding of
these two factors can induce a more than 5-fold increase of mouse protamine 2 tran-
scription [144].

Apart from the important functions of various transcription factors, specific
regulation of histone modification, and in particular histone lysine acetylation, can
also drive gene expression during spermatogenesis [145]. Acetylated histones that
accumulate at transcriptional start sites recruit BRDT (Bromodomain testis-specific
protein) which mediates correct execution of gene expression programs in meiot-
ic and early postmeiotic cells [145]. During spermiogenesis, at the time of general
transcriptional shutdown, the occurrence of a genome-wide histone hyperacetylation
in association with BRDT recruitment is required for the histone-to-transition pro-
tein replacement [145]. Interestingly, partial postmeiotic depletion of two important
histone acetyltransferases CBP and p300, demonstrated that histone acetylation in
elongating spermatids is also important for a final wave of gene expression which
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establishes a specific metabolic state in elongating spermatids [146].

During spermiogenesis, protein translation becomes uncoupled from gene
transcription due to the chromatin condensation, the stability of mRNAs, and con-
trol of their translation. Several mRNAs transcribed during earlier stages of spermio-
genesis, or even during meiotic prophase, are translationally repressed for several days
until their protein products are needed [147,148]. The mechanisms of the transla-
tional repression include: 1) alteration of poly(A) tail length [149], 2) binding of par-
ticular sequences in the 3’or 5’ UTR regions by regulatory proteins [150,151], and 3)
possibly also a direct transportation of mRNAs from the nucleus to the chromatoid
body (described below), in which, as has been suggested by several authors, nRNAs
are stored initially, for later translation [152-155].

In round spermatids, the vast majority of mRNAs is translationally repressed
by long poly(A) tails and sequestered in cytoplasmic ribonucleoprotein (RNP) par-
ticles. When translation is subsequently re-activated in elongating and elongated
spermatids, these mRNAs undergo a partial poly(A) shortening by deadenyla-
tion. During this process, a 70kDa RNA-binding protein, poly(A) binding protein
(PABP), plays roles in the poly(A) stability as well as in the timely protein translation
[156,157]. H- and Y-box elements are found in the 5’- and 3’ UTRs of mRNAs
transcribed in spermatids. Some RNA-binding proteins can recognize and bind to
these elements. For example, testis-brain RNA-binding protein (TB-RBP/translin)
and translin-associated factor X (TRAX) can bind to H- and Y-box elements on the
mRNAs of protamines and AKAP4. These protein-mRNA complexes can be either
transported across the intercellular bridges between spermatids [158,159], or trans-
ported into polysomes for a storage purpose [160].

In addition, some authors favor the idea that some newly synthesized mR-
NAs are transferred directly from the nucleus to the chromatoid body (details of the
chromatoid body will be discussed in the following section), where they might be
stored initially as translationally repressed free mRINPs, later exiting for translation
on polysomes. In addition, the sequestration in the chromatoid body has also been
proposed as a mechanism of repression of mRNA translation in spermatids [152-
154]. A recent study on the interaction between microRNAs and actin-associat-
ed protein ARPCS5 exhibits a microRNA-dependent regulation of ARPC5, which
controls the germ cell mRNAs between a translationally active and inactive status.
Moreover, ARPCS5 functions as a broadly acting translational suppressor, as it inhib-
its translation initiation by blocking 80S initiation complex formation, and facilitates
the transport of mRNAs to the chromatoid body by interacting with GW182, a
component of the chromatoid body [155,161]. However, the idea of mRNAs directly
transferred into the chromatoid body is controversial, as Kleene ez a/. (1979) thought
that, although the chromatoid body facilitates the delayed mRNA translation, no
convincing evidence supports the presence of the corresponding mRNA material

inside the chromatoid body [162].

Chromatoid body, manchette, and the tubulobulbar complexes in
spermiogenesis
Concomitant with cellular metamorphosis and changes in gene regulation, during
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spermiogenesis, the cell organelles resident in the haploid germ cells also undergo
a remarkable series of alterations and transformations, or new organelles are being
formed. The Golgi apparatus forms the acrosome. The endoplasmic reticulum (ER)
undergoes several functional and structural modifications including the formation of
the radial body and annulate lamellae. The chromatoid body (CB) is fully developed
and undergoes functional and morphological transformation. Mitochondria expe-
rience re-location and compaction to form the mitochondrial sheath. Microtubules
become organized to form a manchette that associates with spermatids during elon-
gation. Formation of tubulobulbar complexes (TBC) occurs between spermatids and
Sertoli cells during the late stages of the spermatid development. In this section, we
mainly focus on CB, manchette, and TBC in the development of spermatids, from a
structural and functional point of view.

The chromatoid body (CB) is a form of nuage (French for ‘cloud’) which
is a general term referring to various types of electron-dense amorphous material
occurring in the cytoplasm, in germ line cells throughout the animal kingdom [163].
In spermatogenesis, nuage is first observed in spermatogonia, followed by the ap-
pearance of ‘intermitochondrial cement’in pachytene spermatocytes [164]. The fully
developed CB, representing a special and prominent form of nuage, appears in round
spermatids, where it is a single spongy-looking body closely associated with the Gol-
gi apparatus and multiple vesicles. Following the movement of the CB towards the
nuclear envelope, some connections are seen between CB and intranuclear dense
particles through nuclear pore complexes (see the front cover image) [165]. Later, the
CB moves towards the centrioles at the opposite pole of the nucleus, where a part of
the CB material associates with the annulus and forms a ring structure [166,167].
Based on our own findings, described in Chapter 2, we have described this as a
CB-ring, while the rest part of the CB material was found to form a cytoplasmic
satellite (CB-satellite) [168]. During the formation of the mitochondrial sheath, the
CB-ring together with the annulus moves towards the distal end of the tail, where it
seems to play a role in the formation of the mitochondrial sheath, while the CB-sat-
ellite eventually moves into the residual body [168]. Functionally, the CB has been
suggested to be involved in mRNA storage, metabolism and small regulatory RNA
pathways, as well it has been described as a P-body-like structure [169-173]. Fur-
thermore, some authors argued an aggresome-like role of the CB, which concerns
the protein degradation pathways [174-178]. Moreover, our studies indicated that
CB might undergo a transition towards other functions, in step 9 spermatids, in early
elongation phase. The CB marker MIWI completely disappears at step 9 spermatids,
when the CB is transformed into the CB-ring and CB-satellite, which are positive
tor the markers TSSK1, TSSK2, and TSKS [168]. We have suggested that, with the
different molecular contents, the CB-ring and CB-satellite might play some role in
mitochondrial sheath formation and several aspects related to protein sorting, at late
stages of spermatid development [168].

'The manchette of the spermatids is a transient organelle composed of a
girdle of microtubules which are formed of tubulins and microtubule-associated pro-
teins [179,180] (Figure 3). The manchette appears just prior to the onset of chro-
matin condensation, and in mammals it encircles the caudal pole of the nucleus and
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Figure 3. EM images and schematic illustration of the manchette

A.The EM image shows the head (N) region of a step 13-14 spermatid. B. The inset
of A. shows the perinuclear ring of the manchette, and manchette microtubules at
higher magnification. C. Schematic representation of the manchette structure in a
spermatid. (A. and B. based on our own unpublished EM data; C. adapted from

Kierszenbaum (2003) [355]). Scale bars: A. 2 um; B. 500 nm.
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extends into the postnuclear cytoplasm. Burgos (1955) and Fawcett (1971) observed
the beginning of manchette development in the period of formation of the acrosomal
cap and migration of the Golgi apparatus, when at the caudal pole of the nucleus
a higher number of fine filaments appear in the surrounding cytoplasm [122,181].
Subsequently, it assembles adjacent to the marginal rim of the acroplaxome of sper-
matids, where it attaches to the perinuclear ring [181-183]. The perinuclear ring
is regarded as a microtubule originating and organizing center of the manchette
[181,184,185]. The manchette structure disappears upon completion of nuclear
elongation and condensation [186]. The manchette may play roles in the sorting of
proteins during nuclear shaping and sperm tail formation, which is defined as the
intramanchette transport [102,187-190].

Tubulobulbar complexes (TBC) are developed by spermatids (late step 15
in mouse) at the concave side of the elongated head, and consist of several tubu-
lar extensions from the spermatid plasma membrane protruding into corresponding
plasma membrane invaginations of the adjacent Sertoli cell [191] (Figure 4). There is
a bulb-like swelling near the end of the tubular projection [191]. In the Sertoli cell,
each tubular invagination is cuffed by a network of F-actin, and associated to a piece
of endoplasmic reticulum [192]. The function of TBC is not entirely clear, although
several possibilities have been considered. First, it is possible that TBC may be an
attachment device between Sertoli cells and spermatids, which disappears upon sper-
miation [191]. Another possibility is that TBC may facilitate endocytosis by which
the cytoplasmic material, or at least cytosolic fluid, of spermatids can be actively re-
moved during maturation by Sertoli cells, leading to formation of the condensed re-
sidual body which is detached from elongated spermatids during spermiation [193].
In addition, TBC could be essential in the disassembly of ectoplasmic junctional
specializations (also known as the junctional plaque, a type of actin-associated adhe-
sion junction involved in the interaction between elongating spermatids and Sertoli
cells), as well as in the uptake of cell adhesion molecules, to enable spermiation, in
which the mature spermatids disengage from Sertoli cells and are released into the
seminiferous tubular lumen [192,194-196]. Furthermore, the TBC may also play a
role in spermatid head shaping [102,197].

Gene knockout mouse models of spermiogenic failure

Spermiogenesis is a cellular differentiation process, without cell division, of round
spermatids developing into spermatozoa. In spermiogenesis, haploid spermatids un-
dergo highly specified morphological and cell physiological changes, which include
nuclear condensation and elongation, formation of flagella, mitochondrial sheath
and acrosome formation, reorganization and transformation of other organelles, and
elimination of most of the cytoplasm, followed by spermiation. Achievement of these
particular events is based on precise and complex control of gene regulation, pro-
tein-protein interactions, and intercellular communication between spermatids and
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residual droplet

Figure 4. Schematic illustration of the tubulobulbar complexes at the concave
surface of an elongating spermatid

Tubulobulbar complexes (TBC) project from the ventral concavity of the head,
where they invaginate into the Sertoli cell. These structures are composed of tu-
bular and bulbous components. Along the tubular part, there is a F-actin/nectin
2/3-enriched adhesion unit. The convex surface of the head is associated with a pla-
nar distribution of F-actin hoops known as Sertoli cell ectoplasmic specializations.
(adapted from Kierszenbaum (2004) [102]).
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Sertoli cells. Thus far, numerous genes have been identified to play essential roles in
these processes; the disruption of such genes usually results in corresponding phe-
notypes (defects), and most of these defects can be the reason(s) of male infertility
[198-200]. Here, we focus on key genes which are known to be functional during
spermiogenesis, with the exception of genes that encode sperm chromatin compo-
nents or are directly involved in chromatin structure regulation (reviewed in [201-
204]), and review the respective mouse knockout models of selected genes along the
time line of spermatid development.

Early spermiogenic arrest

In spermatids, the active period of gene transcription is limited to the round sperma-
tids (steps 1-7), before gene transcription is terminated by the histone-to-protamine
replacement and chromatin compaction [205,206]. In addition, for some mRNAs
produced within this transcriptionally active period, the immediate translation is re-
pressed, for timely translation when the protein products are needed later. Any muta-
tional damage of genes (or their protein products) that are involved in transcriptional
or translational regulation in this period may aftect spermatid development. Mouse
knockout models in which such genes are inactivated show an arrest of spermiogen-
esis at round spermatid stages [135,149,173,207-209].

CREM (cAMP-responsive modulator), as a transcription factor, plays an
important role in transcriptional regulation in spermiogenesis by binding to the
CRE-box, which is present in regulatory sequences of several spermiogenic genes
[137]. CREM-null mice have reduced testis weight and a complete lack of mature
spermatozoa in the semen. Testicular histological analysis of the CREM deficient
mice showed that spermatogenesis is arrested at early round spermatid stages [135].
TBPL1 (TATA box-binding protein-like protein 1, also known as TLF or TRF2) is
a distant paralogue of TBP (TATA box binding protein), and is the only member of
the TBP family that lacks the ability to bind to the TATA box [210]. However, TLF
is essential for the formation of the chromocenter (a structure composed of peri-cen-
tromeric heterochromatin) and thus for heterochromatin organization in spermatids,
as male 7/fnull mice are sterile with the arrest of spermiogenesis at step 7 round
spermatids [208]. TPAP (testis-specific poly(A) polymerase, also known as PAPB)
is involved in poly(A) tail extension of specific mRNAs in the cytoplasm of round
spermatids [211]. Targeted deletion of the mouse Tpap gene results in the arrest of
spermiogenesis at early round spermatid stages [149,212].

Several knockout models targeting genes which encode chromatoid body
proteins, such as MIWI, RNF17 (TDRD4), GRTH (DDX25), all present sper-
miogenesis arrested before step 8 [173,207,209]. Interestingly, all these genes are
transcribed, as well as translated, in meiotic prophase before completion of the mei-
otic divisions, which indicates that the gene expression products of these genes can
be localized in the meiotic precursor of the chromatoid body for later postmeiotic
functions.
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Defects in acrosome formation or head shaping, or both

'The acrosome is a membrane-bound lysosomal structure formed by the Golgi appa-
ratus in early spermatids. Its contents are released by the acrosome reaction, which
is triggered during fertilization by the progesterone-activated Ca* influx [213], and
involves a fusion between the sperm plasma membrane and the outer acrosomal
membrane [214]. The released proteolytic enzymes act on the zona pellucida and
facilitate the spermatozoon to penetrate through the zona pellucida during fertil-
ization [215,216]. Acrosome formation consist of three constitutive phases: 1) the
Golgi phase, in which vesicles bud from the trans Golgi networks (TGNs) fusing
together to form proacrosomic granules that move to one pole of the nuclear surface
to initiate formation of the acrosome; 2) the following cap phase, when additional
Golgi-derived vesicles fuse into the growing acrosome to increase its size; 3) the
acrosomic phase, in which the nucleus begins to elongate, and the acrosome gradu-
ally reaches its final shape [186,217]. Physiologically, the formation of the acrosome
mainly serves to facilitate fertilization, but it is also considered to be involved in
the mechanism of sperm head shaping [102,218]. The spermatid head shaping is
a complex biological process, and the underlying mechanisms are not completely
uncovered yet. In a current opinion, the spermatid head shaping involves the con-
densation of the spermatid nucleus, the formation of the acrosome, and the transient
appearance of the manchette. The latter two, as components of an endogenous mod-
ulating mechanism, shape the head of spermatids in cooperation with the exogenous
contractile forces generated by F-actin-containing hoops of Sertoli cells embracing
the apical region of the elongating spermatid head [218]. A lack of proteins involved
in either the formation of the acrosome or the manchette can cause deformation of
the sperm head [200,218].

HRB (HIV-1 Rev binding protein, also known as AGFG1, Asn-Pro-Phe
motif-containing protein 1) is involved in the proacrosomic vesicle fusion during ac-
rosome formation. In Hr4”" spermatids, proacrosomic granules cannot correctly fuse
to form a normal acrosome, but rather a pseudoacrosome is formed. The Hrb knock-
out male is infertile with round-headed spermatozoa [219]. GOPC (Golgi-associat-
ed PDZ- and coiled-coil motif-containing protein) localizes to the trans Golgi net-
work and is required for the proacrosomic vesicle transport and fusion. In Gope-null
mice, proacrosomic vesicles attach to the acroplaxome, but acrosome development
fails. In addition, the lack of GOPC results in dysplasia of the manchette [220]. The
Gopc knockout males are infertile with acrosome-less round heads and deformed tails
[220-222]. PICK1 (protein interacting with C kinase 1) is a peripheral membrane
protein involved in protein trafficking in neurons [223,224]. In spermatids, PICK1
interacts with GOPC and functions in the vesicle transport from Golgi appara-
tus to acrosome. The PickI-null mice display fragmentation of the acrosome, and
round-headed sperm [225]. CK20d’ (casein kinase II alpha prime subunit, encoded
by Csnk2a.2) is ubiquitously expressed and the encoded protein has extensive biolog-
ical functions, while in spermatids CK2a’ can interact with PICK1 [225]. Csnk2a2
knockout males are infertile with round-headed spermatozoa [226,227].

In azh (abnormal spermatozoon head shape) mutant mice, the elongating
spermatids possess an abnormal manchette structure, and severe nuclear deformation
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[228]. Mendoza-Lujambio ez a/. (2002) isolated and characterized a murine Hookl
that is located at the mouse az5 locus, and encodes a spermatid-specific manchette
binding protein. In addition, the same authors found that in the azA mutant mice
the HookI gene is truncated and has lost its function [229]. RIM-BP3 (RIM-bind-
ing protein 3) is a spermatid-specific manchette-binding protein belonging to the
RIM-binding protein (RIM-BP) family [230,231]. RIM-BPs have been proposed
to function as adaptors in the process of vesicle fusion and release [232]. RIM-BP3
is a binding partner of HOOK1, and the Rim-bp3-null mice and Hookl mutant mice
display several common abnormalities, in particular with the manchette structure
defects in spermatids, a presumed cause of sperm head deformities [231]. CLIP-170
(also known as Restin), a 170kDa cytoplasmic linker protein, is a plus end tracking
protein involved in control of microtubule dynamics [233]. CLIP-170 is also a man-
chette-binding protein, and its absence affects formation and maintenance of the
manchette, associated with abnormally shaped sperm heads [234].

Tail abnormalities

The sperm tail is composed of a neck region (connecting piece), middle piece, prin-
ciple piece and end piece. As a highly specialized flagellum, the sperm tail not only
possesses the conserved ‘9+2’ core structure of the axoneme, but also contains four
sperm-specific structures: 1) the outer dense fibers are cytoskeletal structures that
surround the axoneme all along the middle piece and principal piece, but not the end
piece, of the sperm tail [235,236]; 2) the middle piece of the sperm tail is charac-
terized by a mitochondrial helical sheath organized in a helical manner around the
flagellum [237-239]; 3) the principle piece of the sperm tail is covered by a fibrous
sheath [240,241]; 4) annulus localizes at the junction between the mitochondrial
sheath and the fibrous sheath [3,242]. As the sperm tail is the generator of sperm
motility [243], a structural or functional abnormality of any of the tail components
can easily result in immotile sperm [198,199].

In human, the Bardet-Biedl syndrome (BBS) is a pleiotropic disorder char-
acterized, among others, by obesity, pigmentary retinopathy, polydactyly (extra dig-
its), and renal malformations [244]. Nine human BBS genes (BBS7-9) have been
identified, which form a homologous gene family [245]. The knockout mouse models
targeting Bbs2, Bbs4, and Bbs6 (also known as Mkks, McKuick-Kaufman syndrome
genes) not only display symptoms resembling the human Bardet-Biedl syndrome,
but also show male infertility with the absence of flagellum formation in sperm [246-
248]. Therefore, BBS2, 4, and 6 may play roles in the formation and development of
sperm flagellum.

Tekt2 (also known as Tektin-f) encodes a spermatid-specific protein,
TEKT?2, which is localized in sperm flagella and is thought to contribute to the sta-
bility and structural complexity of axonemal microtubules [249,250]. Homozygous
Tekt2”~ males are infertile with immobile sperm possessing bent-flagellum defor-
mations [250]. SPAG6 (sperm-associated antigen 6) is the murine orthologue of
Chlamydomonas PF16, an axonemal protein predicted to be important for flagellar
motility and stability of the axoneme central apparatus [251]. Approximately 50% of
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the SPAG6-deficient mice have retarded postnatal growth and died within 8 weeks
after birth [252]. The surviving males are infertile with a severely decreased motility
of sperm, in which the sperm tails show a varying status of defects resulting from
lack of the central pair of microtubules of the axoneme and a disorganization of the
external microtubule doublets and outer dense fibers [252]. TSSK6 is a member
of the TSSK (testis-specific serine/threonine kinase) family. Functionally, TSSK6 is
involved in actin polymerization and the acrosome-reaction-associated translocation
of Izumo, a key protein that can mediate sperm-egg fusion [253]. 75s&6 knockout
males are infertile with different degrees of the flagellum deformities that are mainly
located at the neck region and the junctional region between the middle piece and
annulus [253]. In addition, a head-shaping problem has also been observed [254]. In
the 7556 knockout semen, some sperm (about 12.5%) are morphologically normal
and able to perform progressive movement. However, these normal-looking sperm
are unable to fertilize eggs in vitro, because Izumo, a key protein that can mediate
sperm-egg fusion, is dislocalized in the TSSK6-null sperm [253]. AKAP4 (A kinase
anchoring protein 4) is the major component of the mouse sperm fibrous sheath. Be-
sides working as a structural protein in the fibrous sheath, AKAP4 also interacts with
other components like AKAP3, FSIP1 (fibrous sheath-interacting protein 1) and
FSIP2, and is involved in the flagellum signaling-transduction pathways in sperm
flagellum [105,255]. Akap4-null mice are infertile, with immobile sperm that contain
shortened flagella, sometimes with curled or split tips [256].

In addition to the knockout models showing disrupted flagellum structure,
some genes display more specialized functions in the middle piece structure, and the
corresponding gene targeting mouse models present severe structural defects in the
mitochondrial sheath which forms the main component of the middle piece of the
sperm tail. Nectin2 belongs to the nectin family, the members of which are involved
in the formation of intercellular junction complexes [257,258]. Nectin2 is expressed
in Sertoli cells, and functions in heterotypic intercellular adhesion at Sertoli-sper-
matid junctions [197]. The Nectin2”~ males are infertile, with prominently deformed
sperm heads and middle piece structures [259,260].

Besides the Sertoli-cell-expressed Nectin2, several spermatid-specific genes
also play important roles in the mitochondrial sheath formation. GPX4 (glutathione
peroxidase 4, also known as PHGPx, phospholipid hydroperoxide glutathione perox-
idase) is a selenoprotein possessing dual functions during spermatid development. In
late steps elongating spermatids, during the mitochondrial sheath formation, GPX4
loses its antioxidant activity, and becomes a main structural protein to form a rigid
capsule material that embeds the mitochondrial sheath [261]. There are three GPX4
isoforms encoded by the same gene, which are cytosolic, mitochondrial, and nuclear
isoforms [262,263]. Full Gpx4 knockout is embryonic lethal [264,265], and mice
with disruption of the nuclear isoform are viable and fertile [266]. However, the
knockout mice lacking the mitochondrial isoform are viable and infertile, with a
highly disrupted mitochondrial sheath [267]. SEPP1 (selenoprotein P) is an extra-
cellular glycoprotein existing in blood plasma [268]. Although the major function of
SEPP1 is still unknown, it has been proposed as a selenium transporter in the body
[269].The SEPP1 deficient animals show lowered selenium levels in multiple organs
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[270,271], and the phenotype includes male infertility of the knockout males [272].
The knockout sperm show different degrees of structural defects at the junctional
region between the middle piece and the principle piece, which results in an abrupt
flagellum angulation specifically at the junctional region. In addition, electron mi-
croscopy shows a truncated mitochondrial sheath at the posterior middle piece, and
a structural damage of the outer dense fibers between the end of the mitochondrial
sheath and annulus [272].

Septins (also known as SEPTs) belong to a highly conserved family of po-
lymerizing GTP binding proteins [273]. Septins are mainly involved in the for-
mation of the septin-dependent diffusion barriers in cellular membranes that play
an important role in shaping and maintain specialized membrane compartments
(reviewed by [274]). In sperm, the ring-shaped annulus situated in the junction be-
tween the middle piece and principle piece is indeed such kind of diftusion barrier
[242,275]. SEPT4 (septin 4) is a major component of the sperm annulus [242].
Sept4-null mice are viable but the males are infertile [276]. The main defect of the
Sept4-null sperm is lack of the annulus, which results in a sharp angulation at the
junction between middle piece and principle piece.

Dysregulation of cytoplasmic removal or spermiation, or both
Near the time that the elongated spermatids will be released into the lumen of the
seminiferous tubules, the excess cytoplasmic material has to be eliminated, to allow
sperm to swim unhindered. Two complementary mechanisms have been proposed, to
remove the excess cytoplasmic material: 1) prior to the formation of the residual body,
the tubulobulbar complexes (TBC) are formed at the concave side of the spermatid
head, which facilitate the Sertoli cell to uptake as much as 70% of the excess cyto-
plasmic fluid from the spermatid [107,277,278]; 2) shortly before spermiation, the
residual body which contains remaining cytoplasm enriched in cell organelle rem-
nants is phagocytosed by Sertoli cells [63,279,280]. After the elimination of excess
cytoplasm, the mature spermatozoa become disengaged from the Sertoli cells, and
are released into the lumen of the seminiferous tubule, in a process which is termed
spermiation. The TBC also plays an important role in spermiation [195,196,281].
SPEM1 (spermatid maturation 1) is a spermatid-specific protein found in
steps 9-16 spermatids of the mouse testis [282]. Male Spemn1 knockout mice are in-
fertile due to a failure of the excess cytoplasm shedding off from the elongated sper-
matids before spermiation [282]. However, the possible reason for the lack of loss of
excess cytoplasm in SPEM1-deficient animals has not been clarified, and a function-
al disorder in the TBC cannot be excluded. In addition, mutant SpemI spermatozoa
show a bent-head deformation, with the sperm head bent back to the middle piece
and wrapped by cytoplasm. Therefore, it was suggested that the bent-head deforma-
tion could be a consequence of the presence of excess cytoplasm [282]. Interesting-
ly, a somewhat comparable ‘bent-head” deformation, as part of the spermatogenic
phenotype, has been observed in some other knockout lines, such as Hrb™", Gopc™,
and Nectin2”- mice [219,220,259]. This indicates that excess cytoplasm might be an
indirect consequence of several different spermatid head-shaping disorders. Possibly,
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a malformation of nuclei may affect TBC formation and function, resulting in excess
cytoplasm.

Amphiphysin 1 is an endocytic protein involved in clathrin-mediated endo-
cytosis, and in regulation of actin cytoskeleton [283,284]. Amphiphysin 1 is mainly
expressed in brain and testis [195,285]. In testis, amphiphysin1 is highly expressed in
Sertoli cells [286]. The primary studies on the amphiphysin1 deficient (47ph”") mice
mainly focused on its functions in the central neural system [287]. A recent study on
testis of these Amph”~ mice showed that the deficiency of amphiphysinl caused a re-
duction of the number of TBC, which in turn might cause the observed spermiation

disorder [195].

Male infertility phenotypes without sperm morphological abnormal-
ities

Besides the above-mentioned knockout mouse models that demonstrate pheno-
typical abnormalities in spermatids and spermatozoa, some mouse knockout lines
show male infertility with seemingly normal spermatogenesis and morphologically
well-developed spermatozoa. The targeted genes in these knockouts normally encode
proteins that are involved in processes such as intercellular signaling, energy gener-
ation and metabolism, and formation of microstructures in flagella [199,288-290].
Most genes in this group of male infertility genes are expressed during spermiogen-
esis, although the functional defects may occur not in the testis but during or after
epididymal transit, or even during fertilization.

ADAM]1a (also known as fertilin alpha), ADAM2 (also known as fertilin
beta) and ADAMS3 (also known as cyritestin) belong to the ADAM (a disintegrin
and metalloproteinase) family [291]. These three proteins are anchored at the sur-
face of sperm, in which ADAM1a and ADAM?2 can form a heterodimer [292,293].
Adam1a-null mice show male infertility, as the sperm cannot migrate through the
uterotubal junction, but they can bind to the zona pellucida and fertilize eggs in vitro
[294]. The Adam2 knockout sperm cannot bind to the zona pellucida, in addition to
the migration disorder within the female reproductive tract seen for Adam1a knock-
out mice [295]. ADAMS3-deficient males are infertile due to the inability of the
knockout sperm to bind to the zona pellucida [296]. All these three Adam knockout
males have normal spermatogenesis, normal-looking and motile sperm, and normal
mating behavior. Izumo is a sperm surface protein that mediates the sperm-egg fu-
sion [297]. Izumo”~ mice are healthy but males are sterile. The Izumo-deficient sperm
have normal morphology and motility, can bind to and penetrate the zona pellucida,
but are incapable of fusing the sperm and egg plasma membranes [297-299].

CATSPER1-4 (cation channel of spermatozoa 1-4) composes a family
of sperm-specific voltage-gated Ca?" channels that are essential for hyperactivated
sperm motility, and were found to be located at different positions along the mem-
brane of the sperm tail [300]. All Cazsper-null mouse models show male infertility
with markedly decreased sperm motility, but with normal spermatogenesis and sperm
morphology [301-305]. GAPDHs (glyceraldehyde 3-phosphate dehydrogenase-S)
is encoded by Gapdhs that is a testis-specific homologue of Gapdh [306]. GAPDHs
is tightly bound to the fibrous sheath of the principle piece [307], and functions in
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the sperm glycolytic pathway. Gapdhs” males are infertile and have profound defects
in sperm motility [308]. Although the mitochondrial acrobic metabolic pathway is
unchanged, the ATP level in the Gapdhs” sperm drops to a tenth of that in wild-type
sperm, which implies that most of the energy required for sperm motility is generat-
ed by glycolysis rather than oxidative phosphorylation [308].

The mouse testis-specific gene Spagl6é encodes two proteins: a 71kDa
SPAG16L and a smaller 35kDa SPAG16S. The SPAG16S is a nuclear protein, while
the SPAG16L is present in the central pair of the flagellar axoneme [309]. A Spag16
knockout specifically disrupting the expression of SPAG16L shows male infertili-
ty with marked sperm motility defects, without major morphological or ultrastruc-
tural defects in the flagellum [310]. DNAHC1 (dynein, axonemal, heavy chain 1,
also know as MDHC?7, mouse dynein heavy chain 7) is a component of the inner
dynein arm in the flagella axoneme [311]. Dnahc1”" mice are viable and show no
malformations in testis and sperm; however, the knockout males are infertile. The
DNAHC1-deficient sperm have a dramatic reduced straight-line velocity and pro-
gressive movement, which results in the inability of these mutant sperm to move
from the uterus into the oviduct [312].

Primary and secondary aspects of spermiogenic phenotypes
Spermiogenesis is the last phase of spermatogenesis, in which haploid spermatids
develop into spermatozoa, the highly specialized cells which are capable to deliver
unique haploid genomes to oocytes. From round spermatids to elongated sperma-
tozoa, a remarkable series of morphological and physiological changes is based on
precise gene regulation, protein-protein interactions, and intercellular interactions
between spermatids and Sertoli cells. Just because most of these events are accom-
plished by a cooperation of multiple proteins, a specific protein may be directly or
indirectly involved in several different pathways. Moreover, development and re-
organization of different cellular structures in spermatids will be functionally and
structurally interlinked. Hence, when a single gene knockout results in a spermio-
genic phenotype, that phenotype may be composed of a direct primary phenotype in
combination with several indirect secondary side-phenotypes. This is a complicating
factor, in the analysis of the primary spermiogenic function of a gene product. In
the many studies on knockout mice showing spermiogenic defects, it is not always
that easy to address the direct functions of the proteins encoded by the targeted
genes. Moreover, most aspects of spermiogenesis cannot be studied in cultured cells.
Therefore, many different knockout models, and careful evaluation, are required, to
gain information which may help to retrieve the pathways and networks underlying
spermatid development, leading to insight into the intrinsic relationships between
different developmental events at the subcellular level.
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Testis-specific protein kinases

Since the first identification and characterization of a protein kinase, phosphorylase
kinase, in 1958 [313], in the next two decades it became clear that many eukaryotic
protein kinases exist, and that these enzymes play important roles in a large variety
of cellular processes [314]. Today, the known protein kinases form one of the largest
and functionally most important protein families, and they are encoded by about 2%
of the genes in different eukaryotic genomes [315]. Functionally, the pilot studies
performed in the 1950s, on the breakdown and synthesis of glycogen in the liver,
have discovered that phosphorylase kinase performs covalent and reversible phos-
phorylation to regulate the activity of glycogen phosphorylase [316,317]. With over
50 years of intensive studies, we have learned that protein kinases mediate most of
the signal transduction mechanisms and control many other cellular processes, in-
cluding metabolism, transcription, cell cycle progression, cytoskeletal rearrangement
and cell movement, apoptosis, and difterentiation [315,318,319].

Evidently, protein kinases also play indispensable roles in spermatogenesis.
Although spermatogenesis in many respects differs from developmental processes
of somatic cells, several more ubiquitously expressed protein kinases also play quite
specific roles at different steps of spermatogenesis. A few examples include the fol-
lowing. KIT, a transmembrane tyrosine kinase, acts as plasma membrane receptor for
stem cell factor (SCF), and controls the proliferation and survival of primordial germ
cells and spermatogonial stem cells [320]. LIM-kinases (LIMK1 and LIMK2), Cdks
(D-type cyclin-dependent kinases), and PDZ-binding kinase are essential in both
mitotic and meiotic cell divisions [321-326]. FER tyrosine kinase and the MAPK
(mitogen-activated protein kinase) cascade regulate the Sertoli-germ cell adherent
junctions (AJ) [327-329]. Citron kinase, a cell cycle-dependent protein with a role
in cytokinesis in somatic cells, is required for control of cytokinesis also in male
germ cells, where proper control of incomplete cytokinesis is instrumental in for-
mation of the germ cell syncytium [330]. CaMKIV (Ca*/calmodulin-dependent
protein kinase IV) functions in chromatin remodeling during nuclear condensation
of spermatids [331]. CK2da’ is functional in spermatid head shaping [226,227]. The
lipoprotein kinase PIP5K (phosphatidylinositol 4-phosphate 5-kinase) is involved
in the sperm flagellum formation [332]. ERK (extracellular signal-regulated kinase)
plays an important role in sperm capacitation [333].

In addition to these more ubiquitously expressed protein kinases functioning
at different steps of spermatogenesis, some protein kinases have gained a testis-spe-
cific expression during evolution, associated with specific functions in spermatogen-
esis [334]. According to studies on knockout mouse models targeting genes encod-
ing such protein kinases, several testis-specific protein kinases are indispensable for
spermatogenesis. However, it is to be noted that not all disruptions of testis-specific
kinase genes result in a spermatogenic phenotype. This is seen for knockouts target-
ing the testis-specific protein kinases PASKIN (PAS domain containing serine/thre-
onine kinase) [335], DYRK4 (dual specificity tyrosine phosphorylated and regulated
kinase 4) [336],and MAK (male germ cell-associated protein kinase) [337]. None of
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these knockouts shows neither dysregulation of spermatogenesis nor male infertility.
However, although these testis-specific protein kinases seem to be dispensable for
completion of spermatogenesis and the accomplishment of fertilization (in mice),
it is not warranted to conclude that these kinases are dispensable for reproduction
in nature, as they are retained to be functional under conditions of natural selection.
Most likely, these testis-specific protein kinases offer adaptive values to reproductive
fitness.

The TSSK (testis-specific serine/threonine kinase) family

In the present thesis, special attention will be given to the T'SSK (testis-specific ser-
ine/threonine kinase) family, which is a small protein kinase family belonging to the
calcium/calmodulin-dependent protein kinase (CaMK) superfamily (reviewed by
[315]). The TSSK family contains six members, which are encoded by six autosomal
genes, Tssk1-Tssk6. All family members share a highly conserved serine/threonine
kinase catalytic domain. All six kinases are expressed exclusively in the testis during
spermatogenesis [338](and our unpublished data). Such a testis-specific expression
implies spermatogenic functions. Indeed, gene targeting has provided results show-
ing that TSSK1, TSSK2, and TSSK6 play important roles in spermatogenesis, as the
lack of either 75sk1/Tssk2 or Tisk6 causes severe spermatogenic defects which even-
tually present an exclusive phenotype — male infertility [168,253,254].

As the first TSSK family member, the mouse 735k was cloned and charac-
terized by Bielke ez a/. in 1994 [339]. To search for additional family members, the
same group screened a mouse testis cDNA library under low stringency conditions
using 73sk1 as a probe and isolated a clone containing a 7%s%1 homologue, which
was designated 7¥s%22 [340]. In the same study, authors also identified a common
substrate of both T'SSK1 and T'SSK2, which was named TSKS. The mouse 75541
and 73542 map to chromosome 16 in close proximity, and are localized within a
syntenic region of the human DiGeorge Syndrome region (DGS region) [341,342].
Tisk1 and Tisk2 show high homology at both DNA and protein levels [343]. In
human, the orthologues of mouse 735£ and 75sk2 also localize in the DGS region,
which is on human chromosome 22. However, the human 7351 orthologue has been
mutated and has become a pseudogene, named 7SSK14 [168,344]. Interestingly, a
Tssk1 paralogue named 7'SSK1B is localized within a non-DGS region, on human
chromosome 5, which is identified as a gene duplicate of the 7SSK74 pseudogene.
TSSK1B is a functional gene encoding human TSSK1B protein.

Mouse TSSK3 has been described as the third member of the TSSK family
[345]. In human, 7SSK3 maps to chromosome 1 and is localized within a syntenic
region of mouse chromosome 4 where the mouse 75543 localizes [346]. TSSK3 is a
small protein of about 29 kDa containing only a kinase catalytic domain, which dis-
tinguishes TSSK3 from TSSK1 and TSSK2, each containing about 100aa C-termi-
nal tails. Immunohistochemical studies in mice indicated that TSSK3 might be pres-
ent exclusively in testicular Leydig cells which synthesize androgens [338,346]. The
TSSK3 mRNA level is low at birth, increases substantially at puberty and remains
high throughout adulthood, so that TSSK3 seems to play a role mainly in adult testis
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[346]. Although a knockout mouse model targeting 73543 is not available, biochemi-
cal aspects of TSSK3 have been studied using a series of in vitro assays [347].

Tisk4 was identified as a TSSK family gene by a cDNA library screening.
Chen e# al (2005) first-time cloned and characterized human 7SSK4 that was
named as 7SSK5 in their publication [348]. By yeast two-hybrid and iz vitro phos-
phorylation assays, they found that TSSK4 binds and phosphorylates CREB i vizro.
Furthermore, in HEK293 cells transfected by a TSSK4 expression construct, the
CREB/CRE transcription pathway can be upregulated [348]. Utilizing real-time
PCR and immunostaining, Li ez a/. (2011) performed a systematical expression and
localization analysis on five TSSK members (TSSKS5 was not included), and report-
ed that mouse 73544 is transcribed into three mRNA variants and all three variants
are present exclusively in spermatids [338]. A 73544 knockout mouse model is not
available thus far, but a SNP association study on 7S§K4 and infertility in men shed
some light on a possible relationship between TSSK4 and male fertility, in which
the investigators, via screening of 372 infertile men and 220 control man, found four
SNPs for TS§SK4 coding sequences which were positively correlated with the infer-
tility phenotype [349].

Tssk5 was designated as a TSSK family gene, also from a mouse cDNA li-
brary screening. The 7355 gene exists in mouse, rat, cow, and lizard, while the hu-
man 7'$SK5 has been highly mutated and do not contain an intact protein coding
sequence [168]. By a RT-PCR analysis, we found mouse 7¥s%5 to be transcribed
specifically in testis (our unpublished data). A comparison sequence study for TSSK
family members from different species showed that TSSKS is very diverse from the
other family members, and a deduced phylogenetic tree also showed that the TSSK5
orthologues are far distant from the other TSSK family members [168]. In fact, some
authors even do not regard TSSK5 as a member of the TSSK family [338].

Similar to TSSK3, also TSSK6 is a small protein consisting mainly of the
kinase catalytic domain with a short C-terminal lobe. In mouse, 75526 maps to chro-
mosome 8, while the human 7'SSK6 is localized within the syntenic region of human
chromosome 19 [343]. The presence of of TSSK6 protein is restricted to elongat-
ing spermatids, where TSSK6 interacts with the heat shock proteins HSP90 and
HSP70, forming stable complexes [350]. In addition, TSSK6-HSP complexes can
interact with the testis-specific polypeptide SIP (SSTK-interacting protein; 125aa),
which is recognized as a co-chaperone to assist in the conformational maturation
of SSTK [351]. As discussed above, 7¥s46™ results in male sterility, with different
morphological abnormalities of the spermatozoa, and dislocalization of Izumo [253].
All these findings indicate that the TSSK6-HSP complex is involved in some special
chaperone-mediated posttranslational modulation pathways which may play essen-
tial roles during spermatid elongation [351].

From the above, it appears that the TSSK family is small, but may exert a
variety of functions in spermatogenesis. We have decided to study 73sk7 and 73sk2
and the encoded proteins in more detail, for a number of reasons, indicated under
Aim and Scope of this thesis.
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Aim and scope of this thesis

Reproduction is a key aspect of life. Unfortunately, many human couples, around
15%, experience infertility. The causes for this infertility can be found in either the
temale or the male, or both partners can be subfertile. Male infertility or subfertility,
related to known or unknown factors, is involved in about half of the cases. These
include environmental as well as genetic factors, which often are unknown. A known
genetic defect leading to male infertility concerns microdeletion of regions of the
Y chromosome. However, more knowledge about genetic aspects of male infertility
is urgently needed. Another point regarding human reproduction which asks for
more attention concerns the use of contraceptives for fertility regulation. A safe, reli-
able, affordable and reversible drug-based method for male fertility regulation is not
available. For several decades, major research efforts, including multi-center clinical
trials, were devoted to finding a hormonal contraceptive method targeting the male.
Although much progress has been made, it is not expected at present that such a hor-
monal method will be marketed soon. Meanwhile, many investigators have explored
if testis-specific proteins or pathways might offer suitable targets for non-hormonal
male contraceptive drugs.

In view of the above, it is highly warranted to study genes encoding tes-
tis-specific proteins. If such genes are conserved between mouse and human, the
studies might lead to mouse models for human infertility and for the development of
non-hormonal drugs targeting male fertility, for contraceptive purposes.

'The Introduction of the present thesis (Chapter 1) provides an overview of
spermatogenesis, mainly in mouse. The emphasis is on spermiogenesis, the post-mei-
otic phase of spermatogenesis, in which haploid round spermatids are transformed
into spermatozoa. Next, this thesis concerns a systematic study of two testis-specific
serine/threonine kinases, TSSK1 and TSSK2, which are highly conserved between
mouse and human. These proteins are present in spermatids, during the last phase
of spermatogenesis, following the meiotic divisions. Hence, these genes and the en-
coded proteins might be ideal candidates, to be involved in genetic impairment of
spermiogenesis or to become candidate targets for the development of non-hormon-
al male contraceptive drugs. We aimed to obtain more insight into the functions of
TSSK1 and TSSK2 (Chapter 2), their interactions with other proteins (Chapters 3
and 4), and the evolution of the genes encoding these proteins (Chapter 5).

In Chapter 2, it is described that 75527 and 7¥s42 are intronless genes, orig-
inating from retroposition, where the founder gene is unknown and may have been
lost from the genome. Retrogenes encoding TSKK1 and TSSK2 are highly con-
served and exist exclusively in mammalian species. In mouse testis, 73547 and 73542
are transcribed in round spermatids. The encoded proteins, TSSK1 and TSSK2, are
first seen in step 9 spermatids, when spermatid elongation just begins. During sper-
matid elongation, TSSK1 and TSSK2, together with their common substrate TSKS
(testis-specific kinase substrate), are located in cytoplasmic structures, which we de-
scribe as a CB-ring and a CB-satellite, derived from the chromatoid body (CB). In
round spermatids, the CB is thought to be involved in various aspects of mRNA
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processing. We suggest that, upon transformation of the CB to a CB-ring, this ring-
shaped structure plays an essential role in maturation of the sperm tail, in particular
the middle piece. This is concluded from observations on the spermatogenic phe-
notype of the present 7¥skI-75sk2 knockout mouse model. The results indicate that
movement of the CB-ring down the middle piece leads to the formation of a stable
and well-organized mitochondrial sheath, in step 15 spermatids. In the absence of
TSSK1 and TSSK2, the mice show an infertility phenotype, only in the males, fea-
tured by a severe malformed mitochondrial sheath. Making use of a panel of anti-
bodies generated by us, and immunofluorescent staining of cells and tissue sections,
we observed that the substrate TSKS is phosphorylated by TSSK1/2 and then be-
comes localized in the CB-ring. Expression of TSKS is maintained in the TSSK1/2
deficient testis, but its localization becomes cytoplasmic, and the CB-ring structure
is lost. Using transmission electron microscopy, we show that indeed the CB-ring
structure is missing, in the 73s£7-75sk2 knockout spermatids.

To try to find out more about the cellular and molecular mechanisms in
which TSSK1/TSSK2 take part, we tried to identify protein partners, as described
in Chapters 3 and 4. With a co-IP (co-immunoprecipitation) and proteomics
(mass spectrometry) approach applied to mouse testis lysate, we confirmed that
TSSK1, TSSK2, and TSKS can form a protein complex in vivo, referred to as T'SS-
K1/2-TSKS complex. The mass spectrometry data were subjected to a GO (Gene
Ontology) analysis, in which we found that, although TSSK1, TSSK2, and TSKS
can form a protein complex, each of these three proteins may have several different
interacting partners. As expected, we detected significant overlap between the candi-
date interacting partners of TSSK1 and TSSK2, but T'SKS appears to interact with
a different set of proteins and may play a more structural role regarding formation
and function of the CB-ring. From the results, we suggest that the TSSK1/TSSK2-
TSKS complex is involved mainly in cytoskeleton regulation, protein transportation
and localization, and protein phosphorylation pathways. In a study based on a PppIcc
knockout mouse model, described in Chapter 4, we identified protein-protein inter-
action between the protein phosphatase PPP1CC2 and TSKS. This interaction was
not dependent on the presence of TSSK1/TSSK2. However, in the PppIcc knockout,
we observed a slight dysregulation of the cellular localization of TSSK1/2 and TSKS,
and the knockout phenotype includes a malformed mitochondrial sheath. This pro-
vides additional information pointing to a link between the TSSK1/TSSK2-TSKS
complex and protein phosphorylation pathways.

As indicated above, TSSK1 and TSSK2 are encoded by retrogenes, and stud-
ies on the evolution of these genes may contribute to our understanding of the func-
tional importance of the encoded kinases. As described in Chapter 5, we have per-
formed a detailed analysis of the evolutionary origin and diversion of genes encoding
TSSK1 and TSSK2. Although the proteins likely have overlapping functions, they
also may act in a complementary manner. In the primate lineage, the original 7SSK71
gene was lost, but was replaced by the novel retrogene 7SSK7B. We found that the
gene duplication event which introduced 7'SSK7B into primate genomes happened
only in higher primates (new world monkeys, old world monkeys and apes), but not
in tarsier (one of the Tarsiiformes) and bushbaby (one of the Strepsirrhini). In the
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genome of marmoset (new world monkeys), we detected multiple copies of 7SSK1B.
This evolution is discussed in relation to a possible requirement for a high dose of
total TSSK1/2 activity, as opposed to subspecialization of the encoded proteins.

In the General Discussion (Chapter 6), we first briefly review previous stud-
ies and the present findings on 75sk 1 and 75sk2 genes and the encoded proteins
TSSK1 and TSSK2. In addition, we review published information regarding the
chromatoid body (CB) in round spermatids, followed by a discussion of the trans-
formation of the CB in elongating spermatids. Structural transformation of the CB
leads to formation of the CB-ring and the CB-satellite, and this is associated with
a functional transformation. The CB-ring and the CB-satellite harbor the TSS-
K1/2-TSKS complex. We suggest that these structures and proteins, acting togeth-
er, exert various actions regarding the cytoskeleton, and protein transportation and
localization, in elongating spermatids. The present results are discussed in a wider
context, first concerning gene defects leading to male infertility in mouse and human,
for genes which control aspects of the last phase of spermatogenesis, spermiogenesis.
Second, we address the development of non-hormonal contraceptive drugs targeting
the male, indicating that spermiogenesis likely offers the best possibilities to identify
candidate protein targets.
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Summary

The cytoplasmic chromatoid body (CB) organizes mRNA metabolism and small regulatory RNA pathways, in relation to haploid gene
expression, in mammalian round spermatids. However, little is known about functions and fate of the CB at later steps of spermatogenesis,
when elongating spermatids undergo chromatin compaction and transcriptional silencing. In mouse elongating spermatids, we detected
accumulation of the testis-specific serine/threonine kinases TSSK1 and TSSK2, and the substrate TSKS, in a ring-shaped structure
around the base of the flagellum and in a cytoplasmic satellite, both corresponding to structures described to originate from the CB.
At later steps of spermatid differentiation, the ring is found at the caudal end of the newly formed mitochondrial sheath. Targeted
deletion of the tandemly arranged genes Tssk/ and Tssk2 in mouse resulted in male infertility, with loss of the CB-derived ring structure,
and with elongating spermatids possessing a collapsed mitochondrial sheath. These results reveal TSSK1- and TSSK2-dependent functions

of a transformed CB in post-meiotic cytodifferentiation of spermatids.

Key words: Spermatogenesis, Spermatids, Kinase, Nuage, Chromatoid body, Mitochondrial sheath, Mouse

Introduction
Cytodifferentiation of mammalian spermatids, developing towards
spermatozoa in the post-meiotic process named spermiogenesis,
includes marked changes in the volume and structure of cytoplasm
and organelles, in addition to reorganization of the nuclear
chromatin. This is followed by the release of fully developed
spermatids from Sertoli cells, referred to as spermiation, and the
acquisition of fertilizing capacity during transit of the maturing
spermatozoa through the epididymis (Clermont, 1972; Gardner,
1966). Transcriptional silencing of the haploid genome, by histone-
to-protamine transition and chromatin compaction, precedes the
final steps of spermiogenesis when ongoing protein synthesis
depends on stability of mRNAs and developmental control of their
translation (Kleene, 1993; Yang et al., 2005; Zhong et al., 1999).
Spermatogenesis is a very dynamic, but well-organized process.
In mouse testis, each tubular cross-section contains a specific
association of germ cells, with mitotic spermatogonia near the
tubular wall, meiotic spermatocytes in the middle region of the
spermatogenic epithelium, and the post-meiotic spermatids towards
the lumen of the tubules. The specific associations, which follow
each other in time, are indicated as stages I-XII of the spermatogenic
cycle in mouse. Spermiogenesis in mouse takes nearly 14 days and
is divided into 16 steps, with steps 1-8 round spermatids at stages
I-VIII, start of elongation with step 9 spermatids at stage IX, and
spermiation of step 16 spermatids at stage VIII (Oakberg, 1956).
Nuage (French for ‘cloud’) is an accumulation of dense fibrous
material that occurs in the cytoplasm of germ line cells throughout
the animal kingdom (Eddy, 1975). In spermatogenesis, nuage is
first observed in spermatogonia, followed by the appearance of

‘intermitochondrial cement’ in spermatocytes in meiotic prophase
(Yokota, 2008). Following the meiotic divisions, a prominent and
fully developed chromatoid body (CB) represents a special form
of nuage, bouncing around at the surface of the haploid nucleus of
round spermatids (Parvinen and Jokelainen, 1974). Components of
the CB body include proteins involved in mRNA metabolism and
small regulatory RNA pathways, and the CB has been described as
an RNA-processing centre, involved in control of mRNA stability
and translation (Kotaja et al., 2006a; Oko et al., 1996; Toyooka et
al., 2000; Tsai-Morris et al., 2004). One prominent component of
the CB in mouse spermatids is MIWI, a testis-specific PIWI family
member that associates with PIWI-interacting RNAs (piRNAs)
(Grivna et al., 2006a). In the transition from round to elongating
spermatids, the CB loses MIWI and other characteristic proteins,
although MIWTI is still found in the cytoplasm for some time (Grivna
et al., 2006b). It seems that, in this transition, the CB loses its
function as an RNA-processing centre, but recent research has not
addressed the question of what happens to the CB next.

Electron microscopy (EM) studies by leading authors in the
spermatogenesis field, published some 40 years ago, provide
important background information about this (reviewed by Yokota,
2008). As described for various mammalian species (Fawcett et al.,
1970), the CB migrates to the caudal pole of the nucleus of early
elongating spermatids, where it forms a ring around the base of the
developing flagellum. The ring migrates to the caudal end of the
developing middle piece, moving in front of the mitochondria, which
subsequently associate with the axoneme where they engage in
mitochondrial sheath morphogenesis. This ring is closely associated
with the annulus, a smaller and more compacted ringed barrier
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structure that bounds the middle piece, at the end of the
mitochondrial sheath, where the principal piece begins. Studying
rat spermiogenesis, Susi and Clermont reported that the CB first
takes the form of an arc around the base of the flagellum (Susi and
Clermont, 1970), in agreement with the ring described by Fawcett
and colleagues (Fawcett et al., 1970), but that the bulk of the CB
material then condenses into a dense sphere, which later migrates
away from the nucleus and disintegrates by fragmentation. There
is some disagreement between Fawcett and colleagues and Susi and
Clermont concerning the emphasis on either the ring (arc) structure
or the dense sphere, independent of an assignment of possible
functions, which is still lacking. The position and behavior of the
ring suggest a function of the structures originating from the CB
in the cytodifferentiation of the middle piece.

The genes encoding the testis-specific kinases TSSK1 and
TSSK2 are transcribed following completion of the meiotic
divisions, and the proteins are cytoplasmic in elongating spermatids
(Hao et al., 2004; Kueng et al., 1997). A protein substrate for both
TSSK1 and TSSK2 has been identified (named TSKS for testis-
specific kinase substrate) and is also present in the cytoplasm of
elongating spermatids (Hao et al., 2004; Kueng et al., 1997;
Scorilas et al., 2001). As described in this report, with newly
generated antibodies we detected coinciding accumulation of
TSSK1, TSSK2 and TSKS on a ring-shaped structure around the
base of the flagellum and in a satellite in the cytoplasm of
elongating spermatids. At later steps of spermatid differentiation,
the ring, still marked by the presence of these three proteins, is
found at the caudal end of the newly formed mitochondrial sheath.
Furthermore, we discovered that loss of TSSK1 and TSSK2 in
Tssk1/2 knockout mice (7ssk! and Tssk2 double knockout) results
in male infertility associated with production of abnormal
spermatozoa. The most conspicuous abnormality concerns the
mitochondrial sheath, which does not develop into a stable structure.
Also, the CB-derived ring structure is prematurely lost in the
knockout spermatids. From this, we propose that the CB, when it
is transformed into ring and satellite structures in the transition from
round spermatids to elongating spermatids, does not immediately
enter a phase of functional decline in the wild type, but rather exerts
important functions in the cytodifferentiation of spermatids.

Results

Genes encoding TSSK1 and TSSK2

First, we composed an overview of Tssk genes in mouse and TSSK
genes in human, based on literature data and NCBI and Ensembl
Genome Browser BLAST results (supplementary material Table
S1). All genes are autosomal, and Tssk/, Tssk2 and Tssk6 have no
introns, as do the human homologs. Tssk/ and Tssk2 are located in
close proximity, within a region on mouse chromosome 16 that is
syntenic to the human DiGeorge Syndrome region on chromosome
22q11.21, which harbors TSSK2 (Galili et al., 1997; Gong et al.,
1996). The human 7SSK2 gene is positioned next to the pseudogene
TSSKIA that represents a mutated version of 7SSK7 (Goldmuntz
etal., 1997) (supplementary material Table S1). In human, 7SSK7A
appears to be functionally replaced, possibly by retrotransposition,
by TSSK1B located on chromosome 5q22.2 (supplementary material
Table S1). Other primates also have TSSK/B substituting for the
pseudogene TSSKIA, as shown in a phylogenetic tree
(supplementary material Fig. S1). Evolutionary maintenance of both
TSSK1 (or TSSK1B in primates) and TSSK2 indicates that there
is an added value for reproductive fitness in having two similar
genes. This might be related to obtaining a sufficiently high level
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of kinase activity, although it cannot be excluded that there is some
divergence in the roles of TSSK1 and TSSK2. From data assembled
in the phylogenetic tree (supplementary material Fig. S1), and
because we have not detected any orthologs in non-mammalian
species, it appears that TSSK1 and TSSK2 might originate from
early mammalian evolution.

Male infertility of the Tssk1/2 knockout

The mouse Tsskl and Tssk2 genes are tandemly located on
chromosome 16, separated by an intergenic region of only 3.06 kb,
and we decided to target both genes simultaneously (supplementary
material Fig. S2). Inbreeding of heterozygous littermates gave wild-
type (+/+) offspring, Tsski/2 knockout (—/-) offspring, and
heterozygous (+/—) offspring at the expected Mendelian ratio
(+/+ : +/— : /- =49:105:48).

With regard to growth and development, Tssk1/2 knockout mice
were indistinguishable from heterozygous and wild-type animals.
Also, the reproductive system of the knockout mice, at the
anatomical level, appeared to be normal. There was no significant
difference in body weight, testis weight and epididymis weight
among the age-matched adult male wild-type, heterozygous and
knockout mice (Table 1). Prolonged mating (2-4 weeks) of three
Tssk1/2 knockout male mice with wild-type females showed normal
mating behavior, confirmed by vaginal plug, but did not result in
any pregnancies. The Tssk1/2 heterozygous males are fertile (Table
1), and the Tssk1/2 knockout females also have normal fertility.
These females were crossed with the +/— males, yielding +/— and
—/— mice at the expected Mendelian ratio (+/— : —=/— = 130:126). In
knockout males, the number and motility of epididymal sperm was
severely reduced, which explains the infertility, but the sperm
characteristics of heterozygous males seemed largely unaffected
(Table 1).

Histological analysis of testes from adult 7ssk//2 knockout mice
using light microscopy at low magnification did not show gross
abnormalities (Fig. 1A,B). However, there was a slight
disorganization towards the end of spermatogenesis, indicating a
spermiation defect whereby several condensed step 16 spermatids
remained present at stage IX of the cycle of the spermatogenic
epithelium in the knockout testis. In wild-type animals, all
condensed step 16 spermatids were released from Sertoli cells at
stage VIII (Fig. 1C,D).

Using an antibody targeting the endoplasmic reticulum-Golgi
intermediate  compartment (ERGIC) membrane protein
ERGIC53/p58, we detected some dysregulation of the cytoplasmic

Table 1. General aspects of the 7ssk1/2 knockout phenotype

Genotype
+/+ +/—- —/-
Body weight (g) 24.0+0.9 26.0+1.0 25.0+1.5
Testis weight (mg) 187+6 2007 19110

Epididymis weight (mg) 64+4 T2+4 66+3

Sperm count (X 10°)* 23.442.1 24.8+2.4 7.0+1.8
Sperm motility (%) 57+11 53£20 <1
Fertility" nd 3/3 0/3

Weights and sperm counts are mean * s.d. for 6-9 mice per genotype,
estimated for adult 9- to 11-week-old mice.

*Sperm count is the total number of sperm heads isolated from two cauda
epididymides.

TFertility is the number of pregnancies per breeding test.

+/+, wild-type mice; +/—, Tssk1/2 heterozygous mice; —/—, knockout mice;
nd, not determined.
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Chromatoid body in elongating spermatids 333

Fig. 1. Histological analysis of wild-type and Tssk1/2 knockout testes and
epididymal spermatozoa. (A,B) PAS staining of adult mouse testes, with a
tubule cross-section at stage VIII of the spermatogenic cycle at the centre,
showing the absence of conspicuous abnormalities in the testes from knockout
mice (—/-) as compared with wild type (+/+). (C,D) Higher magnification of
PAS-stained sections, showing stage IX of the cycle, with step 9 spermatids
(arrowheads). There is a slight spermiation defect in the knockout, with several
step 16 condensed spermatids (arrows) remaining present at stage IX.

(E,F) Using an antibody targeting ERGIC53/p58, some dysregulation of the
cytoplasmic reorganization of elongating spermatids in the knockout is
detected, leading to enlarged cytoplasm associated with late spermatids at
stage VIII of the cycle (arrowheads point to brown immunostaining of the
cytoplasm of elongating spermatids). (G,H) HE staining of spermatozoa from
cauda epididymis, showing marked morphological abnormalities of the
knockout cells. Scale bars: 200 um (A,B), 20 um (C-H).

reorganization of elongating spermatids in 7ssk1/2 knockout testis,
leading to abundant cytoplasm still associated with late spermatids
(Fig. 1E,F). Staining of spermatozoa from cauda epididymis clearly
showed marked morphological abnormalities (Fig. 1G,H), in
agreement with the immotility of the knockout sperm.

Thanks to the relatively mild testicular phenotype, with neither
an early spermatogenic block nor a substantial loss of advanced
steps in spermatogenesis, it was possible to look at loss of protein
expression in the knockout. Western blot results for cytoplasmic
fragments isolated from elongating spermatids showed that the
expression of TSSK1 and TSSK2 is completely lost in the Tssk1/2
knockout, whereas the heterozygous samples contain a reduced level
of the two proteins, compared to wild type (supplementary material
Fig. S3A). Western blotting also showed that the expression of the
testis-specific kinase substrate TSKS is maintained at wild-type level
in the knockout (supplementary material Fig. S3B). TSKS has been
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identified as an interacting protein for TSSK1 and TSSK2 in yeast
two-hybrid analysis, and both kinases can phosphorylate TSKS in
vitro (Hao et al., 2004; Kueng et al., 1997). With an in vitro kinase
assay, following immunoprecipitation using anti-TSKS antibody
from testis homogenates, we showed that loss of TSSK1 and TSSK2
results in loss of [*?P] incorporation into TSKS (supplementary
material Fig. S3C). This indicates that TSSK1 and TSSK2 are the
main, if not the only, kinases phosphorylating TSKS in wild-type
testis.

It has been reported that 7ssk6 knockout males are infertile, with
defects in spermatogenesis that might be related to a role of TSSK6
in post-meiotic chromatin remodeling (Spiridonov et al., 2005).
TSSKG6 is distantly related to TSSK1 and TSSK2 (supplementary
material Fig. S1), but the 7ssk6 gene follows the same temporal
pattern of expression as that of Tssk/ and Tssk2 in mouse spermatids
(Shima et al., 2004). Hence, it could not be excluded that
dysregulation of spermatogenesis in the Tssk1/2 knockout is caused
by loss of Tssk6 expression. However, in situ hybridization studies
demonstrate a complete loss of Tssk/ and Tssk2 mRNAs, but
maintenance of expression of 7ssk6 mRNA, in the Tssk1/2 knockout
(supplementary material Fig. S4). Clearly, the Tssk1/2 knockout
phenotype is not explained by loss of Tssk6 gene expression. This
result also nicely confirms that loss of Tssk/ and Tssk2 mRNAs and
proteins in the Tsskl/2 knockout is not caused by loss of the
spermatids expressing these genes. This was expected, on the basis
of the relatively minor histological phenotype of the knockout testis
described above.

Transformation of the chromatoid body to ring and
satellite

Using immunohistochemical staining, we confirmed published
data that the TSSK1, TSSK2 and TSKS proteins are present in the
cytoplasm of early and late elongating spermatids (Kueng et al.,
1997) (data not shown). To study this in more detail, we performed
immunofluorescent analysis of the cellular localization. In cross-
sections of adult testis, all three proteins (TSSK1, TSSK2 and
TSKS) show cytoplasmic localization in elongating spermatids
towards the tubular lumen, with marked accumulation of the
fluorescent signals at a conspicuous cytoplasmic focus (Fig. 2A-
C). The immunosignal for TSSK1 and TSSK2 is completely lost
in the knockout (insets in Fig. 2A,B), also providing evidence for
specificity of the antibodies. In the knockout, the substrate TSKS
remains expressed at wild-type levels in the cytoplasm of elongating
spermatids, but without the accumulation in the cytoplasmic focus
(inset in Fig. 2C; supplementary material Fig. S3B).

At a higher magnification of the TSKS immunostaining, we
detected a focus, which we refer to as a satellite, and a ring near the
base of nucleus (Fig. 2D). For TSSKI and TSSK2, identical
immunostaining patterns were observed, which colocalized with the
TSKS immunosignal (supplementary material Fig. SSA-F). At later
steps of spermiogenesis, the ring gets smaller and is detected near
the end of the middle piece (Fig. 2E). Further observations indicate
that these ring and satellite structures have been described before,
representing structures originating from the CB (Fawcett et al., 1970;
Susi and Clermont, 1970). At the beginning of spermatid elongation,
the CB was described as located close to the centriole, where a ring
and a satellite structure are being formed but have not yet clearly
separated (Fawcett et al., 1970). The staining in Fig. 2F, with anti-y-
tubulin marking the centriole, is reminiscent of this situation.
Somewhat later, when ring and satellite have developed into separate
structures, neither of these structures colocalizes with the Golgi
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Fig. 2. Cellular localization of TSSK1, TSSK2 and TSKS.

(A-C) Immunofluorescent staining with anti-TSSK1 (A), anti-TSSK2 (B) and
anti-TSKS (C) of adult wild-type testis (green). All three proteins show
cytoplasmic localization in elongating spermatids near the luminal center of
the cross-sections of the testicular tubules, with an accumulation in dots. Blue
signal is the DAPI nuclear staining. In the 7ssk//2 knockout (insets in A-C),
only the TSKS signal is maintained, but without the marked dots. (D.E) Anti-
TSKS staining of wild-type testis at a higher magnification shows a ring (open
arrowhead) and a satellite (closed arrowhead) near the nucleus in early
elongating spermatids (D). At a later step of spermatid elongation (E) the ring
has moved down the flagellum, where it is found at the distal end of the newly
formed mitochondrial sheath (the double-arrow points to nucleus and ring
within one cell). (F) The anti-TSKS signal (green) does not colocalize with the
centrioles marked with anti-y-tubulin antibody (red), in wild-type early
elongating spermatids. (G) The ring and satellite marked with anti-TSKS
antibody (green) do not colocalize with the Golgi remnant marked with anti-
GM130 antibody (red), in early elongating spermatids. +/+, wild type; —/—,
knockout. Scale bars: 40 um (A-C), 20 um (D,E), 5 um (EG).

remnant, marked with anti-GM130 (Fig. 2G). The scheme in Fig. 3
indicates that the CB in early elongating spermatids has lost MIWI,
but has gained TSSK1, TSSK2 and TSKS. This transformed CB is
found as a ring around the tail next to the annulus and close to the
centriole. Because the satellite also contains TSSK1, TSSK2 and
TSKS, this indicates a common origin of ring and satellite.

The present findings might resolve the slight disagreement
between Fawcett and colleagues (Fawcett et al., 1970) and Susi and
Clermont (Susi and Clermont, 1970) regarding the emphasis on
either the ring (arc) or the dense sphere as being the structure
representing the CB in elongating spermatids. We suggest that the
TSSK1/TSSK2/TSKS-positive ring and satellite represent both
structures. In view of the overlapping accumulation of TSSKI1,
TSSK2 and TSKS, we propose that ring and satellite are separate
but communicating structures.

With immunofluorescent staining, we confirmed published data
(Grivna et al., 2006b; Kotaja et al., 2006b) that MIWI is expelled
from the CB when step 8 round spermatids develop into early
elongating step 9 spermatids (Fig. 4A,C). Other proteins associated

Galgl

A B c

Fig. 3. Schematic presentation of CB ring and satellite. (A) In round
spermatids, the CB contains MIWI and is found bouncing around the nucleus.
The Golgi is associated with the growing acrosome. (B) In early elongating
spermatids, the CB has lost MIWI but gained TSSK1, TSSK2 and TSKS,
forming a ring around the tail, next to the annulus and close to the centriole.
Because the satellite also contains TSSK1, TSSK?2 and TSKS, this indicates a
common origin of ring and satellite. The Golgi becomes disengaged from the
fully developed acrosome. The mitochondria are scattered throughout the
cytoplasm. (C) At later steps of spermatid elongation, the ring has become
smaller and has moved down the tail with the annulus. In its slipstream, the
mitochondria become associated with the axoneme. The centriole degrades,
and the satellite and Golgi remnant also become less prominent. This step of
spermatid elongation is followed by reduction of the cytoplasmic volume and
formation of the residual body (not illustrated).

with the RNA-processing activity of the CB also leave the CB around
that developmental time-point (reviewed by Kotaja and Sassone-
Corsi, 2007), meaning that the CB probably loses most, if not all, of
its RNA-processing activity. In the 7ssk1/2 knockout, MIWI is also
lost from the CB at the same developmental time-point (Fig. 4B,D).
In early elongating spermatids of the knockout, we detected some
transient accumulation of TSKS on ring- and satellite-like structures
(supplementary material Fig. S5G-I), which led us to conclude that
the initial transformation of CB to ring and satellite might still occur
to a limited extent. However, EM evaluation clearly showed that the
CB-derived ring disappears prematurely in the 75sk1/2 knockout (Fig.
4F) compared to the wild type (Fig. 4E).

Mitochondrial sheath abnormalities in the Tssk1/2
knockout

Migration of the annulus to the caudal end of the middle piece occurs
normally in the Tsski/2 knockout (Fig. 4G,H). However, the
mitochondria around the axoneme show a less regular and less
compact appearance in knockout as compared with wild-type
testicular spermatids (Fig. 4G,H). For knockout epididymal
spermatozoa, the most conspicuous defect was detected using
MitoTracker, and this concerns the mitochondrial sheath. This sheath,
normally arranged as a regularly formed solenoid around the flagellum
of the sperm cells (Fawcett, 1975; Ho and Wey, 2007; Otani et al.,
1988) is severely disrupted, leaving one or two clusters of
MitoTracker-stained mitochondria at the middle piece region (Fig.
5A,B).

Mitochondrial sheath morphogenesis was studied in more detail
using confocal laser scanning microscopy of testicular spermatids
stained with MitoTracker. For wild-type testis, we could observe
how mitochondrial sheath morphogenesis proceeds from loosely
arranged mitochondria surrounding the axoneme to formation of a
compact sheath (Fig. 5C,E). In the Tsski/2 knockout, the
mitochondria stagger around the proximal part of the tail, but fail
to form such a compact sheath. Rather, the mitochondria in 7ssk1/2
knockout spermatids appear to collapse together in a few clusters
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Fig. 4. The chromatoid body in round and elongating spermatids.

(A-D) Immunofluorescent staining of MIWT in CBs of round spermatids at
step 8 (green dots) disappears when the spermatids reach step 9, both in the
wild type (A,C) and in Tssk1/2 knockout testis (B,D). Cytoplasmic staining of
MIWTI is observed in spermatocytes. (E-H) Cross-section of the CB ring (open
arrowhead) associated with the annulus (closed arrowhead) in wild-type early
elongating spermatids (E). This CB ring material is absent in 7ssk//2 knockout
spermatids (F). At later steps of elongation, the annulus is present at the border
of the middle piece and principal piece, both in the wild type (G) and knockout
(H). The insets in G,H show that some electron-dense material remains
associated with the annulus in wild-type late spermatids, but not in the Tssk1/2
knockout. +/+, wild type; —/—, knockout. Scale bars: 20 um (A-D), 500 nm
(E,F), 1000 nm (G,H).

(Fig. 5D,F), which are also observed with EM analysis (data not
shown). We conclude that the disruption of the mitochondrial sheath
as observed in epididymal 7sski/2 knockout sperm results from
incomplete assembly. As a corollary, we propose that when the CB
is transformed into a ring, which moves down the tail of the middle
piece area (Fig. 3), it has a function in the assembly of the
mitochondrial sheath. In this process, maintenance and activity of
the ring requires TSSK1 and TSSK2.

Discussion
The role of the CB in round spermatids as an RNA-processing centre
has been highlighted in many investigations (Kotaja et al., 2006a;

Fig. 5. Morph is of the mitochondrial sheath. (A,B) Staining of cauda
epididymal sperm with MitoTracker (green). The mitochondrial sheath is
arranged as a regularly formed solenoid around the flagellum of the wild-type
sperm (arrowheads in A). This arrangement is severely disrupted in the Tssk1/2
knockout, where we find one or two droplets of MitoTracker-stained
mitochondria at the middle piece region (arrowheads in B). The nuclei are
stained with DAPI (blue), and the acrosome is marked by monoclonal
antibody 18.6 (red). (C-F) Confocal microscopy of testicular elongating
spermatids stained with MitoTracker (green). In wild-type testis, the
mitochondria are first loosely arranged (C) and then assemble into a compact
sheath (arrowheads in E). In the Tssk1/2 knockout, the mitochondria stagger
around the proximal part of the tail (encircled with dashed line in D), but fail
to form a stable sheath (arrowheads in F). +/+, wild type; —/—, knockout. Scale
bars: 10 um (A,.B E,F), 5um (C.D).

Oko et al., 1996; Toyooka et al., 2000; Tsai-Morris et al., 2004).
However, it is probable that material composing the CB serves other
functions as well. The CB in round spermatids is preceded by
intermitochondrial cement in spermatocytes (Chuma et al., 2006;
Chuma et al., 2009; Yokota, 2008), and is succeeded by the ring
and satellite structures in elongating spermatids (Fawcett et al., 1970;
Susi and Clermont, 1970) (this work). This developmental series
of nuage during spermatogenesis might involve different types of
nuage, as suggested by Pan and co-workers, who reasoned that
RNF17 (a protein containing both RING finger and tudor domains)
is a component of a novel form of germ cell nuage (Pan et al.,
2005). Targeted mutation of Tdrdl, a mouse homolog of the
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Drosophila maternal effect gene fudor, encoding the nuage
component TDRDI, results in a reduction of intermitochondrial
cement, whereas the CB is structurally maintained. This leads to
the suggestion that CBs probably have an origin independent of,
or additional to, intermitochondrial cement (Chuma et al., 2006).
The different forms of nuage might contain a number of proteins
that form a ‘platform’ throughout spermatogenesis, on which
specialized forms of nuage with differential functions are assembled
at subsequent steps of germ line development. In mice lacking the
tudor-related gene Tdrd6, the spermatids carry ‘ghost’ CBs (Vasileva
et al., 2009). The CB proteins MAEL, MIWI and MVH do not
localize to these ghost CBs, meaning that the function of the CB
as RNA-processing centre is lost. However, the ghost CBs are still
structural entities and might contain other ongoing activities.
Whereas the role as an RNA-processing centre reaches its peak
activity in the CBs of round spermatids, other roles of nuage in
spermatogenesis can be exerted at earlier or later steps. A highly
important early function is exerted by the nuage components MIWI2
and MAEL, which appear to be indispensable for repression of
transposons in meiotic prophase (Carmell et al., 2007; Soper et al.,
2008). An entirely different putative function was described by
Haraguchi and colleagues, who detected the presence of so-called
aggresomal markers in CBs of rat spermatids, including chaperones
and proteins of the ubiquitin-proteasome pathway (Haraguchi et
al., 2005). Possibly, at subsequent steps throughout spermatogenesis,
the series of nuage and intermitochondrial cement in spermatogonia
and spermatocytes, CBs in round spermatids, and ring and satellite
in elongating spermatids is involved in control of post-translational
events that affect protein processing, modification, sorting and
degradation.

In describing the CB in elongating spermatids at the EM level,
Fawcett and colleagues (Fawcett et al., 1970) noted, ‘it is tempting
to conjecture that there might be some interaction between the CB
and the mitochondria in the process of middle-piece formation’.
The annulus and the ring-shaped CB move distally along the
flagellum, and behind it the mitochondria become associated with
the axoneme. The ring and satellite might be involved in post-
translational modification of proteins that are required, or need to
be removed, in order for the mitochondria to assemble at the
axoneme and to undergo maturation and morphogenesis towards
development of the stably compacted mitochondrial sheath. A role
for ring and satellite in mitochondrial sheath formation might also
be relatively indirect, for example by interplay of molecular
pathways enclosed in ring and satellite with other cytoplasmic
systems, such as the endoplasmic reticulum. In mice deficient in
GOPC, a protein that plays arole in vesicle transport from the Golgi
apparatus, there is weak adhesion of sperm mitochondria (Suzuki-
Toyota et al., 2007), in a fashion somewhat similar to what is
observed in the Tssk1/2 knockout. It is important to note that CB
proteins are also found free in the cytoplasm, in addition to their
accumulation in the CB. For example, MIWTI is found throughout
the cytoplasm in round spermatids, where it associates with the
translational machinery and piRNAs (Grivna et al., 2006a), and
remains present in the cytoplasm also when MIWTI is lost from the
CB at the beginning of spermatid elongation (Grivna et al., 2006b).
Similarly, when TSSK1, TSSK2 and TSKS accumulate in the ring
and satellite in elongating spermatids, a substantial immunostaining
of the surrounding cytoplasm remains present. Hence, these proteins
might serve functions also outside the ring and satellite.

When spermatids elongate, the annulus migrates down the
developing tail, at the leading edge of the cytoplasm that exvaginates
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the middle-piece area of the axoneme. This occurs also in the Tssk1/2
knockout spermatids. The annulus, a ringed barrier structure
between the middle piece and principal piece of the sperm cell, is
composed of septin proteins that are known to generate ringed
barrier structures in other cells. The annulus is not formed in Sept4
knockout mice (Ihara et al., 2005; Kissel et al., 2005). As a result,
sperm generated in the absence of SEPT4 have a defective
mitochondrial architecture, with mitochondrial size heterogeneity
and a more open structure of the mitochondria with less cristae
(Kissel et al., 2005). This appears to be somewhat similar to aspects
of the Tssk1/2 knockout sperm. Distal migration of the ring-shaped
CB might require distal migration of the annulus. In fact, such a
dynamic association is quite likely, in view of the structural
proximity of the CB ring and the annulus. In the Sepr4 knockout
spermatids, in the absence of an annulus migrating distally, the ring-
shaped CB might not reach the distal end of the middle piece, so
that its molecular activities are not able to cover the whole middle-
piece region, leading to incomplete maturation of the sperm
mitochondria. It is expected that the nuage material of ring and
satellite will remain present in elongating spermatids in the Sept4
knockout, albeit at a more random localization within the cytoplasm,
and might still exert some of its activities. This would be in
agreement with the less severe impairment of mitochondrial sheath
formation in Sept4 knockout sperm as compared to 7ssk1/2 knockout
sperm.

We detected abundant cytoplasm associated with Tssk1/2
knockout late spermatids, using the ERGIC53/p58 antibody.
Normally, in wild-type testis, reduction of the cytoplasmic volume
of elongating spermatids finally leads to formation of the residual
body, which is lost from the spermatids at spermiation (Sakai and
Yamashina, 1989). In the mechanism of cytoplasmic volume
reduction, tubulobulbar complexes of spermatids invaginating into
surrounding Sertoli cells are probably involved (Russell, 1979;
Sprando and Russell, 1987). The observed relative lack of reduction
in cytoplasmic volume of elongating spermatids in the 7sski/2
knockout is not explained, but the results indicate that TSSK1 and
TSSK2 might exert multiple functions involving different aspects
of the cytodifferentiation of spermatids.

Spermatids are functionally diploid for most proteins by sharing
mRNASs and/or proteins through the intercellular bridges by which
the developing germ cells form a functional syncytium (Braun et
al., 1989; Fawcett et al., 1959; Morales et al., 2002). In Tsski/2
heterozygous testis, with reduced levels of the two proteins, we do
not see loss of TSSK1 and TSSK2 immunostaining in half of the
spermatids (not shown). Hence, the spermatids are functionally
diploid for TSSK1 and TSSK2, which also explains transmission
of the targeted Tsskl/2 allele by the haploid spermatoza when
breeding the heterozygous males. Reduced levels of TSSK1 and
TSSK2, such as found in the Tssk1/2 heterozygous situation, might
become problematic under stressful and selective living conditions,
which could result in infertility or subfertility of the heterozygous
animals, but there is no apparent haploinsufficiency. During the
course of our studies, Xu and co-workers reported that targeted
deletion of Tssk1/2 causes male infertility due to haploinsuffiency;
knockout mice were not obtained in their study (Xu et al., 2008).
This might be explained by differences in the genetic background
of the mouse strains used (Threadgill et al., 1997). In studies that
aimed to generate mouse models of DiGeorge Syndrome, 150-550
kb deletions of chromosome 16 including 7ssk! and Tssk2 were
found to be lethal in a homozygous situation, but were transmitted
by the heterozygous animals (Kimber et al., 1999; Puech et al.,

68

071114 09:39



©
&)
=
20
3]
(5}
)
(@)
o=
o
©
=
S
>
o
5

Chromatoid body in elongating spermatids 337

2000). This is in agreement with our findings on transmission of
the targeted 7ssk1/2 allele.

In summary, we conclude that TSSK1 and TSSK2 play crucially
important roles in transformation of the CBs in round spermatids
to another form of nuage with essential functions in
cytodifferentiation of late spermatids. The nuage in elongating
spermatids takes the shape of a ring and satellite, which we propose
represent the CB structures that were identified in 1970 by Fawcett
and colleagues and Susi and Clermont (Fawcett et al., 1970; Susi
and Clermont, 1970). Perhaps it is a matter of coincidence that the
nuage in primary spermatocytes is named intermitochondrial
cement, and the ring and satellite in elongating spermatids might
exert functions in mitochondrial attachment and formation of a
stably compacted mitochondrial sheath. However, there might be
areal functional link between nuage and mitochondria at subsequent
steps of spermatogenesis, as also suggested by Chuma and co-
workers (Chuma et al., 2009). TSSK1 and TSSK2, and possibly
other factors specific for elongating spermatids, appear to be
required for performance of the final act of male germ line nuage
in cytodifferentiation of spermatids.

Materials and Methods

Sequence alignment and phylogenetic analysis

TSSKs belong to the CAMK (calcium/calmodulin-dependent protein kinase)
superfamily (reviewed by Manning et al., 2002). The protein sequences of TSSKs
from Homo sapiens (Hs), Pan troglodytes (Pt), Macaca mulatta (Mc), Mus musculus
(Mm), Rattus norvegicus (Rn), Bos taurus (Bt), Canis familiaris (Cf), Monodelphis
domestica (Md), Ornithorhynchus anatinus (Oa) were obtained directly from NCBI
BLAST searches, or were translated from (putative) mRNA sequences. The amino
acid sequences of the N-terminal serine/threonine kinase domain of each protein were
used to construct a phylogenetic tree with the neighbor-joining method (Saitou and
Nei, 1987) using MEGA4 (Tamura et al., 2007).

Generation of Tssk1/2 knockout mice

The Tsskl and Tssk2 genes are located in close proximity to each other, separated by
3.06-kb intergenic sequence. We decided to generate a Tssk/ and Tssk2 double-
knockout, referred to as Tssk1/2 knockout (Tssk1/27). The lambda knockout shuttle
(AKOS) system was used to build a Tssk1/2 targeting vector (Wattler et al., 1999),
by Lexicon Genetics (Lexicon Pharmaceuticals, Princeton, NJ). The targeting vector
was derived from one clone representing the mouse Tssk1/Tssk2 locus, which contains
a Neo selection cassette at the 3" end of Tssk2. The entire Tssk1/Tssk2/Neo sequence
was flanked by LoxP sites. The vector was linearized with NotI for electroporation
into strain 129/SvEv®™ (LEX1) embryonic stem (ES) cells. G418/FIAU-resistant ES
cell clones were isolated and the correct targeting was confirmed by Southern blot.
One targeted ES cell clone (Tssk1/22°"+) was injected into blastocysts of strain
C57BL/6J-Tyr<c-2J> (albino C57BL/6). The injected blastocysts were transplanted
into pseudopregnant female mice. Resulting chimeric male mice were mated to albino
C57BL/6 females to generate offspring with germline transmission. Male F2
heterozygotes (Tssk1/22"+) were generated from a backcross of F1 heterozygotes
to wild-type hybrids with 129/SvEv’™ and C57BL/6 background, and were provided
to us by Lexicon Genetics. Heterozygotes (Tssk1/21"*) were then crossed with a
CMV-Cre deleter mouse, to obtain the knockout allele by removing the region in
between the LoxP sites. Mice heterozygous for the Tssk1/2 knockout allele (Tssk1/2*)
were inbred to obtain Tssk/27~ knockout mice. The 7ssk1/2 mutation was backcrossed
to the C57BL/6 genetic background for eight generations. Animals were housed at
the Erasmus MC Laboratory Animal Science Center (EDC), and the studies were
subject to review by an independent Animal Ethics Committee (Stichting DEC
Consult, The Netherlands).

All offspring were genotyped by PCR with tail DNA and the following primer set:
Fwl,5'-AGTCTGCTCCAGTACACTGG-3"; Rv1, 5'-ATAGGAGAGAGGCATGG-
AGC-3"; Rv2, 5'-CTTGGAGAAGCCGAAGTCAG-3'. The positions of these
primers are indicated in supplementary material Fig. S2.

Evaluation of fertility and sperm

Individual 8-week-old males were caged with three wild-type adult female C57BL/6
mice. Natural mating was confirmed by monitoring vaginal plugs during the first 3
days of mating. A prolonged mating (for 2-4 weeks) was performed for the knockout
males. The females were monitored for pregnancies, and, if any, litter sizes.
Spermatozoa were isolated from cauda epididymides and used for sperm counting
and mobility evaluation. Cauda epididymides were dissected from adult wild-type,
Tssk1/2*~ and Tssk1/2”~ mice, and gently torn apart while immerged in EKRB buffer
(Bellve et al., 1977) at room temperature. Wild-type and heterozygous spermatozoa
swam out of the epididymides, while immotile knockout sperm was released by gently

squeezing the tissue. Motility evaluation of at least 200 spermatozoa was assessed
by means of light microscopy (BX41, Olympus, JP), and spermatozoa were counted
using a hemocytometer.

Histology

Dissected testes, and sperm from cauda epididymides smeared onto slides, were fixed
in Bouin’s fixative overnight at room temperature. Testis 5 um paraffin sections were
stained with periodic acid Schiff (PAS)-hematoxylin, and sperm were stained with
hematoxylin-eosin (HE).

Generation of antibodies against mouse TSSK1, TSSK2, and TSKS

For generation of polyclonal antibodies, cDNA fragments of Tssk!, Tssk2 and Tsks
encoding amino acid residues 269-365 of TSSKI, 268-358 of TSSK2 and 160-290
of TSKS, were cloned into modified pGEX-2TK vector, and overexpressed in E.
coli. Purified polypeptides were used to immunize rabbits and guinea pigs by
Eurogentec (Liege, BE). Antibodies were affinity-purified as previously described
(Bar-Peled and Raikhel, 1996).

Western blotting

Protein samples were separated on SDS-PAGE, then blotted to nitrocellulose
membrane (Whatman) at 300 mA for 1.5 hours at 4°C. After transfer, the membrane
was blocked for 30 minutes with blocking buffer containing 5% w/v skimmed milk
and 1% w/v BSA in PBS-Tween (0.1% v/v Tween-20 in PBS). Then, the blot was
incubated with primary antibodies in blocking buffer for 1.5 hours. Following two
washings with PBS-Tween, the blot was incubated with the peroxidase-conjugated
secondary antibody in blocking buffer for 45 minutes. The resultant interaction was
detected by Western Lightning chemiluminescence reagent (PerkinElmer).

p 1and | phorylation assay

Decapsulated testis tissue was homogenized in ice-cold immunoprecipitation buffer
containing 20 mM Tris pH 7.4, 1% v/v NP40, 150 mM NaCl, 0.2 mM orthovanadate
(Sigma), 1 mM EDTA, 0.2 mM dithiothreitol (Sigma), and one protease inhibitor
cocktail tablet per 50 ml solution (Roche). For each sample, 200 ul precleared lysate
was incubated with 2 ug anti-TSKS antibody for 4 hours at 4°C with agitation. The
antigen-antibody complexes were isolated using protein A Sepharose beads (GE
Healthcare) by incubation at 4°C overnight. The antigen-antibody bead complexes
were resuspended in SDS sample buffer, and subjected to western blotting as described
above. In vitro kinase assays were performed on these complexes, essentially as
described (Kueng et al., 1997).

y and immunofluore: i opy

For immunostaining of testis, the tissue was fixed in 4% w/v paraformaldehyde, and
5 um paraffin sections were made. Rabbit anti-TSSK1, anti-TSSK2 and anti-TSKS
antibodies were used at 1:2000, 1:500 and 1:1000 dilutions, respectively. Guinea pig
anti-TSSK1, anti-TSSK2 and anti-TSKS were all used at 1:1000 dilution. Mouse
monoclonal antibodies against y-tubulin and GM130 (Sigma) were used at 1:1000
and 1:500 dilutions, respectively. MIWT antibody (Cell Signaling) was used at 1:200
dilution. Immunohistochemistry was performed as described previously (Roest et al.,
1996). For the immunofluorescence, we adapted the method described by Tsuneoka
et al. (Tsuneoka et al., 2006). Epididymal spermatozoa were isolated as described
above, and, if applicable, MitoTracker (Invitrogen) was added to a final concentration
of 20 nM. After 20 minutes incubation at room temperature, the sperm was smeared
on slides, air-dried in the dark for one hour at room temperature, and then fixed in
100% methanol for 5 minutes. Following permeabilization with 1% v/v Triton X-
100 in PBS at 37°C for 15 minutes, the slides were blocked with 10% v/v NGS and
2% w/v BSA at 37°C for 1 hour. Mouse monoclonal anti-acrosome antibody 18.6
(kindly provided by Harry D. Moore, The University of Sheffield, Sheffield, UK)
was used on the blocked slides without dilution. DAPI-containing mounting medium
(Invitrogen) was used to label nuclei. Images were taken using an Axioplan 2 (Carl
Zeiss) equipped with a CoolSNAP-Pro color charge-coupled device camera (Media
Cybernetics, Wokingham, UK). For immunofluorescent staining, the following
secondary antibodies were used: goat anti mouse IgG FITC 1:128 and TRITC 1:128
(Sigma); goat anti rabbit IgG FITC 1:80 and TRITC 1:200 (Sigma); goat anti guinea
pig IgG FITC 1:200 and TRITC 1:200 (Invitrogen).

Confocal microscopy of testicular spermatids

To prevent mechanical damage of elongating spermatids, these cells were gently
expelled to the outside of tubule fragments by enzymatic manipulation of the testis.
The tunica albuginea was removed, and the testis tissue was treated with enzymes
(PBS with Ca>* and Mg?*, 12 mM lactate, 1 mg/ml glucose, 1 mg/ml collagenase,
0.5 mg/ml hyaluronidase) on a horizontal shaker at 34°C for 20 minutes. The obtained
tubule fragments were washed, and then incubated with 20 nM MitoTracker-Green
(Invitrogen) in PBS at room temperature for 15 minutes. The tubule fragments were
imaged using a Zeiss LSM510NLO confocal laser scanning microscope (Carl Zeiss)
with a 63X 1.40 NA oil immersion lens.

RNA in situ hybridization
Digoxygenin-rUTP-labeled sense and antisense RNAs transcribed from Tssk/ and
Tssk2 cDNA fragments corresponding to the amino acid residues 269-365 for TSSK1
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and 268-358 for TSSK2 were used as probes for in situ hybridization on 5 pum testis
cross-sections. For Tssk6, the cDNA fragment contains a region encoding the amino
acid residues 248-273 plus 366 bp of the 5" UTR. Hybridization was carried out as
previously described (Wilkinson and Nieto, 1993).

Transmission electron microscopy

Testes were dissected, and fixed with 4% v/v formaldehyde and 1% v/v glutaraldehyde
in PBS. After post-fixation with 1% w/v osmium tetroxide and dehydration with
gradient acetone in Leica EM TP (Leica), testis tissue was embedded in epoxy resin
LX-112, and uranylacetate- and lead nitrate-contrasted ultrathin sections (0.04 um)
were studied using a transmission electron microscope (Morgagni Model 208S;
Philips, NL) at 80 kV.

We are thankful to Esther Sleddens-Linkels, Mark Wijgerde, and
Leendert Looijenga for helpful comments and advice. Harry Moore is
gratefully acknowledged for providing us with the acrosome-specific
antibody 18.6.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/123/3/331/DC1
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Figure S2. Generation of the Tssk1/2 knockout
A. Schematic presentation shows the wild type allele which contains 73547 and 75542 genes
with a 3.06kb intergenic region, and the targeting allele containing a floxed 7¥skI-T5sk2-Neo

locus. Positions of PCR primers used for genotyping are indicated with open arrowheads. 5’

and 3’ probes were used in Southern blotting for verification of homologous recombination
(data not shown). B. Genotypes of heterozygous and homozygous animals were verified by
PCR, which yielded a 766 bp product from the wild type allele and a 363 bp product from
the knockout allele.
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Figure S3. Expression and activity of TSSK1, TSSK2, and TSKS

A. Western blotting of TSSK1 and TSSK2. The expression of TSSK1 and TSSK2 is com-
pletely lost, in cytoplasmic fragments isolated from elongating spermatids from the -/- ani-
mals, and there is a marked loss in the +/- situation. B. Western blotting of TSKS. Analysis of
proteins from whole testis shows that expression of the testis-specific kinase substrate TSKS
(and its isotype TSKS ISO1; Ensembl protein ID: ENSMUSP00000079122) is maintained
at wild type level in the knockout (-/-). C. In vitro kinase activity. Testis homogenates were
incubated with 2P, followed by immunoprecipation of proteins using anti-I'SKS antibody.
This shows that loss of TSSK1 and TSSK2 also results in loss of P incorporation into
TSKS. The Western blot loading control shows immunoprecipitation of TSKS from +/+ and
-/- testes.
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Figure S4. mRINAs in wild type and Tssk1/2 knockout testes

A-C. RNA in situ hybridization for adult wild type (+/+) testis, showing expression of 7sk!
(A), T3sk2 (B) and T3sk6 (C) mRNAs (blue signal), near the lumen of the tubules where the
elongating spermatids are located. D-F. In the knockout (-/-), the in situ signal for 75s47 (D)
and 73s%22 (E) mRNAs is completely lost, whereas expression of 735426 mRNA (F) is main-
tained. (bar = 100 pm in A-F).
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Figure S5. TSSK1, TSSK2, and TSKS immunostaining of CB ring and satellite

A-C.Immunostaining of adult wild type testis section with guinea pig anti-TSSK1(A), rabbit
anti-T'SKS (B), and the merged signals (C), showing colocalization of TSSK1 and T'SKS on
ring (open arrowhead) and satellite (closed arrowhead). D-F. Immunostaining of adult wild
type testis section with guinea pig anti-I'SSK2(D), rabbit anti-T'SKS (E), and the merged
signals (F), showing colocalization of TSSK2 and T'SKS on ring (open arrowhead) and
satellite (closed arrowhead). G-1. Immunostaining of adult 73s%27/2 knockout testis with an-
ti-I'SKS. In the knockout spermatids (-/-), TSKS is still present (also see the Western blot,
supplementary material Figure S3B), but there is no progression to yield marked staining of
ring and satellite. Ring formation seems to be initiated around step 9 spermatids (G; open
arrowheads in inset), and a weak satellite-like signal is found at step 10-11 spermatids (H),
but the cytoplasm of step 13 spermatids shows only dispersed cytoplasmic staining (I). Nuclei
are stained with DAPI. (+/+ is wild type and -/- is knockout) (all bars are 20 um).
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Ensembl

Gene Gene ID alias chro. _int. Reference

Mus m. ENSMUSG

Tsskl 41566 Sth22a 16 0 Kueng ez al. 1997

Tssk2 45521 Stk22b 16 0 Kueng ez al. 1997

Tssk3 00411 Sth22c/d 4 1 Zuercher et al. 2000

Tssk4 07591 TsskS 14 3 Wei ez al. 2007

Tssk5 60794 15 7

Tssk6 47654 Sstk 8 0 Spiridonov e al.
2005

Homo s. ENSG

TSSK1A ~  -—--—-- * STK224 22 P Goldmuntz ez al.
1997

TSSKI1B 212122 STK22D 5 0 Hao ez al. 2004

TSSK2 206203 STK22B 22 0 Hao ez al. 2004

TSSK3 162526 STK22C/D 1 1 Visconti ef al. 2001

TSSK4 139908 TSSK5 14 3 Chen ez al. 2005

lost gene?  -—---- oomees

TSSK6 178093 SSTK/TSSK4 19 0 Hao ez al. 2004

Table S1. Tssk and TSSK genes in mouse and human

The table provides an overview of 73s% genes in mouse (Mus m.) and TSSK genes in human
(Homo s.), based on literature, and NCBI and Ensembl Genome Browser BLAST results.
All genes are autosomal. 73sk1, T5sk2, and T5sk6 have no introns. In human, 7SSK14
is a pseudogene version of 7SSKI. The human gene 7SSKIB may represent a retrogene,
originating from a retrotransposition event for which the previously intact 7SSK74 gene may
have acted as source gene. Note that the literature contains confusing aliases for several 7ss&/
TSSK genes, such as TSSK5 for TSSK4 (Chen et al. 2005; Wei et al. 2007), and TSSK4 or
SSTK for TSSK6 (Hao et al. 2004; Spiridonov e# al. 2005). Human (and other primates; see
supplementary material Figure S1) do not have 7SSK5.

*TSSK1A is the Vega processed_pseudogene gene OTTHUMG00000150125.

chro. = chromosomal localization; int. = number of introns (p = pseudogene)
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Summary

'The testis specific serine/threonine protein kinases TSSK1 and TSSK2 form a com-
plex with their testis-specific substrate TSKS, in spermatids. It has been described
that spermatids in 7¥s41/2 knockout mice (73s41 and 73542 double knockout) show
instability of the mitochondrial sheath, and other structural abnormalities, leading to
male infertility. The primary defect might be found in the function of a ring-shaped
structure, derived from the chromatoid body (CB). This CB-ring structure is lost in
the 75s&1/2 knockout. We hypothesize that the CB-ring might be involved in the
differentiation and maturation of subcellular structures, in particular in and around
the middle piece, during spermiogenesis. In the present study, we aimed to identify
protein partners of TSSK1/2 and TSKS, using our own set of antibodies and a pro-
teomic approach. We found that TSSK1, TSSK2, and TSKS form a stable protein
complex in vivo, referred to as the TSSK1/2-T'SKS complex. Gene Ontology (GO)
analysis of proteins detected after co-immunoprecipation (colP) with antibodies
targeting specifically TSSK1, TSSK2 or TSKS indicated that the TSSK1/2-T'SKS
complex interacts in particular with proteins involved in regulation of protein trans-
portation and localization. Among others, TSSK1 and TSSK2 both were found to
interact with casein kinase II subunit alpha’ (CK2d', encoded by Csn4242), and the
localization of this protein is changed from the principal piece in wild-type sperm
towards the middle piece in 7¥s41/2 knockout sperm. It is discussed that the TSS-
K1/2-TSKS complex may control the localization and function of a quite extensive
series of proteins involved in various aspects of the post-meiotic cytodifferentiation
of spermatids.
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Introduction

Spermiogenesis is the last phase of spermatogenesis, in which the post-meiotic
round spermatids go through a series of cytodifferentiation events, finally developing
into spermatozoa [1]. By reverse genetic studies in male-infertility laboratory mouse
models, authors have identified many genes playing pivotal roles in spermiogenesis.
In infertile men, a few gene defects have been identified by forward genetic studies,
which can cause poor sperm quality as the primary reason for male infertility [2].
However, the molecular mechanisms behind such cases of male infertility remain
largely unknown [2-5]. It is anticipated that studies on mouse models, in which a
direct link between a gene defect and dysregulation of spermiogenesis is observed,
will be of much help to try to identify critical mechanisms in spermiogenesis, which
might be conserved between mouse and human.

'The mouse 7isk1 and Tisk2, encoding the testis-specific serine/threonine
protein kinases TSSK1 and TSSK2, have been identified and characterized some
two decades ago [6-8]. T5sk1 and T5sk2 are expressed specifically in testis, exclusively
during spermiogenesis. The 73547 and 732 mRINAs are transcribed in steps 7-9
spermatids, and the encoded proteins are present from the beginning of spermatid
elongation [8,9]. TSKS, testis-specific kinase substrate, is a common substrate for
both TSSK1 and TSSK2, and shows the same expression pattern as the kinases [8,9].
Besides being phosphorylated by TSSK1 and TSSK2, a more stable protein-protein
interaction between TSKS and each of the two kinases has been demonstrated by
in vitro assays [8,10]. In a previous study, we have shown colocalization of TSSK1,
TSSK2, and TSKS in ring-shaped and globular cytoplasmic structures, during sper-
matid elongation. We have suggested that these structures, referred to as CB-ring
and CB-satellite, represent a transformed chromatoid body (CB) [9]. In round sper-
matids, the CB is a cytoplasmic structure which is thought to act in RNA metabo-
lism, including a role in regulation of mRNA translation [11]. When this function
is lost, at the transition from round to elongating spermatids, the CB may undergo
a transformation towards functions related to posttranslational control mechanisms
[9].

In a 75sk1 and T5sk2 double knockout mouse model, both genes were elim-
inated simultaneously [9]. The homozygous knockout (75s21/27") males were found
to be infertile, whereas the heterozygous (73s£1/2*") males and the female knockout
mutants had normal fertility. The sterility of the 7¥s£1/2” males is caused by severe
morphological defects and immobility of the spermatozoa, which originate from
defects in spermatogenesis. The major structural defects in the 7¥s£1/27" sperma-
tids concern the middle piece region, showing collapse of the mitochondrial sheath.
Moreover, the late stage 73541/2” spermatids showed retention of cytoplasmic mate-
rial, with less-condensed residual bodies, and delayed spermiation [9]. Taken togeth-
er, it appears that TSSK1 and TSSK2 play various roles in middle piece development,
mitochondrial sheath maturation and stability, and cytoplasm elimination, with con-
sequences also for sperm mobility.

In mouse, the formation of the mitochondrial sheath occurs in step 15 sper-
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matids, the duration of which spans stages IV to VI of the spermatogenic cycle, in to-
tal about 48 hours [12]. In the process, the spherical mitochondria are lined up along
the outer dense fibers at the middle piece region. Subsequently, the mitochondria
gradually elongate and coalesce, eventually forming a compact helical structure, re-
ferred to as the mitochondrial sheath [1,13]. In mitochondrial sheath formation, the
mitochondrial form of the selenoenzyme glutathione peroxidase 4 (GPX4) acts as a
structural component of mitochondrial capsule [14], which is a quite rigid structure
wrapping the mitochondria [14,15]. It has been suggested that the capsule structure
is important to shape the mitochondria in the course of the sheath formation, and
to maintain the structure of the mitochondrial sheath [15,16]. Mutational loss of
mitochondrial GPX4 in mouse causes male infertility associated with malformation
of the mitochondrial sheath [17,18].

After developing a well-structured tail and a condensed haploid nucleus
covered by the acrosome, spermatids also need to get rid of superfluous cytoplasm, in
the final steps towards spermiation. By removal of cytoplasmic material, the size of
a mature spermatid is reduced to approximately 25% of its original size before and
during spermiation [19]. Approximately 50% of the cytoplasmic volume is removed
through a mechanism which involves the activity of tubulobulbar complexes (TBC)
of steps 15-16 spermatids [19]. The TBC are a number of transient extensions of the
spermatid cytoplasm, invaginating the surrounding Sertoli cells, and the TBC also
function in spermiation [20-22]. Defects in TBC can cause impaired cytoplasmic
removal and delayed spermiation [23,24].

In the present study, we have investigated the phenotype of 7¥s£1/2 knock-
out spermatids and spermatozoa in more detail. Using immunofluorescent detec-
tion, we have studied the localization of various proteins associated with the middle
piece and the principal piece, in wild-type and 75s41/2 knockout testicular sperma-
tids and epididymal spermatozoa. Next, we searched for proteins interacting with
TSSK1, TSSK2 and TSKS, using co-immunoprecipitation combined with mass
spectrometry and Gene Ontology (GO) analysis. The results demonstrate that the
TSSK1/2-TSKS complex is involved in particular in protein localization and trans-
portation, protein phosphorylation, and cytoskeleton regulation. In view of associa-
tion of TSSK1/2-TSKS with the CB-ring structure, this would be in agreement with
a functional transformation of the chromatoid body towards a ring-shaped struc-
ture with functions related to posttranslational control mechanisms, in the transition
from round to elongating spermatids.
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Results

In Tssk1/2” spermatids, mitochondria slide out of the mitochondrial
capsule

During spermiogenesis in the 7¥s41/2” testis, mitochondrial sheath formation is
initiated with an accumulation of mitochondria along the middle piece region, but
a stable mitochondrial sheath is never formed, leading to a droplet-like structure
of a collapsed mitochondrial sheath [9]. Using electron microscopy (EM), it can
be seen that the mitochondrial sheath defect is associated with size heterogeneity
and swelling of the mitochondria (Supplementary Figure S1) [9], which might be
related to a primary defect in the mitochondria. However, a similar phenotype has
been reported for a mouse model lacking the mitochondrial isoform of glutathione
peroxidase 4 (GPX4), which is a major structural protein of a mitochondrial capsule,
which is functioning in shaping and stability of the spermatogenic mitochondrial
sheath [14,17,18]. Hence, it might be possible that the mitochondrial sheath defect
in the 73s£1/27" spermatozoa is related to some loss of GPX4 function impacting on
the formation of the mitochondrial capsule. Western blotting showed a wild-type
level of GPX4 in T5s£1/2 knockout testis (Supplementary Figure S2). In wild-type
epididymal sperm, using immunostaining, we could readily observe the GPX4-con-
taining mitochondrial capsule covering the mitochondrial sheath along the middle
piece (Figure 1A). In the 73s21/2 knockout spermatozoa, the capsule is present, but
it has become dissociated for the collapsed mitochondrial sheath. The immunoflu-
orescent images indicated that a hollow mitochondrial capsule remains attached to
the middle piece, where the mitochondria have slid out of the capsule, forming a
droplet-like structure (Figure 1B-D). This points to a role for TSSK1/2 in stable

attachment of the mitochondria to the capsule.

The tubulobulbar complex (TBC) shows a structural defect, in
Tssk1/27 spermatids

In the mouse model targeting Spem1, a correlation was observed between lack of cy-
toplasm elimination from elongating spermatids and a ‘bent neck’ morphological de-
tect [25]. This combination of events may also occur in 7¥s%1/2 knockout spermatids.
In addition to dysregulation of cytoplasm elimination and spermiation [9], many
of the 7¥s%£1/2 knockout spermatids and spermatozoa show the ‘bent neck’, ranging
from a 90° bent neck to a sperm head wrapped around the tail (Supplementary Fig-
ure S3). Using electron microscopy, the origin of this defect is found in the testis, for
steps 15-16 spermatids (Supplementary Figure S3), meaning that it is not caused by
mechanical forces associated with spermiation.

'The tubulobulbar complexes (TBC) are thought to play an important role
in cytoplasm elimination and spermiation [19,24]. Hence, we studied the structural
integrity of the TBC, in 73s£1/2 knockout testis, at the immunohistochemical level,
using an antibody targeting the TBC marker actin-related protein 3 (ARP3) [24].
It was found that the 73s21/27 spermatids are able to form TBC-like structures,
at about the same developmental time as the wild-type spermatids (Figure 2). We
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Figure 1. Localization of GPX4, a structural protein of the mitochondrial capsule,
in epididymal spermatozoa

Immunofluorescent staining of epididymal sperm with an antibody targeting GPX4
(green). Mitochondria were stained with MitoTracker (red). Nuclei were stained with
DAPI (blue). In the wild-type sperm (A), the GPX4 signal covers the mitochondrial
sheath at the middle piece region. In the 75441/2 knockout sperm (B-D), GPX4 ex-
pression is maintained, but the signal has become dissociated from the mitochondria,
and is localized in small spheres, arranged along the outer dense fibers (inset in B).
'The mitochondria have accumulated into droplets (open arrowheads). +/+, wild-type;
-/-, Tisk1/2 knockout. Scale bars: 10 pm.

Figure 2. Localization of ARP3, a compo-
nent of tubulobulbar complexes, in testic-
ular spermatids

Immunofluorescent staining of testis cross-
sections using an antibody against ARP3
(green). Nuclei were stained with DAPI
(blue). Using the marker ARP3, the tubu-
lobulbar complexes (TBC) are detected at
the apical region of the nuclei of elongating
spermatids. In wild-type spermatids (A; in-
set of A magnified in B and C), the TBC
structure is quite compact, as compared to
its more fragmented appearance in 73sk1/2
knockout spermatids (D; inset of D magni-
fied in E and F). +/+, wild-type; -/-, Ts5k1/2
knockout. Scale bars: 10 pm (A,D), 5 pm
(B,C,E,F).
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counted the number of nuclei (N ) of steps 14-15 spermatids in one 100x micro-
scopic magnification field, and the number of associated TBC (N,,.) in the same
field. The percentage of spermatids containing detectable TBC (N.,,./Ny x100%)
was calculated. In wild-type testis, 53.9+2.9% (meanz+sd) of steps 14-15 spermatids
contained TBC, versus 26.6+4.5% in the 73s£1/2 knockout, which was significant-
ly lower in the knockout (P<0.001). Moreover, at a higher magnification, we no-
ticed that the TBC in 73s£1/2 knockout spermatids had an irregular and fragmented
shape, compared to that in wild-type cells (Figure 2). At later steps of spermatid
development in the 7¥s%21/2 knockout, swelling of the TBC were observed, and in
some of the spermatids the TBC were collapsed and cloud-like debris were formed
around the spermatid heads (data not shown). The findings indicated that the TBC
are initially formed in 7%¥s%£1/2 knockout spermatids, but their maturation and func-
tion are impaired, possibly leading to the observed defects in cytoplasm elimination
and spermiation. There might be a direct relationship between excess cytoplasm and
bent neck abnormalities, but on the other hand these could be separate events caused

by loss of actions of TSSK1/2 in different pathways.

Annulus, flagellum, and fibrous sheath in Tssk1/2” spermatozoa

'The annulus is a septin-based ring structure, separating the middle piece and the
principal piece of sperm tails, functioning as a membranous diffusion barrier [26].
Septin 4 (SEPT4) is one of the components of the annulus [27]. In the absence of
SEPT4,in a mouse mutant model, the annulus structure is not formed, the tail struc-
ture between middle piece and principal piece is damaged, and the mitochondrial
sheath shows abnormalities [27,28]. We have previously described that the CB-ring
containing TSSK1/TSSK2-TSKS travels down the middle piece together with the
annulus [9]. Although the CB-ring is lost in 75s21/2 knockout spermatids, the an-
nulus structure remains morphologically intact and moves to the border between
middle piece and principal piece [9] (Supplementary Figure S1). In the present
study, immunofluorescent staining showed localization of SEPT4 in association with
the annulus of 7¥s41/2” spermatozoa (Figure 3), indicating that this localization of
SEPT4, and other aspects of the annulus possibly as well, do not require TSSK1/2.
'This also implies that loss of the CB-ring in the 73s42/2knockout is not explained by
dysregulation of the annulus.

Morphogenesis of the flagellum begins at early stages of spermatid devel-
opment, and the virtually complete flagellum structure has formed before the start
of spermatid elongation [1]. However, stability and maintenance of the flagellum
structure might be impaired by loss of proteins expressed during spermatid elonga-
tion [5]. In the 7sk1/27" spermatids, using electron microscopy, we observed that the
9+2 axoneme and outer dense fiber structures are normally formed (Supplementary
Figure S4). We also examined the presence and localization of the axoneme com-
plex protein SPAG16L, which in fact has been described as an interaction partner
of mouse TSSK2 [29]. Disruption of Spag76 in mouse causes immobility of sperm,
with axoneme complex defects [30]. Western blotting detected SPAG16L at equal
levels in wild-type and 73s£1/2 knockout testes (Supplementary Figure S2). Immu-
nofluorescent staining showed the presence of SPAG16L along the flagellum in the
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Figure 3. Localization of markers of the annulus, the flagellum, and the fibrous
sheath, in epididymal sperm

Mitochondria were stained with MitoTracker (red). Nuclei were stained with DAPI
(blue). The annulus is detected by immunofluorescent staining using an antibody target-
ing SEPT4 (A, B) (green). The localization of the annulus at the end of the mitochon-
drial sheath is not changed in 73s%21/2 knockout spermatozoa (closed arrowheads in A
and B). The antibody targeting SPAG16L (C, D) (green), a protein which is associated
with the flagellum, does not stain the flagellum at the middle piece region of wild-type
spermatozoa (C) but gains access to the flagellum at the middle piece region when the
mitochondrial sheath is displaced in 734%1/2 knockout spermatozoa (D). Immunofluo-
rescent staining of AKAP4 (E,F) (green), which is an important structural component of
the fibrous sheath at the principal piece of the sperm tail, shows that the principal piece
of the 7¥sk1/2 knockout spermatozoa contains this marker protein, although this staining
of the fibrous sheath also indicates that the principal piece of the tail appears slightly
damaged (open arrowheads in F; the mitochondrial droplet is found at the transition be-
tween principal piece and middle piece). The sperm-specific isozyme GAPDHs (G,H)
(green) is also associated with the fibrous sheath, and this is not changed in the 75s21/2
knockout spermatozoa, although some slight damage of the fibrous sheath might be seen
also using this marker (open arrowheads in H; the mitochondrial droplet is located half-
way the middle piece). +/+, wild-type; -/-, Tssk1/2 knockout. Scale bars: 10 pm.
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Tssk1/2 knockout sperm, as in wild-type spermatozoa (Figure 3). This indicated that
there are no major abnormalities of the sperm flagellum, in the absence of TSSK1/2.

At the same time when during spermiogenesis the annulus, together with
the CB-ring, moves towards the distal end of the middle piece, the fibrous sheath
of the principal piece is also being formed [31]. This fibrous sheath is a cytoskeletal
structure, which surrounds the axoneme and outer dense fibers, with a role in flagellar
flexibility and motion. The testis-specific A-kinase anchoring protein AKAP4 is the
most abundant protein of the fibrous sheath [32,33], and AKAP4 is essential for
structure and function of the fibrous sheath [34]. Immunofluorescent detection of
AKAP4 in Tisk1/2 knockout spermatozoa indicated that the localization of AKAP4
in the fibrous sheath was maintained in the absence of TSSK1/2 (Figure 3). There
might be a slight impairment of the regular structure of the fibrous sheath, in 7¥sk1/2
knockout spermatozoa (Figure 3; Supplementary Figure S1). In addition to a struc-
tural role, the fibrous sheath also offers anchoring sites for several proteins, such as
GAPDHs, which is a testis-specific GAPDH isozyme required for sperm glycolysis
[31,35]. The expression pattern of GAPDHs is similar to that of AKAP4,and GAP-
DHs becomes associated with the fibrous sheath in steps 12-13 spermatids [32,33],
where it is found mainly in the circumferential ribs rather than in the longitudinal
columns [36]. Mutational loss of GAPDHs results in immobile sperm with enlarged
spacing of the circumferential ribs [35]. In the 73s21/2”7 spermatids, the localiza-
tion of GAPDHs at the fibrous sheath of the principal piece is maintained, with
the exception of a slight morphological abnormality of the fibrous sheath which is
observed with this immunostaining, similar to what is seen for the AKAP4 staining
(Figure 3).

Taken together, the above results indicate that movement of the CB-ring,
containing the TSSK1/TSSK2-TSKS complex, together with the annulus down the
middle piece plays various roles mainly in development of the middle piece, but does
not exclude some involvement in a role related to development of the fibrous sheath.

The TSSK1/2-TSKS complex and its interacting partners

To try to obtain more information about the molecular basis of the 73s21/27 pheno-
type, we studied protein-protein interactions in which TSSK1, TSSK2, and TSKS
participate. The approach was based on co-immunoprecipitation (colP), mass spec-
trometry (MS), and Gene Ontology (GO) analysis. Western blotting demonstrated
that the antibody targeting TSKS resulted in colP of TSSK1 and TSSK2, together
with TSKS (including TSKS isoform 1), from mouse testis lysate (Supplementary
Figure S5), consistent with previous findings [8-10]. All available data support the
conclusion that a TSSK1/2-TSKS complex is present iz vivo, most likely concentrat-
ed in the CB-ring and the CB-satellite, in elongating spermatids.

We next pursued studies on identification of proteins which could be the
biological targets for the TSSK1/2-TSKS complex in spermatids. Using our panel of
antibodies targeting mouse TSSK1, TSSK2, and TSKS, we performed three individ-
ual coIPs on mouse testis lysate, followed by MS. Non-specific hits were removed,
by first filtering hits obtained in a coIP with control IgG, followed by comparison
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of the results obtained for wild-type and 73s£1/2 knockout testes (as described in
Materials and Methods), and we selected proteins with a Mascot score >99 (Sup-
plementary Data 1). In each of the three colPs, the top hits were TSSK1, TSSK2,
and TSKS (including TSKS isoform 1) (Table 1, Supplementary Data 1), in agree-
ment with the existence of a TSSK1/TSSK2-TSKS complex. A total of 125 and 97
proteins with a Mascot score >99 were found in the colPs using antibodies against
TSSK1 and TSSK2, respectively. None of these proteins were found in the colPs for
Tssk1/2 knockout testis, which provides a control for the specificity of the TSSK1
and TSSK2 results. For the TSKS colP, we identified 109 proteins with a Mascot
score >99, of which 29 proteins with a Mascot score >99, other than TSKS itself,
were found in both the TSKS colPs for wild type and 7¥s%£1/2 knockout (Supple-
mentary Data 1), indicating that these proteins may interact with unphosphorylated
TSKS, which in fact is cytoplasmic but not localized in the CB-ring and CB-satellite
[37]. For the majority of proteins to interact with TSKS, the presence of TSSK1 and
TSSK2 is required. Relatively few proteins (other than TSSK1, TSSK2, TSKS) were
detected in both the TSSK1 and the TSSK2 coIPs (Table 1 and Supplementary data
1a). Certainly, it is not excluded that TSSK1 and TSSK2 have differential functions
by targeting different proteins [38], but in the present study we highlight the list as
shown in Table 1, because repeated identification of the same proteins, by two differ-
ent colPs, may point out overlapping functions between TSSK1 and TSSK2, which
also might be the oldest and most conserved functions.

Localization of CK2a’ and RIM-BP3

In mouse knockout models, at least three proteins detected in the present study as
candidate targets of both TSSK1 and TSSK2 (Table 1) have been shown to have a
functional relationship to spermatid development. Casein kinase II subunit alpha’
(CK20/, encoded by Csnk2a2) is a testis-enriched protein kinase subunit, and muta-
tional disruption of Csnk2a2 causes male infertility with an abnormal round shape of
the nucleus [39-41]. Radial spoke head 1 homolog (encoded by Rsph1) is localized in
male meiotic prophase nuclei (this protein is also named meichroacidin), and in the
sperm flagellum, where it may exert its main biological function. The Rsph1 knockout
mouse shows male-specific infertility, with retarded flagellum formation during sper-
miogenesis [42]. RIM-BP3 is a testis-specific protein localized on the manchette in
elongating spermatids, interacting with the manchette-bound protein HOOK1 [43].
Functionally, RIM-BP3 is involved in manchette microtubule organization and in-
tramanchette protein transportation [43]. The Rimbp3 knockout males are infertile,
with manchette structural defects and sperm head deformation [43].

Using available antibodies targeting CK2a' and RIM-BP3, we have studied
the expression and localization of these two proteins in the present 75s21/2 knockout
spermatids. The two proteins are equally expressed in both wild-type and 7¥s%1/2
knockout testes (Supplementary Figure S2). In wild-type epididymal spermatozoa,
CK2a' is localized at the principal piece, but this precise localization is dysregulated
in the 7¥sk1/2 knockout spermatozoa, where we found the immunofluorescent signal
associated mainly with the middle piece, with some staining of the nuclear region
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IPI accession # | description gene scorel | score2 | score3

1P100816986 testis-specific serine kinase substrate Tsks 2507 2699 2905
isol*

1P100118943 testis-specific serine kinase substrate Tsks 2340 2611 2691

1P100403935 testis-specific serine/threonine-protein | Z3sk1 1428 1333 1431
kinase 1

IP100785425 testis-specific serine/threonine-protein | 75542 748 1275 1242
kinase 2

IP100346073 heat shock protein 1B Hspalb 575 612 -

1P100118795 casein kinase II subunit alpha’ Csnk2a2 504 158 -

1P100187274 coiled-coil domain-containing protein | Cedc91 377 520 335
91

1P100118783 radial spoke head 1 homolog Rsphl 360 126 -

1P100121623 dynein light chain 1, cytoplasmic Dynll1 227 118 -

IP100272033 histone H2A type 2-C Hist2h2ac | 201 134 -

1P100420724 budding uninhibited by benzimidazoles | Bub3 195 154 -
3 homolog

1P100153400 histone H2A.J H2aff 192 135 -

1P100126634 polymerase delta-interacting protein 2 | Poldip2 185 540 -

1P100126716 eukaryotic initiation factor 4A-III Eif4a3 164 181 -

1P100227900 cAMP-dependent protein kinase Prkaca 141 141 -
catalytic subunit alpha

1P100314302 cleavage and polyadenylation specificity | Cpsf2 135 135 -
factor subunit 2

1P100462291 high mobility group protein B2 Hmgh2 127 147 -

IPI00318154 WD repeat-containing protein 35 Wdr35 122 139 -

1P100354207 beta/gamma crystallin domain-contain- | Crybg3 120 1489 -
ing protein 3

1P1I00400163 n-alpha-acetyltransferase 50 Naa50 120 156 -

1P100461022 glutaminyl-peptide cyclotransferase Qpct 115 107 -

1P100461823 serine/threonine-protein phosphatase 6 | Ppp6r2 113 262 -
regulatory subunit 2

1P100123129 staphylococcal nuclease domain-con- Sndl 112 251 -
taining protein 1

1P100354151 RIM-binding protein 3 Rimbp3 111 408 -

1P100667973 centrosomal protein of 170 kDa Cep170 110 659 -

1P100263313 developmentally-regulated GTP-bind- | Drg? 103 274 217
ing protein 1

1P100331541 6-phosphofructokinase, muscle type Pftem 101 130 -

Table 1. Mascot scores of proteins detected in colP experiments using antibodies

against TSSK1 (score 1), TSSK2 (score 2), or TSKS (score 3)

IPI: International Protein Index. - : not detected. * : 734s can encode two different protein
isoforms. For proteins detected using only one of the antibodies, sce Supplementary
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Figure 4. Localization of casein kinase II subunit alpha’ in epididymal sperm

In wild-type spermatozoa, the localization of CK2a' (green) is restricted to the prin-
cipal piece of the sperm tail (A). In panels B and C, the mitochondrial sheath is
stained with MitoTracker (red), and the position of the sperm head is indicated
in the green/red merged panel C. The cellular localization of CK2a' is markedly
changed in 7%¥s£1/2 knockout spermatozoa, where the middle piece region shows
most green fluorescence, with a lower level of staining of the principal piece and
some staining of the area around the nucleus (D). In panels E and F, the mitochon-
drial sheath is stained with MitoTracker (red), and the position of the sperm head
is indicated in the green/red merged panel F. +/+, wild-type; -/-, T5sk1/2 knockout.
Scale bars: 10 pm.
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and the principal piece (Figure 4). For RIM-BP3 we detected the immunofluores-
cent signal covering the manchette, making contact at its distal end with the CB-ring
(marked by TSSK2), in wild-type step 15 spermatids (Figure 5). In the absence of a
CB-ring in 75sk1/2 knockout spermatids, the colocalization of RIM-BP3 with the
manchette is seen at earlier steps of spermatid development (Figure 5). Our EM
observations do not reveal an abnormal manchette structure in the early 73sk1/2
knockout spermatids (data not shown). However, based on the observations for the
wild-type (colP results and the immunostaining), it seems likely that the CB-ring
containing the TSSK1/2-TSKS complex exerts some influence over functions of the

manchette.
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Figure 5. Localization of the manchette-associated protein RIM-BP3 in elongat-
ing spermatids

Immunostaining of testis cross sections using an antibody targeting RIM-BP3 yields
a signal showing the outline of the manchette around and connected to the nucleus
of an elongating step 15 spermatid (A) (green). At the distal end of the manchette,
the CB-ring structure containing TSSK2 is located (B, C) (TSSK2 in red, and nu-
cleus stained blue with DAPI). This is also shown for a step 11 spermatid, where the
manchette is not yet completely formed (D) and the CB-ring and CB-satellite are
both present, but not connected to the manchette (E, F) (inset in E shows a mag-
nification of CB-ring and CB-satellite). In the 75s41/2 knockout testis, spermatids
around step 11 show the presence of the manchette (G, I), with a shape which is not
markedly different from the manchette in the wild-type spermatids (D, F).

+/+, wild-type; -/-, T¥sk1/2 knockout. Scale bars: 10 pm.
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Gene Ontology analysis of candidate proteins interacting with
TSSK1/2-TSKS complex

To obtain a more global view of the proteins detected in the colPs (Supplementary
Data 1), we performed a Gene Ontology (GO) analysis [44], as described in detail
in Materials and Methods. In this analysis, we focused on the GO terms which were
significantly enriched (p<0.05, protein count 5 or higher), for either one of the three
categories: biological process (BP), cellular component (CC), or molecular function
(MF) (Supplementary Data 2 and 3). The results were summarized in Table 2.

In all three colPs, we found enrichment for the terms RNA processing (BP)
and RNA binding (MF). This might indicate that transformation of the chromatoid
body to the CB-ring and CB-satellite does not completely eliminate former func-
tions of the chromatoid body in RNA metabolism, or the CB-derived structures may
have gained new functions regarding RNA metabolism.

Protein localization and transportation (BP) and mitochondrion (CC) are
prominent terms for both the TSSK1 and TSSK2 coIPs. A difterent pattern is seen
for the terms cytoskeleton organization (BP) and cytoskeletal protein binding (MF),
which are found for both the TSSK1 and TSKS colPs, but not for the TSSK2 colP.
'This latter observation might indicate that indeed TSSK1 and TSSK2 have some
differential functions, as we have suggested before[38], in this case a more prominent
role for TSSK1, acting together with TSKS, regarding regulation of cellular aspects
related to the cytoskeleton. In turn, the TSSK2 coIP provides an indication for a
more specific role of TSSK2 regarding the processes and functions described by the
terms protein phosphorylation (BP) and protein kinase activity (MF) (Table 2).

For phosphorylated TSKS (in the wild-type testis), the prominent GO terms
were cytoskeleton organization (BP) and cytoskeletal protein binding (MF), but this
was not seen for the 28 proteins (other than TSKS itself) which represent the colPs
for both phosphorylated TSKS (in wild-type testis) and unphosphorylated TSKS (in
Tsks1/2 knockout testis). For this small group of proteins, no enrichment for the
GO terms cytoskeleton organization (BP) and cytoskeletal protein binding (IMF)
was observed (data not shown). From this, we suggest that unphosphorylated TSKS,
which is cytoplasmic but not located in the CB-ring or the CB-satellite, which in
fact are absent in the 75sks1/2 knockout, may have lost most of its interactions with
cytoskeletal components. Yet, proteins interacting with TSKS both in wild-type and
Tssk1/2 knockout testis might still be involved in pathways controlled by the T'SS-
K1/2-TSKS complex and relevant for spermiogenesis. For example, this group of
proteins includes the protein phosphatase PPP1CC2, for which additional evidence
for interaction with TSSK1 and TSKS has been obtained [45]. The testicular phe-
notype of a Ppplcc knockout mouse includes a mitochondrial sheath abnormality
comparable to what is seen for the 75s21/2 knockout [45].

Table 2. Gene Ontology analysis of proteins detected in the coIPs using antibod-
ies against TSSK1, TSSK2, or TSKS.

In this summary table, the number of different GO categories (GOs) and the re-
spective number of enriched proteins (EPs) are presented. Full data are presented in

Supplementary Data 3.
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TSSK1

Category GOs EPs Description
Biological process 5 17 cytoskeleton regulation
4 12 protein localization and transpor-
tation
4 10 RNA processing
5 7 male reproduction
Cellular component 10 25 non-membrane-bounded organelle
7 19 cytosol
1 15 mitochondrion
2 8 ribonucleoprotein complex
Molecular function 11 31 nucleotide binding
1 10 RNA binding
2 6 cytoskeletal protein binding
TSSK2
Category GOs EPs Description
Biological process 4 13 protein localization and transpor-
tation
4 10 protein phosphorylation
2 7 RNA processing
2 6 male reproduction
1 6 translation
Cellular component 3 17 non-membrane-bounded organelle
1 14 mitochondrion
1 7 cytosol
1 7 cell projection
Molecular function 12 33 nucleotide binding
1 10 RNA binding
2 8 protein kinase activity
TSKS
Category GOs EPs Description
Biological process 16 17 cytoskeleton organization
6 10 male reproduction
2 7 RNA processing
Cellular component 9 37 non-membrane-bounded organelle
2 10 cell projection
1 9 ribonucleoprotein complex
4 7 cytosol
Molecular function 4 18 cytoskeletal protein binding
3 17 nucleotide binding
1 11 structural molecule activity
1 11 RNA binding
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Discussion

'The chromatoid body (CB) is a quite mysterious cytoplasmic organelle, readily seen
with light microscopy as a dense globular structure moving over the surface of the
nucleus of round spermatids [46]. It consists of transformed germinal granules, also
known as nuage (which is French for cloud), that originate from intermitochondrial
cement in meiotic cells, and finally coalesce, forming the clearly visible chromatoid
body in round spermatids [47]. Not only morphologically, but also functionally the
CB has been thoroughly studied for more than four decades [11,46-49]. During
steps 1-8 of spermiogenesis, the CB is thought by many authors to function mainly
as an mRNA-processing center, in which mRNA storage and translational control
are taking place [11,50,51]. In addition, a few authors have suggested that the CB
facilitates ubiquitin-mediated protein degradation pathways [52]. The RNA-binding
protein MIWT is an important CB marker, and its expression is lost at the beginning
of spermatid elongation in step 9 spermatids [9,53], and most studies ignore any
possible functions of CB-derived structures during spermatid elongation. Electron
microscopy (EM) studies have shown a transition of the CB to a ring-shaped struc-
ture around the base of the flagellum in steps 9-11 spermatids [54,55]. This ring-
shaped structure was considered a residual organelle, which had lost all or most of its
functions [11,47,56]. When we identified TSSK1, TSSK2, and TSKS as prominent
immunohistochemical markers of what we named the CB-ring and the CB-satel-
lite, which most likely originate from the CB [9], this opened the possibility to gain
information about possible functions of these structures, as studied and described
in the present report. In the 75s21/2 knockout, the CB is normally present in round
spermatids, but the CB-ring and CB-satellite are not being formed in elongating
spermatids [9], meaning that TSSK1, and TSSK2 are not just markers, but are in fact
tunctionally implicated in the development of the CB-derived structures.

The present study provides new evidence that TSSK1, TSSK2, and TSKS
form a stable complex. For the greater part, this complex is localized in the CB-ring
and the CB-satellite in elongating spermatids [9]. When the CB-ring moves down
the middle piece, in close association with the annulus, this structure is perfectly
positioned to organize critical aspects of middle piece differentiation. Hence, we
hypothesized that the middle piece defects observed in 73s21/2 knockout sperma-
tids and spermatozoa are related to loss of the CB-ring and its associated activities
[9]. The CB-satellite seems to represent an overflow of the CB-ring, but we cannot
exclude that the CB-satellite might also be directly involved in middle piece difter-
entiation or other aspects of spermiogenesis.

Mitochondria move towards the flagellum at step 14 of spermiogenesis, and
the full-length mitochondrial sheath is formed at step 15 [1,13]. Initially, the mi-
tochondria cannot make contact with the flagellum, because the annulus prevents
the mitochondria to pass through and to reach the flagellum which is localized in
a thin projection of cytoplasm. Only when the annulus moves in distal direction
along the flagellum, at step 15, of spermiogenesis, the proximal part of the flagellum
comes within reach of the mitochondria. The CB-ring is on the trail of the annu-
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lus, and might exert some control over posttranslational modification of proteins
involved in formation of the mitochondrial sheath. What apparently is missing in
the 7¥s%£1/2 knockout is at least one protein which anchors the mitochondria to the
mitochondrial capsule. Immunohistochemical staining of GPX4, a major structural
component of the capsule, allowed us to demonstrate that the mitochondria have slid
out of this capsule, in 7¥s%21/2 knockout epididymal spermatozoa. It is not known
which protein(s) might act to anchor the mitochondria to the capsule. Among the
proteins detected in the present proteomics analysis we were not able to point to
candidates. However, we consider it very likely that the CB-ring with its associated
TSSK1/2-TSKS complex plays a functional role regarding this process.

'The observed dysregulation of the localization of the serine/threonine kinase
subunit CK2a' in the absence of TSSK1/2 might be an indirect effect. On the other
hand, we favour the possibility that the CB-ring with its associated TSSK1/TSSK2-
TSKS complex plays an organizing role, when it moves down the middle piece, to
restrict the localization of CK2a' to the principal piece. The powerful CK2 enzyme
likely has many substrates [57], and might dysregulate development of the middle
piece and head region, when it is faulty present at those sites, during spermiogenesis
in the 75s#1/2 knockout.

'The manchette is a transient structure composed of numerous microtubules.
It is formed in early elongating spermatids, encircling the caudal pole of the nucleus
and extending into the posterior cytoplasm. Intramanchette transport of cargos likely
is an important function of the manchette [58]. The microtubule plus-end-tracking
protein CLIP170 is associated with the manchette, and loss-of function mutation of
Clip170 in a mouse model results in male infertility, with head and tail abnormalities
[59]. At the developmental time point when the CB undergoes its transformation to
the CB-ring, the CB is surrounded by the manchette microtubules. Over a century
ago, it has been suggested that CB might be involved in formation of the manchette
[60], but this idea, when reviewed by Yokota (2008) [47], was set aside based on
the view that the CB is broken down when it moves away from the nucleus. Here,
we find indications that the CB-ring plays some role in organizing functions of the
manchette. The manchette-associated protein RIM-BP3 was detected in the TSSK1
and T'SSK2 colPs, and we found that the manchette makes contact at its distal end
with the CB-ring. Both the manchette and the CB-ring are transient structures,
being present during the same developmental time window in spermiogenesis, in the
area between the caudal pole of the nucleus and along the middle piece. In addition,
in the GO analysis of proteins detected in the colPs, cytoskeleton organization (Bio-
logical Process) and cytoskeletal protein binding (Molecular Function), stand out as
terms, for both the TSSK1 and T'SKS colPs.

From the present results, we propose that the CB-ring exerts an organizing
role regarding the cytoskeleton, and transport and localization of proteins. This role
might be executed by the TSSK1/2-TSKS activities, when the CB-ring is moved,
together with the annulus, from its position near the caudal end of the nucleus to
the border between the middle piece and the principal piece. TSKS does not have
enzymatic activity, but when phosphorylated by TSSK1/2 it becomes an integral part
of the CB-ring, where it may act to stabilize this structure. The TSKS colPs indi-
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cated that phosphorylated TSKS (in the wild-type testis) interacts with cytoskeletal
components, whereas unphosphorylated TSKS (in the 75s%21/2 knockout testis) may
have lost most of these interactions. The kinases TSSK1 and TSSK2 are expressed,
together with their common substrate TSKS, during the same developmental time
window in elongating spermatids. Like TSSK1 and TSSK2, the substrate TSKS is
also highly conserved among mammals. We hypothesize that the two kinases, by
phosphorylating T'SKS, set in motion a series of events which leads to transforma-
tion of the CB to the CB-ring (and CB-satellite), and maintenance of the CB-ring
(and CB-satellite) and its functions. Maintenance and functions of the CB-ring re-
quire both the activity of the kinases and the presence of phosphorylated TSKS. It
is anticipated that loss of TSKS, in a 7T5s knockout mouse model, might lead to loss
of the CB-ring. We hypothesize that in such a situation, the kinases TSSK1 and
TSSK2 will be floating around in the cytoplasm of elongating spermatids, not able
to correctly orchestrate the events which are required to assemble functional sperma-
tozoa.

The two genes 73sk1 and 73sk2 are intronless retrogenes, most likely orig-
inating from retroposition events in the mammalian ancestor [38]. In mouse, the
genes are located in tandem, which was a factor leading to generation of the 7¥s41/2
double knockout, rather than the generation of 7¥sk7 and 7%sk2 single knockout
mouse models [9,61]. The parental gene giving rise to the 7¥s47 and 7352 retrogenes
is not known. Possibly, the parental gene has been lost, and all of its original functions
have been taken over by the retrogenes. 7¥s%1 and 75sk2 genes are not present in am-
phibians, reptiles and birds [38]. Hence, the evolution of the genes encoding TSSK1
and TSSK2 might involve positive selection concerning aspects of spermiogenesis
and sperm functions which are of particular importance in mammals. In this regard,
it is quite interesting that evolutionary analysis of the 7¥s% genes provided an indi-
cation that TSSK1 and TSSK2 might perform at least partly differential functions
[38]. The present findings for the GO analysis of the colP results also indicate that
TSSK1 and TSSK2 may have some difterential functions, in addition to overlapping
functions. The TSSK1/2-T'SKS complex likely is a key player, with a multifaceted

role in mammalian spermatid development.
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Materials and Methods

Animals

The T5sk1 and Tisk2 double knockout mouse model (735k1/27") was generated as
previously described [9]. For wild-type, we used the C57BL/6 mouse strain. Ani-
mals were housed at the Erasmus MC Laboratory Animal Science Center (EDC),
and the studies were subject to review by an independent Animal Ethics Committee

(Stichting DEC Consult, The Netherlands).

Immunofluorescence microscopy

Mice were killed by CO, gas and cervical dislocation. Dissection was performed im-
mediately after the mice were killed. Testes and epididymides were isolated and put
into phosphate-buffered saline (PBS). For immunostaining, testis tissue was fixed in
4% w/v paratormaldehyde at 4°C overnight, and 5 pm paraffin sections were sliced.
Dissected caudal epididymides were gently torn apart while immerged in EKRB buf-
fer [62] at room temperature. This allowed the wild-type spermatozoa to swim out
of the epididymal tissue, while the immobile 7¥s%£1/2 knockout sperm were released
by gently squeezing the tissue. Isolated spermatozoa were smeared on glass slides
for immunostaining. For immunostaining of testis cross-sections and spermatozoa
smear slides, the prepared materials underwent conventional staining procedures as
previously described [9]. Rabbit anti-GPX4 was used at 1:100 dilution (Abcom).
Monoclonal anti-ARP3 was used at 1:250 dilution (Sigma). Goat anti-SEPT4 was
used at 1:250 dilution (Abcom). Rabbit anti-CK2a’ was used at 1:500 dilution (Ab-
com). Rabbit anti-SPAG16L was used at 1:1000 dilution [30]. Rabbit anti-AKAP4
was used at 1:200 dilution [34]. Rabbit anti-GAPDHs was used at 1:400 dilution
[34]. Rabbit anti-RIM-BP3 was used at 1:250 dilution [40]. The following second
antibodies were used: goat anti-mouse IgG FITC 1:128 (Sigma); donkey anti-goat
IgG TRITC 1:200 (Santa Cruz Biotechnology); goat anti-rabbit IgG FITC 1:80
and TRITC 1:200 (Sigma). For staining of the mitochondria in spermatozoa smear
slides, if applicable, MitoTracker (Invitrogen) was added to a final concentration of
500 nM. DAPI-containing mounting medium (Invitrogen) was used to label nuclei.
Images were taken using an Axioplan 2 (Carl Zeiss) equipped with a CoolSNAP-Pro

color charge-coupled device camera (Media Cybernetics).

Co-immunoprecipitation (colP) and mass spectrometry

Decapsulated mouse testes were homogenized using a glass Dounce homogenizer
in 1 ml ice-cold immunoprecipitation buffer containing 20 mM Tris pH 7.4, 1% v/v
NP40, 150 mM NaCl, 1 mM EDTA, 0.2 mM dithiothreitol, and protease inhibitor
cocktail tablet (Roche). The homogenized tissue was centrifuged at 13,000 rpm for
30 min, and the supernatant was the testis lysate used for immunoprecipitation. A
portion of 200 pl testis lysate was incubated with 2 mg of the respective antibody
for 4 hours at 4°C with rotating. The antibody-antigen complexes were precipitated
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using protein A sepharose beads (GE Healthcare) by incubation at 4°C overnight.
The antigen-antibody-bead complexes were resuspended in 2xSDS sample buffer
(Life Technologies), and subjected to 1D SDS PAGE. Following Coomassie Bril-
liant Blue staining and de-staining procedures, 1D SDS-PAGE gel lanes were cut
into 2-mm slices using an automatic gel slicer and subjected to in-gel reduction with
dithiothreitol, alkylation with iodoacetamide and digestion with trypsin (Promega,
sequencing grade), essentially as described by Wilm et al. [63]. Nanoflow LC-MS/
MS was performed on an 1100 series capillary LC system (Agilent Technologies)
coupled to an LTQ-Orbitrap mass spectrometer (Thermo) operating in positive
mode and equipped with a nanospray source. Peptide mixtures were trapped on a
ReproSil C18 reversed phase column (Dr Maisch GmbH; column dimensions 1.5
cm x 100 pm, packed in-house) at a flow rate of 8 ul/min. Peptide separation was
performed on ReproSil C18 reversed phase column (Dr Maisch GmbH; column di-
mensions 15 cm x 50 pm, packed in-house) using a linear gradient from 0 to 80% B
(A = 0.1 % formic acid; B = 80% (v/v) acetonitrile, 0.1 % formic acid) in 70 min and
at a constant flow rate of 200 nl/min using a splitter. The column eluent was directly
sprayed into the ESI source of the mass spectrometer. Mass spectra were acquired in
continuum mode; fragmentation of the peptides was performed in data-dependent
mode. Peak lists were automatically created from raw data files using the Mascot
Distiller software (version 2.3; MatrixScience). The Mascot search algorithm (ver-
sion 2.2, MatrixScience) was used for searching against the IPI fasta protein se-
quence database (version IPI_mouse_20100210.fasta). The peptide tolerance was set
to 10 ppm and the fragment ion tolerance was set to 0.8 Da. A maximum number of
2 missed cleavages by trypsin were allowed and carbamidomethylated cysteine and
oxidized methionine were set as fixed and variable modifications, respectively.

Mass spectrometry (MS) data analysis and functional enrichment
analysis

To purge the data before further analysis, various controls were used. Importantly,
IgG coIP was performed, to be able to filter the non-specific interactions, for wild-
type and 73s4£1/2 knockout testis lysates. The threshold for filtering was 10-fold dif-
ference in Mascot score between wild-type and knockout. In addition, the Mascot
score cut-off value for the positive protein hits was set to 100 (Mascot score >99).
To get insight into the relevant functional pathways, enrichment analysis was per-
tormed using the Database for Annotation, Visualization and Integrated Discovery
(DAVID) version 6.7. The main focus was put on biological themes termed in the
Gene Ontology (GO) annotation [64], namely Biological Process (BP), Molecular
Function (MF), and Cellular Component (CC).

'The enrichment of certain GO themes was determined by a step-wise ap-
proach. The IPI of enriched identities were used as the input to retrieve relevant BP,
ME, or CC from the GO annotation. Enriched identities which were not annotated
in the GO knowledge base were excluded from further analyses. For each mapped
BP, MF and CC, the occurrence of enriched identities belonging to a certain GO
theme was compared to the occurrence found in the mouse genome as reference. For
instance, 10% of enriched identities may belong to a GO theme, while in the mouse
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genome, the occurrence of that GO theme is 0.17% (50 out of 30,000 genes). The
fold enrichment was calculated based on the ratio of two occurrences, and the signif-
icance, enrichment p-value, was calculated using modified Fisher’s exact test (EASE
Score) [64]. Multiple test correction was controlled using false discovery rate (FDR)
from the Benjamini-Hochberg method. The significantly enriched GO themes were
defined as those which had at least 5 protein members in the input identities and had
an enrichment p-value (EASE score) of lower than 0.05.

'The relative abundance of GO themes was subsequently explored by cate-
gorizing significantly enriched BP, MF, or CC themes, respectively, into functionally
correlated classes. Due to the inheritance of protein members in a hierarchical on-
tologism, a feature of the GO classification system, proteins are constantly assigned
to both ancestor and descendant GO themes. To avoid giving over-weight on the
abundance of certain protein members by repetitively counting them, all possible re-
lationships between any two enriched GO themes were identified and recorded. All
existing ancestor and descendant themes were tagged, and the relationship between
all enriched GO themes was visualized in a diagram with ancestors and descen-
dants linked in a hierarchical tree. The enriched BP, MF, or CC were condensed into
functional classes by merging descendant themes into the highest level of ances-
tor themes. The relative abundances of generated high-level functional classes were
consequently determined. Enriched gene terms associated with our protein hits and
elated terms with modified Fischer Exact P-value were saved as an Excel file.

Transmission electron microscopy

Testes were dissected, and fixed with 4% v/v formaldehyde and 1% v/v glutaralde-
hyde in PBS. After postfixation with 1% w/v osmium tetroxide and dehydration
with gradient acetone in Leica EM TP (Leica), testis tissue was embedded in epoxy
resin LX-112, and uranylacetate- and lead nitrate-contrasted ultrathin sections (0.04
um) were studied using a transmission electron microscope (Morgagni Model 208S;

Philips) at 80 kV.
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Supplementary data
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Supplementary Figure S1. Transmission EM images of testicular spermatids

In steps 15-16 spermatids, the annulus (arrowhead) is located at the border between
middle piece and principal piece (arrowheads), with mitochondria (M) along the
middle piece and the fibrous sheath (F) along the principal piece. In the comparison
between wild-type spermatids (A) and 753s£21/2 knockout spermatids (B), it appears
that loss of TSSK1/2 results in irregular and less compact mitochondria, and some

gaps in the fibrous sheath. +/+, wild-type; -/-, T3s£1/2 knockout. Scale bars: 1 pm.
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Supplementary Figure S2. West-
ern blot of testicular proteins
Whole testis lysates of adult wild-
type and 75sk1/2 knockout testes
were subjected to Western blotting,
detecting  RIM-BP3, SPAGI16L,
TSSK2, CK2a’, and GPX4. Beta
actin was used as a protein load-
ing control. Loss of TSSK1/2 does
not result in a major change in
the expression level of any of the
other proteins. +/+, wild-type; -/-,
Tssk1/2 knockout.
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A T Supplementary Figure S3. Loss of
e TSSK1/2 results in a bent neck morphol-
ogy of steps 15-16 spermatids and epididy-
mal spermatozoa
A. Epididymal 73s£1/2 knockout spermato-
| zoa stained with HE, showing a bent neck
(the neck and tail form an angle of greater
than 90° to the long axis of the head). B.
Transmission electron microscopic im-
- W 8 age showing a bent neck morphology of a
Tssk1/2 knockout step 15-16 testicular sper-
matid. Scale bars: A. 10 pm; B.1 pm.

Supplementary Figure S4. EM image showing a cross section of the middle piece
of a Tssk1/2 knockout spermatid

A cross section of the middle piece of a T5s21/2” step 15 spermatid shows a normal
‘9+2” axoneme structure surrounded by outer dense fibers (open arrowhead). The
mitochondria (M) have an irregular size and shape. Scale bar: 1 pm.
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TSSK1

Supplementary Figure S5. Western blot showing co-immunoprecipitation of
TSSK1 and TSSK2 with an antibody targeting TSKS

For wild-type testis lysate (+/+), the TSKS antibody precipitated TSKS (including
TSKS isol), and also TSSK1 and TSSK2, indicating the existence of a TSSK1/
TSSK2-TSKS complex. The results also show that TSKS (and TSKS isol) remain

present in the 73541/2 double knockout testis (-/-).
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Supplementary Data 1a. and 1b. Proteins detected by mass spectrometry, following
co-immunoprecipitation using antibodies targeting TSSK1, TSSK2, or TSKS!

Data 1a contains three lists, in alphabetical order, for proteins detected using antibodies tar-
geting TSSK1 (first list), TSSK2 (second list), or TSKS (third list). Only proteins detected
in wild-type testis but not in the 75s21/2 knockout testis are listed, with the exception of the
third list, which includes proteins found using the TSKS antibody in either the wild-type or
the 73sk1/2 knockout testes, or in both.

In the file Data 1b, the proteins are ordered according to Mascot score, and more information,
such as peptide information, is included. This file contains four lists, for proteins detected
using antibodies targeting TSSK1 in wild-type (first list), TSSK2 in wild-type (second list),
TSKS in wild type (third list), and TSKS in both wild-type and 73541/2 knockout (fourth
list).

Supplementary Data 2. Analysis using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) of proteins detected by mass spectrometry’

This file contains four lists, representing the proteins from Supplementary Data 1, detected
using antibodies targeting TSSK1 (first list), TSSK2 (second list), or TSKS (third and fourth
list). Only proteins detected in wild-type testis but not in the 7¥s£1/2 knockout testis are
listed, with the exception of the fourth list, which includes proteins found using the TSKS
antibody in both the wild-type and the 73s%21/2 knockout testes.

Supplementary Data 3. Summary of the Gene Ontology (GO) analysis of proteins de-
tected by mass spectrometry, co-immunoprecipitated using antibodies targeting TSSK1,

TSSK2, or TSKS!

! For the Supplementary Data sets 1-3, please require by email: p.shang@me.com
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Abstract

The mouse protein phosphatase gene Ppp1cc is essential for male fertility, with mutants displaying a failure in spermatogenesis including
a widespread loss of post-meiotic germ cells and abnormalities in the mitochondrial sheath. This phenotype is hypothesized to be
responsible for the loss of the testis-specific isoform PPP1CC2. To identify PPP1CC2-interacting proteins with a function in
spermatogenesis, we carried out GST pull-down assays in mouse testis lysates. Amongst the identified candidate interactors was the
testis-specific protein kinase TSSK1, which is also essential for male fertility. Subsequent interaction experiments confirmed the
capability of PPP1CC2 to form a complex with TSSK1 mediated by the direct interaction of each with the kinase substrate protein TSKS.
Interaction between PPP1CC2 and TSKS is mediated through an RVxF docking motif on the TSKS surface. Phosphoproteomic analysis of
the mouse testis identified a novel serine phosphorylation site within the TSKS RVXF motif that appears to negatively regulate binding to
PPP1CC2. Immunohistochemical analysis of TSSK1 and TSKS in the Ppp7cc mutant testis showed reduced accumulation to distinct
cytoplasmic foci and other abnormalities in their distribution consistent with the loss of germ cells and seminiferous tubule
disorganization observed in the Ppp7cc mutant phenotype. A comparison of Ppp7cc and Tssk1/2 knockout phenotypes via electron

microscopy revealed similar abnormalities in the morphology of the mitochondrial sheath. These data demonstrate a novel
kinase/phosphatase complex in the testis that could play a critical role in the completion of spermatogenesis.

Reproduction (2014) 147 1-12

Introduction

Protein phosphorylation is a key post-translational
regulatory mechanism that plays a role in countless
cellular processes. Precise regulation of protein phos-
phorylation is carried out by the opposing activities of
protein kinases and protein phosphatases. While the
mammalian genome encodes ~400 Ser/Thr kinases, it
encodes only ~40 Ser/Thr phosphatases (Moorhead
et al. 2007, Bollen et al. 2010). Thus, many Ser/Thr
phosphatases, including PP1s, obtain substrate speci-
ficity by functioning as holoenzymes via interactions
with a large and diverse array of regulatory subunits
(Hubbard & Cohen 1993). To date, almost 200 distinct
PP1-interacting proteins have been identified (Bollen
etal. 2010), and it is hypothesized that many more exist.

Spermatogenesis is no exception to the importance
of protein phosphorylation-based regulatory processes.
On searching the Gene Ontology database, it can be
observed that 14 genes are linked to both the Ser/Thr protein

© 2014 Society for Reproduction and Fertility
ISSN 1470-1626 (paper) 1741-7899 (online)

kinase molecular function (GO:0004674) and the sperma-
togenesis biological process (GO:0007283), including all
six members of the testis-specific Ser/Thr kinase (TSSK)
family. Using a similar database search for the Ser/Thr
protein phosphatase molecular function (GO:0004722), it
can be observed that no genes overlap with the spermato-
genesis biological process; however, at least two Ser/Thr
protein phosphatase genes, Ppp1cc (Varmuza et al. 1999)
and Ppmid (Choi et al. 2002), produce male infertility
phenotypes when deleted, indicating that functional
annotation in this database is not complete.

Pppicc is a member of the PP1 family of protein
phosphatases that encodes two splice isoforms: the
ubiquitous Ppplccl and the testis-specific Ppplcc2
(Okano et al. 1997). When PppTccis deleted by targeted
mutagenesis, the only observable phenotypic conse-
quence is homozygous male infertility, due to a failure of
spermatogenesis, reminiscent of the common human
condition non-obstructive azoospermia (Varmuza et al.
1999). Inside the seminiferous tubules, a widespread loss

DOI: 10.1530/REP-13-0224
Online version via www.reproduction-online.org
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of germ cells is evident, most prominently in post-
meiotic spermatids, leading to a breakdown of the
spermatogenic cycle (Varmuza et al. 1999, Forgione
etal. 2010). The few surviving germ cells feature a range
of morphological abnormalities, including those invol-
ving meiosis, chromatin condensation, acrosome forma-
tion and mitochondrial organization (Varmuza et al.
1999, Chakrabarti et al. 2007, Forgione et al. 2010). In
the mouse testis, a number of different proteins have
been shown to interact with PPP1CC2. These include
both proteins involved in isoform-specific interactions
such as SPZ1 and Endophilin B1t (SH3GLB1, testis-
specific isoform) (Hrabchak & Varmuza 2004, Hrabchak
et al. 2007), and, more numerously, proteins that have
the ability to interact with multiple PP1 isoforms, such as
PPP1R11 (Cheng et al. 2009). In addition, another testis-
specific protein, TSSK substrate (TSKS), was bioinforma-
tically predicted to interact with PP1 based on the
presence of a high-affinity PP1 docking motif, and in
vitro experiments have confirmed that a TSKS fragment is
capable of interacting with PPPTCA (Hendrickx et al.
2009). The ability of full-length TSKS to bind to other PP1
isoforms such as PPP1CC2 has not been tested.

In a search for additional PPP1CC2-interacting
proteins, we carried out pull-down assays in mouse
testis protein extracts using GST-PPP1CC1 and GST-
PPP1CC2 as bait. Amongst the identified proteins was
the testis-specific Ser/Thr kinase TSSK1, which is
essential for spermatogenesis in the mouse (Xu et al.
2008, Shang et al. 2010). Herein, we describe experi-
ments that demonstrate a clear biochemical link
between TSSK1, TSKS and PPP1CC2 in the mouse testis.

Materials and methods
Mouse testis protein extract preparation

Whole mouse testes were homogenized in cold protein
extraction buffer (10% (v/v) glycerol, 50 mM HEPES-NaOH,
pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.1% (v/v) NP-40, 1 mM
dithiothreitol, 10 MM NaF, 0.25 mM sodium orthovanadate
and 50 mM B-glycerol phosphate) supplemented with Sigma
protease inhibitor cocktail using a Dounce homogenizer. After
homogenization, samples were incubated on ice for 10 min,
followed by centrifugation at a speed of 10 000 g for 10 min at
4 °C to remove non-soluble material. All animal protocols were
approved by the Canadian Council on Animal Care.

GST and His-tag pull-down assays

The PPP1CCl-coding sequence was PCR-amplified
from the pGEM-7zf plasmid using the forward primer
5-GGCGGATCCGCGATGGC-3' and the reverse primer
5'-GCTATGTTAGAATTCCCAACCAGGC-3’ and ligated into
the BamHI and EcoRl sites of the pGEX-6P-2 plasmid
(Amersham). GST-PPP1CC2- and GST-containing plasmids
have been cloned previously and fusion proteins produced as
described previously (Hrabchak & Varmuza 2004, Hrabchak

Reproduction (2014) 147 1-12

Front pages.indd 112

et al. 2007). Mouse coding sequences for Tssk1 and Tsks were
cloned into the BamHI and Notl sites of the pET28a plasmid
(Invitrogen) and transformed into BL21 cells. His-TSSK1 and
His-TSKS were produced by inducing BL21 cells with 0.4 mM
isopropy! B-D-1-thiogalactopyranoside (IPTG) for 4 h at 37 °C,
and recombinant proteins were purified from the cleared lysate
using Ni-NTA resin. Mouse testis lysates (500 pug) were
incubated with ~2 pg of GST-fusion proteins for 2—4 h at 4 °C
with gentle rocking. Samples were centrifuged at 1500 g for
2 min at4 °C, and GST-fusion protein beads were washed three
times with 500 ul of lysis buffer, after centrifugation steps. For
pull-down experiments with LC-MS/MS analysis, testis lysates
were initially pre-cleared via incubation with glutathione
agarose beads, and recombinant proteins were subjected to
additional washes, both before and after incubation with testis
lysates. Recombinant human His-TSSK1 (Millipore cat. number
14-670) was bound to Ni-NTA resin and incubated with mouse
testis lysates using the protocol used for GST fusions. In vitro,
lysate-free pull-down assays were based on a previously
described protocol (De Wever et al. 2012), where 500 ng of
His-TSSK1 and/or His-TSKS were incubated with GST or GST-
PPP1CC2 bound to glutathione agarose beads in 250 pl of
binding buffer (25 mM Tris, pH 7.5, 5% glycerol (v/v), 150 mM
NaCl, 0.5% NP-40 (v/v) and 10 mM imidazole) for 2 h at 4 °C
with rocking. Beads were then spun down at 1500 g for 1 min at
4 °C and washed three times with 1 ml of binding buffer. For all
the experiments, bound proteins were eluted by boiling in SDS—
PAGE sample buffer (50 mM Tris, 2% (w/v) SDS, 0.1% (w/v)
bromophenol blue, 10% (v/v) glycerol and 25 mM
B-mercaptoethanol) and analysed by SDS-PAGE followed by
silver staining (FOCUS-FASTsilver, G Biosciences, St Louis,
MO, USA) or western blotting using standard protocols.

In-gel digestion of silver-stained gel slices

Slices were excised from silver-stained polyacrylamide gel and
washed with HPLC-grade water. To each gel slice, 200 pl of
acetonitrile were added, followed by incubation at room
temperature for 15 min with mixing. Slices were then reduced
with 10 mM dithiothreitol in 100 mM ammonium bicarbonate
for 30 minat 50 °C, followed by removal of the reduction solution
and wash with acetonitrile. Alkylation was carried out using
55 mM iodoacetic acid in 100 mM ammonium bicarbonate for
20 min in the dark at room temperature. Alkylation solution was
removed and gel slices were washed with ammonium bicarbon-
ate and dried. Gel slices were then incubated with proteomics-
grade trypsin (Sigma—Aldrich, T6567) in 50 MM ammonium
bicarbonate and 5 mM CaCl, on ice for 45 min and then
overnight at 37 °C. After deactivating trypsin with trifluoroacetic
acid, the supernatant was collected and 100 pl of 60% (v/v)
acetonitrile were added to the gel slices and incubated with
rocking for 10 min. The supernatant was then collected and
combined with that of the previous step and dried in a speed vac.

LC-MS/MS analysis and protein/peptide identification

LC-MS/MS analysis was carried out by the Advanced Protein
Technology Centre (Toronto, ON, Canada http://www.sickkids.
ca/Research/APTC/index.html). Peptides were loaded onto a
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150 um ID pre-column (Magic C18, Michrom Biosciences,
Aburn, CA, USA) at 4 ul/min and separated over a 75 pm 1D
analytical column packed into an emitter tip containing the same
packing material. The peptides were eluted over 60 min at
300 nl/min using a 0-40% (v/v) acetonitrile gradient in 0.1% (v/v)
formic acid using an EASY n-LC nano-chromatography pump
(Proxeon Biosystems, Odense, Denmark). The peptides were
eluted into a LTQ-Orbitrap hybrid mass spectrometer (Thermo-
Fisher, Bremen, Germany) operated in a data-dependent mode.
Mass spectra were acquired at 60 000 FWHM resolution in the
FTMS, and MS/MS was carried out in the linear ion trap. Six
MS/MS scans were obtained per MS cycle. The raw data were
searched using Mascot (Matrix Sciences, London, UK). Tandem
mass spectra were extracted, charge state deconvoluted and
deisotoped using BioWorks version 3.3. All MS/MS samples were
analysed using Mascot (Matrix Science; version Mascot). Mascot
was set up to search the NCBInr_20110515 database for gel slice
peptide samples and NCBInr_20110813 database for phospho-
peptide samples (both selected for Mus musculus) for trypsin
digestion. Mascot was searched with a fragment ion mass
tolerance of 0.40 Da and a parent ion tolerance of 20 ppm for
phosphopeptide samples and a fragment ion mass tolerance of
0.50 Da and a peptide tolerance of 3.0 Da for gel slice peptide
samples. lodoacetamide derivative of cysteine was specified as a
fixed modification, with the following variable modifications:
Pyro-glu from E of the N-terminus, s-carbamoylmethylcysteine
cyclization of the N-terminus, deamidation of asparagine and
glutamine, oxidation of methionine, acetylation of the N-terminus
for gel slice peptide samples with phosphorylation of serine,
threonine and tyrosine as an additional variable modification for
phosphopeptide samples. Scaffold (version Scaffold_3.1.2, Pro-
teome Software, Inc., Portland, OR, USA) was used to validate
MS/MS-based peptide and protein identifications. Peptide identifi-
cations were accepted if they could be established at >95.0%
probability as specified by the Peptide Prophet algorithm (Keller
etal. 2002). Protein identifications were accepted if they could be
established at >95.0% probability and contained at least two
identified peptides (or one for phosphopeptide samples). Protein
probabilities were assigned by the Protein Prophet algorithm
(Nesvizhskii et al. 2003). Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony.

PCR mutagenesis

For the generation of RVxF motif mutants, PCR mutagenesis was
carried out using primers complementary to the relevant region
of the TSKS-coding sequence with the exception of the required
non-synonymous base pair substitutions. Primer sequences
were as follows: for the KAASA mutation: forward primer
5'-CGAAAAAAAAGAAGGCTGCGTCCGCCCATGGGTGGA-
GCCCCG-3' and reverse primer 5-CGGGGCTCCACCCC-
TAGGGCGGACGCAGCCTTCTTTTTTTTCG-3'; for the KAVEF
mutation: forward primer 5-CGAAAAAAAAGAAGGCTGTG-
GAGTTCCATGGGGTGGAGCCCCG-3' and reverse primer
5'-CGGGGCTCCACCCCATGGAACTCCACAGCCTTCTTTTTT-
TTCG-3'. Primers were used in PCR amplification of the
pGEX-TSKS plasmid with PFU polymerase (BioBasic, Markham,
Ontario, Canada), and the resulting reaction product was
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purified and digested with Dpnl restriction enzyme to digest
the template plasmid. The digested DNA was transformed into
DH5a for selection, and the presence of mutations was verified
via plasmid sequencing. Plasmids containing TSKS-coding
sequences with mutated RVxF motifs were then used to produce
GST-fusion proteins as outlined above.

Co-immunoprecipitation

Aliquots of whole mouse testis protein lysates (500 pl; prepared
as outlined above) were first pre-cleared via incubation with
50 pl of rProtein-G Agarose (Invitrogen) for 30 min at 4 °C. The
cleared lysates were then incubated with either 5 pg of anti-
PPP1CC or irrelevant antibody for 2 h at 4 °C, followed by
isolation of antibody—antigen complexes via incubation with
50 pl of rProtein-G Agarose for a further 2 h at 4 °C. Agarose
beads were then washed four times with lysis buffer, boiled in
SDS-PAGE sample buffer, and subjected to SDS-PAGE and
western blotting using rabbit anti-TSKS at a dilution of 1:500.

Antibodies

Goat anti-PPP1CC (N-19, Santa Cruz Biotechnology), which
recognizes both PPP1CC1 and PPP1CC2, was used at a dilution
of 1:500 for western blotting, with donkey anti-goat HRP
secondary antibody (Santa Cruz Biotechnology) at a dilution of
1:5000. Guinea pig anti-TSKS and TSSK1 antibodies (Shang
etal. 2010) were used at dilutions of 1:500 for western blotting
in cell lysate samples and of 1:5000 using purified fusion
proteins with goat anti-guinea pig HRP secondary antibody
(Jackson Immunoreagents, West Grove, PA, USA) at a dilution
of 1:5000. For immunohistochemistry, the same anti-TSKS and
TSSK1 primary antibodies were used at a dilution of 1:500, with
Cy3-conjugated AffiniPure goat anti-guinea pig 1gG (Jackson
Immunoreagents) at a dilution of 1:5000. Guinea pig anti-
TSSK2 (Shang et al. 2010) was used at a dilution of 1:2000 for
western blotting under the secondary antibody conditions used
for other guinea pig antibodies listed above. Rabbit anti-TSKS
(Shang et al. 2010) was used for western blotting at a dilution of
1:500 with anti-rabbit IgG HRP-linked antibody (Cell Signalling
Technology, Beverly, MA, USA) at a dilution of 1:5000.

Phosphopeptide enrichment

Adult mouse testes were decapsulated and germ cell suspen-
sions were produced as described previously (Henderson et al.
2011, MacLeod & Varmuza 2012). Germ cells were lysed in
400 pl of 7 M urea, 2 M thiourea, 4% CHAPs (w/v), and 40 mM
Tris, reduced with 20 mM dithiothreitol for 1 h at room
temperature and alkylated with 40 mM iodoacetic acid for
35 min atroom temperature in the dark. Germ cell proteins were
precipitated with acetone and dried using a speed vac, followed
by resuspension ina 1 M urea, 50 mM ammonium bicarbonate
solution containing 10 pg of proteomics-grade trypsin. Diges-
tion was carried out overnight at 37 °C, and at the completion of
digestion, the solution was acidified with 1% (v/v) formic acid
and centrifuged to remove insoluble material. One quarter of the
sample was used for phosphopeptide enrichment via sequential
elution from IMAC (SIMAC) using the protocol of Thingholm
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et al. (2009), but with 50 ul of TiO, Mag Sepharose (GE
Healthcare, Milwaukee, WI, USA) substituted for TiO, phos-
phopeptide enrichment steps. Phosphopeptide-enriched
samples were then analysed by LC-MS/MS (described earlier).

Immunohistochemistry

After removal of the tunica albuginea, WT and Ppp1cc mutant
testes were fixed in 4% (w/v) paraformaldehyde overnight at
4 °C and dehydrated using a graded series of ethanol solutions
and embedded in paraffin. Sections (7 um) were dewaxed,
hydrated and subjected to antigen retrieval by heating in
10 mM sodium citrate, 0.05% (v/v) Tween 20 and 1X PBS.
Sections were permeabilized with 0.01% (v/v) Triton-X in PBS
and blocked in 10% (w/v) goat serum, 1% BSA (w/v), 0.01%
(v/v) Tween 20 and PBS solution. Primary antibody incubations
were carried out in antibody dilution buffer (5% (w/v) goat
serum, 1% (w/v) BSA, 0.01% (v/v) Tween 20 and PBS) overnight
under the conditions described above. Secondary antibody
incubations were carried out in antibody dilution buffer for 2 h
in the dark. Nuclei were then stained with DAPI, and sections
were mounted in 50% (v/v) glycerol for viewing with an
Olympus BX60 microscope. Images were captured using the
Cool Snap software and a CCD camera (RSPhotometrics,
Tucson, AZ, USA). Images were adjusted for brightness and
contrast using Photoshop 6.0 (Adobe) and then merged using
ImagePro 4.1.

Electron microscopy

WT and Ppp1cc mutant testes were processed and analysed by
electron microscopy (EM) as described previously (Forgione
et al. 2010). Tssk1/2 mutant testes were processed and
analysed by EM as described previously (Shang et al. 2010).

Results

Testis-specific Ser/Thr kinase TSSK1 interacts with
GST-PP1CC1 and GST-PPP1CC2 in mouse testis lysates

In exploratory assays designed to identify PPP1CC-
interacting proteins in the mouse testis, bacterially
expressed GST-PPP1CC1 and GST-PPP1CC2 were pur-
ified and used in sedimentation assays with mouse
testis protein lysates. Proteins were then subjected to
SDS-PAGE, followed by silver staining. Selected gel

slices were excised from both the GST-PPP1CC1 and
GST-PPP1CC2 lanes. In one such experiment, a region of
~45 kDa containing several visible bands was excised.
After trypsin digestion, proteins present in the gel slices
were identified via LC-MS/MS with MASCOT database
searching. Common LC-MS/MS contaminant proteins
such as keratins, actins and tubulins were removed from
the list of candidate interactors. The remaining proteins
for which >2 unique peptides were identified are listed
in Table 1 (detailed peptide data are given in Supple-
mentary Table 1, see section on supplementary data
given at the end of this article). All four of the remaining
proteins, UQCRC2, FADS2, SCCPDH and TSSK1, have
been shown to be expressed in the mouse testis (Kueng
et al. 1997, Stoffel et al. 2008, Guo et al. 2011), and
targeted mutations of Fads2 and Tssk1/Tssk2 have been
shown to disrupt spermatogenesis (Stoffel et al. 2008, Xu
et al. 2008, Shang et al. 2010). Tssk1 is a testis-specific
kinase gene that plays a role in spermatogenesis, and the
encoded protein, therefore, stood out to us as a
particularly interesting candidate PPPTCC2 interactor
in the testis. To test whether TSSK1 actually bound
specifically to GST-PPP1CC2, the sedimentation assay in
testis lysates was repeated, this time followed by western
blotting for TSSK1. The results of this experiment
confirmed the initial observation, with the GST-
PPP1CC2 bait, but not GST alone, being able to pull
down TSSK1 (Fig. 1A). Reciprocal pull-down experi-
ments were carried out using His-TSSK1 bait, which
successfully precipitated PPP1CC2 from mouse testis
lysates (Fig. 1B). Additionally, a known substrate of
TSSK1, testis-specific kinase substrate (TSKS), was
successfully precipitated by His-TSSK1, verifying the
functionality of the fusion protein (Fig. 1C).

Testis-specific kinase substrate, TSKS, interacts with
PPP1CC2 via an RVxF docking motif

In a previously published study, the TSSK1 substrate TSKS
was bioinformatically predicted to be a PP1-interacting
protein, and subsequent in vitro experiments showed that
a TSKS fragment was capable of interacting with PPP1CA
(Hendrickx et al. 2009), the only PP1 isoform assayed.
This prediction was based on the presence of a PP1

Table 1 Testis proteins identified in a SDS—PAGE gel band after sedimentation by GST-PPP1CC1 and GST-PPP1CC2. Only proteins identified by at
least two significant unique peptides are listed. Common contaminant proteins, i.e. keratin and tubulin, have been removed from the list. Protein IDs
are from UniProtKB/Swiss-Prot. Sequence coverage combines all the unique peptides from GST-PPP1CC1 and GST-PPP1CC2 pull downs.

Unique peptides

Gene symbol Name Protein ID GST-PPP1CC1 GST-PPP1CC2 Sequence coverage (%)

Ugcre2 Cytochrome b-c1 complex subunit 2, Q9DB77 12 10 35.30
mitochondrial

Tssk1 Testis-specific serine/threonine protein Q61241 10 2 25
kinase 1

Scepdh Saccharopine dehydrogenase-like Q8R127 7 5 16
oxidoreductase

Fads2 Fatty acid desaturase 2 Q9Z0R9 0 2 5
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Input GST GST-PPP1CC2

Input  His- TSSK1 Ni-NTA

Anti-PPP1CC

Input  Ni-NTA His-TSSK1

D Input GST GST-PPP1CC2

Input GST-TSKS

Figure 1 PPP1CC2 interacts with both TSSK1 and TSKS in the testis. GST
and His-tag pull-down assays followed by SDS-PAGE and western
blotting using the indicated antibodies were carried out. (A) Bacterially
expressed mouse GST-PPP1CC2 successfully precipitates TSSK1 from
mouse testis protein extract, while GST alone does not. (B) Ni-NTA-
bound 6His-tagged human TSSK1 successfully precipitates PPP1CC2
from mouse testis protein extract, while Ni-NTA resin alone does not.
Uneven signal observed in input lane is a gel artefact. (C) Ni-NTA-
bound 6His-tagged human TSSK1 precipitates its substrate TSKS from
mouse testis protein extract, while Ni-NTA resin alone does not.

(D) Bacterially expressed mouse GST-PPP1CC2 successfully precipi-
tates full-length TSKS from mouse testis protein extract, while GST
alone does not. (E) Bacterially expressed mouse GST-TSKS successfully
precipitates PPP1CC2 from mouse testis protein extract, while GST
alone does not.

docking motif, known as an RVxF motif, in the TSKS
amino acid sequence. In the mouse, this motif has the
sequence KAVSF in amino acid positions 51-55. To test
whether the PPP1CC2 isoform could interact with the
full-length native TSKS in the testis, proteins pulled down
by GST-PPP1CC2 were subjected to western blotting for
TSKS. The results of this experiment indicate that the
PPP1CC2 isoform can bind to full-length TSKS in the
testis (Fig. 1D). The anti-TSKS signal observed via western
blotting showed a doublet, which is consistent with
previously published data (Shang et al. 2010). Further-
more, a reciprocal pull-down assay showed that GST-
TSKS was able to bind to native PPP1CC2 in mouse testis
lysates (Fig. 1E), confirming the interaction between these
two testis proteins. The GST tag on its own was unable to
precipitate either PPP1CC2 or TSKS (Fig. 1D and E). To
verify that interaction with PPP1CC2 was dependent on
the RVxF motif on the TSKS surface, we produced fusion
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proteins containing TSKS with a mutated RVxF motif,
changing the sequence from KAVSF to KAASA (GST-
KAASA). When GST-KAASA was incubated with mouse
testis lysates, it was unable to precipitate a detectable
quantity of PPP1CC2 when compared with unaltered
GST-TSKS (Fig. 2). Furthermore, GST-KAASA was still
able to precipitate the known TSKS interactor TSSK2,
indicating that the general structure of the TSKS protein
was not affected by the RVXF motif mutation (Fig. 2).
A second mutation, KAVEF, gave similar results, which
will be discussed later. This experiment confirmed that
TSKS and PPP1CC2 interact through the RVxF docking
motif, but that the interaction of TSKS with TSSK2, and
presumably also with TSSK1, does not depend on the
RVxF motif.

To confirm that PPP1CC2 interacts with TSKS in vivo,
we carried out a co-immunoprecipitation experiment
using whole-testis proteins. Immunoprecipitation using
anti-PPP1CC followed by western blotting using anti-
TSKS confirmed that these two proteins exist in a complex
in the mouse testis (Fig. 3). Furthermore, in an
unpublished proteomic analysis of whole-testis proteins
following immunoprecipitation with anti-TSKS, PPP1CC
was detected with a relatively high Mascot score in testes
from both WTand Tssk1/2 knockout animals (Shang et al.
2010; P Shang and J A Grootegoed 2013, unpublished
result). This indicates that TSSK1/2 activity is not essential
for the interaction between PPP1CC and TSKS.

TSKS is phosphorylated on at least two different
serine residues in the mouse testis including the
PP1 docking motif

Previous experiments have shown TSKS to be phos-
phorylated on the serine 281 residue in the mouse testis
(Xu et al. 2008), which is hypothesized to be the target
site of TSSK1 phosphorylation. In an experiment aimed
at identifying novel phosphorylation sites in the mouse
testis, we carried out sequential elution from IMAC
(SIMAC) (Thingholm et al. 2008) phosphopeptide

GST GST GST
Input GST TSKS KAASA KAVEF

Anti-PPP1CC

Anti-TSSK2

Figure 2 The TSKS RVXF motif is required for interaction with PPP1CC2.
GST-fusion proteins corresponding to unaltered TSKS protein, RVxF
mutant KAASA and RVxF phosphoserine-mimic KAVEF were incubated
with mouse testis lysates and assayed via western blotting for
interaction with PPP1CC2 (top) and TSSK2 (bottom).
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Input IP:Neg IP:PPP1CC

Anti-TSKS

Figure 3 PPP1CC2 and TSKS interact in the mouse testis. Western blotting
demonstrates that TSKS is immunoprecipitated by anti-PPP1CC but not by
an irrelevant antibody (IP:Neg) from whole mouse testis lysates.

enrichment followed by LC-MS/MS on proteins
extracted from adult germ cell suspensions (further
data on site assignment are presented in Supplementary
Table 2 and Figure 1, see section on supplementary data
given at the end of this article). MASCOT database
searching of the resultant tandem mass spectra was used
to map phosphorylation sites. Amongst the identified
phosphopeptides were two different phosphorylated
peptides that mapped uniquely to TSKS with >95%
confidence (as calculated by the Scaffold Software). The
first peptide, which was identified in both the IMAC and
TiO, fractions, was the previously known TSKS phos-
phopeptide HGLSPATPIQGcSGPPGS*PEEPPR, which
was phosphorylated on the serine 281 residue (best
Mascot delta score=26.6; Ascore=94.9). The second
phosphopeptide mapped to TSKS was AVS*FHGVEPR,
which represents phosphorylation on the serine 54
residue (Mascot delta score=30.9; Ascore=1000), and
has not been reported previously in the testis. According
to the PhosphoSitePlus database (Hornbeck et al. 2012),
this phosphopeptide has been identified previously in
human Jurkat cell, T-cell leukaemia model, but not in the
mouse, or specifically in the testis. Interestingly, this
phosphorylated serine residue is found within the PP1
docking motif KAVSF.

Phosphorylation of the PP1 docking motif in TSKS
probably inhibits interaction with PPP1CC2

Previous research with other PP1-interacting proteins
has indicated that phosphorylation within and next to
the RVxF docking motif can inhibit interaction with the
PP1 catalytic subunit (Beullens et al. 1999, McAvoy et al.
1999, Liu & Brautigan 2000, Bollen 2001, Grallert et al.
2013). To test whether this was the case for TSKS, we
produced a GST-fusion protein in which the serine
residue of the RVxF docking motif (KAVSF) was mutated
to glutamate (KAVEF) to mimic serine phosphorylation.
When this phospho-mimic fusion protein (GST-KAVEF)
was incubated with mouse testis lysates, no pull down of
PPP1CC2 was observed, although there was no
reduction in binding to TSSK2, indicating preservation
of protein structure (Fig. 2). This experiment indicates
that the phosphorylation of the RVxF motif in TSKS
probably inhibits interaction with PPP1CC2 in the testis.
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Interaction between PPP1CC2 and TSSK1 is
mediated by TSKS

In vitro experiments have previously demonstrated direct
interactions between TSKS and PP1 fragments, as well as
between TSKS and TSSK1 (Kueng et al. 1997, Hendrickx
et al. 2009). While sedimentation assays indicated a
reciprocal interaction between PPPTCC2 and TSSK1 in
testis lysates, we sought to determine whether there was
also a direct interaction between PPP1CC2 and TSSK1
in vitro. GST-PPP1CC2 is able to precipitate a significant
amount of His-TSKS in vitro in the absence of cell lysates
(Fig. 4), but only a trace amount of His-TSSK1. To test
whether TSKS can mediate the interaction between
PPP1CC2 and TSSK1, we incubated GST-PPP1CC2
coupled to glutathione agarose with His-TSSK1 and
His-TSKS. As shown in Fig. 4, in the presence of His-
TSKS, GST-PPP1CC2 precipitated a significant amount of
His-TSSK1, considerably more than when His-TSKS is
not present. These experiments conclusively demon-
strate that TSKS mediates the interaction between
PPP1CC2 and TSSK1 and that all the three proteins can
simultaneously interact.

TSKS and TSSK1 localization is impaired in
Ppp1cc mutant seminiferous tubules

In the seminiferous epithelium, both TSSK1 and TSKS are
expressed in the cytoplasm of elongating spermatids,
with prominent accumulation of both at distinct
cytoplasmic foci (Shang et al. 2010). Such stage-specific
distribution is commonly observed in the testis
as different seminiferous tubule cross sections contain
different complements of spermatogenic cells. In
response to the targeted deletion of Tssk1 and Tssk2,
the level of TSKS expression remains similar in the

Input GST-PPP1CC2 GST

His-TSKS + - - + + - + =
His-TSSK1 - + - -+ - -+
I
- Anti-TSSK1
-
Anti-TSKS

Figure 4 The interaction between PPP1CC2 and TSSK1 is mediated by
TSKS. In vitro pull-down assays were carried out, wherein bacterially
expressed GST and GST-PPP1CC2 bound to glutathione Sepharose
were incubated in the presence (+) or absence (—) of purified
His-TSSK1 and/or His-TSKS followed by sedimentation, SDS-PAGE and
western blotting with polyclonal antibodies directed against TSSK1 or
TSKS. In the presence of His-TSKS, GST-PPP1CC2 can precipitate a
significant amount of His-TSSK1, while only trace amounts of TSSK1
are detected in the absence of His-TSKS. In the bottom panel (anti-TSKS
western blot), the upper band is an artefact produced by anti-TSKS in
the presence of certain bacterially expressed constructs. The band
representing His-TSKS is indicated with an arrow.
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cytoplasm of elongating spermatids, but its accumu-
lation in distinct foci is lost (Shang et al. 2010),
suggesting that regulation by TSSK1 (and/or TSSK2) is
required for this punctate expression pattern. To test
whether PPP1CC2 also plays a role in the regulation of
TSKS localization, as well as TSSK1 localization, we
carried out an immunohistochemical analysis on testis
sections obtained from WT and Ppp1cc knockout mice.
Mouse spermatogenesis can be divided into 12 different
stages that arise in a cyclical fashion in the seminiferous
tubules (Russell et al. 1990). It should be noted that the
loss of Pppicc results in a bottleneck at stages VII/VIII
of spermatogenesis, as well as a prominent loss of
spermatids (Forgione et al. 2010). In WT seminiferous
tubules, the previously described punctate expression
pattern was observed for TSKS (Fig. 5A, B, C and D). This
punctate expression pattern is stage specific, as the level
of accumulation into distinct foci varies between
seminiferous tubule cross sections. Strong TSKS
expression throughout the cytoplasm begins at stage IX
(Fig. 5D), with the emergence of foci during cytoplasmic
staining by stage | (Fig. 5A). By stage IV, only distinct
cytoplasmic foci are evident (Fig. 5B), which are no
longer visible by stage VII (Fig. 5C). In Ppp1cc mutant
seminiferous tubules, all these localization patterns can
be found; however, there are statistically significant
differences in their frequencies (Fig. 5E, F, G and H;
Table 2). To demonstrate this, we classified 100
seminiferous tubules into one of four TSKS/TSSK1
staining patterns: absence of staining, cytoplasmic
staining, cytoplasmic staining with visible puncta or
punctate staining with limited cytoplasmic staining. In
our analysis, 39% of the WT tubules exhibited punctate

WT

Ppp1cc KO
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staining with limited general cytoplasmic staining
(Fig. 5B) and 24% of the WT tubules exhibited an
absence of staining (n=100; Fig. 5C). By contrast, only
9% of Ppp1cc mutant tubule cross sections displayed the
punctate staining pattern (Fig. 5F) and 51% displayed an
absence of TSKS signal, which represent statistically
significant differences from WT tubules (P<0.001;
Fig. 5G). Therefore, we conclude that in Ppp7cc mutant
seminiferous tubules the ability of TSKS to form its
characteristic punctate staining pattern is significantly
impaired. In addition to the quantitative differences,
there were several qualitative changes in TSKS local-
ization commonly observed in PppTcc mutant tubules.
These defects included isolated elongating spermatids
showing strong staining throughout the cytoplasm in
tubules that otherwise exhibited a punctate expression
pattern (Fig. 5F, inset), as well as tubules showing a large
number of cytoplasmic foci instead of diffuse staining
seen in WT counterparts (Fig. 5A and E, inset).

As has been reported previously, the expression
pattern of TSSK1 in the WT testis is very similar to that
of TSKS (Shang et al. 2010; Fig. 6A, B, C and D). We
observed strong cytoplasmic staining beginning at stage
VIII (step 8 spermatids; Fig. 6C), one stage before the
onset of TSKS expression. Foci were evident during
cytoplasmic staining by stage X (Fig. 6D), with only
cytoplasmic foci being visible by stage Il (Fig. 6A). TSSK1
staining was not visible in WT spermatids at stage VII
(Fig. 6B). Again, similar to TSKS, we observed all of these
staining patterns in Ppp1cc mutant seminiferous tubules
(Fig. 6E, F, G and H; Table 2), but frequencies differed,
with the fully developed punctate staining pattern being
observed in only 11% of the mutant tubules (44% in WT

Figure 5 TSKS localization is impaired but not abolished in Ppp1cc mutant seminiferous tubules. Immunohistochemical analysis was carried out on
WT (A, B, C and D) and PppTcc mutant (E, F, G and H) testes using a polyclonal antibody for TSKS (red) and nuclear staining using DAPI (blue).
Representative seminiferous tubules at four different approximate time points of the spermatogenic cycle are shown. For WT tubules, approximate
stages depicted are as follows: (A) stage I, (B) stage IV, (C) stage VIl and (D) stage IX. Degeneration of seminiferous tubules in Ppp7cc mutant tubules
makes staging challenging, but the depicted mutant tubules were matched as closely as possible to their WT counterparts. Numbers in the bottom
right corner of each panel indicate the percentage of tubules that exhibit the depicted staining pattern. Asterisks indicate values significantly different
from those of the WT counterparts (P<0.05). Arrow indicates paired TSKS puncta in WT spermatids. Scale bar represents 20 um; all the panels are

equal in scale.
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Table 2 Quantitative evaluation of TSKS and TSSK1 staining patterns in
WT and Ppp1cc mutant seminiferous tubules.

Staining pattern

Absence of Cytoplasmic

Genotype staining Cytoplasmic +puncta Puncta
TSKS

WT 24 21 16 39

Ppplcc KO 51* 18 22 9*
TSSK1

WT 14 26 16 44

Ppplcc KO 41* 15 33* 11*

*Indicates values significantly different (P<0.05) from those of the WT
counterparts.

tubules, P<0.001; Fig. 6A and E) and 41% of the tubules
lacked TSSK1 signal (14% in WT tubules, P<0.001;
Fig. 6B and F). There was also a statistically significant
increase in the proportion of tubules displaying TSSK1
foci with accompanying signal throughout the
cytoplasm, with this pattern being visible in 33% of the
Ppp1cc mutant tubules compared with 16% of the WT
tubules (P<0.01; Fig. 6D and H). Qualitative abnorm-
alities in TSSK1 staining patterns similar to those
described for TSKS were also observed in Ppp1cc mutant
seminiferous tubules. Clouds of cytoplasmic staining
were evident alongside developed foci (Fig. 6E, inset),
and aggregates of numerous foci (Fig. 6H, inset) as
opposed to pairs of foci were observed in WT tubules
(Fig. 6D, inset). The results of this experiment indicate
that both TSKS and TSSK1 are able to achieve correct
localization in the absence of PPP1CC isoforms;
however, they do so at a lower frequency and with

WT

Ppp1cc KO

A B
-
1
44% 14%
¥
»
*41%

several observable defects. As has been mentioned
above, anti-PPP1CC staining in the testis is very strong
and found throughout the cytoplasm (Hrabchak et al.
2007) to the extent that the examination of PPP1CC2
localization with TSSK1 and TSKS would not
be informative.

Ppp1cc and Tssk1/2 knockout spermatids display
similar defects in mitochondrial sheath morphology

Defective mitochondrial sheath morphology has been
observed previously in both the Ppplcc and Tssk1/2
knockout mouse models (Chakrabarti et al. 2007, Shang
et al. 2010). Comparative analysis of these structures via
EM revealed key similarities between the two mutants. It
is important to note that only a small number of
spermatids reach this stage of development in Ppplcc
mutant seminiferous tubules. In WT spermatid mid-
pieces (Fig. 7A), the mitochondria (arrows) effectively
migrate to the axoneme and form a compact
mitochondrial sheath, while in Ppplcc mutants, this
process is impaired and mitochondria are often observed
to cluster apart from the axoneme (Fig. 7B, arrowhead).
Furthermore, when mitochondria do successfully
migrate to the axoneme, the mitochondrial sheath is
disorganized and not tightly associated with the axoneme
(Fig. 7C). This loose arrangement of the mitochondria in
Ppp1cc mutant spermatids bears a close similarity to
what is observed in Tssk1/2 mutants (Fig. 7D; see also
Fig. 5 in Shang et al. (2010)). These data strongly suggest
that the PPPTCC2-TSKS-TSSK1 complex plays a role
in mitochondrial sheath morphogenesis.

Figure 6 TSSK1 localization is impaired but not abolished in Ppp7cc mutant seminiferous tubules. Immunohistochemical analysis was carried out on
WT (A, B, C and D) and PppTcc mutant (E, F, G and H) testes using a polyclonal antibody for TSSK1 (red) and nuclear staining using DAPI (blue).
Representative seminiferous tubules at four different approximate time points of the spermatogenic cycle are shown. For WT tubules, approximate
stages depicted are as follows: (A) stage Il, (B) stage VII, (C) stage VIl and (D) stage X. Degeneration of seminiferous tubules in Ppp7cc mutant tubules
makes staging challenging, but the depicted mutant tubules were matched as closely as possible to their WT counterparts. Numbers in the bottom
right corner of each panel indicate the percentage of tubules that exhibit the depicted staining pattern. Asterisks indicate values significantly different
from those of the WT counterparts (P<0.05). Arrow indicates paired TSSK1 puncta in WT spermatids. Scale bar represents 20 um; all the panels are

equal in scale.
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Figure 7 PppTcc and Tssk1/2 mutants display similar abnormalities in
mitochondrial sheath morphology. (A) WT spermatids show organized
mitochondrial sheaths (arrows) closely and uniformly associated

with the axoneme. (B and C) The few remaining PppTcc mutant
spermatids display abnormal mitochondrial sheaths with defects in the
migration of the mitochondria (arrows) to the axoneme (B, arrowhead)
and loosely packed sheaths (C). (D) Tssk1/2 mutant spermatids have
mitochondrial sheaths that also display loosely associated
mitochondria.

Discussion

The necessity of the protein phosphatase gene Pppicc
for the completion of spermatogenesis in mice is well
established (Varmuza et al. 1999). However, the precise
role in this process, particularly that of the testis-specific
isoform PPP1CC2, remains unknown. The multitude of
defects within the Ppplcc mutant seminiferous epi-
thelium suggests the possibility of pleiotropic functions,
with defects in both meiotic and post-meiotic germ cells
being evident (Varmuza et al. 1999, Forgione et al.
2010). In an effort to learn more about the function(s) of
PPP1CC2 in spermatogenesis, we carried out GST pull-
down assays to identify PPP1CC2-interacting proteins in
the testis. It should also be noted that the results reported
herein arise from the LC-MS/MS analysis of a single gel
slice from GST-PPP1CC2 pull downs in the testis and
are by no means an exhaustive survey of PPP1CC2
interactors in the testis. Analysis of additional bands can
reasonably be expected to identify more PPP1CC2-
interacting proteins in the testis, some of which may play
a role in spermatogenesis. Amongst the identified
proteins was the testis-specific kinase TSSK1, which is
also required for male fertility, although with a
phenotype quite different from that of the Pppicc
deletion (Xu et al. 2008, Shang et al. 2010). While the
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loss of Ppplcc results in a severe impairment in
spermatogenesis including the widespread loss of post-
meiotic germ cells and a bottleneck in the spermato-
genic cycle (Varmuza et al. 1999, Forgione et al. 2010),
the loss of the closely linked Tssk7 and Tssk2 genes
results in a severely reduced number of epididymal
spermatozoa but no major loss of germ cells during
spermatogenesis (Shang et al. 2010). This difference in
phenotypic severity is consistent with a requirement for
Ppp1ccearlier in spermatogenesis than Tssk1/2, which is
reflected by the expression patterns of these genes in the
developing spermatogenic cells. PppTcc2 is expressed
throughout spermatogenesis and at a high level from
meiotic pachytene spermatocyte stage onwards (Hrab-
chak & Varmuza 2004). Conversely, Tssk1 and Tssk2 are
only expressed in post-meiotic spermatids (Li et al.
2011). Despite these differences, the time point of peak
PPP1CC2 protein levels in the testis overlaps with that of
TSSK1/2, and there are several key similarities between
the knockout phenotypes. Both mutants exhibit a
significant reduction in the number and motility of
epididymal spermatozoa as well as prominent defects in
the organization of the mitochondrial sheaths (Varmuza
et al. 1999, Chakrabarti et al. 2007, Soler et al. 2009,
Shang et al. 2010). Ppplcc2 knock-in mice with low
levels of transgene expression (>50% of heterozygous
levels) are able to rescue the loss of post-meiotic germ
cells found in Pppicc knockouts, but are still infertile
and mitochondrial sheath abnormalities are still visible
(Soler et al. 2009, Sinha et al. 2012). Taken together, all
this evidence points to a functional link between
PPP1CC2 and TSSK1 late in spermiogenesis, after the
time point where PPP1CC2 is first required, and suggests
that PPP1CC2 plays a role in multiple events in
spermatogenesis, not unexpected for a member of the
PP1 family of protein phosphatases.

While sedimentation assays revealed reciprocal
interactions between PPP1CC2 and TSSK1 in testis
lysates, in vitro binding was unsuccessful, suggesting
indirect interactions in vivo. One potential link between
PPP1CC2 and TSSK1 is the common interactor, TSKS,
which we demonstrated to interact with both PPP1CC2
and TSSK1 in vivo. Further in vitro binding experiments
demonstrated that the interaction between PPP1CC2 and
TSSK1 is mediated by TSKS. This multiprotein complex
thus contains both a protein kinase and a protein
phosphatase, and all three proteins are known to be
phosphorylated in the testis (Kueng et al. 1997, Huang &
Vijayaraghavan 2004, Jaleel et al. 2005). We have shown
conclusively that interaction with PPP1CC2 is depen-
dent on the presence of a PP1 docking RVxF motif in the
N-terminal region of TSKS (amino acids 51-55). Previous
studies have demonstrated that the N-terminal region of
TSKS is also required for interaction with TSSK proteins
(Xu et al. 2008), indicating that both proteins are
probably in close contact while bound to their common
interactor. Future studies are needed to determine
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enzyme—substrate relationships between any of these
proteins aside from the known phosphorylation of TSKS
by TSSK1.

The kinase activity of TSSK1 towards TSKS has been
demonstrated previously, and it is thought to occur on the
serine 281 residue (Kueng et al. 1997, Xu et al. 2008).
During the course of this study, we identified a second
phosphorylated residue, serine 54, which interestingly
lies within the PP1 docking RVXF motif. Previous studies
have shown phosphorylation in and around RVxF motifs
to inhibit interaction with PP1 isoforms (Beullens et al.
1999, McAvoy et al. 1999, Liu & Brautigan 2000, Bollen
2001), which our experiments confirmed for TSKS. These
data suggest that within the testis, there exists a pool of
TSKS that is incapable of interacting with PPP1CC2
(phosphorylated S54), while another portion is permiss-
ive to interaction (unphosphorylated S54), demonstrated
by the successful sedimentation assays that we carried
out. Precisely how this is regulated remains an open
question. PPPT1CC2 itself is unlikely to dephosphorylate
this residue, as the RVxF binding surface is distant from
the active site on the surface of the phosphatase (Egloff
et al. 1997). Moreover, the phosphorylation of the RVxF
motif inhibits binding of PPP1CC2. This indicates the
involvement of another protein phosphatase in the
regulation of this interaction, the identity of which
remains unknown, although a number of other non-
type 1 protein phosphatases are known to be expressed in
the testis (Fardilha et al. 2011). Similarly, the kinase
responsible for this phosphorylation remains in question.
The kinase prediction tools Scansite (Obenauer et al.
2003) and KinasePhos (Huang et al. 2005) suggest PKC
kinases to be the top candidate based on the sequence
surrounding the phosphorylation site; however, this
would require further testing before any definitive
conclusions are drawn.

Our immunohistochemical analysis of TSKS and TSSK1
expression in the Ppplcc knockout testis indicated
reduced localization of both proteins to distinct puncta
as well as a number of qualitative defects. The puncta
correspond to previously described structures proposed to
originate in the chromatoid body: a ring-shaped structure
and a satellite (Shang et al. 2010). These abnormalities are
consistent with the phenotype of the Ppp1cc knockouts as
the TSKS/TSSK1-expressing elongating spermatids are
frequently missing in mutants, resulting in tubules lacking
any observable staining for these proteins. The loss of
PppTlcc also causes a bottleneck at stages VII/VIII of the
spermatogenic cycle and a disorganization of the
seminiferous epithelium resulting in tubules displaying a
seeming mixture of stages (Forgione et al. 2010). Taken
together, these findings suggest that the abnormalities in
TSKS/TSSK1 staining are secondary to the initial effects of
the PppTcc mutation early in spermatogenesis, but place
these proteins upstream of PPP1CC2 in a biochemical
pathway later in spermatogenesis. A previous analysis of
TSKS expression in Tssk1/Tssk2 mutant tubules has shown
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that TSSK1 or TSSK2 or both are required for the formation
of the chromatoid body-derived ring and satellite
structures as well as the correct localization of TSKS to
these structures during spermiogenesis (Shang et al. 2010).
Also, recent analysis of the evolutionary history of the
Tssk1 and Tssk2 genes in rodents and primates suggests
that the two genes may have not completely overlapping
functions (Shang et al. 2013). One can thus envision a
scenario where TSSK1 binds to and phosphorylates TSKS
resulting in the localization of TSKS (and TSSKT) to specific
puncta in the developing elongating spermatids, where-
upon it binds to PPP1CC2, forming, at least transiently,
a trimeric (or higher oligomer) complex. The biological
consequences of this interaction are yet to be uncovered,
but a critical role in spermiogenesis seems likely. TSSK1
and TSKS play a role in the formation and/or function of
chromatoid body-derived structures in elongating sperma-
tids (Shang et al. 2010). The chromatoid bodly is a centre of
RNA processing in developing round spermatids, but this
may not be the only role for this structure (Meikar et al.
2011). The role of the structures derived from the
chromatoid body in further developed elongating sperma-
tids is less clearly defined, but it has been hypothesized
that they may have a role in the assembly of the
mitochondrial sheath (Shang et al. 2010). The fact that
the mitochondrial sheath is also abnormal in Ppplcc
mutant spermatids leaves open the possibility that
PPP1CC2 is important for post-translational regulation of
proteins during the development of this structure.
Furthermore, as our analysis demonstrates, there is a
clear similarity in mitochondrial defects between the
Pppicc and Tssk1/2 knockout models, strengthening the
hypothesis of a functional link to mitochondrial sheath
morphogenesis. Currently, there is no published account
of a Tsks knockout mouse, so the impact of the loss of this
gene on the mitochondrial sheath is unknown.

In conclusion, the results of this study indicate an
interaction between the testis-specific Ser/Thr phospha-
tase PPP1CC2 and two additional testis-specific proteins,
the kinase substrate TSKS and the kinase TSSKT1.
Furthermore, the results indicate that the interaction
between TSSK1 and PPPT1CC2 is indirect and mediated
by TSKS, which binds to PPP1CC2 via the classical PP1
docking RVxF motif. The RVxF motif on the TSKS surface
can be phosphorylated in the testis, which is inhibitory to
PPP1CC2 interaction.
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SUMMARY

Rotterdam, The Netherlands

The testis-specific serine/threonine protein kinases TSSK1 and TSSK2 are known to be essential for male fertility, in mice. The
enzymes are present in elongating spermatids, and targeted deletion of the two genes Tsskl and Tssk2 results in dysregulation of
spermiogenesis. The mouse genes are genetically closely linked, forming a Tssk1-Tssk2 tandem. In human, TSSKI is present in the
form of a pseudogene, TSSKIA, which is linked to an intact TSSK2 gene, and in the form of an intact gene, TSSK1B, which is not
genetically linked to TSSK2. Studies on conservation of genes and gene function between mouse and human are relevant, to be able
to use mouse models for studies on human infertility, and to evaluate possible targets for non-hormonal contraception targeting the
male. Therefore, we have performed a detailed analysis of the evolution of genes encoding TSSK1 and TSSK2 among mammals, in
particular among primates. This study includes functional analysis of replacement mutation K27R in TSSK2, which is frequently
observed among humans. In primates, the kinase domains of TSSK1B and TSSK2 have evolved under negative selection, reflecting
the importance to maintain their kinase activity. Positive selection was observed for the C-terminal domain of TSSK1B, which
indicates that TSSK1B and TSSK2 may perform at least partly differential functions.

INTRODUCTION

Spermatogenesis takes place within the spermatogenic epithe-
lium, where the developing germ cells interact with the support-
ing somatic Sertoli cells. The cellular composition and structure
of the spermatogenic epithelium is very dynamic, but also highly
organized. In the control of spermatogenesis, hormonal and
intercellular signalling pathways play important roles. In addi-
tion, many cell-autonomous events in the developing germ cells
require intracellular signalling (Grootegoed et al., 2000; Ruwan-
pura et al., 2010; Jan et al., 2012). In view of the overwhelming
evidence for the role of many different protein kinases in inter
and intracellular signalling events in virtually all types of cells
and tissues (Johnson, 2009a), it is not surprising that a number
of protein kinases are involved in various aspects of spermato-
genesis (Li et al., 2009; Lie et al., 2009; Almog & Naor, 2010;
Luconi et al., 2011; Tang et al., 2012). Studying the properties,
activities and evolution of testicular kinases is relevant, not only
in relation to basic knowledge about spermatogenesis but also to
advance our understanding of infertility. Moreover, protein kin-
ases can be targeted by inhibitors (Johnson, 2009b), so that

160  Andrology, 2013, 1, 160-168

testis-specific kinases might offer promising candidate targets
for development of new methods for non-hormonal male con-
traception, in particular if such kinases are expressed late in
spermatogenesis.

Studies on testicular proteins gain much relevance, when
there is a high level of evolutionary conservation of structure
and function between mouse and human. This allows the devel-
opment of specific mouse models, in which a gene encoding a
protein of interest is inactivated by gene knockout, or a compa-
rable approach (Matzuk & Lamb, 2002). Herein, we focus on the
highly conserved testis-specific serine/threonine kinases TSSK1
and TSSK2. Within the calcium/calmodulin-dependent protein
kinase (CaMK) superfamily (Manning et al., 2002), these kinases
form a branch with five or six TSSKs (Bielke et al., 1994; Kueng
et al., 1997; Hao et al., 2004; Shang et al., 2010; Li et al., 2011).
TSSKs are found in mammalian species, ranging from platypus
(a monotreme), to marsupials and placental mammals (Shang
et al., 2010). In mouse, Tssk1-4 and Tssk6 show testis-specific
and post-meiotic expression (Li et al., 2011). The genes are tran-
scribed late in spermatogenesis, and the encoded proteins

© 2012 American Society of Andrology and European Academy of Andrology
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belong to the last gene products in spermatogenesis. Hence, it is
to be expected that interference with their activities impacts
mainly on the last steps of spermatogenesis, or on sperm func-
tion. For Tsskl, Tssk2 and Tssk6, this has been investigated by
generation of mouse knockout models (Spiridonov et al., 2005;
Xu et al., 2008; Sosnik et al., 2009; Shang et al., 2010). From anal-
ysis of a mouse Tssk6 knockout, TSSK6 was suggested to be
implicated in post-meiotic chromatin remodelling (Spiridonov
et al., 2005) and sperm-egg fusion (Sosnik et al., 2009). The
mouse Tsskl and Tssk2 genes are located in tandem on chromo-
some 16, separated by an intergenic region of only 3.1 kb, which
has prohibited knockout of these genes one by one (Xu et al.,
2008; Shang et al., 2010). Targeted deletion of both Tsskl and
Tssk2 resulted in male chimeras carrying the mutant allele in
spermatogenic cells, but this allele was not transmitted to off-
spring, indicating infertility because of haploinsufficiency (Xu
et al., 2008). In an independent approach, on another mouse
genetic background, we obtained a fertile Tssk1/2 heterozygous
mutant mouse, which allowed us to generate the Tssk1/2 knock-
out (Tsskl and Tssk2 double knockout) (Shang et al, 2010).
These Tssk1/2 knockout mice have a testis-specific phenotype,
with late spermatids showing developmental dysregulation of
the formation of the mitochondrial sheath, resulting in male
infertility (Shang et al., 2010). A testis-specific TSSK1/TSSK2 pro-
tein substrate, named testis-specific kinase substrate (TSKS), has
been identified in mouse and human (Kueng et al., 1997; Scori-
las et al., 2001; Hao et al., 2004). In mouse spermatids, this sub-
strate colocalizes with TSSK1 and TSSK2 on a cytoplasmic ring-
shaped structure which shows dynamic properties compatible
with a role in mitochondrial sheath morphogenesis (Shang et al.,
2010). Other functions and action mechanisms of TSSK1 and
TSSK2 are not excluded.

Tssk1 and Tssk2, and also Tssk6, are intronless genes, which
might reflect that these genes have originated from retroposition
events. This retroposition, or retrotransposition, is a mechanism
for gene duplication mediated by L1 retrotransposons, which
can reverse-transcribe an mRNA and insert the resulting cDNA
as a retrocopy elsewhere in the genome (Volff & Brosius, 2007).
Most often, such an inserted cDNA lacks regulatory elements for
proper control of its transcription, and the retrocopy will
become a pseudogene. However, if the retrocopy is transcribed
and exerts an essential function, it can be maintained as a func-
tional retrogene. In human, around 50 retrogenes have functions
in the testis (Vinckenbosch et al., 2006).

The human TSSKIA gene, located in tandem with TSSK2
within the DiGeorge Syndrome region on chromosome
22ql1.21, has accumulated mutations transforming this gene
into a non-functional pseudogene (Gong et al., 1996; Galili et al.,
1997; Goldmuntz et al., 1997). However, TSSK1 activity might be
indispensable, as indicated by the presence of another intronless
gene TSSKIB, which is not a pseudogene, located on human
chromosome 5q22.2 (Hao et al., 2004). Human TSSK1B and
TSSK2 show 83% amino acid sequence identity in the kinase
region (Hao et al,, 2004). TSSK1B might be required next to
TSSK2, to obtain a sufficient dose of TSSK1B/TSSK2 total kinase
activity in developing spermatids. On the other hand, the actions
of the two kinases might not be fully redundant. It is likely that
TSSK1B and TSSK2 phosphorylate quite a number of different
substrates and exert a series of important functions. Various
functions might be related to different aspects of spermiogenesis

© 2012 American Society of Andrology and European Academy of Andrology
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and sperm maturation, such as the cytodifferentiation of sper-
matids (which includes marked changes in volume and cytoar-
chitecture of the cytoplasm and organelles), release of
spermatids from Sertoli cells (spermiation) and the acquisition
of sperm fertilizing capacity (Hao et al, 2004; Shang et al,
2010). The question whether TSSK1B might be required next to
TSSK2 to exert some specific functions is relevant, to study a
possible relationship between replacement mutations in either
of these two genes and human male in fertility. In view of the
technical difficulty to generate mouse models with targeted
deletion of the single genes of the TsskI-Tssk2 tandem, we have
addressed this question by analysis of the evolutionary history of
the genes encoding TSSK1B and TSSK2 in primates.

MATERIALS AND METHODS

Retrieval of gene and protein sequences

The sequences of the genes encoding TSSK enzymes in differ-
ent mammalian species were retrieved from the NCBI nucleotide
collection (nr/nt) database and the Ensembl genome database,
using BLAST (Basic local alignment search tool) (Altschul et al.,
1990). Mouse Tsskl (GenelD: 22114), Tssk2 (GenelD: 22115),
Tssk3 (GenelD: 58864), Tssk4 (GenelD: 71099), Tssk5 (GenelD:
73542) and Tssk6 (GenelD: 83984) were used as reference
sequences. The protein sequences were obtained by database
search, or were translated from putative mRNA sequences. The
functional domains and sites of the serine/threonine kinase
region were retrieved by CDART (Conserved domain architec-
ture retrieval tool) from Conserved domain database (CDD)
(Marchler-Bauer et al., 2005).

Phylogenetic tree and dN/dS calculation

Protein (or putative protein) amino acid sequences of TSSK1
and TSSK2 from different species were used in pair alignment
and Gonnet distance computation by ClustalW1.83 (Chenna
et al., 2003). Statistical significance was calculated using SPSS
Statistics 20 (IBM, Armonk, NY, USA), by two-sample t-test. A
phylogenetic tree was constructed with the neighbour-joining
method (Saitou & Nei, 1987) using MEGA4 evolutionary analysis
package (Tamura et al, 2007). To calculate the evolutionary
selection indicated by dN/dS for TSSK1 and TSSK2 in different
species, the DNA sequences (coding sequence without stop
codon) and the protein sequences were aligned using the Trans-
align program on the server of wEmboss (the Swiss node of EMB-
net, hosted by the Swiss Institute of Bioinformatics). Output of
aligned sequences was in the Phylip format. The dN/dS ratio was
calculated as described (Yang & Nielsen, 2000) using the program
yn00 from the Paml (Phylogenetic analysis by maximum likelihood)
package, version 4 (University College London, London, UK).

Replacement mutations in human TS5K7B and TSSK2

Known replacement mutations in human TSSKIB and TSSK2
were retrieved from NCBI SNP database and HapMap Genome
Browser release #28 (Smith, 2008). The secondary structure
change induced by K27R in TSSK2 was detected by using the
Garnier method on the server of wEmboss (Garnier et al., 1978).

In vitro phosphorylation activity of human TSSK2-27R
The replacement mutation A672G of human 7SSK2, which
causes the amino acid substitution K27R, was introduced by

Andrology, 2013, 1,160-168 161
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using the primers Fwl: 5AAGAAGGGTTACATCGTAGGCAT
CAATCTTGGCAAGGGTTCCTACGCA AAAGTCAGATCTGCC
TACTC3’, Fw2: 5TATTTTCAGGGCGCCGACGATGCCACAG
TCCTAAGGAAGAAGGGTTAC ATCGTAGGCATCAATC3' and Rv:
5'ATGCTCTGCAGCACC-TCGG3'. Human TSSK2 and TSSK2-27R
were expressed in the insect cell-line SF-21 with a baculovirus
expression system, following the manufacturer’s instructions
(Invitrogen, Grand Island, NY, USA). A 50 kDa fragment (1-
216 aa) of TSKS, which is an endogeneous substrate of TSSK1
and TSSK2, was expressed in Escherichia coli. The purified wild-
type TSSK2 and mutant TSSK2-27R, together with the 50 kDa
TSKS fragment, were used for the in vitro phosphorylation assay
as described by Hao et al., 2004.

RESULTS

Replacement mutation K27R in human TSSK2

Among different mammalian species, ranging from mono-
tremes to marsupials and placental mammals, TSSK1, TSSK1B
and TSSK2 share a conserved serine/threonine kinase catalytic
domain (Supplemental Fig. S1). Known replacement (non-syn-
onymous) mutations in human 7SSKIB and TSSK2 coding
regions were retrieved from the NCBI SNP database and the
HapMap Genome Browser. From this, we found that the muta-
tion K27R (A672G) in TSSK2, substituting a lysine for an arginine,
is found quite frequently in certain ethnic groups, in particular
in Kenya and among African ancestry in Southwest USA, where
the allele frequency 672G reaches more than 10% (HapMap Gen-
ome Browser release #28). The lysine residue at position 27 is
located in the ATP-binding sub-domain of TSSK1, TSSK1B and
TSSK2, and is conserved in all mammalian species (Supplemen-
tal Fig. S1). Lysine and arginine have a similar basic side chain,
but the Emboss Garnier secondary structure prediction program
(Garnier et al., 1978) suggested that the K27R substitution may
induce some alpha helix disruption (data not shown). Therefore,
we investigated if this mutation might affect the kinase activity
of TSSK2. To this end, we performed an in vitro phosphorylation
assay for full-length human wild-type and K27R mutant TSSK2,
with a 50 kDa fragment (amino acid residues 1-216) of human
TSKS (testis-specific kinase substrate) as the substrate. Wild-type
and K27R mutant TSSK2 showed comparable activities with
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regard to autophosphorylation and substrate phosphorylation
(Supplemental Fig. S2). This indicates that the K27R replacement
mutation does not have a major impact on TSSK2 activity. Other
authors have suggested that some replacement (or silent) muta-
tions of TSSK2, TSSK4 and TSSK6 might have a meaning regard-
ing male infertility (Su et al., 2008, 2010; Zhang et al., 2010), but
this remains to be studied using a functional assay. At this point,
there is no direct evidence that mutation of either TSSK1B or
TSSK2 is implicated in human male infertility, which led us to an
evolutionary approach, to study whether TSSK1B might be
required next to TSSK2 to exert some specific functions.

Origin of TSSK1 and TSSK2 in evolution

Using the mouse Tsskl-6 genes as reference sequences, the
sequences of genes encoding TSSK enzymes in different species
were retrieved, as described in Materials and methods. In the
yeast (Saccharomyces cerevisiae), worm (Caenorhabditis elegans),
fly (Drosophila melanogaster), fish (Danio rerio) and frog (Xeno-
pus tropicalis) genomes, we did not find any sequences indica-
tive for the presence of Tssk homologs. However, in the chicken
(Gallus gallus) and lizard (Anolis carolinensis) genomes, we
detected the presence of Tssk3, Tssk5 and Tssk6 homologs
(Fig. 1). All six genes T'ssk1-6 were found in the opossum (Mono-
delphis domestica) genome. Tssk3 and Tssk4 were not detected
in platypus (Ornithorhynchus anatinus), but we feel that this
might be caused by a relatively low coverage of the sequenced
platypus genome. It is not certain if Tssk4 evolved later than
Tsskl and Tssk2, or around the same time (Fig. 1). In the radia-
tion of placental mammals, we find Tssk1-6 in the genomes of
elephant, dog, cattle, mouse, rat and primates. The Tssk5 gene of
chicken, lizard, platypus, opossum and mouse shows conserva-
tion of seven introns (not shown), but mouse TSSK5 may not
contain an intact kinase domain (Li et al., 2011), and the gene
encoding this protein has become a pseudogene in human
(Shang et al., 2010).

From the above, we suggest that the TSSK branch of CaMK
enzymes originated in the ancestor of all amniotes (birds, rep-
tiles and mammals) after diversification of amphibians and am-
niotes, more than 300 MYA (million years ago). In the present
database analysis, the genes Tsskl and Tssk2 appear on the stage
in the mammalian genomes of platypus (Ornithorhynchus

Figure 1 Origin of the TSSK branch of protein kinases. From the present database analysis, we suggest that the origin of the TSSK branch is to be found in
ancient amniotes, between 380 and 316 MYA. Tssk1 and Tssk2 first appeared in the common ancestor of all mammalian species, between 316 and 166
MYA. Tssk4 was not detected in platypus, here representing the monotremes, possibly caused by incomplete coverage of the sequenced platypus genome,
but it is found in all other mammalian species we have investigated. The newest gene of this branch, Tssk1B, is found in new and old world monkeys, small
and great apes, and human (TSSK7B in human). At least in human, and possibly in other primates and mammalian species, TSSK5 has become a

pseudogene.
" " monotremes
reptiles and birds marsupials
radiation of
amphibians placental mammals
monkeys
apes
380 MYA T 316 MYA T 166 MYA 148 MYA 100 MYA T human
Tssk3 Tssk1 Tssk1B
Tssk5 Tssk2
Tssk6 Tssk4
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anatinus, a monotreme) and opossum (Monodelphis domestica,
a marsupial).

Genes encoding TSSK homologs in primates

Mouse Tsskl and Tssk2 are located in very close proximity,
within a region on mouse chromosome 16 that is syntenic to the
human DiGeorge Syndrome region on chromosome 22q11.21
which harbours human 7SSK2 (Gong et al., 1996; Galili et al.,
1997). At a distance 3.5 kb upstream of TSSK2, human chromo-
some 22 also harbours the TSSK1A sequence, which represents a
pseudogene homologous to mouse Tssk! (Goldmuntz et al,
1997). Most likely, the original human TSSKI was duplicated
through a retroposition event, giving rise to TSSKIB located on
chromosome 5@22.2. This was then followed by pseudogeniza-
tion of TSSK1 yielding TSSKIA. To study the origin of TSSKIB in
more detail, we have looked at its presence in other placental
mammals and primates.

The present database analysis indicated that the tandem
arrangement TsskI-Tssk2 is conserved among non-primate pla-
cental mammals. We did not detect sequences homologous to
human TSSK1B, other than TsskI in the tandem position imme-
diately upstream of Tssk2, in any of the non-primate placental
mammals. Moreover, none of the Tssk1 homologs in all non-pri-
mate placental mammals is a pseudogene. However, we found a
homolog of human TSSKIB in regions syntenic to its location on
human chromosome 5, in chimpanzee, gorilla, orangutan (great
apes), gibbon (a small ape), macaque (an old world monkey)
and marmoset (a new world monkey). Hence, Tssk1B originates
in primates from before the radiation of all apes and monkeys.

The primate suborder Haplorrhini includes human, all apes
and all monkeys (Simiiformes), and also the distant infraorder
Tarssiformes with the family of the Tarsiidae, which is repre-
sented here by the tarsier (Tarsius syrichta). In the available
sequence of the tarsier genome, we have not detected a homolog
of human TSSKIB in the syntenic region, but we found Tssk1
and Tssk2 located on the same scaffold (GeneScaffold 1249) with
a 6 kb intergenic region. Other than the TsskIA pseudogene in
the Simiiformes, the Tsskl gene in tarsier contains an intact
5'-end with a start codon and an open reading frame encoding a
part of TSSK1. The tarsier genome sequence is not yet complete,
but the available data suggest that tarsier lacks Tssk1B and has
maintained TsskI as a functional gene.

The suborder Haplorrhini separated from the suborder Strep-
sirrhini 76 MYA (Matsui et al., 2009). The Strepsirrhini includes
the bushbaby (Otolemur garnettii). In the sequenced bushbaby
genome, we found the Tssk1 and Tssk2 homologs located on the
same scaffold (GL873737.1) and both of them contain a com-
plete open reading frame. Gene scaffold GL873549.1 contains a
region syntenic to the human TSSKIB gene locus (Fig. 2a), but
we did not find a TsskIB homolog. This indicates that the bush-
baby, like tarsier, lacks TsskIB and has maintained Tsskl as a
functional gene.

Taken together, we suggest that the origin of TsskIB and the
pseudogenization of TsskIA have occurred in the ancestor of all
Simiiformes, after the separation of Simiiformes and Tarsiifor-
mes (Fig. 2b).

In marmoset (Callithrix jacchus), we found TsskIA and Tssk2
in the DiGeorge Syndrome syntenic region located on chromo-
some 1 (not shown), and T'ssk1B on chromosome 2, in a region
syntenic with human chromosome 5 which harbours human

© 2012 American Society of Andrology and European Academy of Andrology
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TSSK1B (Fig. 2a). Interestingly, we also found a second copy of
Tssk1B at a distance 2.7 Mb upstream, outside the region syn-
tenic to the human TSSKIB locus, which we named TsskIBbeta
(Fig. 2a). Two additional copies, Tsskl1Bgamma and TssklBdelta,
were found on marmoset chromosome 10, also in a region that
is non-syntenic to the corresponding region on human chromo-
some 5. Most likely, Tssk1Bbeta, -gamma and -delta originated
from additional retroposition events. A start codon was found to
be missing for marmoset TsskIB, indicating that, in this new
world monkey, Tssk1B has become a pseudogene, which we
indicate herein as TssklBalpha. Likewise, TssklBgamma was
found to be a pseudogene. However, Tssk1Bbeta and TsskBldelta
contain complete open reading frames (1125 and 1242 bp
respectively) and both genes show high homology to human
TSSKIB (91 and 93% coding sequence identity, and 88 and 86%
protein sequence identity respectively). It appears that marmo-
set has lost Tssk1B (generating the pseudogene TssklBalpha),
but gained TssklBbeta and Tssk1Bdelta (and the pseudogene
Tssk1Bgamma), which we have not detected in any other spe-
cies. This reinforces the idea that the mammalian species
require at least one functional copy of Tssk1 (or Tssk1b) in addi-
tion to Tssk2 (Fig. 2b).

Sequence conservation and phylogenetic tree

The N-terminal part of the human TSSK1B and TSSK2 proteins
(Supplemental Fig. S1), which harbours the kinase domain,
shows 82.0% sequence identity between the two proteins,
whereas this value is only 14.7% for the C-terminal region (Hao
et al., 2004). Such a higher divergence of the C-terminal region,
compared with the N-terminal region, can be observed for dif-
ferent mammalian species (Supplemental Fig. S1 and Table 1a).
This might indicate that the C-terminal region is involved in
controlling specific properties of the kinases, and that these
properties have diverged after the two genes originated from a
gene duplication event. This would be in agreement with a
hypothesis that the two kinases have differential functions, in
addition to some overlap of functions.

Next, we examined the percentage sequence identity for
N- and C-terminal domains of TSSK1/1B and TSSK2, between
species (Table 1b). Among non-primate mammals, the C-terminal
part of TSSK1 shows 65.7% mean sequence conservation, which
is significantly lower compared to 87.6% mean sequence conser-
vation of the C-terminal domain of TSSK2 (p < 0.005). For
human, compared to several non-primate mammalian species,
the mean sequence conservation of the C-terminal domain of
TSSK1B was even lower, 61.4%, as compared to 86.8% for the
C-terminal region of TSSK2 (Table 1b). In this comparison of
human to non-primates, also the N-terminal kinase domain of
TSSK1B showed a somewhat lower sequence conservation
(mean 92.5%) compared to the N-terminal kinase domain of
TSSK2 (mean 94.9%) (Table 1b; p < 0.005). Taken together, this
indicates that differential selective pressures are acting on
TSSK1/1B and TSSK2, mainly on the C-terminal domain but also
on the N-terminal kinase domain.

It is to be expected that the kinase domain of TSSK1/1B and
TSSK2 offers less room for sequence variation and evolution,
being restricted by structural and functional requirements for its
kinase activity. However, by constructing a phylogenetic tree
(based on the N-terminal sequences presented in Supplemental
Fig. S1), its evolutionary dynamics can be visualized (Fig. 3). It
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Figure 2 Genes encoding TSSK1B in primates. (a) Human TSSK7B is located on chromosome 5. In marmoset, Tssk1B has become a pseudogene, which here
is named Tssk1Balpha, located on marmoset chromosome 2 in a syntenic region. Marmoset Tssk1Bbeta, at a distance 2.7 Mb upstream from Tssk1Balpha, is
a functional copy of Tssk1B. The marmoset genome contains two more Tssk1B copies, Tssk1Bgamma and Tssk1Bdelta, on chromosome 10 (not shown). In
bushbaby, there is no Tssk1B copy located in the region syntenic to the region containing human TSSK7B. In tarsier, here representing the Tarssiformes, no
sign of Tssk1B was found, and Tssk1 has not become a pseudogene (although further analysis awaits a higher coverage of the genome). Similarly, the bush-
baby lacks Tssk71B and has maintained Tssk1 as a functional gene. (b) The data indicate that the origin of Tssk1B and the pseudogenization of Tssk1A have

occurred in the ancestor of all Simiiformes, after the separation of the primate suborders Simiiformes and Tarsiiformes (*).
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appears that the origin of TSSK1B in primates has resulted in a
series of mutations which caused divergence between TSSKIB in
primates and TSSK1 in the non-primate mammals. Simulta-
neously, TSSK2 in primates is found at some distance from
TSSK2 in non-primate mammalian species (Fig. 3).

Positive and negative selection

Evolution of duplicated genes may occur at different rates (Cu-
sack & Wolfe, 2007; Han et al., 2009; Jun et al., 2009; Wang et al.,
2010) which can be investigated by calculation of the ratio dN/

164  Andrology, 2013, 1, 160168

dS. This ratio represents the number of non-synonymous substi-
tutions per non-synonymous site (dN) divided by the number of
synonymous substitutions per synonymous site (dS). The first
type of substitutions, indicated by dN, lead to changes in the
amino acid sequence of the encoded protein, which can be
either negatively selected if the function of the protein is
impaired, or positively selected if the function of the modified
protein is improved or changed towards gain of a new function.
The synonymous substitutions, indicated by dS, are silent
changes, based on the degeneracy of the genetic code, which do

© 2012 American Society of Andrology and European Academy of Andrology

129

Front pages.indd 129

071114 09:39



TSSK1B AND TSSK2 IN PRIMATES

Table 1 Percentage identity of the N- and C-terminal sequences of TSSK1/
1B and TSSK2: (upper panel) in different mammalian species, (lower panel)
in a comparison between non-primate species (upper half) and human vs.
non-primate species (lower half)

TSSK1/1B vs. TSSK2 N C
Og 88.6 26.1
Mm 88.2 16.5
Bt 90.1 18.9
Cf 88.2 221
La 89.0 23.2
Hs 82.0 14.7
TSSK1/1B TSSK2
N C N C
Mmyvs. Og 97.8 60.2 98.9 87.2
Mmvs. Bt 98.2 72.8 98.5 82.6
Mm vs. Cf 97.1 63.0 99.3 86.0
Mmyvs. La 97.4 64.0 98.2 82.6
Og vs. Bt 98.9 65.3 97.8 88.4
Ogvs. Cf 96.7 65.6 98.9 94.2
Ogvs. La 97.4 61.1 97.4 91.9
Btvs. Cf 97.1 69.1 98.2 87.2
Btvs. La 97.8 70.8 97.8 84.9
Cfvs. La 97.1 65.2 97.8 90.7
Mean + SD 97.6+0.6 65.7+4.1 98.3+0.6 87.6+3.8
Hsvs. Og 92.6 61.3 95.2 91.9
Hsvs. Mm 92.6 62.4 94.9 83.7
Hsvs. Bt 93.0 62.4 94.1 82.6
Hsvs. Cf 91.9 56.4 95.6 88.4
Hsvs. La 92.3 64.4 94.5 87.2
Mean = SD 92.5+0.4 61.4 +3.0 94.9 £ 0.6 86.8 + 3.7

Species represented: human (Homo sapiens: Hs), bushbaby (Otolemur garnetti:
Og), mouse (Mus musculus: Mm), cattle (Bos taurus: Bt), dog (Canis familiaris: Cf)
and elephant (Loxodonta africana; La).

not cause a change in the encoded protein and hence are not
subject to selection. Therefore, the ratio dN/dS provides infor-
mation about negative selection (dN/dS <1) and positive selec-
tion (dN/dS >1), when analysed for closely related species
(Nekrutenko et al., 2002).

We have made these calculations for the N- and C-terminal
regions of TSSK1 and TSSK2 (Supplemental Fig. S1) in three
rodents (Mus musculus, Rattus norvegicus and the ground squir-
rel species Spermophilus tridecemlineatus) and TSSK1B and
TSSK2 in human and its two close relatives, chimpanzee (Pan
troglodytes) and gorilla (Gorilla gorilla). From the results pre-
sented in Table 2, it appears that the kinase domains of TSSK1
and TSSK2 have evolved under negative selection, in agreement
with the importance of maintenance of their kinase activity.
Positive selection (dN/dS >1) was observed for the C-terminal
domain of TSSK1 in rodents, and very clearly also for TSSK1B in
primates (Table 2a and b). This positive selection points to
divergence of the function of the C-terminal domain between
TSSK1/1B and TSSK2, which might be associated with differen-
tial interaction with protein partners and substrates.

DISCUSSION

Gene duplication and the subsequent divergence of the dupli-
cates is viewed as an important mechanism leading to the for-
mation of new genes, in evolution (Long, 2001). The
mechanisms of gene duplications are either DNA-based or RNA-
based (Long et al., 2003; Kaessmann et al., 2009; Innan & Kon-
drashov, 2010). Possibly, either Tsskl or Tssk2 originated by an

© 2012 American Society of Andrology and European Academy of Andrology
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RNA-based retroposition event, from an unknown parental gene.
Such a mechanism would explain the absence of introns. In gen-
eral, when a gene is duplicated, one of the gene copies is relieved
from negative selection, when the other gene maintains the ori-
ginal function. Relieve from negative selection will result in
mutation, which leads to pseudogenization or might sometimes
provide a gain-of-function leading to neofunctionalization. A
retrocopy is disconnected from its ancestral promoter and is
integrated into a new chromatin environment, which increases
mutational asymmetry between the retrocopy and the parental
gene. It has been found that the retrogenes show relatively fast
rates of evolution compared with their parental genes (Cusack &
Wolfe, 2007).

In a possible scenario, retroposed Tsskl (or Tssk2) escaped
from pseudogenization, and gained a new function in spermato-
genesis, associated with testis-specific expression. Such a testis-
specific expression, in spermatogenesis, is observed for quite
many retrogenes (Wang, 2004). Whoever was first, either Tsskl
or Tssk2, the tandem Tsskl-Tssk2 must have formed as a result
of a next gene duplication, possibly DNA-based. Tandem dupli-
cates are more conserved, compared to retrogenes which are
relocated to other sites in the genome (Cusack & Wolfe, 2007;
Han et al., 2009; Jun et al., 2009; Wang et al., 2010). Following
the proposed DNA-based gene duplication leading to the TsskI—
Tssk2 tandem arrangement, the syntenic context of these two
genes was virtually identical, which may have limited mutational
asymmetry. The fact that two genes, encoding TSSK1 and TSSK2,
were maintained in the mammalian ancestor where the gene
duplication has occurred, might be explained if a higher dose of
TSSK1/2 kinase gave an immediate selective advantage. Subse-
quent positive selection may have provided TSSK1 and TSSK2
with the proposed differential functions. Our comparative analy-
sis indicates that the C-terminal domain of TSSK1 has under-
gone more mutational changes (showing a lower percentage of
sequence conservation), compared to TSSK2, in the evolution of
mammalian species.

In the primate lineage, a next gene duplication gave rise to
TssklB. We suggest that this represents a retroposition of TsskI.
For a relatively short time, the genes Tsskl, TsskIB and Tssk2
may have coexisted in an ancestor of the Simiiformes (human,
all apes and all monkeys), but only Tssk1B and Tssk2 have sur-
vived negative selection, with TsskI turning into the pseudogene
Tssk1A. In this series of events, Tssk1B was inserted into the gen-
ome at a different location, having lost the genetic linkage to
Tssk2. For the C-terminal domain of TSSK1B, we describe a
strong positive selection of sequence changes among gorilla,
chimpanzee and human, similar to what we observed for TSSK1
among rodents. However, a phylogenetic tree representing the
N-terminal kinase domain of TSSK1 and TSSK2 revealed that
TSSK1B in primates has diverged considerably from TSSK1 in
non-primate mammals. This is in accordance with, and lends
support to, the idea that adaptive evolution may occur faster for
gene copies which have moved to a new genomic location (Cu-
sack & Wolfe, 2007; Han et al., 2009; Jun et al., 2009; Wang et al.,
2010). The present phylogenetic tree also indicates that, with the
evolutionary appearance of TSSK1B, the kinase domain of TSSK2
in primates may have accumulated a few more sequence
changes, compared to TSSK2 in non-primate mammals.

Evolutionary maintenance of both TSSK1/1B and TSSK2
among mammalian species indicates that there is an added
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Figure 3 Phylogenetic tree of TSSK proteins in mammalian species. The tree represents the N-terminal kinase domain of TSSK1, TSSK1B and TSSK2, in pri-
mates, other placental mammals, and a marsupial: human (Homo sapiens; Hs), chimpanzee (Pan troglodytes; Pt), gorilla (Gorilla gorilla; Gg), orangutan (Pon-
go pygmaeus; Pp), gibbon (Nomascus leucogenys; NI), macaque (Macaca mulatta; Ma), marmoset (Callithrix jacchus; Cj), bushbaby (Otolemur garnetti; Og),
mouse (Mus musculus; Mm), cattle (Bos taurus; Bt), dog (Canis familiaris; Cf), elephant (Loxodonta africana; La) and opossum (Monodelphis domestica; Md).
The tree was constructed using the neighbour-joining method (Saitou & Nei, 1987), based on the multiple sequence alignment shown in Supplemental
Fig. S1. The evolutionary distances, in units of number of amino acid substitutions per site per million years, were computed as described by Zuckerkandl &
Pauling, 1965. Marmoset (Cj) TSSK2 is not included, because its sequence is not present in the current genome assembly. The red and green branches rep-

resent TSSK1B and TSSK2, respectively, in primates.

Cj(beta)

Cj(delta)

TSSK1B

TSSK1

0.084

| |
0.02

value, most likely in relation to reproductive fitness, to have two
different genes encoding similar proteins. This might be related
to obtaining a sufficiently high level of kinase activity. However,
mice heterozygous for the targeted TsskI-Tssk2 deletion do not
show significant impairment of spermatogenesis, when housed
under normal animal breeding conditions (Shang et al., 2010).
In these heterozygous mice, the total dose of TSSK1 and TSSK2
is about halved, but one allele of the Tssk1-Tssk2 tandem is still
present and active, apparently able to maintain spermatogene-
sis, at least when the animals are not exposed to environmental

166  Andrology, 2013, 1, 160-168

TSSK2

stress. Dose-sensitivity is not completely excluded, in particular
if mice would be exposed to natural selective conditions, but the
added value to have TSSK1/1B in addition to TSSK2 might be
related to differential functions of the encoded kinases. This sug-
gestion is supported by the present observations on the positive
evolutionary selection of the C-terminal domain of TSSK1/1B.
The Tssk5 gene of chicken, lizard and mouse contains seven
introns, compared to one intron in 7ssk3 and no introns in 7ssk6.
Possibly, the parental gene of the family was Tssk5, giving rise to
Tssk3 and Tssk6 by retroposition, where Tssk3 would have kept
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Table 2 Calculation of the dN/dS ratio for TSSK1 and TSSK2: (upper half)
for rodent species, (lower half) for primate species

N C
dN/ds dN ds dN/ds dN ds
TSSK1
Mmvs. Rn 0.036 0.000 0.130 1.123 0.058 0.052
Mmvs. St 0.017 0.003 0.460 1.870 2.106 1.126
Rnvs. St 0.011 0.004 0.449 1.639 1.927 1.176
TSSK2

Mmvs. Rn 0.000 0.000 0.112 0.326 0.039 0.119
Mmyvs. St 0.003 0.002 0.498 0.442 0.497 1.124

Rnvs. St 0.004 0.002 0.419 0.387 0.464 1.199
TSSK1B

Hsvs. Pt 0.110 0.003 0.028 3.429 0.038 0.011
Hsvs. Gg 0.074 0.003 0.041 1.470 0.032 0.022
Ptvs. Gg 0.000 0.000 0.040 3.515 0.038 0.011
TSSK2

Hsvs. Pt NA 0.004 0.000 NA 0.009 0.000
Hsvs. Gg 0.413 0.003 0.007 NA 0.009 0.000
Ptvs. Gg 0.619 0.004 0.007 NA 0.009 0.000

Species represented: mouse (Mus musculus: Mm), rat (Rattus norvegicus: Rn),
squirrel (Spermophilus tridecemlineatus: St), human (Homo sapiens: Hs), chimpan-
zee (Pan troglodytes: Pt), gorilla (Gorilla gorilla: Gg). Positive selection (dN/dS >1)
is in bold. When dS is zero, dN/dS cannot be calculated (NA).

or gained an intron. However, alternative scenarios cannot be
excluded. Evidence for a retrogene would require the presence
of flanking sequences showing marks of the retroposition event.
For young retrogenes, such evidence can be obtained, but these
marks are usually erased for older genes (Long, 2001; Long et al.,
2003; Kaessmann et al., 2009). The origin of the intronless genes
Tssk1 and Tssk2 166-316 MYA likely makes it impossible to
obtain conclusive evidence from flanking sequences that these
genes result from retroposition. Yet, we consider these genes as
retrogenes. In spermatogenesis, an X-to-autosomal retrogene
can act as a back-up copy of an X-chromosomal gene, when the
X chromosome is transcriptionally silenced in meiotic prophase
as a consequence of meiotic sex chromosome inactivation
(MSCI) leading to formation of the XY body (Boer et al., 1987;
McCarrey & Thomas, 1987; Baarends et al., 2005; Turner et al.,
2005). None of the known Tssk genes, which may or may not
include the parental gene, is X-chromosomal. Hence, it seems
likely that the driving forces which have acted towards evolution
of Tssk retrogenes may not be directly related to the evolution of
the heterologous sex chromosomes and XY body formation.

Taken together, our evolutionary analysis indicates that
TSSK1/1B is required next to TSSK2, to perform essential func-
tions in spermatogenesis. Ancient gene duplication events in
mammalian lineages may have provided a selective advantage
based on an increased dosage of the encoded TSSK1/2 total
kinase activity, but the conservation of at least one copy of a
Tsskl homolog next to a Tssk2 gene in various mammalian spe-
cies might also be explained if a wider spectrum of biological
functions is performed by the two encoded kinases. At this point,
it is not possible to indicate which specific functions might be
attributed to either TSSK1/1B or TSSK2. However, it is warranted
to study differential functions of TSSK1/1B and TSSK2 in more
detail, also in relation to human male infertility.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of
this article:

Figure S1. Alignment of amino acid sequences of TSSK1, TSSKIB and
TSSK2 in mammalian species. The multiple sequence alignment was per-
formed using ClustalW1.83 program (Chenna et al., 2003). The amino
acid sequence 1-272 represents the N-terminal domain, described in the
present report, and the sequence from amino acid 273-end represents
the C-terminus. The serine/threonine protein kinase catalytic domain,
amino acid residues 1-269, was defined by a NCBI CDD search (March-
ler-Bauer et al., 2005), and is shown as a black arrow bar. Completely
conserved amino acid residues are indicated by asterisks. Amino acid res-
idues consistently found in TSSK1B but not in TSSK1 or TSSK2 are indi-
cated with a blue mark. The conserved lysine K27 is indicated with a
green mark. Species represented are: human (Homo sapiens; Hs), chim-
panzee (Pan troglodytes; Pt), gorilla (Gorilla gorilla; Gg), orangutan (Pon-
go pygmaeus; Pp), gibbon (Nomascus leucogenys; NI), macaque (Macaca
mulatta; Ma), marmoset (Callithrix jacchus; Cj), bushbaby (Otolemur
garnetti; Og), mouse (Mus musculus; Mm), cattle (Bos taurus; Bt), dog
(Canis familiaris; Cf), elephant (Loxodonta africana; La) and opossum
(Monodelphis domestica; Md).

Figure S2. TSSK2 and TSSK2-27R in an in vitro phosphorylation assay.
The enzymatic activity of human TSSK2-27R was examined in an in vitro
phosphorylation assay, in which the wild-type human TSSK2 was used as
a positive control and a 50 kDa human TSKS fragment was used as the
substrate. Both wild-type TSSK2 and TSSK2-27R showed autophosphory-
lation (open arrow heads) and phosphorylation of the TSKS fragment
(closed arrowheads).

Please note: Wiley-Blackwell are not responsible for the content or func-
tionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding
author for the article.
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Supplementary figure S1. Alignment of amino acid sequences of TSSK1, TSSK1B and
TSSK2 in mammalian species

The multiple sequence alignment was performed using ClustalW1.83 program [1]. The ami-
no acid sequence 1-272 represents the N-terminal domain, described in the present report,
and the sequence from amino acid 273-end represents the C-terminus. The serine/threonine
protein kinase catalytic domain, amino acid residues 1-269, was defined by a NCBI CDD
(conserved domains database) search [2], and shown as a black arrow bar. Completely con-
served amino acid residues are indicated by asterisks. Amino acid residues consistently found
in TSSK1B but not in TSSK1 or TSSK2 are indicated with a blue mark. The conserved lysine
K27 is indicated with a green mark.

Species represented are: human (Homo sapiens; Hs), chimpanzee (Pan troglodytes; Pt), gorilla
(Gorilla gorilla; Gg), orangutan (Pongo pygmaeus; Pp), gibbon (Nomascus leucogenys; NI), ma-
caque (Macaca mulatta; Ma), marmoset (Callithrix jacchus; Cj), bushbaby (Otolemur garnetti;
Og), mouse (Mus musculus; Mm), cattle (Bos taurus; Bt), dog (Canis familiaris; Cf), elephant
(Loxodonta africana; La), and opossum (Monodelphis domestica; Md).
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wild type K27R

Supplementary figure S2. TSSK2 and TSSK2-27R in an in vitro phosphorylation assay
The enzymatic activity of human TSSK2-27R was examined in an in vitro phosphorylation
assay, in which the wild-type human TSSK2 was used as a positive control and a 50kDa
human TSKS fragment was used as the substrate. Both wild-type TSSK2 and TSSK2-27R
showed autophosphorylation (open arrow heads) and phosphorylation of the TSKS frag-
ment (closed arrowheads).
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Two decades ago, mouse 7ss41 and 73sk2, two intronless retrogenes encoding the
testis-specific protein kinases TSSK1 and TSSK2, were first cloned and character-
ized [1]. Since then, different authors have demonstrated that: 1) mouse 7ss£1 and
Tssk2, as well as their human orthologues 7SSK7A4 and TSSK2, are tandemly locat-
ed in a syntenic genomic region, which in human is known as the DiGeorge syn-
drome region (DGS) on chromosome 22 [2,3]; 2) TS§K1A4, the human orthologue of
Tssk1, is a non-functional pseudogene on chromosome 22, while the functional copy
TSSK1B, which encodes human T'SSK1, is located on chromosome 5 [4]; 3) mouse
Tssk1 and Tssk2 are exclusively expressed in testis [5]; 4) there is a high level of amino
acid sequence homology between TSSK1 and TSSK2 [1], and TSKS is a common
substrate for both TSSK1 and TSSK2 [5]; 5) the genes encoding the testis-specific
substrate TSKS and the kinases TSSK1 and TSSK2 are expressed at the same time
and in the same cells, in elongating spermatids, and TSSK1 and TSSK2 interact with
TSKS in vitro [5,6]; 7) male chimeras carrying a targeted deletion of both 73541 and
Tssk2 do not transfer the mutant allele to the offspring, due to haploinsufficiency
[7]. However, the published work did not address the physiological significance and
functions of TSSK1 and TSSK2, and molecular or cellular targets other than TSKS.

'The studies described in this thesis started with the generation of a 7¥s£1/2
knockout mouse, in which both genes were simultaneously deleted. We did not find
the reported haploinsufficiency [7], but we observed that the genes are essential for
male fertility [8]. In further studies, we have addressed many different aspects of
Tssk1 and Tisk2, and the encoded-proteins T'SSK1 and TSSK2, in mouse. In ad-
dition, we performed an analysis of the evolution of these genes in the mammalian
lineage, in particular among primates. The information gained from these studies is
discussed, in relation to human male infertility and development of a non-hormonal
contraceptive drug targeting the male.

Expression of Tssk genes and their importance for spermatogenesis
Tssk1 and Tisk2 are expressed exclusively in the testis, in elongating spermatids.
'This was analyzed using RT-PCR (our unpublished data) and iz sizu hybridization
(Chapter 2). Indeed, the testicular phenotype of the 7¥s%1/2 knockout is restricted
to elongated spermatids, impacting on structural and functional development of the
spermatids and leading to epididymal spermatozoa showing various defects (Chap-
ter 2 and 3). The most prominent defect concerns the mitochondrial sheath, which
appears to be collapsed, in epididymal spermatozoa (Chapter 2). This defect most
likely originates from a lack of adhesion of the mitochondria to the mitochondrial
capsule, during formation of the sheath in elongating spermatids (Chapter 3). Other
defects concern problems with removal of cytoplasm near the end of spermiogenesis,
and spermiation (Chapter 2), which might be related to dysfunction of the tubulob-
ulbar complex, a structure which connects the elongated spermatids to the support-
ing Sertoli cells (Chapter 3).

We have generated a series of polyclonal antibodies targeting mouse TSSK1,
TSSK2, and TSKS. Using immunohistochemical staining procedures, we found that,
in wild-type elongating spermatids, TSSK1, TSSK2, and TSKS show marked colo-
calization in two cytoplasmic structures, which we refer to as CB-ring and CB-sat-
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ellite, based on our argument that these structures are derived, during normal sper-
matid development, from the chromatoid body (CB). The CB, a globular cytoplasmic
structure, which is described in more detail below, is visible with phase contrast mi-
croscopy, when it moves over the surface of the nucleus in round spermatids. In the
Tssk1/2 knockout, the two kinases are completely lost, and the substrate TSKS is still
present, not localized in the CB-ring and CB-satellite but dispersed over the cyto-
plasm. In fact, the CB-ring and CB-satellite are lost, in the knockout. We concluded
that, to understand the role of TSSK1 and TSSK2 in spermiogenesis, we needed to
find out more about the functions of the CB-ring and CB-satellite in spermiogene-
sis.

'The CB-ring was observed to be closely associated with the annulus, a ring-
shaped structure which moves down the flagellum, in elongating spermatids steps
14-15. Hence, the CB-ring also moves down the flagellum, starting at the base of
the elongated nucleus and finally reaching the border between the middle piece and
the principal piece of the tail. In its trail, the mitochondria form the mitochondrial
sheath. When the annulus and the CB-ring have reached their end point, the CB-
ring becomes less prominent and gradually disappears. We suggest that the CB-sat-
ellite, which becomes smaller and ends up in the residual cytoplasm, mainly serves
a function as an overflow reservoir of CB-ring constituents, although we do not
exclude that the CB-satellite exerts some functions similar to, or complementary
to, functions of the CB-ring at random sites in the cytoplasm. Both the CB-ring
and the CB-satellite contain TSSK1, TSSK2, and TSKS, most likely as a stable
complex. It would be of interest to compare the components of the CB-ring and
CB-satellite in detail, but this would only be possible after isolation and separation
of theses structures. Herein, we have restricted our investigations to a proteomic
analysis of proteins interacting with TSSK1, TSSK2, and TSKS. The co-immuno-
precipitation (colP) procedures were carried out using whole testis lysates, meaning
that this approach does not provide a list of candidate interaction partners present
in either the CB-ring or the CB-satellite. In fact, most candidate interaction part-
ners might be present throughout the cytoplasm or associated with other subcellular
structures. While moving through the cytoplasm of the elongating spermatids, the
CB-ring and CB-satellite may offer a structural platform for the TSSK1/2-TSKS
complex, to interact with many proteins at different sites. In addition, the association
of the kinases with this platform might be quite dynamic, meaning that TSSK1 and
TSSK1 might be able to reach different substrates by temporary dissociation from
the platform, followed by reassembly of the TSSK1/2-TSKS complex. The present
proteomics approach, combined with a Gene Ontology analysis, indicated that the
TSSK1/2-TSKS complex is extensively involved in a variety of cellular functional
processes, including cytoskeleton regulation, protein transportation and localization,
protein phosphorylation, and more (Chapter 3) (and see below, where we discuss the
functional transformation of the CB in elongating spermatids). This analysis also
provided evidence that there is a functional divergence between TSSK1 and TSSK2,
for which circumstantial evidence was first obtained by an evolutionary analysis of
the mammalian genes encoding these kinases (Chapter 2 and 5). Such a functional
divergence would require independent interactions of TSSK1 and TSSK1 with dif-
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ferent substrates, which would be facilitated by dynamic dissociation and reassembly

of the TSSK1/2-TSKS complex in the CB-ring and the CB-satellite.

The chromatoid body

'The chromatoid body (CB) was first described by Benda, more than 120 years ago
[9], and its name was based on the fact that this cytoplasmic granule is strongly
stained, similar to chromosomes and nucleoli, by basic dyes [9-11]. The CB appears
to be a very conserved feature of germ cells throughout the animal kingdom [12,13].
'The developmental origin of the CB was much debated. Some observations suggest-
ed a nuclear origin [9,14-16], while others supported a cytoplasmic origin [17,18].
In mammalian spermatogenic cells, the CB develops from cytoplasmic material, re-
terred to as muage (meaning ‘cloud’ in French) [19-22]. During mouse spermato-
genesis, this nuage is first seen in mid- and late-pachytene spermatocytes, during
meiotic prophase, as intermitochondrial cement. Then, following the meiotic divi-
sions, the CB is clearly seen as a dense globular structure in early round spermatids,
located close to the Golgi apparatus, and associated with a multitude of vesicles
(Figure 1A,B). In addition, the CB typically establishes an intimate, but transient,
relationship with the nuclear envelope, seemingly interacting with nuclear envelope
pores (Figure 1B). Examination using electron microscopy (EM) indicated that the
electron density of the nuclear envelope was highest in the region contacting the
CB (Figure 1A). At a higher magnification (Figure 1B), we found that some high
electron density material accumulated at the nuclear side near the pores. In addition,
at the CB side, several vesicles are found, some of which loaded with material. Based
on this, it seems possible that there is exchange of material between the CB and the
nucleus, in either one or both directions.

To uncover the physiological role of the CB in spermatids, one of the im-
portant clues is to clarify the substances contained in this organelle. In 1955, Daoust
and Clermont (1955) first showed that the staining of the CB by pyronine was erased
by ribonuclease digestion or by the trichloroacetic acid treatment, which indicat-
ed that the CB contains RNA and arginine-rich basic proteins [23]. Sud (1961)
supported this finding later, using a similar method [24]. Although several authors
did not detect RNA or mRNA accumulation in the CB [12,25], other authors in-
dicated that they obtained some evidence for the presence of a significant amount
of RNA in the CB [26-28]. Kotaja et al. (2006) have demonstrated the accumula-
tion of poly(A)-mRNA in the CB, by in sizu hybridization using oligo(dT) [26].
As an organelle enriched in mRNA, the CB has been suggested to be involved in
male germ cell-specific mRNA regulation [29,30]. Supporting such a role of the
CB, a few poly(A)-binding proteins (PABP) have been found in the CB [31], and
many important CB components, such as MIWI, GRTH/DDX25, and HuR have
been demonstrated to bind a specific group of protein-coding mRNAs [27,32,33].
Furthermore, the timing of the CB-nucleus contact correlates well with the high
requirement of mRNA control and translational regulation in these cells [29,30].
Besides the proposed functions in mRNA storage and regulation, the CB also shares
some components with the mRNA processing bodies (P bodies) found in somatic
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cells [26]. P bodies are defined as discrete cytoplasmic domains containing RNA
decapping enzymes, exonucleases and RNA helicases, as well as RNAI effectors, such
as Dicer (a type III RNase) and Argonaute 1-4 proteins, together with microRNAs
(miRNAs) and mRNAs, which function in translational repression, mRNA silenc-
ing, mRNA surveillance (or quality control) and degradation [34,35]. As the P body

components like Dicer and components of microRNP complexes (including Argo-
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Figure 1. EM images showing the chromatoid body (CB) in steps 6 and 7 sper-
matids

A.The CB (in the dash-lined rectangle) attaches to the nucleus of a step 6 spermatid
(6). The electron density of the region of the nuclear envelope where the CB attaches
is relatively high. B. A higher magnification of the dash-lined rectangle region in A.
shows that several nuclear pores (pointed at with white arrow heads) are located in
the nuclear envelope in the region between the CB and the nucleus (N). The high
electron density of this region of the nuclear envelope is caused by the accumulation
of high electron density material near the nuclear pores, at the nuclear side of the
envelope. In addition, circle-shaped vesicules are located in and around the CB, in
particular near the nuclear envelope. C. In a late step 6 spermatid (6), the CB (point-
ed at with a black arrow head) has moved to the caudal pole of the nucleus, and
has become detached from the nuclear envelope. In a step 7 spermatid (7), the CB
(pointed at with a black arrow head) has moved further away from the nucleus. D. In
a higher magnification of C., vesicules are still visible, and located around the CBs
(pointed at with black arrow heads). The CB in the step 7 spermatid has started to
lose its globular shape. Scale bars: A. D. 2 pm; C. 4 pm.
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naute proteins and miRNAs) are highly concentrated in CB, it is thought that the
CB may represent the germ-line analogue of the somatic P bodies [26,29].

Small regulatory RNAs are non-coding RNAs which can induce RNA si-
lencing or RNA interference (RNA1), to control gene expression at transcriptional or
posttranscriptional levels [36-38]. Several classes of small RNAs have been charac-
terized, many of which are present in plant cells or in lower organisms. In mammals,
the best characterized small RNAs are miRNAs and PIWI-interacting RNAs (piR-
NAs), which both are important regulators of male germ cell differentiation [20,39].
As mentioned above, the CB has characteristics similar to those of the P body in
somatic cells, with a role in miRNA-mediated gene regulation [26]. However, the
miRNA pathways are not exclusively located in the CB, and the functional signifi-
cance of the CB regarding these pathways is still not clear [31]. Interestingly, in a re-
cent publication in the field of neuroscience [40], it was demonstrated that exposure
to traumatic stress in early life can alter miRINA expression in the progeny, associated
with behavioral and metabolic changes. This effect on the oftspring was mimicked by
injection of sperm RNAs from traumatized males into fertilized wild-type oocytes
[40]. Hence, it is thought that spermatozoa can carry and deliver miRNA-encod-
ed epigenetic information to the offspring. In mammals, miRNA biogenesis begins
when primary microRNAs (pri-miRNAs) are processed by the microprocessor com-
plex (Drosha/DGCRS) to form ~60-80 nt hairpin-like precursors (pre-miRNAs)
inside the nucleus [41]. These precursors are subsequently exported to the cytoplasm
via exportin 5 [42,43], where they are further processed by Dicer that cleaves the
stem-loop to yield mature, double-stranded miRNAs (duplex miRNAs) [44,45]. In
general, miRNAs function in cytoplasm, whereas some miRNAs which contain en-
dogenous nucleus localization elements can travel back to nucleus [46], and regulate
gene transcription [47,48]. Possibly, such a transport of miRNAs into the nucleus
also takes place during spermiogenesis. In fact, miRNAs have been found in sperm
nuclei [49]. In view of the observed exchange of material between nucleus and CB
(or vice versa, or in both directions) [50] (Figure 1B), it is tempting to suggest that
the miRNA processing machinery of the CB [26], might be involved in transport of
miRNAs into the nucleus, with possible implications for gene expression in the early
embryo.

PIWI-interacting RNAs (piRNAs) are endogenous small noncoding RNAs
that act as guardians of the genome, protecting it from invasive transposable ele-
ments in the germ line [51-54]. A relatively large group of CB proteins, including
MIWI, MILI, DDX4, TDRD1, TDRD6, TDRD?7, and Maelstrom, are involved in
piRNA pathways [55-61]. Hence, the CB is also functional as a center accumulating
piRNAs and proteins of the piRNA machinery, and facilitates piRNA pathways in
germ cells.

When spermatids enter the elongating phase (from step 9), most CB mark-
ers which are involved in RNA regulation pathways become undetectable. Hence, it
seems that when the CB has completed its mission as an mRNA storage and pro-
cessing center at steps 8-9 of spermiogenesis, it then becomes a functionless remnant
[20,29,62]. However, we have obtained evidence that, when the RNA processing
markers fade away from the CB, this marks the beginning of a transformation of the

143

Front pages.indd 143 071114 09:39



CB to new functions [8].

Functional transformation of the chromatoid body in elongating
spermatids

Along with the development of round spermatids (steps 1-8), the CB moves towards
the caudal region of the nucleus and gradually disengages from the nuclear envelope
at late step 6 (Figure 1). In step 7 round spermatids, the CB is completely detached
from the nucleus, and starts decreasing in size (Figure 1). At step 8, the CB arrives
at the basis of the flagellum [17]. In step 9 spermatids, the CB splits into two parts
of material: one part attaches to the annulus and forms a ring structure, and the
other forms a satellite structure in the cytoplasm [17,63] (Chapter 2). The CB-ring
together with the annulus moves to the distal end of the newly formed mitochondrial
sheath, and then disappears. The CB-satellite is in the cytoplasm, and its remnants
finally end up in the residual body.

As mentioned above, the CB in step 9 spermatids starts splitting into two
parts: the CB-ring which attaches to the annulus, and the CB-satellite which moves
to cytoplasm. In fact, a CB-ring can be seen in many EM photomicrographs in the
literature, representing different mammalian species, including mouse, rat, hamster,
guinea pig, monkey, and human [17,64,65], although in most of these studies the
presence of the CB-ring was not acknowledged. However, a possible role for CB-de-
rived material associated with the annulus in the formation of the mitochondri-
al sheath has been noticed in previous EM studies for various mammalian species,
including human [66,67]. The functional significance of the final CB dynamics in
elongating spermatids were not studied in the past decades, due to the absence of
functional molecular markers. However, such a particular cell organelle difterentia-
tion event must have an important functional meaning in cellular physiology. Actual-
ly, Escalier (2006), in a clinical case study concerning an infertile man, demonstrated
that if the annulus of spermatids lacked the ‘associated material’, the mitochondrial
sheath could not correctly form [68], but the ‘associated material’ was not recognized
as the transformed CB-ring structure. After we observed the localization of TSSK1,
TSSK2, and TSKS in the CB-ring and CB-satellite in elongating spermatids, this
provided a new view on the last phase of the CB.The three proteins start to accumu-
late in the CB exactly at step 9, and stay present in the CB-ring and the CB-satellite
until these structures finally disappear in step 16 spermatids [8], in agreement with
EM observations [17,65].

In the absence of TSSK1/2, in the 75ssk1/2 knockout, the substrate TSKS
remains in the cytoplasm, when the CB-ring and the CB-satellite structures are
lost. Several studies have shown structural defects of the CB in round spermatids,
such as observed in mice lacking MIWI, GRTH/DDX25, TDRD6, or TDRD1
[33,57,69,70]. By isolation of CBs, these proteins were found to comprise over 90%
of the total CB content by mass [31]. Similarly, in the CB-ring and CB-satellite, the
TSSK1/2-TSKS complex might be the main component. However, it is not excluded
that loss of TSSK1/TSSK2 results in loss of other proteins with a major mass con-
tribution to the CB-ring and CB-satellite.

In addition to structural transformation of the CB to the CB-ring and the
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CB-satellite, in elongating spermatids, a functional transformation is indicated by
loss of CB markers such as MIWI, followed rapidly by a gain of the TSSK1/TSSK2-
TSKS complex components. Evidently, the next question concerns the new functions,
which might be gained by the CB-ring and the CB-satellite. Based on the 75s21/2
knockout phenotype, we expect that the new functions somehow relate to mitochon-
drial sheath development, reduction of cytoplasmic volume, and spermiation, but
the molecular mechanisms are unknown. To try to obtain more information about
this, we searched for protein interacting partners of TSSK1, TSSK2, and TSKS. We
performed colP using our own antibodies targeting TSSK1, TSSK2, or TSKS, for
both wild-type testis and 73s£1/2 knockout testis. The colP was followed by mass
spectrometry and Gene Ontology analysis of the colP yields. All results, including
also Western blot analysis, provided convincing evidence that TSSK1, TSSK2, and
TSKS indeed form a stable protein complex in vivo, referred to as TSSK1/2-TSKS
complex. This is in accordance with previous iz vifro studies [5,6].

Clearly, TSKS interacts with a different set of proteins, compared to TSSK1
and TSSK2 (Chapter 3). In the 73541/2 knockout, unphosphorylated TSKS is lo-
calized throughout the cytoplasm, in the absence of a CB-ring and CB-satellite,
where it still may interact with some proteins. One of these proteins is PPP1CC2, as
described in detail in Chapter 4. However, most of the detected TSKS colP proteins
require phosphorylation of TSKS by TSSK1/2 and the presence of the CB-ring and
CB-satellite (Supplementary Table 1a in Chapter 3). The TSSK1 and TSSK2 colIPs
(which evidently only gave positive results for wild-type testis) resulted in lists of
proteins which were partially overlapping; around 20-25% of the detected proteins
(Mascot score >99) were present in both colPs. For two of these proteins, CK2a' and
RIM-BP3, we performed immunostaining of testicular spermatids and epididymal
spermatozoa. The localization of RIM-PB3 on the manchette was not lost in the
Tssk1/2 knockout, but this does not exclude that functions of the manchette might
be dysregulated. The subcellular localization of CK2a' clearly was affected, in the ab-
sence of TSSK1/2.The faulty presence of this kinase subunit in the middle piece and
head region might provide misfit signals, leading to dysregulation of several aspects
of spermiogenesis.

Quite surprisingly, many proteins were present in either the TSSK1 colP list
or the TSSK2 colP list. From our evolutionary studies (Chapter 5) we anticipated
that TSSK1 and TSSK2 may have differential functions, in addition to overlapping
tunctions, but we did not expect that this would come to the front so clearly, in the
proteomic analysis. The Gene Ontology analysis indicated that differential functions
might concern in particular cytoskeleton regulation for TSSK1, and protein localiza-
tion and transportation for TSSK2.

The Gene Ontology terms for the TSSK1, TSSK2, and TSKS colPs all
included RNA processing. This is a result one would expect for the CB in round
spermatids, before its transformation to a CB-ring and a CB-satellite. As indicated
above, typical markers of the CB such as the RNA-binding protein MIWI are lost
from the CB, concomitant with the transformation. However, it is not excluded that
RNA regulatory proteins still play functional roles at the late stages of spermatid
development, and that there might be some interaction with the TSSK1/2-TSKS
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complex. It has been found that MVH (mouse Vasa homolog; a DEAD-box family
member), one of the markers of the CB in round spermatids, is present in the CB
when it is located at the caudal pole of the nucleus [71]. However, in the elongat-
ing spermatids, this MVH signal is seen only in the ‘late CB’, but not in the ‘elec-
tron-dense material’ which migrates with the annulus [71]. We feel that the ‘late
CB’ and the ‘annulus-attaching electron-dense material’ may represent, respectively,
the CB-satellite and the CB-ring. Hence, it might be suggested that, during the CB
transformation, MVH and other RNA regulatory proteins become localized in the
CB-satellite, which may still perform some functions related to RNA processing.
Unfortunately, our proteomic analysis concerns both the CB-ring and the CB-sat-
ellite, so that it is not informative about possible difterent functions between these
two structures.

Spermiogenesis requires a well-controlled series of gene expression events,
tollowed by translational and post-translational control mechanisms. For the greater
part, this can be considered as a cell-autonomous developmental pathway. However,
it is evident that complex intercellular interactions with the supporting Sertoli cells
are required, to allow execution and completion of the cell-autonomous aspects of
the spermiogenic pathway. Sertoli cell-spermatid interactions are involved in many
events, such as head shaping, cytoplasm elimination, and spermiation. These interac-
tions are exemplified by the formation of the elaborate structure of the tubulobulbar
complex. What also might play a role, is the movement of the elongating spermatids
within the spermatogenic epithelium. The stages of the spermatogenic cycle have
been very well documented in mouse and rat. At stages II-V in mouse and stages IV-
VI in rat, the elongated spermatids are forming bundles, with the nuclei coming to-
gether, and they are pulled deep into the Sertoli cells, heads down, towards the basal
lamina. Few days later, the spermatids are moved back towards the tubule lumen, the
bundles are disassembled, and the spermatids align along the luminal edge, before
spermiation occurs [72,73]. It is unknown if the observed ‘diving’ of the spermatids
has any functional importance. However, we noticed that the movement of the an-
nulus and the CB-ring in steps 14-15 spermatids coincides with the movement of
the spermatids towards the basal lamina (Figure 2). The spermatids are anchored to
Sertoli cells through tubulobulbar complexes and ectoplasmic junctional specializa-
tions, so that the cytoskeleton of Sertoli cells will be able to pull down the spermatids
towards the basal lamina. The plasma membrane near the annulus of spermatids may
not be firmly attached to Sertoli cells, but we would like to suggest that the cyto-
plasm of the spermatids will be exposed to pushing forces which facilitate movement
of the annulus towards the principal piece of the tail. In the 73s21/2 knockout, the
annulus is present and is moved to the border between middle piece and principal
piece. Hence, this movement is not dependent on the presence of TSSK1/TSSK2-
TSKS in the CB-ring. However, movement of both the annulus and the CB-ring is
required for formation of the mitochondrial sheath.

Mouse spermiogenesis-specific genes and human male infertility
Spermiogenesis is the final phase of the spermatogenic process, in which haploid
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Figure 2. Schematic illustration of the relative position of spermatids in the tu-
bules at stages II to V of the spermatogenic cycle

At stages II-V of the mouse spermatogenic cycle, the steps 14-15 elongated sperma-
tids bundle together, and they are being moved towards the basal lamina. They can be
viewed as ‘diving’ deeper into the Sertoli cells (the black arrow indicates the direction
of ‘diving’). At stage V, the bundles of step 15 spermatids are deeply embedded into
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the cytoplasm of the surrounding Sertoli cells. At stage VI (not shown), the late step
15 spermatids gradually move back towards the tubular lumen. During the down
movement, the annulus with the associated CB-ring is moved towards the distal end
of the tail, where it finally reaches a position at the border between middle piece and
principal piece (the green arrow indicates the direction of the annulus and CB-ring
movement along the tail). In step 14 spermatids, the annulus prevents the mitochon-
dria to pass through and to reach the flagellum, which is localized in a thin projection
of cytoplasm. At step 15 of spermiogenesis, when the annulus has been moved in
distal direction along the flagellum, the mitochondria can make contact with the
flagellum to form the mitochondrial sheath of the middle piece. This process is com-
pleted at stage V, before the spermatids bundles start moving back. In the dash-lined
rectangle, the region containing the annulus and the CB-ring is magnified. It is not
known, precisely, how the annulus is attached to the cell membrane of spermatids
and how the surrounding Sertoli cells may exert pulling or pushing forces on this
region. Most likely, this involves components of the cytoskeleton, in both spermatids
and Sertoli cells.

round spermatids experience a series of functional and morphological differentiation
events, finally becoming spermatozoa. In mouse, the course of spermiogenesis takes
about 14.3 days, which, compared to 7 days of the mitotic proliferation phase and
13.2 days of the meiosis phase, is the longest phase in spermatogenesis. During this
two-week developmental process, a spermatid is transformed from a round-shaped
cell into a streamlined shape, with the acquirement of a variety of highly specified cell
organelles or structures, like the acrosome, the tail, and the mitochondrial sheath. In
addition, during this process, the formation of some transient organelles or structures
which exist only in certain stages of spermatid differentiation, and are functionally
involved in certain developmental events, include for instance the manchette struc-
ture, which exists in steps 8-14 spermatids and performs a function in sperm head
shaping [74,75]. To achieve such a highly complex and specified cell developmental
process, genes specifically expressed in spermiogenesis must play indispensible roles.
Up to now, based on traditional gene expression studies and recent high-through-
put expression profiling by microarray techniques, around 600 testis-specific pro-
tein-coding genes have been identified in mouse [76-78], and more than half of these
genes, about 350, have been found to be exclusively expressed in spermiogenesis [79].
In mouse, a loss of function of spermiogenesis-specific genes can cause specific or
more complex abnormalities during spermatid development, like the loss of the ac-
rosome leading to a round-shaped sperm head, disordered tail development, motility
problems, etc.. A common outcome of these abnormalities usually is male infertility
or subfertility [79-82]. Hence, the studies on spermiogenesis-specific genes/proteins
are significant for understanding possible genetic causes of male infertility, especially
for the cases with malformed sperm and/or reduced motility.

Thus far, mouse is the most commonly used mammalian organism in the
research laboratory, to study genetic principles in relation to human diseases [83-86].
First of all, mouse and human are quite close relatives, with a significant similarity of
genome content and regulation between mouse and human [87,88], In addition, the
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mouse offers a short reproduction cycle and large litter size [89]. Even more impor-
tantly, in mouse it is possible to conduct genomic manipulation, in particular target-
ing of a genomic locus by homologous recombination in mouse embryonic stem (ES)
cells, which is the basis for making transgenic and knockout animal models [90,91].
Many transgenic and knockout mouse models have yielded much important infor-
mation regarding reproductive studies [92-94]. At least 400 essential fertility genes
have been modeled in mice [95]. The majority of these genes were characterized
using knockout models [96], and to a lesser extent by transgene insertion (random),
gene trap (random), and N-ethyl-N-nitrosourea (ENU) mutagenesis models [95].
Here, based on the known male infertility mouse models, we aimed to compose a
comprehensive list, providing an overview of knockout mouse models concerning
genes which are specifically expressed in spermatogenesis, and which are linked to a
phenotype that specifically concerns the haploid phase of spermatogenesis, spermio-
genesis (Table 1).

Worldwide, about 15% of couples at reproductive age suffer from infertility
[97,98], in which male factors are involved in about half of the cases [99,100]. Al-
though authors believe that more than 50% of male infertility cases are due to, or en-
hanced by genetic factors [94,101-103], the majority of clinical male factor cases still
are given merely a descriptive diagnosis, or are labeled with ‘idiopathic infertility’,
because there is lack of understanding of a possible genetic etiology [95,104-106].
In addition to the issues regarding the clinical diagnosis of male infertility cases,
infertile couples who decide to submit to assisted reproductive technology (ART),
mainly in vitro fertilization (IVF) and intra-cytoplasmic sperm injection (ICSI), are
confronted with a potential risk to pass an unknown genetic defect to the offspring
[95]. As mice are genetically very similar to human, and mouse and human sper-
miogenesis are quite alike also at the cellular level, it can be expected that human
homologues of identified mouse spermiogenesis-specific genes are also key actors
in human spermiogenesis. All genes listed in Table 1 are highly conserved between
mouse and human. For a few of these genes, it hasbeen shown that the human homo-
logues play an important role in kuman male fertility. In mouse, these are the genes
Akap4, Catsper1/2, Dpy1912, Kibl10, Prm1, Tekt2, and Zpbpl. When mutated in the
mouse, a male infertility phenotype is observed. It is of much relevance to compare
the mouse phenotypes with the clinical aspects of the respective human infertility.
A functional one-to-one correlation between mouse and human phenotypes is not
always observed. For example, targeted deletion in mouse of Aurkc, which encodes
aurora kinase C, causes sperm morphological defects with subfertility [107], where-
as for AURKC mutation in human a meiosis I arrest and male infertility has been
observed [108]. We anticipate, however, that such exemptions will not impede us to
take much advantage of knockout mouse models, to gain a deeper understanding of
the key factors regulating spermiogenesis, in mouse and human.

Candidate targets for non-hormonal male contraception
Opposite to men with infertility problems, fertile men who are willing to share the

responsibility for contraceptive use and family planning encounter the problem
that there only limited contraceptive options to be used by men, which are mainly

149

Front pages.indd 149 071114 09:39



UOTESUIPUOD
[9ST] peoy wirads Surmp [sST] sprewads [#ST]
[£ST] oL 91 TN Aouanygnsurordey Bupped YN 1 surweyoxd Buneguore woiy sprewrads punox 91 JutLd
stsoudforwrads 01
[est] Supmp femyed | Sojowoy urey [est]
[gST] oL L1 OLTHTY Aousignsurordey uoneunmbiqrun | -oxd oyif-yopey | spneuwads 91-¢ dois [2ST1] sprewads 11 o119
[TsT] 2mnyrey T uotsny 555
61 TOWNZI uorsny 3o—wrads uorsny 83o—wirads | -wrads ownzr | [167] oyroads wiads [151] oyroads-snsay / Jounzy
srusZoyewrrads
‘aseuddorpAyop
aeyd
lozt] -soyd-¢-opdy | [0gT] vozoyewsads [osT]
61 SHAJyO | 1950p LArmow wirads Armow wirads -op[e1224]8 pue spnewrads spnewiads punox / sqpdvo
[£+1] peoy wirads 3urdeys peoy pue 7 Sojowroy [L¥T]
[6¥T‘8HT] soh fas ZT6TAdd punoI ‘ssa[owosoIde | uonewrio] swosone | ¢-Ad( uroroxd sprewrads punox [£+1] oyroads-s1isay 6 2616
¥ paie
[9v1] -osse wads [S¥T] spn [SpT] sprew
1| #¥FdSIyD | 19930p LArmour wirads Armowr wirads | “ouueyd wones -ewrods pajeduord -10ds punor g-1 dozs ¥ #adsiv))
€ paye
[9¥1] -osse wrads [St1] spu [S+1] spuew
S| eyadsiyo | 1993ep Lrmowr wirads Lmmowr wirads | “uueyd uoned -ewrods pajeduord -10ds punor g-1 dars €1 cuadsivr)
7 pawe [6€1°8€T]
[2r1] -posse wirads [6€1] spu spneuads punox
[#+1chT] soh S| oyadsiyo | 995ep Lmow wirads Armow wirads | “puueyd uoned | -ewrads SuneSuoyd pue sa1foojewrrads 4 guadsivr)
1 paie
[ov1zet] ~posse wiads lecT zeT] spn [8¢1CCT]
[14T1] soL 11 I¥AdSLYD | 1095p Armow wirads Armow wiads | ‘puueyd uoned | -ewrads SuneSuord spnewsads punox 61 [4ads1vr)
[rer] Lymowr |y urasoxd soyd [9¢1] spuew [9¢1] spuewads
[£€T] 5oL X #APY | 39930p Lrnow wirads PUE UOTBULIO] [Te) -Ue 9seury 7 -10ds T dois woy punox 9-¢ dois ur X rdvyy
A (s)odky (sjuon
-194uil uewny | ayd | ausb uewny -ouayd jnoypouy | -ounydiusaboiwiads | aweu uiejoid | uoissaidxs uioad | uondudsuesy yNyw | ayd | joquiks suab

150

07111114 09:39 |

| Front pages.indd 150



[y.1] Low
2a18821301d Pa3dogop

‘peay wirads pauriojop

PureuuIel pue

1
urajoxd Surpuiq

[#£1] spnew

[#21] 23e3s pewrads
Buneguopo A[1es oy

03 93e3s a3ho03ewrads

[#L1] soL / d9d7z ‘owosorde pawrojop | uonewroy swosone | epongad vuoyz [ -1ads ¢ ‘zders worg sudfyoed-prur 11 dodz
[€£1CLT] amyrey uorsny 33o-wrads | 9 aseuny suruo
uoneznIoj-paisisse | ‘Gurdeys peay ‘uonyes -0I1[} /2UTIdS [21] spn
61 9ys8.z | ‘peoy wuads pawrrojop | -uspuod uneWOIYd oyads-snsay | -ewrads SuneSuop | [g/1°9] oyroads-snso) 61 9YssT.
[8] 5 wonerwrads uonerurads /1
paderop ‘wiserdoifd pue ‘uonRUTWI[D 9SBUD| 2UIUO
3ISS.L $S90X3 ‘Y3BAYS [RLIp wse[doifd ‘vonew -9I(3} /oULIdS [8S] spn
/S /9SS | -uoyooytur pourrogop -10§ 22a1d a[pprur oyads-snsay | -vurrads SuneSuopd | [g] spnewrads punox 91 Z/TYSST
[14T] ¢ 2021d ofpprua Burdeys peay ‘von
PawWI0Fop ‘Pray JUdq | -BSUIPUOD ULIBWOIYD 7/1 uoxd [0£1] spu [691]
91/C Z/IIN.L | ‘peoy wads pawrogop | Quowoaoejdor suolsiy uontsuen | -eurads 7-g1dos spnewsads zdois | 91/1 z/1dur
[£97] erodey Surpuaq Aynow
[89T1] o4 1 ZIYAL | yrm wrads opiqowtur puE UOTJRWIIO] [Ie} 7 Uy [£91] sprewads [£91] sprewads ¥ ZrL
[9971] uon uoneu 1 uon [991] sprewsads [991]
/1 TINAdS ~BUIIOJOP PEY 1Udq -turro wsefdoifo | -ermyew wirads | pareSuord 9741 doys | sprewnsads ¢1-¢ dois 11 Juiady
[S91] eOZOYEWE
[5971] peoy wirads Burdeys peoy pue 1 parenosse [ -1ods 03 spryewrads
9 IVOVdS punos ‘ssapwosont | uonewioy swosomne | awosomne wiiads | punor ¢ deis worg [69T1] oyroads-s1isa) ¥ [vovdg
S-T
[¥91] upioddor /p
v wads aprqowrwr Lrmow urajoxd pajen
TINJOY | pue 90950p [ermionns wirads pue 2dueud) | -osse urydoyr [£91] sprewads [€91] sp» 11udoyy
S/€ JINdOY oootd Tedound | -urew yeays snoiqy ‘urroddox uone3uo[d woiy ~ewirods punor woiy | 61/9T /Tudoyy
[291] Surdeys peoy ¢ urgord
44 cdqWIy | prey wirads pawnrogop | “Gurpurq ayeypuew | Surpurq ST [291] sprewsads [291] dymads-snsay 91 odquiryy
uoRESUIPUOD [191°091]
[95T] peay wrads Surmp spnewads Sur [6S1°8ST]
9T ZINd Aousrorgnsurordey Suppoed YN ¢ dutwrejord -1e3uo[d woiy spnewads punox 91 guisg

151

071114 09:39 |

Front pages.indd 151



Table 1. Genes conserved between mouse and human, expressed specifically in
spermatogenesis, and required for spermiogenesis

The requirement of these genes for mouse spermiogenesis is supported by informa-
tion gained from the respective mouse gene knockout models. For several of these
genes, there is information about human male infertility, associated with specific mu-
tations.

A. Single knockout of either Ropnl or Ropnll show slight reduced sperm motility,
and does not affect fertility, while the Ropnl/Raopni/ double knockout males are in-
fertile [164]. The knockout phenotype shown in the list is of the double knockout
mice.

B. Single knockout of either T7pI or Tnp2 is subfertile with only subtle morphol-
ogy changes [175,176]. The Tnp1/2 double knockout males, with homozygous or
heterozygous genotypes including Tup1”/Tnp2”, Tupl*/Tnp2”, Tnpl”/Tnp2",
are infertile [171]. Because the functions of 77p1 and Tnp2 are highly redundant,
the severity of phenotype is also highly dependent on the total dosage of these two
proteins [171].

C. Tsk1 or Tisk2 single knockout is not available. The genotypes described in the list
are of the Tss£1/2 double knockout [8].

physical with either a high failure rate (condoms), or being irreversible (vasectomy)
[109,110]. For several decades, many candidate options for male contraceptive ap-
proaches have been investigated, including new approaches to vasectomy, male hor-
monal contraceptives (MHCs), immunocontraceptives, and treatment with various
chemical compounds that might lead to reversible arrest of spermatogenesis or sperm
function [111]. However, an easy-to-use contraceptive drug which is safe, effective,
affordable, and reversible remains unavailable [95]. At present, the studies on both
contraceptive vaccines and contraceptive compounds are focusing on identification
of the best candidate drug targets, which likely are proteins. For an ideal drug target,
testis-specificity is the first prerequisite, which ensures that the specificity of action
of the contraceptive method. For contraceptive vaccines, it is important that the tar-
get is localized at the sperm surface [112]. When a contraceptive compound can
pass through the cell membrane, through drug transporters [113,114], cytoplasmic
proteins can also become targets A recent study evaluating molecular targets of all
known drugs has resulted in a list of ideal drug targets, based upon safety and ef-
fectiveness, with a ranking as follows: cell surface receptors (45%) > enzymes (28%)
> hormones and growth factors (11%) > ion channels (5%) > nuclear receptor (2%)
[115].

Recently, Matzuk ef a/. (2012) have advocated the selective small-molecule
inhibitor (JQ1) as a candidate male contraceptive compound, which successfully
induced male infertility in mouse [116]. The JQ1-treated males showed reduced
seminiferous tubule area, testis size, sperm count, and sperm motility, whereas their
mating behavior and hormonal levels were not affected [116]. In addition, the fer-
tility completely returned after the treatment was stopped. In this study, it was a
main point, that the JQ1 molecule could pass through the blood-testis barrier and
inhibit the testis-specific target protein BRDT very effectively. However, JQ1 inhibit
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proteins from the bromodomain and extraterminal (BET) subfamily of epigenetic
reader proteins, which means that other BET subfamily members in other tissues
can also be possibly inhibited [116]. Additionally, the testis-specific BRDT is ex-
pressed in pachytene spermatocytes, diplotene spermatocytes, and round spermatids
[117], and functions as a chromatin-associated protein in meiosis and post-meiotic
chromatin remodeling [118,119]. Because BRDT functions in both spermatocytes
and spermatids, and also affects the meiotic process, this is expected to increase the
inhibitory efliciency of JQ1. However, targeting meiosis or postmeiotic chromatin
remodeling is potentially a risky approach, because escape of some cells from the
inhibition (such as caused for example by failure of drug intake) might lead to for-
mation of sperm with chromosome or chromatin abnormalities, with health risks for
the offspring in case of a pregnancy.

We agree with investigators who have proposed that it is warranted to foc-
cus on targets which are exclusively expressed in spermiogenesis, like Akap4, Gapdbs,
Catsper, and more [79,120-123]. Identification of spermiogenesis-specific proteins
as contraceptive drug targets would have many advantages. Most importantly, highly
specific gene expression confined to spermiogenesis implies that inhibition of the
targeted proteins will not directly affect other phases of spermatogenesis, such as the
mitotic divisions of spermatogonial cells or meiosis. Also, it is very likely that the
tunction of Sertoli cells will not be compromised, during the time of contraceptive
use. In addition, the onset of infertility might be quite rapid, when the last phase of
spermatogenesis is targeted. From knockout mouse studies, loss of a spermiogen-
esis-specific gene most often does not impact on early stages of spermatogenesis,
meaning that also the function of Sertoli cells is not impaired. The size and structure
of the seminiferous tubules and the testis are usually only slightly affected. Hence,
it is likely that the production of sperm will resume completely and within a short
time following the exposure to a contraceptive compound targeting spermiogenesis.

Out of the many thousands of proteins present in cells, only a relatively small
subpopulation of them, including protein kinases and G protein-coupled receptors
(GPCRs) have been recognized as ‘druggable’ by small molecules [124]. Protein ki-
nases are quite well druggable [125,126], and imatinib, the first clinically applied pro-
tein kinase inhibitor, has been used in cancer patient treatment from 2001 [127]. It
is hoped that many more inhibitors will be developed, by the application of advanced
high-throughput inhibitor screening techniques and well-developed commercial
pipelines [125,128-132]. In fact, authors have already regarded TSSK1 and TSSK2
as potential drug targets for non-hormonal male contraception [133,134]. From our
present studies on the biological functions of TSSK1 and TSSK2, we anticipate that
these two testis-specific protein kinases might be promising candidate targets for
development of a non-hormonal male contraceptive. Indeed, high-throughput assays
have been applied to screen for a TSSK1 inhibitor, and two classes of compounds
(biphenyl compounds and 1,2,7-trialky-1/-imidazo[4,5-¢g]quinoxalin-6-ones) were
found to inhibit TSSK1-catalyzed phosphorylation [135]. The activity of these com-
pounds was not tested for TSSK2.The TSSK1 and TSSK2 kinase domains are high-
ly conserved, and both might be targets for one and the same compound. It will not

be an easy task, however, to find a compound inhibiting TSSK1 and TSSK2, which
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really will hit pharmacy shelves in the near future. The compound should be stable
when ingested or injected, should be able to reach the spermatids which are on the
luminal side of the Sertoli cell barrier, and, last but not least, should not exert any
effect on any other cell type than spermatids. Contraceptive methods are to be used
by healthy people over a long period of time, and any new candidate contraceptive
compound will be subjected to the highest level of scrutiny and thorough examina-
tion. Yet, we anticipate that some spermiogenesis-specific proteins, such as TSSK1
and TSSK2, with well-supported evidence for critical roles in spermiogenesis and
sperm function, ever will become targets of a non-hormonal contraceptive to be used
by modern men.
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Summary

The term ‘sperm cell’ refers to the male gamete in sexual reproduction, also known as
the spermatozoon, which can fertilize the female gamete, the ‘egg’ or ‘ovum’, so that
it transmits paternal genetic information to the offspring. Spermatogenesis leads to
the formation of spermatozoa, originating from spermatogonial stem cells. These
stem cells are diploid cells containing pairs of homologous chromosomes, the auto-
somes, inherited from the mother and the father, in addition to a pair of heterologous
sex chromosomes, the X and Y chromosomes. During the meiotic phase of sper-
matogenesis, in primary spermatocytes, homologous recombination takes place, and
the subsequent meiotic divisions generate haploid cells (round spermatids) which
contain a single complete set of autosomes, in combination with either an X oraY
chromosome. The haploid round spermatids do not undergo further cell division, but
start out to differentiate, which involves a remarkable morphological development
from a round-shaped cell to a flagellated cell. This final phase of spermatogenesis, in
which the round spermatids develop into flagellated spermatids (testicular spermato-
zoa), is termed ‘spermiogenesis’. Completion of spermatogenesis is achieved by ‘sper-
miation’, when the flagellated spermatids are detached from the supporting Sertoli
cells in the testis, to become motile spermatozoa. The morphogenesis of spermatozoa
during spermiogenesis is characterized by the formation of peculiar subcellular struc-
tures, including a highly condensed nucleus, the acrosome, the mitochondrial sheath,
and the flagellum-based sperm tail. These subcellular structures are essential for the
remarkable functions of sperm. The highly condensed sperm nucleus will facilitate
sperm motility, and also protects the haploid genome from damage by environmental
factors. The sperm middle piece and tail form the motor which provides forward mo-
tility, and the acrosome contains enzymes which are released during fertilization and
take part in fertilization of the egg. To achieve such a highly specific cell differentia-
tion process, many genes which are exclusively expressed during spermiogenesis play
pivotal roles. Functional disorders of these genes can cause corresponding defects in
sperm morphology and function, often resulting in male infertility.

Among humans, about 15% of couples at reproductive age are confronted
with infertility. In about half of these infertility cases, a male factor is involved. It has
been considered that genetic factors might contribute to the majority of male infer-
tility cases, but due to our incomplete understanding of the genetic etiology of male
infertility, many clinical diagnoses of male infertility are referred to as ‘idiopathic
male infertility’. Worldwide, the application of assisted reproduction techniques, such
as in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) has helped
more and more infertile couples to get their children. However these techniques may
also transmit unknown genetic defects associated with male infertility phenotypes to
the offspring. On the other hand, fertile couples require contraceptive methods, and
male partners who are willing to share the responsibility of contraception would wel-
come a contraceptive drug targeting male fertility in a safe, efficient, and reversible
manner. To develop a non-hormonal contraceptive drug targeting spermatogenesis
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or spermatozoa, one of the keys is to find the proper drug target proteins, encoded
by spermatogenesis specific genes, and expressed preferably in spermiogenesis. Taken
together, studies on spermatogenesis- and spermiogenesis-essential genes not only
can improve our understanding of the etiology of male infertility, but also will be
essential to find proper drug targets for the development of non-hormonal male
contraceptives.

In view of a high level of evolutionary conservation between mouse and hu-
man, many homologous genes are expressed in spermiogenesis in mouse and human.
If a mouse gene knockout model, where a specific gene is mutated, demonstrates
that the respective gene plays a critical role in spermiogenesis, this will offer an op-
portunity to study if the human homolog of that gene might be involved in human
spermiogenesis and male infertility, and if the encoded protein might be a candi-
date target for male contraception. In this thesis, our studies mainly focused on two
mouse testis-specific protein kinases: testis-specific serine/threonine kinase 1 and 2
(TSSK1 and TSSK2), encoded by the 7¥s%1 and 7352 genes. In a T3sk1/Tssk2 double
knockout mouse model (herein referred to as 73s41/27°), we found that the male mice
lacking both TSSK1 and TSSK2 are infertile, whereas the heterozygous knockout
males (73s£1/2*") and the female 73s%21/27" animals have normal fertility. In Chapter
2 we describe that, in the 75s21/27" testis, spermatogenesis was not blocked, but sper-
matids and spermatozoa showed severe morphological defects, delayed spermiation,
and immotility. The main morphological defects included a malformed mitochondri-
al sheath and enlarged residual cytoplasm. Injection of a knockout sperm head into
an egg, using an ICSI procedure, resulted in successful fertilization, which indicated
that the direct reason of the male infertility was the loss of the normal sperm struc-
ture and motility.

To further uncover how TSSK1 and TSSK2 might work in mouse sper-
matogenesis, we generated antibodies against TSSK1, TSSK2, and the testis-specific
kinase substrate (T'SKS) which is a substrate of both TSSK1 and T'SSK2. First, we
studied the expression patterns of TSSK1, TSSK2, and TSKS in wild-type testis and
in the knockout condition. In the wild-type testis, TSSK1, TSSK2, and TSKS start
to be expressed at the beginning of spermatid elongation. The three proteins were
found to be colocalized in both a cytoplasmic ring structure and a cytoplasmic sphere
structure. Accompanying the formation of the mitochondrial sheath, the ring struc-
ture moved along the sperm tail towards the distal end of the middle piece, while the
sphere structure separated from the ring, and moved into the surrounding cytoplasm.
These two structures were recognized as a transformed chromatoid body (CB), and
we referred to them as CB-ring and CB-satellite. The CB is a nonmembranous cell
organelle enriched with actin filaments and RNAs, which is formed in spermatocytes
and becomes a prominent structure, bouncing around at the cytoplasmic surface of
the nucleus, in round spermatids. Many investigations have indicated that the CB is
highly important for regulation of several aspects of RNA metabolism, and that the
CB loses its functions regarding RNA metabolism when spermatids start elongating.
In the 75s%21/27 spermatids, the expression of TSKS was maintained, but its localiza-
tion in the CB-ring and the CB-satellite was lost. Rather, unphosphorylated TSKS
was found distributed over the cytoplasm. Using electron microscopy, we found that
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the CB-ring was not formed, in the 73541/2" spermatids. Thus, the actions of the
T'SSK1 and TSSK2, and of the substrate TSKS seem to be essential for transforma-
tion of the CB to the CB-ring, in which the three proteins are localized together.
'The CB-ring and CB-satellite are separate structures, but they probably exchange
materials, and the CB-ring might be the structure that is most directly involved in
regulation of various cellular processes. Lack of formation of the CB-ring could be
responsible for the severe dysregulation, in the 7¥s47/27 spermatids, of the formation
of the mitochondrial sheath. It is proposed that the transformation of the CB to the
CB-ring is a functional transformation.

In addition to failure of mitochondrial sheath formation, in the 73s£1/2
knockout spermatids, we also noticed a decreased number, and a damaged structure,
of tubulobulbar complexes (TBC). These complexes are intercellular junctional struc-
tures between spermatids and the supporting Sertoli cells, which are F-actin-enriched
and functionally involved in removal of excess cytoplasm from elongated spermatids
and in spermiation. The observed defects in the TBC might explain the knockout
phenotypes which include enlarged residual cytoplasm and delayed spermiation of
the 7¥sk1/2" spermatids.

When we studied the mitochondrial sheath development in the 7¥s41/2
knockout spermatids, as described in Chapter 3, we found that the initiation of the
mitochondrial sheath formation seemed normal, with the single mitochondria mov-
ing towards the flagellum at the future middle piece of the sperm tail, coming togeth-
er and forming a loose helical arrangement. In mitochondrial sheath formation in
wild-type cells, the helical arrangement is enveloped by a GPX4-enriched mitochon-
drial capsule, which probably contributes to stability of the mitochondrial sheath.
In the absence of TSSK1 and TSSK2, we observed that the mitochondria were not
enveloped by the GPX4 capsule which was present but empty. In the 73s21/27 sper-
matids, the mitochondria seemed to slide out from the GPX4 capsule, forming irreg-
ularly stacked heaps of mitochondria, like droplets, near the middle piece area. We
concluded that the CB-ring, when it moves down along the future middle piece of
the sperm tail provides for a molecular mechanism which allows stable association of
the mitochondria with the GPX4 capsule. Evidently, this molecular mechanism may
require direct actions of TSSK1/2 on some unknown substrate(s).

To try to obtain more information about the molecular mechanism causing
the observed spermiogenic phenotypes, we performed a mass spectrometry analy-
sis, described in Chapter 3, for proteins coimmunoprecipated from wild-type and
Tssk1/27 testis with our antibodies targeting TSSK1, TSSK2, and TSKS. In ad-
dition to the results of single coimmunoprecipitation experiments, the proteomics
data provided further evidence that TSSK1, TSSK2, and TSKS can form a protein
complex 7 vivo, the TSSK1/2-T'SKS complex. Most likely, this complex is present
in the CB-ring and CB-satellite structures. Regarding other interacting partners, we
tocused on TSSK1/2-TSKS coimmunoprecipitated proteins detected only in wild-
type testis, not in the 73s21/27 knockout testis, to gain an understanding of the
activity of the CB-ring and CB-satellite loaded with the TSSK1/2-T'SKS complex.
In addition, interaction of TSSK1/TSKS with the testis-specific protein phospha-
tase isoform PP1CC2 was detected using a pull-down approach, and characterized
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in detail as described in Chapter 4. The global analysis indicated that the candidate
interacting partners, identified using coimmunoprecipitation and proteomic analysis,
are involved in particular in pathways functioning in relation to protein phosphory-
lation and cytoskeleton regulation, but also in RNA regulation. We suggest that the
TSSK1/TSSK2-TSKS complex provides the CB-ring with several new functions,
compared to the proposed primary function of the CB in round spermatids in RNA
metabolism.

Mouse TSSK1 and TSSK2 are encoded by two retrogenes, 75541 and 73sk2,
which may have originated from gene duplication following a single retroposition
event. The encoded proteins share highly conserved kinase domains, but the rather
short C-terminal regions show more divergence. This seems to indicate that, in addi-
tion to overlapping functions shared by TSSK1 and TSSK2, these two proteins might
also have some differential functions. We found that the heterozygous 75s21/2"" male
mice are fertile. Thus it appears that, when only a single intact copy of each of the
two genes is present, spermatogenesis can proceed normally. This may indicate that
it is functionally important to have the two proteins, TSSK1 and TSSK2, with some
differential functions. In agreement with this, the human genome also contains two
tunctional 7SSK1/2 genes: TSSK1B encoding TSSK1, next to 78SK2 encoding
TSSK2. As described in Chapter 5, we characterized a replacement mutation in
TSSK2 and performed an analysis of the evolutionary conservation of the 7SSK
genes among mammals, in particular for primates. The human ortholog of mouse
Tssk1, TSSK1A, is a pseudogene which has lost its function. The fact that the hu-
man and other primate genomes contain the functional retrogene 7.SSK7B, replacing
nonfunctional 7SSK74, again provides evidence that also in human spermatogen-
esis the differential activities of TSSK1 and TSSK2 might be indispensable. The
global analysis of our coimmunoprecipitation/proteomics experiments, performed
for mouse testis, provided additional evidence that TSSK1 and TSSK2 have evolved
specific functions, with a more prominent role for TSSK1 in cytoskeleton regulation,
most likely in addition to overlapping functions.

In the work described in this thesis, we have highlighted, from different
angles, the importance and indispensability of TSSK1 and TSSK2 in mouse sper-
miogenesis. The evolutionary conservation of these two proteins between mouse and
human provides more knowledge regarding our understanding of factors which may
underlie the etiology of specific cases of human male infertility, but also points at
candidate targets for development of a non-hormonal method for male contracep-
tion.
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Samenvatting

In de geslachtelijke voortplantingscyclus wordt een eicel bevrucht door een zaadcel,
de mannelijke gameet of een spermatozodn. Daarbij wordt genetische informatie
van moeder en vader overgedragen op dochter of zoon. Spermatogenese is het pro-
ces waarin spermatozoa ontstaan uit spermatogoniale stamcellen. Die stamcellen
bevatten paren van de homologe chromosomen, de autosomen, die werden geértd
van moeder en vader. Naast deze diploide set autosomen zijn ook twee heterologe
geslachtschromosomen aanwezig, de X en Y chromosomen. In primaire spermato-
cyten vindt meiotische homologe recombinatie plaats. Bij de daarop volgende mei-
otische celdelingen worden haploide ronde spermatiden gevormd, die een enkele set
gerecombineerde autosomen bevatten, naast een X chromosoom of een Y chromo-
soom. Deze haploide cellen delen niet meer, maar beginnen met een celdifferentiatie
proces, waarbij de ronde cellen via een reeks van opvallende morfologische gebeur-
tenissen veranderen in cellen met een kleine kop en een lange zweepstaart, opge-
bouwd rond een flagel met een axoneem. Deze laatste fase van de spermatogenese,
waarin de ronde spermatiden veranderen in spermatiden met een flagel, testiculaire
spermatozoa, wordt aangeduid met spermiogenese. Deze fase wordt afgesloten met
de spermiatie, waarbij de testiculaire spermatozoa loskomen van de Sertoli cellen in
de testis, om zich daarna verder te ontwikkelen tot motiele spermatozoa. De morfo-
genese van spermatozoa tijdens de spermiogenese wordt gekenmerkt door de vorm-
ing van opvallende cellulaire strukturen: een compacte celkern, het acrosoom, de mi-
tochondriale schede, en de staart opgebouwd rond de flagel. Al deze structuren zijn
belangrijk om zaadcellen goed te laten functioneren. De compacte kern verbeterd de
stroomlijn en motiliteit van de zaadcel, en biedt tevens bescherming van het haploide
genoom tegen beschadiging door externe factoren. Het middendeel van de zaadcel
en de staart vormen de motor voor voorwaartse beweging van de zaadcel, en het ac-
rosoom bevat enzymen die vrijkomen als de eicel wordt bereikt en dan betrokken zijn
bij de bevruchting van de eicel. Het complexe en bijzondere celdifferentiatieproces
van de spermiogenese vereist expressie van een serie genen, die veelal specifiek be-
trokken zijn bij spermiogenese. Dysfunctioneren van met name die specifieke genen
kan leiden tot defecten in de morfologie en het functioneren van zaadcellen, hetgeen
dan vaak zal resulteren in mannelijke infertiliteit.

Rond de 15% van alle (echt)paren met kinderwens worden geconfronteerd
met infertiliteit. In ongeveer de helft van die gevallen is sprake van mannelijke sub-
fertiliteit of infertiliteit. Waarschijnlijk zijn dikwijls genetische factoren in het spel,
maar onze kennis over genetische oorzaken van mannelijke infertiliteit is beperkt.
De klinische diagnose van de infertiliteit van mannen wordt vaak aangegeven met
de term idiopathisch, zonder bekende oorzaak. Door gebruik te maken van geas-
sisteerde voortplantingstechnieken zoals in vitro bevruchting (IVF) en intracyto-
plasmatische sperma-injectie (ICSI) krijgen wereldwijd steeds meer onvruchtbare
(echt)paren toch kinderen. Deze technieken brengen echter ook een risico met zich
mee, dat genetische defecten die geassocieerd zijn met onvruchtbaarheid op de kin-
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deren worden overgedragen. Daarnaast bestaat de behoefte van vruchtbare (echt)
paren aan anticonceptie, waarbij de mannelijke partners hun verantwoordelijkheid
zouden kunnen nemen indien er een “mannenpil” beschikbaar zou zijn waarmee de
mannelijke fertiliteit op een veilige, effectieve en reversibele wijze kan worden ger-
emd. Voor het ontwikkelen van een niet-hormonale methode die rechtstreeks aan-
grijpt op spermatogenese of spermatozoa, kan worden gedacht aan identificatie van
een spermatogenese-specifiek eiwit als drug target, met expressie en functie van dat
eiwit tijdens de spermiogenese. Bovenstaande maakt duidelijk dat onderzoek naar
genen en genproducten die essentieel zijn voor spermatogenese, in het bijzonder
spermiogenese, ons veel kan leren over oorzaken van mannelijke infertiliteit en te-
vens van belang is om vorderingen te maken met het ontwikkelen van een niet-hor-
monaal anticonceptiemiddel dat door mannen kan worden gebruikt.

Vanwege onze evolutionaire verwantschap, hebben muizen en mensen veel
homologe genen, ook voor genen die betrokken zijn bij spermiogenese. Het func-
tionele belang van die genen kan worden aangetoond in muizen, door een desbetr-
effend gen gericht uit te schakelen: een gen knockout. Indien in een dergelijke gen
knockout muis sprake is van een defect in spermiogenese, dan is het homologe gen
een kandidaat infertiliteitsgen voor mannen en het gecodeerde eiwit een kandidaat
target voor mannelijke anticonceptie. In het onderzoek beschreven in dit proefschrift
hebben wij ons gericht op twee testis-specificke eiwitkinases: testis-specifiek ser-
ine/threonine kinase 1 en 2 (T'SSK1 en TSSK2). In muizen worden deze kinas-
es gecodeerd door de 735k en Tisk2 genen. In een 7ssk1/T5sk2 dubbele knockout
muis (73sk1/27"), waarin beide kinases geheel afwezig zijn, bleek dat de mannetjes
onvruchtbaar zijn. De heterozygote knockout mannetjes (73s41/2*) en de dubbele
knockout vrouwtjes (73s%21/27") zijn normaal vruchtbaar. In Hoofdstuk 2 beschrijven
we dat in de 75sk1/27 testis de spermatogenese nog plaatsvindt, maar de spermatiden
en spermatoza laten ernstige morfologische afwijkingen zien, vertraagde spermiatie,
en onbeweeglijkheid. Het meest opvallende morfologische defect is een misvorm-
de mitochondriale schede en een vergroot volume van het resterende cytoplasma.
Injectie van de kop van een knockout spermatozoon in een eicel, middels ICSI, re-
sulteerde in bevruchting, wat aangeeft dat de directe oorzaak voor de mannelijke
infertiliteit vooral gezocht moet worden in het verlies van de normale structuur en
motiliteit van de 73s£1/2” knockout spermatozoa.

Om nader onderzoek naar de rol van TSSK1 en TSSK2 in de spermato-
genese van muizen mogelijk te maken, hebben wij specifieke antilichamen gemaakt,
gericht tegen TSSK1, TSSK2, en tegen het testis-specifieke kinase substraat (T'SKS),
dat een substraateiwit is voor zowel TSSK1 als TSSK2. Eerst bestudeerden wij het
patroon van aanwezigheid (expressie) van de drie eiwitten in wild-type testis en in
de knockout situatie. In wild-type testis, waar de spermatogenese normaal verloopt,
start de expressie van TSSK1, TSSK2, en TSKS aan het begin van de elongatie van
spermatiden. De drie eiwitten komen samen in het cytoplasma, in een ringstruc-
tuur en een bolvormige structuur. Die ringstructuur wordt tijdens de vorming van
de mitochondriale schede langs de flagel verplaatst, vanaf de kern naar het distale
uiteinde van het middendeel. De bolvormige structuur raakt los van de ring en komt
in het omliggende cytoplasma terecht. De twee cytoplasmatische structuren werden
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herkend als een getransformeerd chromatoidlichaam (CB), en werden aangeduid als
CB-ring en CB-satelliet. Het CB is een celorganel, niet omgeven door een mem-
braan, dat is verrijkt met actine filamenten en RNA moleculen. De CB ontstaat in
spermatocyten en ontwikkelt zich tot een prominente structuur in ronde spermati-
den, waar het over het oppervlak van de kern beweegt. Verschillende onderzoekers
hebben aangegeven dat de CB van groot belang is voor regulatie van uiteenlopende
aspecten van RNA metabolisme, een rol die verloren gaat als spermatiden gaan elon-
geren. In T3sk1/27 spermatiden is de sterkte van de expressie van TSKS ongewi-
jzigd, maar er is geen localisatie van dit substraat in de CB-ring en CB-satelliet.
Niet-gefosforyleerd TSKS wordt dan aangetroffen verspreid over het cytoplasma.
Met behulp van electronenmicroscopie zagen we dat er geen stabiele CB-ring wordt
gevormd in de 73s41/27 spermatiden. De activiteiten van TSSK1 en TSSK2, en die
van het substraat T'SKS lijken dus essentieel te zijn voor de transformatie van de
CB tot de CB-ring, waar de drie eiwitten colocaliseren. De CB-ring en CB-satelliet
zijn twee aparte structuren, maar er vindt waarschijnlijk uitwisseling van materiaal
plaats, waarbij de CB-ring mogelijk het meest direct betrokken is bij de regulatie van
uiteenlopende cellulaire processen. Het ontbreken van een CB-ring in de 7¥sk1/2"
"~ spermatiden zou verantwoordelijk kunnen zijn voor de ernstige dysregulatie van
de vorming van de mitochondriale schede, en andere kenmerken van het knockout
phenotype. We veronderstellen dat de transformatie van de CB tot de CB-ring een
tunctionele transformatie betreft.

Naast de ontregeling van de vorming van de mitochondriale schede, in de
knockout spermatiden, zagen we ook een vermindering van het aantal en een bes-
chadigde structuur van de tubulobulbaire complexen (TBC). Deze complexen zijn
intercellulaire verbindende structuren tussen spermatiden en de ondersteunende Ser-
toli cellen, verrijkt in F-actine en functioneel betrokken bij het verwijderen van het
overtollige cytoplasma van spermatiden en de daaropvolgende spermiatie. Mogelijk
geven de waargenomen veranderingen in de TBC een verklaring voor de toename
van het cytoplasmavolume en de vertraagde spermiatie van 75s41/2” spermatiden.

Bij nadere bestudering van de ontwikkeling van de mitochondriale schede in
de Tsk1/27 spermatiden, beschreven in Hoofdstuk 3, zagen we dat de vorming van
de schede in eerste instantie normaal verloopt, met beweging van de losse en ronde
mitochondria naar de flagel in het toekomstige middendeel van de spermastaart,
waar ze samen een helicale structuur vormen. In wild-type cellen wordt die helicale
structuur omsloten door een GPX4-verrijkte mitochondriale capsule, die waarschi-
jnlijk bijdraagt aan de stabiliteit van de mitochondriale schede. In afwezigheid van
TSSK1 en TSSK2 worden de mitochondria niet omgeven door de GPX4 capsule,
die wel aanwezig is maar een leeg omhulsel vormt. We veronderstellen dat, in de
Tssk1/27 spermatiden, de mitochondria zich niet kunnen hechten aan de GPX4
capsule, waardoor onregelmatige druppelvormige opeenhopingen van mitochondria
worden gevormd, bij het middendeel van de staart. We trokken de conclusie dat de
CB-ring;, als die wordt verplaatst vanaf de kern langs het toekomstige middendeel
van de spermastaart, een moleculair mechanisme herbergt dat voorziet in stabiele
associatie van de mitochondria met de GPX4 capsule. Dit moleculaire mechanisme
zou dan worden geactiveerd wordt door directe inwerking van TSSK1/2 op nog on-
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bekende substraten in of rond de CB-ring.

Teneinde meer informatie in te winnen over de moleculaire mechanismen
die ten grondslag liggen aan het complexe spermiogene phenotype van de 75sk1/2"
"~ testis, hebben we een proteoom analyse (massaspectrometrische identificatie van
alle aanwezige eiwitten) gedaan, zoals beschreven in Hoofdstuk 3, van eiwitten die
aanwezig waren in een coimmunoprecipitaat van wild-type en 75s21/27" testis, ge-
precipiteerd met onze antilichamen tegen TSSK1, TSSK2 en TSKS. Hieruit kwam
overduidelijk naar voren dat TSSK1, TSSK2 en TSKS een eiwitcomplex vormen in
vivo, het TSSK1/2-TSKS complex. Dit complex is waarschijnlijk aanwezig in de
CB-ring en CB-satelliet structuren. Om meer te weten te komen over de activite-
iten van de CB-ring en CB-satelliet met het TSSK1/2-TSKS complex hebben we
gezocht naar eiwitten die coprecipiteerden met TSSK1/2 en TSKS in een homog-
enaat van wild-type testis, maar niet in een homogenaat van 75s21/2” knockout
testis. Deze globale analyse heeft laten zien dat kandidaat interacterende eiwitten
van het TSSK1/2-TSKS complex in het bijzonder betrokken zijn bij regelmecha-
nismen gerelateerd aan eiwitfosforylering en celskelet regulatie, maar ook aan RNA
regulatie. Met een pull-down benadering, beschreven in Hoofdstuk 4, vonden we
interactie van TSSK1/TSKS met het testis-specifieke PP1CC2 (eiwit phosphatase
isoform). We veronderstellen dat het TSSK1/TSSK2-TSKS complex de CB-ring
nieuwe functie(s) geeft, anders dan de geaccepteerde primaire functie van de CB in
ronde spermatiden in RNA metabolisme.

TSSK1 en TSSK2 worden in muizen gecodeerd door twee retrogenen, 7¥sk1
en 7¥sk2, die mogelijk ontstaan zijn door genduplicatie volgend op een enkele ret-
ropositie gebeurtenis. De twee eiwitten hebben een evolutionair sterk geconserveerd
kinase domein, maar de C-terminale delen zijn sterker onderling verschillend. Dit
is een aanwijzing dat, naast overlappende functies van TSSK1 en TSSK2, deze twee
eiwitten mogelijk ook verschillende functies uitoefenen. De heterozygote Tisk1/27"
mannetjes muizen zijn fertiel, wat aangeeft dat spermatogenese volledig kan plaats-
vinden in aanwezigheid van één functionele kopie van elk van de twee genen. Dit is
een aanwijzing dat het functioneel belangrijk is om twee kinases te hebben, TSSK1
en TSSK2, met ten dele uiteenlopende activiteiten. In overeenstemming hiermee
blijkt het genoom van mensen ook twee verschillende functionele 7SSK1/2 genen
te bevatten: 7SSK1B coderend voor T'SSK1, naast 7SSK2 coderend voor T'SSK2.
Hoofdstuk 5 bevat informatie over een substitutiemutatie in het humane 7'SSK2
gen, en tevens beschrijven wij een analyse van de evolutionaire conservatie van 7SSK
genen in zoogdieren, in het bijzonder onder de primaten. 7SSK14 is het humane
ortholoog van 75s41 in muizen, maar het is een pseudogen zonder functie. In het
genoom van mensen en andere primaten is wel het functionele retrogen 7SSK1B
aanwezig, dat kennelijk het niet-functionele 7SSK74 pseudogen vervangt. Dit is een
sterke aanwijzing dat ook bij de spermatogenese van mensen uiteenlopende acti-
viteiten van TSSK1 en TSSK2 onmisbaar zijn. De globale coimmunoprecipitatie/
proteoom analyses, uitgevoerd voor testes van muizen, geven aanvullend bewijs dat
TSSK1 en TSSK2 verschillende functies hebben, met een meer opvallende rol voor
TSSK1 bij regulatie van het celskelet, waarschijnlijk naast veel overlappende functies.

Bij het onderzoek beschreven in dit proefschrift hebben wij, vanuit ver-
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schillende invalshoeken, het functionele belang en de onmisbaarheid van TSSK1 en
TSSK2 in spermiogenese van muizen aangetoond. Op basis van de evolutionaire
conservering van deze twee eiwitten, tussen muizen en mensen, kan veel informatie
worden verkregen die zeer relevant is in relatie tot kennis over mogelijke oorzaken
van menselijke infertiliteit, maar die tevens ook kan leiden tot identificatie van kan-
didaat doeleiwitten voor het ontwikkelen van een nieuw niet-hormonaal anticon-
ceptiemiddel.
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Abbreviations

ACT
AKAP4
AMH
AZH
BBS

bp
BRDT
CaMKIV
CATSPER
CB

CBP
CDKS
CK2o’
colP
CREB
CREM
DAVID
DAZ
dpc
DYRK4
ECM
EKRB
EM
ERK
GAPDHs
GO
GOPC
GPX4
HRB
MAK
MAPK
PASKIN
PGC
PICK1
PIP5K
POL II
PPP1CC
RIM-BP3
RNP
SCB
SPEM1
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activator of CREM in testis

A-kinase anchor protein 4

anti-miillerian hormone

abnormal spermatozoon head shape

Bardet-Biedl syndrome

base pair

bromodomain testis-specific protein
Ca2+/calmodulin-dependent protein kinase IV

cation channel of spermatozoa

chromatoid body

CREB-binding protein

D-type cyclin-dependent kinases

casein kinase II alpha prime subunit
co-immunoprecipation

cAMP response element-binding protein
cAMP-responsive element modulator

Database for Annotation, Visualization and Integrated Discovery
deleted in azoospermia

days post coitum

dual specificity tyrosine phosphorylated and regulated kinase 4
extracellular matrix

enriched Krebs-Ringer bicarbonate buffer

electron microscope

extracellular signal-regulated kinase

glyceraldehyde 3-phosphate dehydrogenase, testis-specific
Gene Ontology

Golgi-associated PDZ- and coiled-coil motif-containing protein
glutathione peroxidase 4

HIV-1 Rev binding protein

male germ cell-associated protein kinase
mitogen-activated protein kinase

PAS domain containing serine/threonine kinase
primordial germ cell

protein interacting with C kinase 1

phosphatidylinositol 4-phosphate 5-kinase

RNA polymerase II

protein phosphatase 1, catalytic subunit, gamma isozyme
RIMS binding protein 3

ribonucleoprotein

Sertoli cell barrier

spermatid maturation 1
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SRY sex determining region Y

SSC spermatogonial stem cell

TBC tubulobulbar complexes

TBP TATA-binding protein

TB-RBP testis-brain RNA-binding protein

TET1 testis-specific factor 1

TF transcription factor

TGNs trans Golgi networks

TPAP testis-specific poly(A) polymerase

TRD transmission ratio distortion

TSKS testis-specific kinase substrate

TSSK testis-specific serine/threonine kinase
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