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ABSTRACT
Successful fertilization depends upon the activation of metaphase II arrested oocytes
by sperm-borne oocyte activating factor (SOAF). Failure of oocyte activation is
considered as the cause of treatment failure in a proportion of infertile couples. SOAF
induces the release of intracellular calcium in oocyte which leads to meiotic resumption
and pronuclear formation. Calcium release is either in the form of single calcium
transient in echinoderm and amphibian oocytes or several calcium oscillations in ascidian
and mammalian oocytes. Although the SOAF attributes are established, it is not clear
which sperm protein(s) play such role. Sperm postacrosomal WW binding protein
(PAWP) satisfies a developmental criteria set for a candidate SOAF. This study shows
that recombinant human PAWP protein or its transcript acts upstream of calcium release
and fully activates the amphibian and mammalian oocytes. Interference trials provided
evidence for the first time that PAWP mediates sperm-induced intracellular calcium
release through a PPXY/WWI domain module in Xenopus, mouse and human oocytes.
Clinical applications of PAWP were further investigated by prospective study on the
sperm samples from patients undergoing intracytoplasmic sperm injection (ICSI). PAWP
expression level, analyzed by flow cytometry, was correlated to ICSI success rate and
embryonic development. This study also explored the developmental expression of the
other SOAF candidate, PLCζ in male reproductive system and its function during
fertilization. Our findings showed for the first time that PLCζ most likely binds to the
sperm head surface during epididymal passage and is expressed in epididymis. We
demonstrated that PLCζ is also compartmentalized early in spermiogenesis and thus
could play an important role during spermiogenesis. Detailed analysis of in vitro
i

fertilization revealed that PLCζ disappears from sperm head during acrosome reaction
and is not detectable during sperm incorporation into the oocyte cytoplasm. In
conclusion, this dissertation provides evidence for the essential non-redundant role of
sperm PAWP in amphibian and mammalian fertilization; recommends PAWP as a
biomarker for prediction of ICSI outcomes in infertile couples; and proposes that sperm
PLCζ may have functions other than inducing oocyte activation during fertilization.
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CHAPTER I

GENERAL INTRODUCTION
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1. INFERTILITY
Infertility has been recently described by the World Health Organization (WHO) as a
critical but neglected aspect of reproductive health (Mascarenhas et al., 2012). Although no
established definition of infertility is available, it is generally described as “a disease of the
reproductive system defined by the failure to achieve a clinical pregnancy after 12 months or
more of regular unprotected sexual intercourse” (Gurunath et al., 2011; Practice Committee
of the American Society for Reproductive Medicine, 2008; Zegers-Hochschild et al., 2009).
Estimates of the prevalence of infertility in different studies are dependent on the duration of
unprotected sexual intercourse observed. The WHO estimates that in 2010, 48.5 million
couples worldwide were unable to have a child after five years of unprotected sexual
intercourse, whereas Boivin et al. estimated 72.4 million infertile couples in 2006
considering 12-24 months of effort (Boivin et al., 2007; Mascarenhas et al., 2012). In
Canada, the estimated population of infertile couples is between 365,000 to 508,000
depending on the definition; the prevalence of infertility is 11.5-15.7% which shows a
dramatic increase from 5.4% in 1984 (Bushnik et al., 2012). Overall, infertility is observed
in 10-16% of women worldwide who seek a child (Mascarenhas et al., 2012; Thoma et al.,
2013). Infertility leads to psychosocial consequences such as low score of quality of life
among women, their partners and families (Ata and Seli, 2010; Chachamovich et al., 2010;
Khademi et al., 2008; Raatikainen et al., 2010).
Diagnoses of infertility range from a single infertility factor in one partner to multiple
factors in either one or both partners. When diagnosis is not reached, the couple will be
recognized as unexplained infertility. The pattern of infertility causes has not changed
notably in last few decades with the exception of a decline in the percentage of unexplained
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infertility from 20% to about 14% due to progress in the study of genetic and molecular
aspects of the disease (Hull et al., 1985; Kovac et al., 2013; Matzuk and Lamb, 2002).
Single/multiple female factor infertility caused by diminished ovarian reserve, ovulatory
dysfunction, tubal/uterine factors and endometriosis is detected in about 43% of cases
according to the latest report of the Centers for Disease Control and Prevention (CDC). Male
factor infertility accounts for another 43% of cases (CDC, 2012).
Male infertility could be due to congenital and/or acquired reproductive abnormalities
(Krausz, 2011). From a clinical point of view, these abnormalities could affect the male
fertility at

pre-testicular

(e.g. hypogonadotrophic

hypogonadism),

testicular

(e.g.

spermatogenic failure) or post-testicular levels (e.g. absence of vas deferens) (Harnisch and
Oates, 2012; Huhtaniemi and Alevizaki, 2007; Krausz, 2011; Oates and Amos, 1994). The
common manifestation, regardless of the etiology, is often the impaired production of normal
sperm as the end product of male reproductive system; this includes abnormalities in sperm
number, concentration, motility, morphology, DNA integrity or chromosomal constitution
(Harton and Tempest, 2012; Ioannou and Griffin, 2011; Kruger et al., 1986; Nallella et al.,
2006; Zini, 2011). Semen analysis is a routine test to identify some abnormal sperm
parameters, although normal semen analysis results do not guarantee sperm fertility (Bartoov
et al., 1993; Cooper et al., 2010). Despite substantial effort in past decades, etiology is still
idiopathic in almost half of infertile male patients whose sperm appear normal on routine
tests (Anton and Krawetz, 2012; Krausz, 2011). The search for genetic and
epigenetic/environmental factors involved in idiopathic male infertility, along with
development of new treatments for male factor infertility is ongoing (Carrell and Aston,
2011; O'Flynn O'Brien et al., 2010; Palermo et al., 2012).
3

2. ASSISTED REPRODUCTIVE TECHNOLOGIES (ART)
Development of assisted reproductive technologies (ART) has opened a new horizon
towards the treatment of infertility. The initial documented attempt was performed by Walter
Heape (1890), a professor and physician at the University of Cambridge, England, who
reported the first known case of embryo transplantation in rabbits (Biggers, 1991).
Mammalian oocyte retrieval and in vitro maturation techniques improved until 1959 when
M.C. Chang achieved the first birth in rabbit by in vitro fertilization (IVF) (Chang, 1959). In
1965, Robert G. Edwards in cooperation with Georgeanna and Howard Jones attempted to
fertilize human oocytes in vitro at Johns Hopkins Hospital; but none of the IVF experiments
led to successful pregnancy until 1978 (De Kretzer et al., 1973; Edwards et al., 1966; Steptoe
and Edwards, 1976). On July 25, 1978 the first successful IVF pregnancy resulted in the birth
of Louise Brown in Oldham, England; RG Edwards later won the Nobel Prize for Physiology
or Medicine for his contribution to the field of reproductive medicine (Edwards, 2005;
Steptoe and Edwards, 1978). IVF successfully treated many cases of female factor infertility
such as tubal infertility; however it was not very relevant when sperm parameters such as
motility were compromised (Cohen et al., 1984).
The evolution of micropipettes and micromanipulators in the 1980s established the
foundation for sperm microinjection. Gordon and Talansky (1986) suggested a technique
called zona drilling to make an opening in zona by introducing acid Tyrode’s solution with a
micropipette. Development of this method was followed by other techniques such as zona
softening, zona cracking and zona partial dissection (Gordon, 1988; Malter and Cohen, 1989;
Odawara and Lopata, 1989). Such techniques improved zona penetration ability of sperm,

4

and eventually led to pregnancy; however having progressively motile sperm was still
necessary (Cohen et al., 1988).
A single sperm was injected into the perivitelline space under the zona pellucida by
Laws-King et al. (Laws-King et al., 1987). The method was called subzonal insemination
(SUZI) and resulted in successful pregnancy although it was not preferred because of
possible difficulties in sperm-egg fusion (Ng et al., 1988). Meanwhile, micromanipulator
assisted single cell biopsy from preimplantation embryos for the purpose of sex
determination and preimplantation genetic diagnosis (PGD) paved the road for
microinjecting a single sperm into the oocyte (Handyside et al., 1989; Lanzendorf et al.,
1988; Wilton and Trounson, 1989).
Gianpiero D. Palermo developed intracytoplasmic sperm injection (ICSI) in 1991 at the
Center for Reproductive Medicine, Vrije Universiteit Brussel, Belgium (Palermo et al.,
1992). Palermo redesigned the ICSI equipment with Nikon and Narishige companies and
improved the protocols for microinjection and production of micropipettes. He described the
actual injection as:
“… interesting to learn though somewhat intuitive, in unfertilized human and hamster
eggs, turned out to be a nightmare in the mouse. The mouse injection was extremely
difficult because of the length of the sperm flagellum in contrapose to the relatively
smaller size and higher membrane fragility of the mouse egg” (Palermo et al., 2012).
ICSI has revolutionized the approach to treat infertility especially due to a male factor(s)
(Ebner et al., 2012; Palermo et al., 1995). One example is in azoospermia, where no sperm is
detected in the semen and sperm is retrieved surgically for ICSI from epididymis or testis
(Tournaye et al., 1994; Van Peperstraten et al., 2008; Woldringh et al., 2010). ICSI
5

applications are not limited to male infertility; some professionals recommend ICSI in
patients with abnormal or cryopreserved oocytes; or in oocytes from advanced age females in
which the quality of oocyte may not be appropriate for IVF (Tucker et al., 1998; Van
Blerkom et al., 1994; Walls et al., 2012). Furthermore, ICSI is applied in PGD to screen
embryos with known genetic diseases or with chromosomal/genetic abnormalities which may
lead to ART failure (Hanson and Hamberger, 1997; Liu et al., 1994; Malcov et al., 2009).
Twenty years after its first successful outcome, ICSI is widely used in many countries
and in treatment of most of infertile couples. It is estimated that ICSI has led to over 2.5
million childbirths around the world (Van Steirteghem, 2012). The use of ICSI in between
1997-2004 increased 19.3% and continued to rise based on available trends from UK, USA,
Australia and New Zealand (Andersen et al., 2008). In USA, 74.1% of ART procedures in
2010 were ICSI compared to 34.7% in 1997 (Andersen et al., 2008; CDC, 2012). The most
recent data from European Society of Human Reproduction and Embryology (ESHRE)
demonstrated ICSI as the treatment method used in 69% of the cycles in 2008 in contrast to
40.6% in 1997 (Ferraretti et al., 2012). The Canadian Fertility and Andrology Society
(CFAS) releases the Canadian ART Register Annual Reports (CARTR) yearly, showing the
use of ICSI increased from 49.9% in 2002 to 66.9% in 2011 (CFAS, 2012; Gunby et al.,
2011; Gunby and Daya, 2006). Despite the initial implementation of ICSI as the treatment
method for severe male factor infertility, available data show that it is commonly used in
unexplained infertility, advanced female age, mild and moderate male factor infertility as
well as infertility due to multiple factors (Andersen et al., 2008; Jain and Gupta, 2007). The
increase in use of ICSI may not be explained by a similar increase in male infertility (Jones et
al., 2012). In fact, more than half of ICSI cycles in the US are performed without any
6

diagnosis of male factor infertility (CDC, 2012). While the cost of ICSI is slightly higher
than IVF and risks of adverse outcomes for both techniques are quite similar, differences in
professional strategy and clinical decision-making rather than medical evidence may govern
the rise of ICSI application (Andersen et al., 2008; Ferraretti et al., 2012; Jain and Gupta,
2007).
Despite the widespread use of ICSI, only approximately 37% of infertility treatment
cycles result in clinical pregnancy (CDC, 2012). The low clinical pregnancy rate could be
due to many factors involved in post-fertilization events. A better marker for ICSI success
might be a fertilization rate of 60- 70% in most clinics (Gunby et al., 2011; Maggiulli et al.,
2010). Failure in completion of the sperm-induced process known as oocyte activation is
considered to be responsible for a majority of cases of failed fertilization (Sousa and Tesarik,
1994; Yanagida, 2004). Moreover, there is no consensus on the treatment of very low to zero
fertilization rate in patients undergoing ICSI except repeating the procedure (Yanagida, 2004;
Zhu et al., 2011). This, together with high cost of treatment, is problematic for infertile
couples, demonstrating the importance of understanding the mechanism of fertilization and
conditions of its failure.
3. FERTILIZATION
Fertilization occurs when haploid male and female gametes combine to make a diploid
embryo. The sequence of events during fertilization depends upon several molecular,
biochemical and physiological factors in both male and female. Production of a healthy
mature gamete, which is capable to undergo fertilization, determines the success of this
process. In addition to healthy gametogenesis, fertilization is regulated by biochemical
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factors during the sperm maturation in the epididymis and female reproductive tract; as well
as the interactions of sperm and oocyte before and during their union (Yanagimachi, 2011).
Here, we briefly review these events and further discuss in detail the most crucial stage of
fertilization, namely oocyte activation.
3.1. Oogenesis
Oocytes undergo a carefully regulated maturation process to become competent for the
contribution of its genetic material as well as cytoplasmic and membranous components to
the embryo (Edson et al., 2009). Oocytes originate from oogonia which are derived from
primordial germ cells (PGCs) during the embryonic period (Sanchez and Smitz, 2012).
Oogonia entry into meiosis is triggered during the embryonic period where they become
primary oocytes by retinoic acid secreted from the associated mesenopheros (Koubova et al.,
2006; Lin et al., 2008). The primary oocytes progress to prophase I of meiosis while the fetus
develops (Bendsen et al., 2006; Speed, 1982). By the end of gestation, or at early postpartum,
oocytes have already advanced to the diplotene stage of prophase I where they become
arrested at a so called dictyate-stage (prolonged diplotene) (Garcia et al., 1987; Jones, 2008).
The number of primordial follicles which contain arrested oocytes surrounded by flat,
squamous granulosa cells drops substantially after birth, possibly to exclude oocytes with
DNA damage (Carroll and Marangos, 2013; Pepling and Spradling, 2001). After puberty and
during the menstrual cycle, oocytes remain arrested in the growing follicles, although they
communicate with follicular cells (Matzuk et al., 2002; McGee and Hsueh, 2000). Within the
large antral follicles, primary oocytes initiate the cytoplasmic and nuclear maturation process
in order to become competent for fertilization (Li and Albertini, 2013). While the nuclear
envelope disappears (germinal vesicle breakdown or GVBD), oocyte resumes meiosis I and
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develops to the haploid secondary oocyte with one polar body. Meiosis II begins almost
immediately but arrests at metaphase stage just before ovulation occurs (Mehlmann, 2005).
Metaphase II arrested oocyte and first polar body, surrounded by a glycoprotein polymer
capsule (zona pellucida) along with a complement of cumulus cells, are then released from
ovary and subsequently directed towards fallopian tubes (Richards et al., 2008; van den Hurk
and Zhao, 2005).
3.2. Spermatogenesis
Contrary to female gametogenesis, spermatogenesis in adult males is an ongoing process
to develop spermatozoa from spermatogonia in the seminiferous tubules of the testis.
Successful production of male germ cells is facilitated via the microenvironment within the
tubules supported by nutritional, physical and hormonal supplies from Sertoli cells, as well as
regulatory effects of testosterone, FSH and several cytokines and growth factors (Meinhardt
and Hedger, 2011; Rato et al., 2012; Tapanainen et al., 1997). Alterations to any of these
factors may lead to male infertility and impaired sperm parameters such as abnormal
morphology (teratozoospermia/globozoospermia) or low to zero production of sperm
(oligozoospermia/azoospermia) (Aarabi et al., 2006; Harnisch and Oates, 2012; Krausz,
2011; Perrin et al., 2013; Rybouchkin et al., 1996). Spermatogenesis has been extensively
studied by sperm biologists such as Leblond and Clermont who categorized this organized
process into different stages and steps, described as the cycle of the seminiferous epithelium
(Clermont, 1972; Leblond and Clermont, 1952).
Three phases of spermatogenesis aim to form mitotic, meiotic and morphological
changes in male germ cells. Type A (dark) spermatogonia located closest to the basal lamina
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of seminiferous tubules divide to maintain a constant source of spermatogonia. They also
produce type A (pale) cells which further divide and differentiate into type B spermatogonia
and primary spermatocytes during the mitotic phase. The diploid primary spermatocytes are
the largest in size throughout the tubule and undergo two consecutive meiotic divisions to
form small haploid round spermatids (Hermo et al., 2010a). The most dramatic
morphological changes take place during the third and final phase of spermatogenesis, also
known as spermiogenesis (Oko, 1998b). Haploid germ cells undergo a complex biochemical
transformation process and consequently, instead of standard cytoplasmic organelles such as
endoplasmic reticulum and Golgi apparatus, only mitochondria and derivatives of other
organelles, along with the condensed nucleus and flagellum are observed in mature
spermatozoa (Oko and Clermont, 1991; Oko et al., 1996).
Spermiogenesis begins in round spermatids with development of proacrosomic granules
(Fig. 1.1A) from the Golgi apparatus. Proacrosomic granules eventually form a large
acrosomic vesicle (Golgi phase; Fig. 1.1B) (Oko et al., 2011; Thorne-Tjomsland et al.,
1988). Acrosomic vesicle forms the acrosome which associates tightly with the nuclear
envelope through a proteinaceous layer that covers the nucleus; this layer will later become
part of the perinuclear theca (Fig. 1.1C) (Oko, 1995). The supply of membrane and
glycoproteins by vesicles originated from the Golgi apparatus continues and results in
expansion of acrosomic cap over half of nucleus (cap phase; Fig. 1.1D, E). Next in
elongating spermatids, the supply from the Golgi ends and complete acrosome flattens over
the now condensing and elongating nucleus (elongation or acrosomic phase; Fig. 1.2A, B)
(Oko et al., 1996). Lastly, acrosome finds its final shape over the nucleus in elongating
spermatids (Fig. 1.2C, D). Meanwhile the Golgi apparatus along with other cytoplasmic
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Figure 1.1: Diagrammatic illustration of assembly of acrosome and subacrosomal layer
of perinuclear theca during bovine spermiogenesis. A, the acrosomal proteins are secreted by
Golgi apparatus (GA) to form proacrosomic granules (PA) during the Golgi phase of
spermiogenesis. B, proacrosomic vesicles fuse to make the acrosomic vesicle (AV). C, D,
proteins of subacrosomal layer of perinuclear theca (SAL-PT; orange dots) associate with the
cytosolic side of acrosomal membrane to facilitate acrosome attachment to the nuclear
envelope during the Golgi and cap phases of spermiogenesis. E, towards the end of cap phase
and beginning of spermatid elongation, SAL proteins disappear from the surface of outer
acrosomal membrane but are retained over the equatorial segment region of this membrane
and beneath the inner acrosomal membrane where they remain permanently (coloured in
solid orange). Nucleus is coloured in blue. PA, proacrosomic granules; AV, acrosomic
vesicle; GA, Golgi apparatus; AC, acrosomic cap; MAN, manchette; CL, cytoplasmic lobe
(Adapted from Oko and Sutovsky, 2009) .
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Figure 1.2: Diagrammatic illustration of assembly of postacrosomal sheath (red dots) of
perinuclear theca (PAS-PT) during the elongation phase of bovine spermiogenesis.
Spermatids are depicted in A-C, with D representing a mid-sagital sectional view of a
structurally mature spermatid or spermatozoa. The changing light to dark shade of blue
represents the condensation of nucleus, which occurs concomitant with the descent of
microtubular manchette (MAN). Microtubules (MT) of the manchette disintegrate towards
the end of elongation phase. Manchette serves as a storage site and transportation track for
PAS proteins which are transferred to the cytoplasmic lobe (CL). Upon manchette descent,
its associated PAS proteins translocate to the forming PAS, most likely by the microtubule
motor proteins. Initially, some of the newly transported PAS proteins share space with
subacrosomal layer (SAL) in the equatorial segment region (ESR). By the end of
spermiogenesis, with the thinning of equatorial segment (ES), the PAS proteins become
confined to PAS region (solid red) of PT. NR, nuclear ring of the manchette; AC, acrosome;
CP, connecting piece of the sperm tail (Adapted from Oko and Sutovsky, 2009).
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components move caudally and end up either remaining on the sperm in the cytoplasmic
droplet or being discarded in the residual body (maturation phase) (Hermo et al., 2010b; Oko
et al., 1993). Elongated spermatids are then released into the lumen of seminiferous tubules.
3.3. Structure and Development of Sperm Perinuclear Theca
Perinuclear theca (PT) is a non-ionic detergent-insoluble cytosolic capsule that covers
the sperm nuclear envelope except in the basal region of the nucleus where the tail implants
into it (Oko, 2001; Oko, 1995). The head of mature spermatozoa, as demonstrated in Fig.
1.2D, consists apically of acrosomal components and condensed nucleus, separated by the
subacrosomal layer of perinuclear theca (SAL-PT) which extends caudally and lies between
the inner acrosomal membrane and nuclear envelope; distally SAL-PT is continuous with the
postacrosomal sheath of perinuclear theca (PAS-PT). SAL-PT is also sandwiched between
the outer acrosomal membrane and plasmalemma in the equatorial segment continuous with
the outer periacrosomal layer (Korley et al., 1997; Oko and Maravei, 1994). The components
of SAL-PT and PAS-PT are mostly distinct, except calicin, a structural protein found in both
compartments (von Bulow et al., 1995). Overall, PT seems to contain a diverse group of
molecules that not only maintain the cytoskeletal structure of sperm head but also play
crucial roles in spermatogenesis, fertilization and early embryonic development (Oko and
Sutovsky, 2009; Sutovsky et al., 2003). Sequential sperm extraction and fractionation is
required to purify PT proteins from mammalian sperm. Sperm heads are first isolated from
tails by sonication and sucrose gradient purification. The process is continued by non-ionic
detergent (Triton X-100, NP40, etc.) extraction to obtain the acrosomal and membranous
sperm structures, followed by alkaline (NaOH) extraction to collect the PT components.
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Antibodies raised against the latter fraction only react with sperm PT (Oko and Maravei,
1994; Oko, 1995).
SAL-PT formation occurs concurrently with acrosome formation during the Golgi and
cap phases of spermiogenesis. Proacrosomic granules and acrosomic vesicle contain on their
periphery SAL-PT proteins which later intervene between the acrosomal membrane and
nuclear envelope (Fig. 1.1A-C). SAL-PT expands synchronously with the acrosome and
loses its association with the outer acrosomal membrane at the end of cap phase; except in
the region that will become equatorial segment (Fig. 1.1D, E) (Oko and Maravei, 1995).
SAL-PT proteins are still under investigation and include the histone H2B variant
(SubH2Bv), Glutathione S-transferase (GST), vesicular transport protein RAB2A, importins
α and β, etc. (Aul and Oko, 2002; Mountjoy et al., 2008; Tran et al., 2012). It is suggested
that SAL-PT proteins have a crucial role in acrosome formation and anchorage to the
nucleus, as well as in providing a protein complex that binds the mature acrosome firmly to
the nucleus (Cingolani et al., 1999; Kierszenbaum et al., 2003; Oko and Sutovsky, 2009).
Assembly of PAS-PT, on the other hand, occurs towards the end of elongation phase of
spermiogenesis, after acrosome is fully formed. Independent from acrosome and SAL-PT
formation, it relies on manchette, a microtubular network forming a girdle-like structure
around the caudal half of elongating spermatid nucleus that extends deep into the distal
cytoplasmic lobe where spermatid’s cytoplasmic materials are accumulated (Fig. 1.2A)
(Baccetti, 1982; Hermo et al., 2010b). Manchette’s microtubular structure facilitates the
spermatid nuclear shaping and provides a platform for a protein transport system between
cytoplasmic lobe and caudal part of spermatid’s head through molecular motor proteins such
as kinesins (Kierszenbaum, 2002; Russell et al., 1991). Recent ultrastructural studies provide
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evidence that the protein content of PAS-PT is initially synthesized in the cytoplasmic lobe
of elongating spermatids and subsequently is transported by manchette to the caudal part of
sperm head. Distal migration of manchette will eventually create the necessary space for
transported proteins to be stored in PAS-PT (Fig. 1.2B, C) (Hall et al., 1992; Tovich et al.,
2004; Wu et al., 2007b). Somatic core histones (H2A, H2B, H3 and H4), actin binding
proteins ArpT 1 and 2, actin capping proteins CPα3 and CPβ3, WW binding protein PAWP,
and cyllicin I and II are examples of PT proteins that have been localized to PAS-PT (Heid et
al., 2002; Hess et al., 1993; Rousseaux-Prevost et al., 2003; Tovich and Oko, 2003; von
Bulow et al., 1997; Wu et al., 2007a).
3.4. Sperm Maturation
By the end of spermatogenesis, the male gametes are still immotile and unable to
naturally fertilize the oocyte; their maturation continues after being released to the lumen of
seminiferous tubule (Cornwall, 2009). To become mature, spermatozoa will undergo further
maturation during epididymal transit which results in physiological and functional changes
such as acquisition of motility and modification of surface proteins (Cooper, 2007; Hermo et
al., 1988; Tulsiani et al., 1998). Epididymal maturation depends upon the molecular factors
which are present in epididymal fluid, most of which secreted by principal cells in the
epididymal epithelium (Hermo et al., 2010c; Moore and Akhondi, 1996). Cytoplasmic
droplet of spermatozoa along with excess epididymal fluid materials are thought to be
processed by endocytic clear cells within the epithelium (Hermo et al., 1988). Sperm are
stored in epididymis until ejaculation and their transfer and ascent through the female
reproductive tract.
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Capacitation is the major sperm maturation event that takes place in the female
reproductive tract. Spermatozoa are required to reside in female reproductive tract for a
certain period of time, depending on species, for physiological and biochemical
modifications on their surface and intracellular composition. Capacitation process, still
poorly understood, is marked by removal of decapacitation factors from the sperm surface to
unmask surface receptors (Jones et al., 2007; Nixon et al., 2006). Removal of decapacitation
factors in vitro is elicited by density gradient washing and addition of bicarbonate, calcium
and albumin (Tsai and Gadella, 2009). During capacitation, a series of dramatic changes in
lipid and protein structure of sperm are induced including activation of a tyrosine
phosphorylation signal transduction pathway, mediated by cyclic adenosine monophosphate
(cAMP) and controlled by calcium and reactive oxygen species (Breitbart, 2002; Costello et
al., 2009; Lin and Kan, 1996). As part of this process sperm bind to the oviduct epithelium
and become hyperactively motile. Capacitated sperm then accelerate towards the female
gamete (Suarez, 2008). It is noteworthy that communication between sperm and female
reproductive tract and later the female gamete is very crucial for fertilization to succeed. Any
problem in the process of sperm passage and maturation through epididymis or sperm
capacitation in female reproductive tract would likely result in a low percentage of
progressively motile sperm which may cause infertility (Baker et al., 2012; Cooper et al.,
2010; Pellati et al., 2008; Stahl and Schlegel, 2012).
3.5. Sperm-oocyte Interaction
Female genital tract and its secretions partially prevent the ascent of poorly motile or
highly deformed spermatozoa. Of the millions of mature spermatozoa in the female tract,
only approximately 0.00005% reach the oviduct ampulla which is the normal site of
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fertilization (Yanagimachi, 2011). Consequently the actual number of sperm that reach
oocyte ranges from 2 in hamster to 100-500 in human (Suarez and Pacey, 2006; Williams et
al., 1993; Yanagimachi and Chang, 1963). Capacitated sperm undergo further modifications
to penetrate and pass through the layers surrounding oocyte. Finally, sperm fusion with
oocyte plasma membrane occurs and induces the oocyte activation.
Cumulus cells are follicular cells which are embedded in a matrix rich in hyaluronic acid
to form a multicellular layer around the zona pellucida (ZP) and oocyte (Kim et al., 2008).
Little is known about sperm passage through the cumulus layers as most research on spermoocyte interactions has been performed in cumulus free conditions; the role of in vivo factors
such as those in uterus, oviduct, follicular fluid, and cumulus expansion has not been
completely investigated (Gadella, 2013; Hong et al., 2009). Sperm PH-20 hyaluronidase
activity together with sperm hypermotility were initially thought to be responsible for
penetration through the cumulus cells (Hunnicutt et al., 1996). This model however requires
re-evaluation as mice lacking the hyaluronidase PH-20 can still penetrate through the
cumulus cell mass (Baba et al., 2002). Recent research suggests that sperm degrade the
viscous cumulus matrix relying on the proteolytic activity of their own proteases such as
matrix metalloproteases (MMPs) and ‘A Disintegrin and Metalloproteinase’ (ADAM) family
of proteins (Beek et al., 2012; Fabrega et al., 2011; Ferrer et al., 2012a).
After passing through the cumulus cells, sperm reach the zona pellucida, the
extracellular coat surrounding the oocyte (Yanagimachi, 1994). ZP in mammals consists of
sulfated and glycosylated zona pellucida proteins with different molecular weights, known
for example as ZP1-4 in human and ZP1-3 in mouse (Gadella, 2010; Hoodbhoy and Dean,
2004; Lefievre et al., 2004). “Primary binding” occurs between plasma membrane of sperm
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and ZP3 on zona pellucida, although new studies propose that ZP2 or ZP4 may be the
binding partners for sperm zona binding proteins (Baibakov et al., 2012; Bleil and
Wassarman, 1990; Yonezawa et al., 2012).
Binding between ZP and sperm has been considered a trigger for acrosome reaction in
the acrosome-intact capacitated sperm through in vitro experiments on cumulus-free oocytes
(Bleil and Wassarman, 1983). However, recent studies on oocytes with intact cumulus cells
suggest the involvement of cumulus layer in initiation of acrosome reaction in mice (Jin et
al., 2011; Sun et al., 2011). In vitro, acrosome reaction can be elicited by
lysophosphatidylcholine, progesterone or calcium ionophore (Therien and Manjunath, 2003).
Regardless of when the acrosome reaction begins, the recent model for this event describes it
as a continuously changing process known as acrosomal exocytosis. According to this model,
acrosomal exocytosis is initiated during capacitation followed by several intermediate stages
that end with exocytosis of acrosomal contents (Buffone et al., 2012; Kim and Gerton, 2003).
Calcium immobilization plays an important role during acrosome reaction, although it is
not yet clear whether calcium is provided by intracellular or extracellular resources (Florman,
2006). Acrosome itself is considered as a calcium store with possible role in acrosome
reaction (Herrick et al., 2005). Some studies recently suggested that a calcium store near the
sperm head-tail junction just below the PAS-PT may be involved in acrosome reaction
(Alasmari et al., 2013; Xia and Ren, 2009). It has also been proposed that a transient influx
of calcium from extracellular matrix is mediated through the voltage-sensitive calcium
channels upon the sperm-ZP3 binding. Then, continuous influx from the store-operated
channels allows sustained entry of extracellular calcium (Jimenez-Gonzalez et al., 2006;
Mayorga et al., 2007). Nevertheless, accumulation of calcium inside acrosome increases the
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production of cAMP and through an unclear signal transduction cascade, results in activation
of RAB3A which in turn facilitates the Soluble NSF Attachment Protein Receptor (SNARE)
proteins to be in the right trans position required for exocytosis (Tomes, 2007; Tsai et al.,
2012). Membrane fusion and actual acrosomal exocytosis occur when the intracellular
calcium efflux takes place. Inositol triphosphate (IP3)-sensitive calcium channels and
phospholipase C (PLC) proteins are also considered to be involved in calcium mobilization
during acrosomal exocytosis (O'Toole et al., 2000; Tomes et al., 1996).
Consequently to the acrosome reaction, sperm plasma membrane and outer acrosomal
membrane along with acrosomal contents are released and the inner acrosomal membrane
(IAM) is exposed to ZP (Ferrer et al., 2012b; Gupta et al., 2012). Acrosome-reacted sperm
eventually loosen their bindings to ZP3 but remain bound to zona via sperm IAM38- ZP2
binding module (secondary binding) (Yu et al., 2006). Then, sperm progressive motility
together with digestion of ZP proteins by acrosomal enzymes effects zona penetration, and
sperm reaches the perivitelline space. The trypsin-like serine protease proacrosin/acrosin
was formerly considered as the candidate enzyme affecting zona penetration (Saling, 1981).
This hypothesis became unlikely when proacrosin knockout mice were shown to be able to
penetrate zona pellucida and fertilize oocytes (Baba et al., 1994). Other mechanisms such as
sperm-originated serine proteases and hydrolases as well as involvement of ubiquitinproteasome system are still being investigated for their possible roles in zona penetration
mechanism (Cesari et al., 2005; Gupta et al., 2012; Sutovsky et al., 2004).
When sperm reaches the perivitelline space, the membrane over its equatorial region
binds and fuses with oocyte plasma membrane, a process that is known as fertilization fusion
(Gadella and Evans, 2011). Ultrastructural studies show that rapid process of fusion occurs
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when oocyte microvilli bind to sperm plasma membrane and equatorial segment of PT.
Binding continues during sperm incorporation; later the equatorial segment of PT detaches
from sperm nucleus and dissolves in the oocyte cytoplasm (Sutovsky et al., 2003). The exact
molecules involved in fusion are not yet well defined. The most favoured candidates are
sperm-borne IZUMO and oocyte-borne CD9 and CD81 (Evans, 2012). Izumo-/- mice are able
to produce morphologically normal sperm that bind to and penetrate ZP but are incapable of
fusing with oocytes (Inoue et al., 2011). On the other hand, Cd9–/– female mice demonstrate
normal mature oocytes which after mating proceed normally with sperm-oocyte interaction
but remain unfertilized with many sperm observed in their perivitelline space (Miyado et al.,
2000). Gamete fusion is followed by the sperm-induced oocyte activation which is the key
event to initiate fertilization and embryonic development.
4. OOCYTE ACTIVATION
Oocyte activation is the final step in fertilization. It is generally described as a sperminduced sequence of events which take place in oocyte to develop from a haploid
fertilization-competent gamete to a diploid zygote. Early events of oocyte activation include
exocytosis of cortical granules (CG) and modification of ZP to block polyspermy,
resumption of meiosis in metaphase II arrested oocyte, completion of meiosis and extrusion
of second polar body. Subsequent events include decondensation of sperm nucleus,
recruitment of maternal mRNA, formation of male and female pronuclei, DNA synthesis,
and cell cleavage (Raz and Shalgi, 1998; Schultz and Kopf, 1995). The required signal for
initiation of oocyte activation process is the rise of intracellular calcium levels which is,
interestingly, universal among all animal species studied to date (Miyazaki, 2006;
Whitaker,2006).
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4.1. Intracellular Calcium Release
Discovery of the role of calcium in oocyte activation and fertilization arose from
investigations in marine organisms such as starfish and sea urchins, which date to the 1930s,
before development of IVF. Mazia (1937) first reported the increase of calcium in lysates
obtained from fertilized sea urchin eggs. Four decades later, Steinhardt and Epel showed that
calcium ionophore induces activation in sea urchin oocytes and later suggested calcium
release as the universal activator of unfertilized oocytes (Steinhardt and Epel, 1974;
Steinhardt et al., 1974). In sea urchins and amphibians, oocytes demonstrate a single calcium
transient that originates from the point of sperm-oocyte fusion, passes through the entire
ooplasm and lasts for 5-20 minutes (Busa and Nuccitelli, 1985; Runft et al., 2002; Stricker,
1999; Whitaker and Baker, 1983). Fertilized oocytes in mammals and ascidians, on the other
hand, demonstrate a single transient rise of calcium and several subsequent waves of calcium
release which may last for hours until pronuclear formation (Cuthbertson et al., 1981;
Miyazaki and Igusa, 1981; Speksnijder et al., 1989). Duration, amplitude and frequency of so
called calcium “oscillations” vary between species (Stricker, 1999). Intracellular calcium
chelation with N,N’-(1,2-ethanediylbis(oxy-2,1-phenylene))bis(N- (carboxymethyl))-glycine
(BAPTA) has been shown to prevent activation-related events in Xenopus and mouse
oocytes, providing further evidence that calcium is the key factor in the process of oocyte
activation and early embryonic development (Kline, 1988; Kline and Kline, 1992; Ozil,
1998).
4.1.1. Signalling Pathways Downstream of Intracellular Calcium Release
Several downstream mechanisms and molecules (summarized in Fig. 1.3) are postulated
to be involved in calcium-mediated activation of metaphase II arrested oocytes, many of
23

which are yet to be defined. Protein kinases, such as calcium/calmodulin-dependent protein
kinase II (CaMKII), phosphatase calcineurin, conventional protein kinase C (cPKC) and
mitogen-activated protein kinase (MAPK), seem to play important roles in different
signalling pathways that result in early and late events of oocyte activation (Backs et al.,
2010; Halet, 2004). Calcium effect could be mediated via its binding to calcium sensitive
domains (such as C2 or EF hand) in either protein kinases or their regulating proteins within
the oocyte. Indirectly, calcium could control the protein kinases activity by certain calciumdependent phosphatases or by calcium-dependent ubiquitination and proteolysis (Ducibella
and Fissore, 2008; Roux et al., 2006).
Resumption of meiosis is probably the most significant event during oocyte activation.
Decrease in the inhibitory effect of maturation-promoting factor (MPF) and MAPK is a
prerequisite of meiotic resumption (Fan and Sun, 2004; Masui and Markert, 1971). PKC has
been initially proposed to regulate MPF reduced activity during oocyte activation (Gallicano
et al., 1997; Luria et al., 2000).

However, inconclusive and sometimes contradictory

findings in different studies have emerged the need to re- examine the PKC role in oocyte
activation and to explore the involvement of other mechanisms (Halet, 2004).
It has been recently shown that female CaMKIIγ−/− mice are infertile though they
demonstrate normal calcium oscillations and CG exocytosis. Meiotic resumption, decrease in
MAPK and MPF activities, pronuclear formation, and maternal mRNA recruitment are not
detected in CaMKIIγ−/− mice (Backs et al., 2010). This, together with studies that show
microinjection of CaMKIIγ into metaphase II mouse oocytes induces their activation
independent of calcium oscillations, provides evidence that CaMKIIγ is downstream of
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Figure 1.3: Schematic representation of major molecular pathways upstream and
downstream to intracellular calcium release in metaphase II arrested oocyte during
fertilization. Sperm-born oocyte activating factor (SOAF) is released from the postacrosomal
sheath of perinuclear theca after gamete fusion and activates PLC. PLC initiates the pathway
to generate inositol 1, 4, 5 triphosphate (IP3). It is also proposed that SOAF may directly
generate IP3 via its own phospholipase activity. IP3 then mediates intracellular calcium
release from endoplasmic reticulum (ER) in the form of either one single transient (in
echinoderm and amphibians) or several calcium oscillations (in ascidians and mammals).
Calcium then induces the exocytosis of cortical granules (CG) to block polyspermy through
zona pellucida (ZP). Calcium also activates downstream signalling pathways which result in
resumption of meiosis II and extrusion of second polar body (PB II), followed by pronuclear
formation. Other proteins may be involved which are not mentioned here. More details are
discussed in the text. SOAF, Sperm-born oocyte activating factor; PIP2, phosphatidylinositol
4, 5-bisphosphate; IP3, Inositol 1, 4, 5 triphosphate; DAG, diacylglycerol; IP3R, IP3 receptor;
ER, endoplasmic reticulum; CG, cortical granules; ZP, zona pellucida; CaMKIIγ,
calcium/calmodulin-dependent protein kinase IIγ; MPF, maturation-promoting factor;
MAPK, mitogen-activated protein kinase; PB, polar body.

25

26

calcium oscillations to induce meiotic resumption (Madgwick et al., 2005; Miao et al.,
2012). Calcium binds to C2 domain of calmodulin which in turn binds to CaMKIIγ.
Activated CaMKIIγ then initiates the signalling pathway to degrade cyclin B by ubiquitin
ligase activity of the anaphase promoting complex or cyclosome (APC/C), which
consequently down regulates MPF and MAPK (Backs et al., 2010; Madgwick and Jones,
2007). As a result of this proposed pathway, cortical-oriented spindle rotates to a
perpendicular orientation to the egg surface which is required for second polar body
formation. This is followed by extrusion of second polar body and pronuclear formation
(Maro et al., 1986). The CaMKIIγ findings would not completely exclude the role of PKC, as
others suggest the possible regulation of sperm nuclear decondensation and calcium
oscillations by PKC during oocyte activation (Madgwick et al., 2005; Stephens et al., 2002).
Intracellular calcium release is not the only event with an oscillatory nature during
mammalian fertilization. Interestingly, CG exocytosis and several signalling molecules such
as CaMKII, PKC and MPF follow the pattern of calcium oscillations (Ducibella and Matson,
2007; Nixon et al., 2002; Ozil et al., 2005). The exact differences between calcium
oscillatory pattern and parthenogenetic, non-oscillatory activation procedures (with
chemicals such as calcium ionophore) in terms of successful fertilization and embryonic
development require further investigation (Ducibella and Fissore, 2008; Montag et al., 2012).
4.1.2. Signalling Pathways Upstream of Intracellular Calcium Release
The upstream signalling pathway that leads to the rise in level of intracellular calcium
during oocyte activation has been attractive to scientists in last few decades. The machinery
required for such a complex procedure does not exist initially in oocyte. It is through the
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maturation process that the oocytes undergo dramatic changes to become competent for
calcium release and subsequent activation (Carroll et al., 1994; Nader et al., 2013).
Different theories including influx across the oocyte plasma membrane and release from
intracellular stores were suggested to contribute to the rise of calcium during fertilization.
Eliminating extracellular calcium by performing fertilization in a calcium free environment
did not inhibit the onset of intracellular calcium release (Shen and Buck, 1993). Thus, the
attention turned to intracellular stores of calcium and, among different organelles with
potential capacity to control calcium level, smooth endoplasmic reticulum (ER) was the most
likely organelle verified by microscopic and biochemical findings (Clapper and Lee, 1985;
Poenie and Epel, 1987).
Inositol 1, 4, 5 triphosphate (IP3) was identified to be the second messenger to induce
calcium release from intracellular sources in a wide variety of cell types. IP3 along with
diacylglycerol (DAG) are products of phosphatidylinositol 4, 5-bisphosphate (PIP2) cleavage
(Berridge and Irvine, 1984). Microinjection of IP3 into the sea urchin, Xenopus and
mammalian oocytes generates the calcium release required for fertilization (Busa et al., 1985;
Miyazaki et al., 1993; Swann and Whitaker, 1986). Furthermore, studies show that the level
of IP3 within sea urchin and Xenopus oocytes increases dramatically at fertilization (Stith et
al., 1993; Turner et al., 1984).
The link between IP3 and calcium stores in the ER was confirmed when the blocking of
the IP3 receptor (IP3R) on the ER by specific monoclonal antibodies effectively abolished the
calcium rise and oocyte activation in sea urchin, ascidian, Xenopus, mouse and human
oocytes during fertilization (Goud et al., 2002; Miyazaki et al., 1992; Parys et al., 1994;
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Yoshida et al., 1998). Additionally, injection of a potent IP3R agonist, adenophostin to
immature mouse oocytes down-regulated IP3R and led to block of calcium oscillations and
fertilization (Brind et al., 2000). These findings consistently supported the hypothesis that
intracellular calcium is released from ER during fertilization through the phosphatidylinositol
cycle and binding of its product, IP3, to the specific receptors on the ER. DAG, the other
product of PIP2 breakdown has also been shown to reside close to plasma membrane to
regulate downstream events during fertilization possibly through PKC and other signalling
molecules (Gonzalez-Garcia et al., 2013). There is no evidence of involvement of other
calcium-releasing messengers such as cyclic ADP ribose or nicotinic acid adenine
dinucleotide phosphate (NAADP) in physiological intracellular calcium release during
fertilization.
Production of IP3 and DAG during fertilization is believed to be mediated by a
phospholipase C (PLC) protein. PLC inhibitor U73122 inhibits the sperm-induced calcium
release and fertilization in sea urchin, Xenopus and mouse oocytes despite the observation of
normal sperm entry (Dupont et al., 1996; Lee and Shen, 1998; Sato et al., 2000). PLC
superfamily includes multiple isoforms (β, γ, δ, ζ, ε and η), all of which are functionally
characterized by the ability to stimulate the phosphatidylinositol cycle by hydrolysis of PIP2
into IP3 and DAG (Rebecchi and Pentyala, 2000). Despite extensive research, especially on
PLCβ and PLCγ, the particular PLC(s) responsible for calcium release during oocyte
activation remain to be clearly elucidated.
GTP-dependent PLCβ activation was originally thought to be involved in calcium
release and fertilization (Turner et al., 1986). However, inhibitory experiments such as
injection of excess recombinant G-protein subunits, pertussis toxin, and specific antibodies
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against members of G-protein family blocked the activation of PLCβ but had no effect on
calcium release and fertilization (Crossley et al., 1991). Further research suggested that PLCγ
may mediate the production of IP3 and subsequent calcium release. PLCγ is generally
activated by tyrosine phosphorylation. The interaction between tyrosine kinases and PLCγ
occurs via its two tandem Src Homology (SH2) domains and leads to the phosphorylation of
several sites and activation of PLCγ (Ottinger et al., 1998; Rhee, 2001). Microinjection of
recombinant PLCγ SH2 domain has been shown to block sperm-induced calcium release and
fertilization in the starfish and ascidian oocytes, providing clear evidence of PLCγ
contribution to calcium release in echinoderm and ascidian oocytes (Giusti et al., 1999; Runft
and Jaffe, 2000). Other data also support the interaction of Src family kinases (SFK) with
PLCγ SH2; SFK activity increases post-insemination and SFK injection into starfish eggs
results in calcium release (Abassi et al., 2000; Giusti et al., 2000). Moreover, inhibition of
SFK during echinoderm and ascidian fertilization blocks calcium release (Shen et al., 1999;
Ueki and Yokosawa, 1997).
Contrary to the findings that suggest the importance of PLCγ –SH2 interaction with SFK
in marine organisms, involvement of PLCγ in the vertebrate oocyte activation is not clear.
Although PLCγ activity appeared to rise following insemination in Xenopus and mouse
oocytes, even high concentrations of PLCγ SH2 domain were unable to block calcium release
and oocyte activation (Mehlmann et al., 1998; Runft et al., 1999; Sato et al., 2000).
Moreover, tyrosine kinase inhibition inhibited fertilization in Xenopus oocytes but only
delayed calcium oscillations in mouse oocytes, and injection of recombinant Src into mouse
oocytes failed to induce any oscillations (Dupont et al., 1996; Reut et al., 2007; Sato et al.,
2000). Considering previous findings that IP3 is involved in calcium release and PLC
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inhibitor U73122 is able to block such process in both invertebrate and vertebrate
fertilization, it was then postulated that PLCγ SH2 domain may not play the expected role
during vertebrate fertilization. Regarding SFK, it was proposed that it is required for
echinoderm, ascidians or amphibians with large size oocytes where an intense amplified
calcium transient is required for the volume of ooplasm present. However in small
mammalian oocytes, PLC may be activated by mechanisms other than SH2-related
phosphorylation by SFK (Kinsey, 2013; McGinnis et al., 2011).
PLCγ contains another SH domain, namely SH3, which is located downstream of SH2
in PLCγ sequence (Smith et al., 1996; Suh et al., 1988). Recent data show that microtubuleassociated protein Tau is able to activate PLCγ in somatic cells by binding to SH3 domain
(Hwang et al., 1996; Reynolds et al., 2008). Interestingly, it has been shown that in Xenopus
oocytes a Grb2- PLCγ- Sos complex is formed through which Sos binds to PLCγ SH3
domain. Forming such complex, without the need for tyrosine phosphorylation by tyrosine
kinases or involvement of SH2 domain, is sufficient to activate PLCγ to hydrolyze PIP2 and
produce IP3 (Browaeys-Poly et al., 2007). Although such pathway has only been reported
during Xenopus oocyte maturation, it may also be a possible method of PLCγ activation
during vertebrate oocyte activation via a non-canonical pathway involving SH3 domain.
Further research is required to study the inhibitory effect of SH3 domain or anti- PLCγ
antibody on calcium release and fertilization in vertebrates.
4.1.3. Models for Sperm-Induced Intracellular Calcium Release
Over the last three decades many players downstream and upstream of calcium release
during fertilization have been identified. The mechanism by which sperm initiates such
sequence of events is still being debated.
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Models proposed for sperm-induced intracellular calcium release can generally be
divided to fusion and receptor models (Runft et al., 2002). Initially in early 1980s, it was
speculated that upon gamete fusion, sperm deliver bolus calcium into the oocyte (Jaffe,
1983). Calcium could be provided by sperm own stores or by voltage-dependent calcium
channels on sperm which at the time of fusion direct extracellular calcium to the oocyte via
sperm – conduit fusion model (Creton and Jaffe, 2001; Jaffe, 1991). This hypothesis was not
favoured over time as studies showed that calcium injection into the oocytes of sea urchin,
ascidians or mammals did not cause further calcium release (Swann and Ozil, 1994). In
addition, depletion of extracellular calcium did not prevent the rise in intracellular calcium
levels upon gamete fusion in mouse fertilization (Jones et al., 1998b; Parrington et al., 2007).
Failure of conduit fusion models led to a second proposed model: binding of a sperm
surface ligand to an oocyte receptor at fertilization. The “contact” model, originated from
calcium signalling pathways in somatic cells and favoured for years, proposed the initiation
of calcium release by a ligand-bound membrane receptor. Evidence for this model was found
in demonstrated role of phosphatidylinositol cycle and PLC in echinoderm, ascidian,
Xenopus and mammalian oocyte activation (Campbell et al., 2000; Carroll and Jaffe, 1995;
Shilling et al., 1998; Speksnijder et al., 1990). However, development of ICSI revolutionized
the models for intracellular calcium release. Tesarik et al. (1994) showed that human ICSI,
without providing any opportunity for gametes to have membrane contact, is sufficient to
induce calcium oscillations and oocyte activation. This, together with lack of identified
sperm surface ligand, raised questions about the contribution of receptor model to initiation
of calcium oscillations (Evans and Kopf, 1998; Jaffe, 1997; Stricker, 1999).
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The third and most accepted model is a derivative of fusion model. Instead of calcium
bolus, it proposes that sperm introduces a cytosolic soluble factor into the oocyte cytoplasm
upon fusion which initiates IP3 signalling pathway and leads to calcium release and oocyte
activation. The “content” model was originally developed in early 1980s in sea urchins
where injection of sperm extracts into oocytes demonstrated a rise in calcium levels and
fertilization (Dale and Santella, 1985). The first mammalian experiments confirmed that
hamster and boar sperm extracts are able to induce calcium oscillations in hamster oocytes,
temporally and spatially similar to fertilization (Swann, 1990). This was followed by studies
in different species demonstrating the potency of sperm extracts not only in eliciting calcium
release, but also in fully activating oocytes (Kimura and Yanagimachi, 1995a; Palermo et al.,
1997; Stricker, 1997; Wu et al., 1997; Yamamoto et al., 2001; Yoshida et al., 1998). Cellfree sperm extract in most of these studies was obtained by few cycles of freeze-thaw or
sonication followed by ultracentrifugation. Calcium-releasing ability of sperm extracts was
not species-specific, for example boar sperm extract induced calcium oscillations in mouse,
hamster, cow, human and nemertean worm oocytes; whereas sperm extracts from human,
hamster, pig, Xenopus, chicken or fish caused calcium oscillations in mouse oocytes (Coward
et al., 2003; Dong et al., 2000; Homa and Swann, 1994; Stricker et al., 2000; Swann, 1990;
Tang et al., 2000; Wu et al., 1997).
In summary, of several models proposed to explain how sperm activate oocytes, the
most compelling model is the content model which involves the delivery of Sperm-borne
Oocyte Activating Factor (SOAF) by sperm to the oocyte cytoplasm upon gamete fusion
inducing a rise in level of intracellular calcium via IP3 pathway.
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4.2. Searching for the SOAF; Three Decades of Extensive Research
Research to identify the exact SOAF has been ongoing in almost 30 years. Several
possible SOAF candidates have been under investigations, many of which were discarded for
not exhibiting some of the SOAF characteristics. Based on available research findings in the
literature, a comprehensive list of required attributes for candidate SOAF proteins follows:
SOAF is a sperm-specific protein: The oocyte-activating ability of sperm has been
shown to be heat sensitive. Incubating sperm at over 45°C for 10-30 min abolishes its
activating ability and indicates that SOAF is a protein (Perry et al., 2000). Moreover,
microinjection of the whole spermatozoa or sperm cytosolic fraction is able to induce
calcium release and oocyte activation, whereas extracts from other tissues do not elicit
calcium release once microinjected into oocytes (Jones et al., 2000). Thus, SOAF should be
sperm specific.
SOAF resides in sperm PAS-PT and remains in the same compartment during
fertilization: Injection of mouse sperm head has been shown to be sufficient for fertilizing
oocytes and a successful pregnancy (Kimura and Yanagimachi, 1995a; Kuretake et al.,
1996). Kimura et al. (1998) treated mouse sperm heads with different reagents and examined
the ability of treated sperm to activate the oocyte. Interestingly, sperm heads treated with
non-ionic detergent TritonX-100 (TX-100) remained capable of activating oocytes while
sodium dodecyl sulfate (SDS)-treated sperm lost such ability. Electron microscopy showed
that TX-100 removes the sperm head membranous structures and acrosome, and leaves
sperm nucleus and PT intact (Kimura et al., 1998). The fact that microinjection of sperm
with only an intact nucleus and PT not only induced oocyte activation, but also led to
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pregnancy and pups in mice, provided strong evidence that SOAF originates from the sperm
perinuclear material. Later, it was shown that treatment of human and mouse sperm with TX100 preserves their calcium-inducing ability and leads to better ICSI success rate, possibly
because of PT exposure to the oocyte cytoplasm (Morozumi et al., 2006; Perry et al., 2000).
Concomitant to its proposed role in fertilization, it was demonstrated that PT is the first
sperm internal structure whose content is released and incorporated into oocyte cytoplasm
after gamete fusion (Sutovsky et al., 1997). Sutovsky et al. (2003) later studied the fate of PT
during fertilization and provided evidence that local solubilisation of PAS-PT, after fusion of
sperm with oocyte plasma membrane, is sufficient to elicit full oocyte activation even though
sperm incorporation into the oocyte cytoplasm is blocked by cytochalasin B. Further
evidence for PAS-PT localization of oocyte-activating ability came from N-butyl
deoxynojirimycin (NB-DNJ) treated mice, who failed to form a sperm acrosome and SALPT but at the same time retained their PAS-PT along with their oocyte-activating ability
(Oko et al., 2011; Oko and Sutovsky, 2009). Therefore SOAF should reside in the sperm
PAS-PT.
SOAF originates in elongating spermatids during spermiogenesis: The biogenesis of
PAS-PT is independent from acrosome and SAL-PT formation. Thus, it is postulated that
SOAF is compartmentalized during spermatid elongation phase of spermiogenesis together
with other PAS-PT proteins. This is also supported by studies that demonstrate the oocyteactivating ability of elongating spermatids but not round spermatids, once injected into
oocyte (Kimura and Yanagimachi, 1995b; Ogura et al., 1994).
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SOAF-mediated ability of sperm to release intracellular calcium and to activate the
oocyte is inhibited by relevant antibodies and/or competitive peptides: Upon microinjection,
SOAF mediates oocyte activation by inducing calcium release followed by meiotic
resumption and pronuclear formation. Any candidate SOAF protein is expected to act
upstream of intracellular calcium release upon microinjection into the oocyte. Furthermore,
the most stringent assay to assess a candidate factor is to demonstrate sperm-instigated
calcium release and oocyte activation (Runft and Jaffe, 2000; Runft et al., 2002; White et al.,
2010). Similar to previously mentioned experiments on IP3 and PLCγ, injection of sperm
with antibodies against the SOAF candidate or recombinant competitive peptides derived
from its sequence should be able to inhibit intracellular calcium release and oocyte activation
(Sutovsky et al., 2003).
4.3. SOAF Candidate Proteins
Some studies have proposed involvement of multiple sperm components in oocyte
activation as a redundant mechanism to guarantee that sperm will be able to activate the
oocyte. Perry et al. (1999) showed that while demembrenated mouse sperm heads induce
calcium oscillations, neither the dithiothretiol (DTT)-solubilized sperm fraction nor heatinactivated sperm heads are able to activate the oocytes. Instead, the failure of heatinactivated sperm heads to activate oocytes is rescued by coinjection with DTT-soluble
sperm fraction. It was then hypothesized that more than one factor from PT may contribute
synergistically to the mammalian oocyte activation (Perry et al., 2000; Perry et al., 1999).
Heyers et al. (2000) in another study separated the potential SOAF from porcine sperm
by cation-exchange chromatography combined with a heparin column to test whether sperm
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PLCγ is the SOAF. Sperm fractions were tested for their ability to induce calcium
oscillations and PLCγ was detected in the non-oscillating fractions. In this study, the
calcium-oscillating fraction was further purified on a Mono Q anion-exchange column and
resulted in one fraction that was capable of triggering calcium oscillations but no other
oocyte activation events such as pronuclear formation. The authors then concluded that
multiple sperm factors may be required for calcium oscillations and pronuclear formation
(Heyers et al., 2000). The multi-SOAF proposal faded when new studies started to provide
evidence about identification of the potential individual SOAF molecules. Here, we discuss
the characteristics of SOAF candidate proteins and how they fit in the criteria to be
recognized as SOAF (Table-1.1).
Oscillin: Identification of oscillin (initially known as oscillogen) was based on a study
by Parrington et al. (1996) which aimed to separate a cytosolic sperm protein by high
performance liquid chromatography (HPLC) fractionation of hamster sperm extracts. They
isolated a 33 kDa and a 29 kDa protein whose presence correlated with the calcium-releasing
activity of relevant HPLC fraction (Parrington et al., 1996). The 29 kDa protein was
excluded because of its co-presence in non-oscillating fractions and its localization to the
acrosomal region of sperm head. The 33 kDa was specific to the calcium-oscillating fraction
and localized to sperm equatorial region and PAS-PT in hamster, boar and human. Sequence
analysis showed that oscillin is the homologue to mammalian glucosamine-6-phosphate
deaminase (Parrington et al., 1996). However, microinjection of recombinant glucosamine-6phosphate deaminase failed to induce calcium oscillations and oocyte activation in mouse
(Wolny et al., 1999; Wolosker et al., 1998). Further studies provided evidence that oscillin is
released from sperm head during acrosome reaction and does not reach the oocyte plasma
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Table 1.1: Comparison of SOAF Candidates in Respect to the Proposed Attributes for SOAF

Being Sperm-specific

?

-

Oscillin

-

?

?

Synthase

?

-

-

?

Tr-kit

+

?

-

+

?

Synthase*

+

+

?

?

?

?

PLC

?

+

?

+

+

+

+

PAWP

Citrate

Originating in the elongating spermatids

+

?

?

-

?

NO

Localizing to the sperm PAS-PT

-

+

+

+

SOAF Candidates

during fertilization

-

+

?

SOAF Attributes

Inducing intracellular calcium release in oocytes

-

-

ICSI-induced calcium release being blocked by SOAF-

Being released into oocyte cytoplasm with PAS-PT

Inducing oocyte activation events downstream of calcium

-

related antibodies/peptides

* Only identified in the newts; not studied in other animal species.
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membrane (Montag et al., 1999). Immunodepletion of oscillin from sperm extract was not
successful in eliminating sperm calcium-releasing ability (Wolny et al., 1999). In addition,
oscillin expression was found in a wide variety of tissues (Nakamura et al., 2000). Another
study later hypothesized that SOAF may have been a protein other than oscillin in the
calcium-releasing fraction, with the estimated size of 29-68 kDa (Wu et al., 1998).
Nitric oxide (NO) synthase: Involvement of NO in oocyte activation was suggested by
Kuo et al. (2000) who showed that NO mediates intracellular calcium release upon injection
into the sea urchin oocytes. It was hypothesized that sperm introduce NO synthase to oocyte
at fertilization and NO produced in the oocyte activates the cGMP/protein kinase G-mediated
pathway. Consequently, cADP ribose is produced to stimulate calcium release from
ryanodine receptors which are located on the ER (Galione et al., 1993; Kuo et al., 2000;
Willmott et al., 1996). Although NO was able to induce the calcium release, no rise in NO
has been detected at fertilization. Furthermore, treating oocytes with inhibitors of NOmediated calcium release signalling pathway had no effect on sperm-induced calcium release
at fertilization (Hyslop et al., 2001). Other studies showed that NO-mediated calcium release
is a late event during fertilization in sea urchins. Thus, NO is not responsible for initiation of
the calcium release but may be essential for maintaining the duration of calcium transient
(Leckie et al., 2003).
Tr- kit: Sette et al. (1998) found a truncated form of c-kit tyrosine kinase receptor (trkit) that induces meiotic resumption and pronuclear formation after injection into mouse
oocytes. The authors showed that activation was blocked when oocytes were preincubated in
BAPTA-AM calcium chelator and suggested that tr-kit is causing calcium release.
Interestingly, tr-kit-induced oocyte activation was blocked by coinjection of the recombinant
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SH3 domain of PLCγ but not the PLCγ SH2 domain, providing evidence that PLCγ SH3 may
be involved in mammalian oocyte activation (Paronetto et al., 2003; Sette et al., 1998; Sette
et al., 2002). Tr-kit is expressed in haploid stages of spermatogenesis and is stored in
elongating spermatids and mature spermatozoa on the subacrosomal region as well as the
equatorial region; the latter remains intact after spontaneous acrosome reaction (Muciaccia et
al., 2010). However, tr-kit has not been shown to be upstream of intracellular calcium release
which is the crucial requirement for any SOAF candidate. The fate of tr-kit during
fertilization and whether it actually enters the oocyte cytoplasm upon sperm incorporation is
also unclear.
Citrate Synthase: Sequential fractionation of sperm extract from newts, Cynops
pyrrhogaster by chromatography led to the purification of a 45 kDa citrate synthase protein
in the calcium-releasing fraction (Harada et al., 2007). Treatment with anti-citrate synthase
inhibited oocyte activation activity of the sperm extract. It was speculated that citrate in the
oocyte cytoplasm mediates the activation in newts through the intracellular calcium release
from both mitochondria and ER (Harada et al., 2011). However instead of PAS-PT, citrate
synthase was localized to two lines elongated from the neck to the mid-piece of sperm tail in
the newt. Moreover, injection of newt sperm extract containing citrate synthase failed to
induce the rise of intracellular calcium in Xenopus oocytes contrary to the expected crossspecies effect of SOAF (Harada et al., 2011). The possible role of citrate synthase in
mammalian fertilization needs to be clarified.
Phospholipase Cζ (PLCζ): PLCζ is probably the most favoured SOAF candidate with
many reports available on its functional, but not its developmental, characterization. Initially,
sperm extract-induced calcium release in sea urchin oocyte homogenates was found to be
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related to a highly-active soluble PLC activity (Jones et al., 1998a). Since no known somatic
isoforms of PLC could be accounted for, such activity led to findings of Saunders et al.
(2002) who used mouse express sequence tag (EST) databases and identified a new 74 kDa
isoform of PLC family, phospholipase C zeta (PLCζ) as a SOAF candidate (Jones et al.,
2000). Their study, along with others, showed that once complementary RNA (cRNA) or cell
lysates expressing recombinant PLCζ is injected into oocytes of different species such as
mouse, bovine and human, it elicits fertilization-like calcium oscillations (Cox et al., 2002;
Kouchi et al., 2004; Rogers et al., 2004; Yoneda et al., 2006).
The domain structure of PLCζ shares many similarities with PLCδ (Rebecchi and
Pentyala, 2000). PLCζ has X and Y catalytic domains that are common to all
phosphoinositide specific PLCs. The main function of its X–Y domain is likely to be similar
to that described for PLCδ1: the hydrolysis of PIP2 to produce IP3 (Saunders et al., 2002). In
common with PLCδ, PLCζ contains a set of EF hand domains and a C2 domain. The major
difference between PLCζ and most of other PLC isoforms is the absence of a PH domain
which is responsible for binding to PIP2. It is, therefore, unclear how PLCζ is able to target
its membrane-bound substrate, PIP2, although some studies suggest that the C2 domain or the
X-Y linker region may be involved in PLCζ-PIP2 binding (Swann et al., 2006). EF hand
domains play an important role in the way PLCζ generates IP3. They bind to calcium and are
responsible for high calcium sensitivity of PLCζ. Deletion of EF hands or injection of
truncated PLCζ cRNA results in lower calcium sensitivity and failure of calcium oscillations
(Kouchi et al., 2005; Nomikos et al., 2005).
Immunodepletion of PLCζ from sperm extracts abolishes their ability to induce calcium
oscillations (Saunders et al., 2002). However, inhibitory studies utilizing antibodies or
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competitive inhibitors generated against PLCζ to block ICSI-induced fertilization remain to
be performed. Moreover, it is not yet clear how PLCζ is released into oocyte cytoplasm from
sperm, or how it activates oocyte during in vitro fertilization.
It has been shown that PLCζ expression is absent or reduced in sperm of infertile men
who consistently fail IVF/ICSI treatments.

Such sperm were unsuccessful in inducing

normal calcium oscillations upon injection into mouse oocytes (Heytens et al., 2009; Yoon et
al., 2008). Another study reported a case of globozoospermia with failed fertilization and
absence of PLCζ expression; fertilization was rescued utilizing calcium ionophore for
parthenogenetic oocyte activation (Taylor et al., 2010). In patients with globozoospermia,
acrosome and PT are not formed and several proteins including PLCζ may be absent in
sperm (Alvarez Sedo et al., 2012; Rybouchkin et al., 1996). Therefore, absence of PLCζ may
not necessarily be the etiology of such reported cases. A more recent study compared PLCζ
expression among patients with failed ICSI and control populations. The study revealed
lower

levels

of

total

PLCζ

immunofluorescence

in

patients;

however

the

immunofluorescence among control participants was widely varied making the interpretation
of presented data difficult (Kashir et al., 2013).
Expression of full size PLCζ has been shown in testis and sperm of several species
including mouse, human, monkey, porcine, hamster, bovine, newt, rat, Medaka fish, chicken,
quail and dogfish (Cox et al., 2002; Harada et al., 2007; Ito et al., 2008; Mizushima et al.,
2009; Redon et al., 2010; Rengaraj et al., 2008; Ross et al., 2008; Saunders et al., 2002;
Yoneda et al., 2006; Young et al., 2009) . However, recent findings of PLCζ expression in
tissues such as mouse brain and pufferfish ovary and brain raise questions about the spermspecific nature of PLCζ (Coward et al., 2011; Yoshida et al., 2007). Moreover,
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developmental expression of PLCζ during spermatogenesis has not yet been consistently
described. PLCζ mRNA expression has been detected in secondary spermatocytes (hamster),
round spermatids (mouse, porcine and equine) and elongating spermatids (quail) (BedfordGuaus et al., 2011; Mizushima et al., 2009; Yoneda et al., 2006; Young et al., 2009). In
addition to the wide range of reported mRNA expression, it is not clear where PLCζ protein
is expressed, localized and stored in sperm. PLCζ has been shown to localize in the sperm
head in mice, which correlates with the ability of isolated sperm heads to activate mouse
oocytes in ICSI. However, the particular localization of PLCζ especially in human sperm
demonstrates a more varied pattern including acrosomal, equatorial and postacrosomal
localizations (Grasa et al., 2008; Kashir et al., 2013). There is also a possibility that a
truncated non calcium-oscillatory isoform of PLCζ exists in the acrosome (Bi et al., 2009;
Zhu et al., 2007).
In conclusion, despite of functional characterization of PLCζ in over a decade of
research, it appears that some important attributes yet remain to be addressed before
considering PLCζ as the SOAF.
Postacrosomal Sheath WWI Domain Binding Protein (PAWP): The discovery of
PAWP by Wu et al. (2007) was based on a proteomic search of the alkaline-extractable
fraction of sperm PT in which SOAF is expected to reside. Of all PT protein sequences
identified, only one had the characteristic of a signal transduction protein (Wu et al., 2007a).
Because this protein resides exclusively in the PAS-PT and contains a functional PPXY
consensus binding site (where X represents any residue) for group I WW domain containing
proteins it was termed as Postacrosomal sheath WWI domain binding protein (PAWP).
Further microinjection of recombinant PAWP protein was able to induce meiotic resumption,
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pronuclear formation and cleavage in Xenopus, porcine, bovine and macaque oocytes (Wu et
al., 2007a). PAWP has been found in the PAS-PT of human, mouse, rhesus monkey, bull,
boar and rabbit spermatozoa (Wu et al., 2007a). During fertilization, PAWP is retained on
the sperm head after acrosome reaction and zona pellucida binding and penetration; and is
further dispersed from sperm head to oocyte cytoplasm at the time of gamete fusion (Oko
and Sutovsky, 2009; Wu et al., 2007a).
PAWP gene, also known as WW domain binding protein 2 N-terminal Like (WBP2NL),
(NCBI Gene ID: 164684 and 74716 for human and mouse, respectively) codes for a spermspecific ~32 kDa protein (Fig. 1.4) which in its N-terminal half shares a 49% sequence
similarity to WBP2 (NCBI Gene ID: 23558) (Wu et al., 2007a). From the evolutionary
aspect it appears as if WBP2 starts out in Drosophila and/or Caenorhabditis elegans and then
is diverged into WBP2NL (PAWP) and WBP2 in higher animals (Fig. 1.5; Ensembl Gene
Tree ID: ENSGT00530000063718). The C-terminal halves of WBP2NL and WBP2 share
repeating PPXY motifs. Depending on species, PAWP contains one to several PPXY motifs
which seem to be occasionally incorporated by YGXPPXG repeating motifs. The repeating
YGXPPXG and PPXY motifs appear to be the only conserved features of C-terminal half of
PAWP across species. In human, there is only one PPXY motif incorporated by YGXPPXG
motifs (YGAPPPGYGAPPAG). In the study by Wu et al. a 16-mer peptide derived from the
repeating motif of PAWP sequence (denoted as PPGY throughout the text) was synthesized
and microinjected together with sperm into the oocyte. As a result, PPGY but not its mutant
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Figure 1.4: Multiple PAWP protein sequence comparison of bull (NCBI Reference
Sequence: NP_001075910.1), human (GenBank accession numbers AK22546.1), and mouse
(NCBI Reference Sequence: NP_083342.1) using CLUSTAL 1.2.0 software. The sequence
alignment shows a species conservation in the N-terminal half of the PAWP (indicated by
>>>>) and sharing of PPXY motifs (shaded font) and unique repeating YGXPPXG motifs
(underlined) in the C-terminal half.
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Figure 1.5: Phylogenetic tree proposing the evolution of WW domain binding protein 2 Nterminal Like (WBP2NL or PAWP), initially observed in zebra fish, from WW domain
binding protein 2 (WBP2). Reprint from Ensembl Gene Tree ID: ENSGT00530000063718.
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form, PPGF, competitively blocked the sperm- induced oocyte activation in both mammals
and amphibians (Wu et al., 2007a).
PAWP is assembled during latter phases of spermiogenesis as part of the PAS-PT (Oko
and Sutovsky, 2009; Wu et al., 2007b). It originates in the cytoplasmic lobe of elongating
spermatids and becomes most prominent prior to and during manchette descent. It is then
assembled over the caudal half of elongated spermatid nucleus, as part of PAS-PT. PAWP
mRNA is first detected in mid-pachytene spermatocytes; its level of expression increases in
round spermatids and eventually declines during spermatid elongation (Wu et al., 2007b).
Overall, developmental pattern of PAWP expression is in agreement with SOAF criteria.
The most important attribute of SOAF that remained to be addressed for PAWP is the
ability to induce intracellular calcium release upon injection into metaphase II arrested
oocytes. This would confirm that PAWP-induced oocyte activation in mammalian and
amphibian oocytes is indeed because of its action upstream of calcium release. Furthermore,
there is no inhibition study to confirm the non-redundancy of PAWP as a SOAF candidate.
5. PROJECT HYPOTHESIS AND OBJECTIVES
The present thesis is based on the general hypothesis that PAWP is the sperm factor that
acts upstream of calcium signalling during fertilization. We predict that PAWP has
potentially important applications as a biomarker for male infertility. Secondly, we
hypothesize that PLCζ demonstrates a pattern of localization, storage and function in sperm
which is different from its proposed role as a SOAF candidate. Accordingly, several
objectives have been developed as addressed in the following chapters:
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Chapter II:
1- To test whether PAWP can elicit intracellular calcium release and oocyte activation in
Xenopus metaphase II arrested oocytes and to confirm its non-redundancy in sperm-initiated
zygotic development in amphibians.
Chapter III:
2- To identify the localization and expression pattern of PLCζ during its development in
male reproductive system and during in vitro fertilization.
Chapter IV:
3- To determine if PAWP can trigger calcium oscillations within mouse and human
metaphase II arrested oocytes and to provide proof that this is a non-redundant activity in
sperm-initiated zygotic development in mammals.
4- To investigate the clinical relevance of PAWP expression level by a prospective study
on men undergoing treatment for infertility.
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CHAPTER II

SPERM-BORNE PROTEIN, PAWP, INITIATES ZYGOTIC
DEVELOPMENT IN XENOPUS LAEVIS BY ELICITING
INTRACELLULAR CALCIUM RELEASE
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ABSTRACT:
We previously reported PAWP, post acrosomal sheath WW domain binding protein, as a
candidate sperm borne, oocyte-activating factor. PAWP enters oocyte during fertilization
and induces oocyte activation events including meiotic resumption, pronuclear formation and
egg cleavage. However, in order to provide proof that PAWP is a primary initiator of zygotic
development it is imperative to show that PAWP initiates intracellular calcium signalling,
which is considered essential for oocyte activation. Utilizing Xenopus laevis as our model,
we injected recombinant PAWP or Xenopus sperm into metaphase II arrested oocytes and
observed a significant rise in intracellular calcium levels over controls. Concurring intensities
and durations of PAWP and sperm-induced calcium waves, detected by infra-red two-photon
laser scanning fluorescence microscopy, were prevented by co-injection of a competitive
PPGY-containing peptide derived from PAWP but not by the point-mutated form of this
peptide. This study also correlates PAWP and sperm induced calcium release with meiotic
resumption in Xenopus. The similar mode of oocyte activation, and the ability of the
competitive peptide in blocking both sperm and PAWP induced calcium release, provide
evidence for the first time that sperm anchored PAWP is a primary initiator of zygotic
development.
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INTRODUCTION
Oocyte activation refers to the cellular and molecular events occurring during fertilization
that mediates the oocyte transition from a haploid gamete to a diploid zygote (Machaca,
2007). It is initiated by release of intracellular calcium in most animal oocytes. One of the
earliest signs of activation is exocytosis of cortical granules at the oocyte surface, which
triggers the zona reaction and prevents polyspermy. Further events include resumption of
meiosis II, decondensation of the sperm nucleus, maternal mRNA recruitment, pronuclei
formation, initiation of DNA synthesis and egg cleavage (Xu et al., 1994). Jones et al.
(1998a) showed that calcium chelation blocks all the processes associated with oocyte
activation, while calcium mimetics induce full activation. In echinoderm and Xenopus
oocytes, sperm entry generates a single calcium wave, the release of calcium from the
endoplasmic reticulum across the ooplasm followed by its absorption, which lasts
approximately 15 min (Runft et al., 2002). In ascidian and mammalian oocytes, on the other
hand, an initial 3–5 min calcium rise is observed, followed by a series of calcium spikes,
with characteristic intervals between spikes of several min., that last 4–6 h. The long-lasting
calcium oscillations in ascidians and mammalian oocytes are thought to ensure that oocytes
fully activate (Jones et al., 2007; Runft and Jaffe, 2000).
Calcium is released from endoplasmic reticulum, through the inositol triphosphate (IP3)
receptor (Kline and Kline, 1994). A Src family kinase and Phospholipase C (PLC)mediated signalling pathway has been found to govern the rise of intercellular calcium at
fertilization in echinoderms and ascidians oocytes (Abassi et al., 2000; Giusti et al., 1999).
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Importantly, injection of the sperm head containing only the nucleus and the detergentinsoluble perinuclear theca (PT) into the mammalian oocyte is sufficient for full activation
and embryo development (Ward et al., 1999). Sperm borne, oocyte-activating factor (SOAF),
is most likely anchored to the postacrosomal part of the sperm perinuclear theca (PT) and
released in the oocyte cytoplasm during fertilization concomitant with PT disassembly
(Sutovsky et al., 2003). Other criteria for a SOAF candidate include the ability to enter and
dissolve in the ooplasm at fertilization, to induce intracellular calcium release and to be
blocked in sperm-induced fertilization. PLCζ, a SOAF candidate in mammalian species,
meets some of the above criteria (Kouchi et al., 2004; Saunders et al., 2002).
We have extracted a protein, PAWP (postacrosomal sheath WW domain-binding
protein), from the perinuclear theca of mammalian sperm, which meets many criteria of
SOAF (Wu et al., 2007a; Wu et al., 2007b). Microinjection of recombinant PAWP into
metaphase II-arrested mammalian and amphibian oocytes induces meiotic resumption and
pronuclear formation in the range of 85-95%, while anti-PAWP antibodies and a specific
competitive inhibitor against PAWP inhibit intracytoplasmic sperm injection (ICSI)-induced
oocyte activation, providing evidence that PAWP is a non-redundant sperm-borne oocyte
activating factor.
Because intracellular calcium release plays a central role in oocyte activation, we were
interested to determine whether PAWP is an upstream regulator of calcium release signalling
in Xenopus metaphase II arrested oocytes. Our approach was to first compare the intensity of
calcium release, as the universally accepted requirement for oocyte activation, in oocytes
microinjected with PAWP and sperm. Secondly, it was to determine whether co-injection of
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competitive PPGY motif-containing peptide derived from PAWP had a similar inhibitory
effect on PAWP- and sperm-induced calcium release and meiotic resumption.
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MATERIALS AND METHODS
Animal and Gamete Preparation
The animal protocol of this study was approved by Queen’s University Animal Care
Committee. Sexually mature Xenopus laevis females were purchased from NASCO (Fort
Atkinson, WI) and injected with gonadotropin (equine Chorionic Gonadotropin, 50
IU/animal, Sigma, St. Louis, MO) three days before operation. Ovarian fragments were
removed surgically under hypothermia and treated in collagenase solution (2 mg/ml
collagenase A with 1 mg/ml soybean trypsin inhibitor; Roche, Mannheim, Germany) in
calcium-free OR2 medium (83 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 1 mM Na2HPO4, 5
mM HEPES pH 7.8) for three hours until completely deflocculated. We performed all of the
procedures in calcium free media to exclude the possible role of extracellular calcium in
oocyte “prick” activation (Kubota et al., 1987; Yoo and Smith, 2007). Oocytes at stage VI
were collected individually and recovered in calcium-free OR2 medium overnight at 18°C.
The collagenase treated oocytes were then stimulated with 5 μM progesterone (Sigma, St.
Louis, MO) for 3-6 h., and germinal vesicle breakdown (GVBD) was assessed by the first
appearance of a white spot on the pigmented animal pole. Three hours after germinal vesicle
breakdown, oocyte maturation arrested at metaphase II, with the flower-like arrangement of
chromosomes and the first polar body evident at the animal pole.
Frog sperm were prepared by slicing a freshly excised testis, to release the mature sperm
into 1 ml of calcium free OR2 medium (Tian et al., 1997). The mixture was transferred into a
microcentrifuge tube and spun at 100 g for 3 min at 4 °C to remove excess tissue. The
supernatant contained a mixture of intact live spermatids at different states of differentiation
with the majority appearing mature sperm, as determined by their shape when examined
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microscopically. The sperm concentration was determined using a haemocytometer.
Subsequently sperm were diluted to the desired concentration with calcium free OR2 media
and either used within a couple of hours for oocyte injection or frozen in liquid nitrogen for
later use.
Construction of bovine recombinant PAWP and its competitive PPGY- containing peptide
Full-length PAWP cDNA was subcloned into the pET28b vector (Novagen, Madison,
WI) between the HindIII and XhoI enzyme sites and sequenced for verification. The
construct was then transformed into Escherichia coli BL21 DE3 [PlyS] cells (Novagen) for
expression and subsequent nickel column purification of His-tagged recombinant PAWP,
using the protocol provided by the vendor (Qiagen). His tag was removed using thrombin
(Sigma).The competitive binding capability of PPGY-containing peptide derived from
PAWP (i.e., Ac-PPVRYGSPPPGYEAPTCO-NH2, designated as PPGY peptide throughout
the text) and its mutant(i.e., Ac-PPVRYGSPPPGFEAPTCO-NH2, designated as PPGF
peptide) for interacting with WWI domain containing proteins was assessed previously (Wu
et al., 2007a).
Microinjection of Xenopus Oocytes
Metaphase oocytes were placed in a petri-dish in calcium-free OR2 medium. The
concentration of injected recombinant PAWP in calcium-free PBS was 0.2 ng/nl to achieve
an estimated oocyte cytoplasmic concentration of 0.006 pg/pl. Both Bovine Serum Albumin
(Sigma, St. Louis, MO) in calcium free PBS (0.4 ng/nl), to exclude the possible protein effect
in oocyte activation, and distilled water were used as the negative controls for microinjection.
An estimated 5 sperm in suspension media were injected per oocyte in order to assure
adequate delivery of frog SOAF into the oocyte. Higher concentrations of sperm, i.e., 10-
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30/oocyte, were found to have no incremental effect on calcium release or meiotic
resumption. Furthermore, the pattern and intensity of the calcium wave were similar when
fresh live or freeze/thaw sperm were injected into the oocytes. Sperm or recombinant protein,
with and without inhibitor peptides were microinjected using a mineral oil-filled glass
micropipette (World Precision Instruments, Sarasota, FL) attached to a nanoliter injector
(Drummond Scientific Company, Broomall, PA). All the injections were delivered into the
ooplasm of the non- pigmented pole to facilitate the calcium measurement. Each injection
pipette was used only once. All injection volumes were 30 nl, which is about 3% of the total
oocyte volume (1 µl). Although the organelle-free cytoplasmic volume has been measured to
be about 450 nl (Nuccitelli et al., 1993), we calculated cytoplasmic concentration values
based on the total oocyte volume of 1 µl, to be consistent with similar studies using oocytes
(Runft et al., 1999).
DNA Imaging in Xenopus Oocytes
Oocytes were injected with different materials as described above and fixed in 100%
methanol for 10 min., rehydrated in 50% (v/v) methanol/OR2, and then transferred to OR2
medium containing nucleic acid stain (0.5 μM SYTOX Green; Invitrogen, Burlington, ON)
for 10 min. The meiotic spindle beneath the GVBD spot was viewed under a dissecting
fluorescence microscope (Leica Orthoplan, Leica Microsystem GmbH, Wetzlar, Germany),
equipped with Leica Vario Orthomat 2 camera (Leica Microsystem GmbH, Wetzlar,
Germany).
Calcium Measurements
Prior to measuring the oocyte intracellular calcium, mature oocytes were incubated with
the cell membrane permeable calcium indicator Oregon Green 488 BAPTA-1/AM (2 μM;
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Invitrogen, Burlington, ON) for 1 h at room temperature. After washing with calcium free
OR2 medium for three times, oocytes were transferred to a Petri-dish chamber for injection
as described above. Immediately after injection, the oocytes were placed in a delta-T Petridish (Bioptechs Inc. Butler, PA) containing calcium free OR2 medium and placed under the
microscope. Measurements of intracellular calcium were performed with the Leica SP2 laser
scanning microscope (Leica Microsystem GmbH, Wetzlar, Germany) equipped with a 10X
objective (0.3 numerical apertures). We chose two-photon microscopy with an infrared laser
to measure calcium release because it lowers phototoxicity, restricts photo bleaching,
decreases background, reduces quenching and most importantly increases penetration depth
compared to the conventional laser scanning confocal microscope (Stricker and Whitaker,
1999; Wang et al., 2008; Wilson et al., 2007). The calcium-sensitive dye Oregon Green was
excited by a 480-nm wavelength beam at a depth of 60 µm and the emission fluorescence
was monitored at 505-535 nm. Regions of interest (ROI) were consistent in all images and
limited within the circumference of the oocyte. The ROI were analyzed by Image-Pro Plus,
which measured and calculated an integrated optical density (I.O.D.) versus time graphic
output.
Statistical Analysis
The mean values of I.O.D. were compared, using analysis of variance (ANOVA) method
among different experimental groups. Then, the Bonferroni method was performed for
pairwise comparisons. In addition, the Chi-squared test was used to compare the meiotic
resumption rates. The Statistical Package for Social Sciences (SPSS, Chicago, IL) version 13
and Microsoft Excel XP (Seattle, WA) spreadsheet were used for data entry and analysis. A
P value of <0.05 was considered statistically significant.
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RESULTS
Triggering of Calcium Release in Xenopus Oocytes by PAWP and Xenopus Sperm
Metaphase II arrested Xenopus oocytes were pre-treated with membrane permeable
Oregon Green calcium indicator for one hour at 18 °C and injected with either 30 nl of
recombinant bull PAWP, Xenopus sperm, bovine serum albumin (BSA) or distilled H2O
(dH2O). Immediately after injection, oocytes were transferred to a delta-T Petri-dish and
placed on the stage of a Leica SP2 microscope set up for infrared two-photon laser scanning.
On average there was a 2 min delay from injection to the first immunofluorescence calcium
monitoring because the focal plane and depth of focus had to be adjusted for each oocyte.
Thereafter, the images were captured at 30 seconds intervals for 16 min.
Microinjection of recombinant PAWP into the Xenopus oocytes induced calcium release
(Fig. 2.1). The pattern and intensity was very similar to that of calcium release induced by
injection of sperm (Fig. 2.1) and normal fertilization (Busa and Nuccitelli, 1985; Machaca,
2004). In both cases, the intracellular calcium release peaked for approximately 2.5 min
before gradually decreasing and returning close to control values after 15 min. After BSA
(Fig. 2.1) or dH2O (not shown) injection, no calcium release was detected and the
concentration of intracellular calcium remained at the level of untreated metaphase II arrested
oocytes.
Prevention of Sperm/PAWP-Mediated Calcium Release by Coinjection of Competitive PPGY
Peptide
We have previously shown that co-injection of a synthetic form of the PPGY motif
derived from PAWP sequence (PPGY) prevents PAWP-mediated meiotic resumption and
pronuclear formation in metaphase II oocytes (Wu et al., 2007a). To test the hypothesis that
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Figure 2.1: Recombinant PAWP triggers calcium release in Xenopus oocytes.
Metaphase II-arrested oocytes were injected with recombinant PAWP, frog sperm, or BSA,
and then monitored for 16 min by two-photon laser-scanning confocal microscopy. A: The
highest concentration of intracellular calcium was observed 2.5 min after either PAWP or
sperm (not shown) injection. Subsequently, the calcium concentration gradually decreased.
B: The pattern of calcium release after PAWP injection was similar to sperm injection. The
calcium level after BSA injection remained at a constant low level, similar to the level in
uninjected oocytes (not shown). The results were averaged from three separate experiments
with five oocytes in each experimental group. No significant difference in calcium levels was
observed among the groups. The spatial pattern of calcium release is different from
conventional confocal laser microscopy because of the imaging modality. By using twophoton laser-scanning microscopy, only a specific focal plane is excited, providing a more
precise measurement of calcium. IOD, integrated optical density.
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both PAWP and sperm induce activation events by releasing intracellular calcium reserves
through the PPXY-WWI domain modular interaction, Xenopus oocyte microinjection
interference trials were carried out using competitive PPGY peptide, coinjected with either
sperm or recombinant PAWP. According to our results on the duration and peak intensity of
the calcium wave in the frog (Fig. 2.1), we chose the 2.5 min time point after the injection of
sperm or PAWP to monitor the effect of the PPGY peptide. PPGY blocked the calcium
release mediated by recombinant PAWP with intracellular calcium levels being equivalent to
BSA injected controls (Fig. 2.2A1, A2). Importantly, a similar inhibitory effect was observed
when PPGY was coinjected with frog sperm (Fig. 2.2B1, B2). It was previously shown that
the replacement of tyrosine in the PPGY motif blocks the ability of the motif to bind WWI
domain modules of signalling proteins (Chen et al., 1997; Kay et al., 2000). Also, in the
context of mammalian sperm-oocyte activation we have shown that coinjection of PPGY
peptide abrogates ICSI-induced oocyte activation while the coinjection of tyrosine-mutated
form (PPGF) is ineffective (Wu et al., 2007a). In our Xenopus model, the coinjection of
PPGF into oocyte was ineffective in abrogating PAWP and sperm-induced calcium release
(Fig. 2.2) suggesting that Xenopus sperm, like mammalian sperm, contains a PPXYcontaining SOAF.
Inhibition of Sperm Induced Xenopus Oocyte Meiotic Resumption by Coinjection of PPGY
Peptide
We already provided evidence that recombinant PAWP induces oocyte meiotic
resumption and pronuclear formation in Xenopus through binding of its PPXY motif to the
WWI domain of an oocyte protein (Wu et al., 2007a). Here, we wanted to confirm that
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Figure 2.2: Coinjection of PPGY peptide with sperm or PAWP prevents calcium release
in Xenopus oocytes. Oocytes were injected with either frog sperm or recombinant PAWP
with or without the competitive PPGY peptide derived from PAWP. Coinjection of PPGY
mutant peptide, in which the tyrosine residue is substituted with phenylalanine, PPGF, was
performed as negative control. The images and calcium concentration were collected 2.5 min
after injection, during which the highest calcium concentration was expected. A1:
Fluorescent confocal images showing the inhibition effect of PPGY on PAWP-mediated
calcium release. A2: Calcium imaging data from three separate experiments (each having six
oocytes) show that coinjection of PPGY with PAWP inhibits calcium release, while
coinjection of PPGF with PAWP has no inhibitory effect. B1: Fluorescent confocal images
showing the inhibition effect of PPGY on sperm-mediated calcium release. B2: Calcium
imaging data from two separate experiments (each having six oocytes) show that coinjection
of PPGY with sperm inhibits calcium release, while coinjection of PPGF with sperm has no
inhibitory effect. The mean values of integrated optical density (IOD) between all groups
were compared using the ANOVA method with an overall significant difference of p =
0.022. Common subscripts (a, b) in A2 and B2 denote homogeneous groups which are not
significantly different at the 0.022 level, as determined by the Bonferroni multiple range test.
Scale bar=200 µm.
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the oocytes induced by Xenopus sperm to release calcium also underwent meiotic resumption
and that meiotic resumption was also regulated by a PPXY-WWI domain interaction. In
order to do so, we coinjected Xenopus sperm with PPGY or PPGF and incubated the injected
oocytes in the media for 25 min. The oocytes were then fixed and incubated in SYTOX green
for 15 min and the activation and meiotic resumption were evaluated by the percentage of
oocytes with second polar body. During three separate experiments, meiotic resumption was
not observed in oocytes coinjected with sperm and PPGY (Fig. 2.3). On the other hand,
meiotic resumption rate was similar in oocytes injected with sperm alone or sperm and
PPGF. Coinjection of sperm and BSA into the oocyte did not change the activation rate,
excluding the possible protein inhibition effect (data not shown). We conclude that the
oocyte activation process, including calcium release and meiotic resumption, elicited by frog
sperm is PAWP-mediated, most likely through the interaction of a PPXY motif with a WWI
domain protein in the oocyte.
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Figure 2.3: Sperm-induced Xenopus oocyte meiotic resumption is inhibited by
coinjection of competitive PPGY peptide. Three separate ICSI trials were performed in
metaphase II arrested oocytes and the activation was evaluated after 25 minutes, utilizing
DNA imaging assay, by formation of second polar body; n= number of oocytes. A: The
mutated derivative of the competitive peptide, PPGF, had no effect on meiotic resumption
induced by frog sperm. B: During three separate experiments, none of the oocytes co-injected
with sperm and PPGY were activated (p<0.0001), in contrast to sperm injection (ICSI); MII,
metaphase II arrested chromosomes; 1st PB, first polar body; 2nd PB, second polar body.
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DISCUSSION
Intracellular calcium release during fertilization is universally accepted as the regulator of
a wide variety of physiological events known as oocyte activation (Jones, 2007; Kline, 1988;
Runft et al., 2002). In eutherian mammals, this remarkable phenomenon begins just after the
oolemma of the oocyte fuses with the plasmalemma of the sperm, over its equatorial segment
region. The membrane fusion proceeds caudally and exposes the postacrosomal sheath (PAS)
of the PT, which solubilizes rapidly, releasing SOAF (Sutovsky et al., 2003). SOAF, through
an unclear signalling pathway, leads to hydrolysis of phosphatidyl-inositol 4, 5-bisphosphate
(PIP2) to form IP3 and diacylglycerol (DAG). IP3 triggers calcium release from the
endoplasmic reticulum via the IP3 receptor (Runft and Jaffe, 2000), while DAG activates the
enzyme protein kinase C (PKC) and plays an integral role in downstream pathways at oocyte
activation, including oocyte meiotic resumption (Gallicano et al., 1997).
PAWP was previously found to meet most of the criteria of a mammalian SOAF: it
originates in the cytoplasmic lobe of elongated spermatids, assembles in the PAS-PT of
elongated spermatids, dissolves as part of the sperm PAS-PT in the oocyte cytoplasm and
initiates meiotic resumption and pronuclear formation (Wu et al., 2007a; Wu et al., 2007b).
Most importantly, sperm-induced oocyte activation is completely blocked by antibodies or
competitive inhibitors against PAWP (Wu et al., 2007a). The most important criteria lacking
was the demonstration that PAWP is an upstream regulator of calcium signalling which this
study addresses in the amphibian.
We chose the Xenopus oocyte as our experimental model for several reasons. First, it is
an established model system for studying calcium signalling during fertilization (BrowaeysPoly et al., 2007). Secondly, we previously showed that both mammalian PAWP and PT
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extract induced meiotic resumption in Xenopus oocytes and the mechanism of activation was
through the PPXY-WWI domain signalling module, just as in mammalian oocytes (Wu et al.,
2007a). Finally, procurement of the Xenopus oocytes is cost expedient; the oocytes are
bountiful and because of their large size are easy to inject. We investigated the role of PAWP
in Xenopus oocyte activation and calcium release as a prerequisite to identify PAWP’s
interacting WWI domain partner and signalling pathway in the oocyte. In our model, the
bountiful supply and large size of the oocytes were particularly important considerations in
order to extract enough cytosol for this purpose.
Utilizing two-photon microscopy with an infrared laser, we were able to observe calcium
dynamics at a standard depth of 60 µm, a six fold increase in depth over conventional
confocal laser capture microscopy. This method has been recently performed to investigate
the calcium oscillations in the mouse oocytes, which shows the pattern of calcium excitation
at a specific focal level of cytoplasm, similar to our results in Fig. 2.1 (Wang et al., 2008).
The calcium release, induced by injection of recombinant PAWP into metaphase II
arrested oocytes, had already peaked before our first monitoring at 2 min after injection,
suggesting that the calcium release was initiated rapidly following injection of PAWP. The
timing and intensity of this pattern of calcium release was mimicked by sperm injection in
our experiment, suggesting that Xenopus sperm contained a similar factor to PAWP. In
comparison to in vitro Xenopus fertilization (Runft et al., 1999), ICSI delivery appears to
have hastened the initiation of the calcium wave but otherwise the patterns between in vitro
fertilization and ICSI are similar.
To test our hypothesis that Xenopus sperm contain a SOAF that is similar to mammalian
PAWP, we coinjected the synthetic form of the PPGY motif derived from PAWP with sperm
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into Metaphase II arrested Xenopus oocytes. We observed that this competitive PPGY
peptide, which specifically interacts with the WWI domain containing proteins (Sudol et al.,
2005), inhibited not only the sperm-induced calcium release but also the meiotic resumption.
In contrast, its point mutant form, PPGF, had no inhibitory effect on sperm-induced oocyte
activation. This is the first time that a competitive peptide, derived from a SOAF candidate,
is shown to be able to block the sperm-induced intracellular calcium release and oocyte
activation.
PPXY motifs have a specific role in molecules that mediate protein-protein interactions,
by binding to the family of WWI domain proteins. WW domains are small protein modules
composed of approximately 40 amino acids that fold as a stable triple stranded beta-sheet in
the absence of ligands or disulfide bridges (Sudol et al., 2005). The largest group of WW
domain proteins contain the WWI domain, which recognizes ligands with a PPXY motif
(Sudol et al., 1995a; Sudol et al., 1995b). WWI domain proteins, such as YAP, Nedd4, TAZ
and dystrophin, are involved in a variety of cellular processes such as cell cycle control,
receptor signalling, protein trafficking, ubiquitin ligation and transcription (Chen and Sudol,
1995; Hu et al., 2004). Our findings imply that the Xenopus sperm-borne oocyte factor
contains a WWI domain interacting motif (PPXY) through which it regulates calcium release
and meiotic resumption. Therefore, a novel signalling module, the PPXY-WWI domain, is
most likely involved in the regulation of both mammalian and amphibian oocyte activation.
In the quest to characterize this signalling module in the amphibians our preliminary
investigation shows that mammalian anti-PAWP antibodies cross-react with a Xenopus
sperm extractable protein. We also find that our antibodies specifically label membrane-free
granules, which are abundant in the sperm cytoplasm. Furthermore, both human and bull
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recombinant PAWP interact specifically with a WWI-domain containing protein found in the
cytosolic fraction of the Xenopus oocyte. Both the PAWP immunoreactive sperm protein and
the PAWP-interacting oocyte protein in Xenopus remain to be sequence identified.
Intracellular calcium release in ascidians, echinoderms, and vertebrates’ fertilization is
regulated by IP3 (Ajduk et al., 2008; Runft et al., 2002). IP3 levels rise in Xenopus oocytes at
fertilization (Snow et al.,1996), and injecting IP3 into Xenopus and mammalian oocytes can
stimulate a rise in intracellular calcium, which is inhibited by antibodies against IP3 receptor
(Busa et al., 1985; Miyazaki and Igusa, 1981). This implies the function of PLCs in calcium
signalling pathways. The G-protein-PLCβ signalling pathway is active in oocytes, however,
the effective inhibition of G protein subunits did not prevent calcium rise in Xenopus and
mouse fertilization (Runft and Jaffe, 2000; Williams et al., 1998). In echinoderms and
ascidian oocytes, it is shown that a Src family kinase and PLC-mediated signalling pathway
is responsible for this phenomenon (Abassi et al., 2000; Giusti et al., 1999). According to
Runft et al. (1999), the Src-homology 2 (SH2) domains of PLC could not inhibit the
calcium release at Xenopus fertilization, in contrast to their ability to inhibit the plateletderived growth factor (PDGF)-induced calcium release in oocytes with exogenously
expressed PDGF receptors. However, the possibility of the role of PLC’s SH3 domain in
calcium release remains to be considered (Browaeys-Poly et al., 2007; Sette et al., 1998).
Saunders et al. (2002) introduced sperm PLCζ as a SOAF candidate, whose mRNA and
recombinant protein are able to induce intracellular calcium release and oocyte activation
(Grasa et al., 2008; Kouchi et al., 2004; Saunders et al., 2002). It was proposed that this
sperm-specific PLC directly hydrolyses PIP2, but neither a sperm PLC-anchored entry into
the ooplasm nor inhibition of such a SOAF candidate during fertilization have been

72

documented. It is possible that PAWP and PLCζ have dual roles in oocyte activation.
However, various SOAF criteria still remain to be addressed for both PLCζ and PAWP.
In summary, we provide evidence that sperm anchored PAWP is a primary initiator of
amphibian zygotic development. Our data suggest that binding of a PPXY motif of PAWP to
a WWI domain containing protein in the oocyte is critical for the sperm-induced calcium
signalling during fertilization.
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CHAPTER III

THE TESTICULAR AND EPIDIDYMAL EXPRESSION PROFILE OF
PLCζ IN MOUSE AND HUMAN DOES NOT SUPPORT ITS ROLE AS A
SPERM-BORNE OOCYTE ACTIVATING FACTOR
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ABSTRACT
Phospholipase C zeta (PLCζ) is a candidate sperm-borne oocyte activating factor (SOAF)
which has recently received attention as a potential biomarker of human male infertility.
However, important SOAF attributes of PLCζ, including its developmental expression in
mammalian spermiogenesis, its compartmentalization in sperm head perinuclear theca (PT)
and its release into the ooplasm during fertilization have not been established and are
addressed in this investigation. Different detergent extractions of sperm and head/tail
fractions were compared for the presence of PLCζ by immunoblotting. In both human and
mouse, the active isoform of PLCζ was detected in sperm fractions other than PT, where
SOAF is expected to reside.

Developmentally, PLCζ was incorporated as part of the

acrosome during the Golgi phase of human and mouse spermiogenesis while diminishing
gradually in the acrosome of elongated spermatids. Immunofluorescence localized PLCζ over
the surface of the postacrosomal region of mouse and bull and head region of human
spermatozoa leading us to examine its secretion in the epididymis. While previously thought
to have strictly a testicular expression, PLCζ was found to be expressed and secreted by the
epididymal epithelial cells explaining its presence on the sperm head surface. In vitro
fertilization (IVF) revealed that PLCζ is no longer detectable after the acrosome reaction
occurs on the surface of the zona pellucida and thus is not incorporated into the oocyte
cytoplasm for activation. In summary, we show for the first time that PLCζ is
compartmentalized as part of the acrosome early in human and mouse spermiogenesis and is
secreted during sperm maturation in the epididymis. Most importantly, no evidence was
found that PLCζ is incorporated into the detergent-resistant perinuclear theca fraction where
SOAF resides.
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INTRODUCTION
Assisted Reproductive Technologies (ART) including in vitro fertilization (IVF) and
intracytoplasmic sperm injection (ICSI) provide treatment options for infertility; a problem
that is estimated to affect 15% of world population (Dey, 2010; Malter, 2002). While over
146,000 ART cycles were performed in United States in 2009, most of these cycles (63%)
did not produce pregnancy (CDC, 2012), similar to results from European countries
(Andersen et al., 2008). Failure of ART to conceive babies could be partially due to sperm
inability to induce intracellular calcium release and resumption of second meiosis in the
oocyte, a process called oocyte activation (Publicover et al., 2007). Oocyte activation
includes the sperm-induced molecular and cellular events that occur during the transition
from haploid gametes to a diploid zygote (Machaca, 2007).
It is well established that oocyte activation is initiated after sperm delivers a testisspecific, sperm-borne oocyte activating factor (SOAF) into the ooplasm (Runft et al., 2002).
However, it is still unclear what sperm protein(s) play this crucial role. To be considered as
SOAF, a candidate protein should meet specific developmental and functional criteria.
Microinjection of SOAF complementary RNA (cRNA) or recombinant protein into the
oocyte is expected to mimic the oocyte activation induced by ICSI. This effect includes the
induction of calcium oscillations in mammalian metaphase II arrested oocytes followed by
formation of second polar body and a female pronucleus (Machaca, 2007). Moreover,
relevant antibodies and competitive peptides derived from a SOAF candidate should block
the sperm induced oocyte activation during ICSI. SOAF should reside and remain, during
early stages of fertilization, in the postacrosomal sheath of sperm perinuclear theca (PASPT), a detergent- resistant layer surrounding sperm nuclei (Sutovsky et al., 2003). In order to
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be a PAS-PT component a SOAF candidate should originate during spermatid elongation
(Oko and Sutovsky, 2009). Because of potential benefits of SOAF in the diagnosis and
treatment of male infertility, it has been highly sought after. Several candidates have been
considered in the past (Miller et al., 2001; Sette et al., 1998; Wolny et al., 1999), while
postacrosomal WW binding protein (PAWP) (Aarabi et al., 2010; Wu et al., 2007a; Wu et
al., 2007b), citrate synthase (Harada et al., 2007) and phospholipase C zeta (PLCζ) (Kashir et
al., 2010) are presently under investigation.
PLCζ is a member of phospholipase family that was suggested as a SOAF candidate in
2002 (Saunders et al., 2002). It was demonstrated that microinjection of PLCζ cRNA or
recombinant protein initiates intracellular calcium release and oocyte activation (Cox et al.,
2002; Saunders et al., 2002). In a proportion of patients with globozoospermia, where
multiple defects such as absence of acrosome and PAS-PT, impaired sperm cytoskeleton and
sperm inability to activate oocyte are observed (Dam et al., 2007), PLCζ was shown to be
absent or defective (Heytens et al., 2009; Yoon et al., 2008). Sperm from these patients
failed to activate the mouse oocyte, unless artificially activated by calcium ionophore (Taylor
et al., 2010). PLCζ mRNA is present in a range of spermatogenetic phases (i.e.
spermatocytes, round and elongating spermatids) dependent on species (Mizushima et al.,
2009; Rengaraj et al., 2008; Saunders et al., 2002; Yoneda et al., 2006). However, there is no
information about the developmental expression of PLCζ protein during mammalian
spermatogenesis, except for equine where it is localized to the round spermatids (BedfordGuaus et al., 2011). In the spermatozoa, it has been localized to different regions including
the post acrosomal, acrosomal and equatorial regions (Bedford-Guaus et al., 2011; Fujimoto
et al., 2004; Grasa et al., 2008; Yoon and Fissore, 2007; Young et al., 2009). With all of
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these varied locations and inconclusive results, neither PLCζ behaviour during fertilization
nor its non-redundancy as a SOAF have been demonstrated yet (White et al., 2010). Despite
past efforts, there is no evidence that PLCζ is released from sperm head PT into the oocyte
cytoplasm immediately after sperm-oolemma fusion that coincides with oocyte activation.
In order to clarify whether PLCζ meets these crucial characteristic requirements of
SOAF, we investigated the developmental expression of the protein within the testis and
epididymis. We identified the pattern of PLCζ secretion during spermatogenesis and
epididymal maturation, and followed its fate during in vitro fertilization. Based on our
results, we suggest that PLCζ does not meet some of the important criteria to be considered
as SOAF.
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MATERIALS AND METHODS
All animal work in this study has been conducted according to national guidelines,
approved by Queen’s University Animal Care Committee (approval# Oko-2007-007-R3).
Ethical approval for research on the human samples in this study was obtained from Queen’s
University Health Sciences Research Ethics Board. Written informed consents were obtained
from all participants.
Antibodies
To scrutinize its subcellular localization in spermatozoa, antibodies were raised against
different regions of PLCζ, including novel target epitopes as well as epitopes targeted by
antibodies in studies by other researchers. We raised affinity purified polyclonal rabbit antiserum against the synthetic sequence comprising the EF hands as crucial domains for the
function of PLCζ (Kouchi et al., 2005) in human, mouse and pig (KDNDRLKQGRITIEEF),
named as anti-EF in the text. The second affinity purified polyclonal rabbit anti-serum was
raised following the procedures described by Young et al. (2009) against two synthetic
peptides of hamster, human and mouse PLCζ (MEMRWFLSKIQDEFRGGKI and
CMNKGYRRVPLFSK), named as anti-hmPLCζ. Additionally for human spermatozoa, we
used

the

polyclonal

rabbit

antiserum

against

two

peptides

of

human

PLCζ

(RESKSYFNPSNIKE and ETHERKGSDKRGDN), initially obtained from Dr. John
Parrington, University of Oxford, and later purchased from Covalab (Villeurbanne, France),
named as anti-hPLCζ. The immunoblotting and immunocytochemistry experiments were
performed using different corresponding antibodies to achieve the most consistent results. In
addition to anti-EF for porcine in vitro fertilization, we used polyclonal antiserum against 19-
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mer peptides of porcine PLCζ (MENKWFLSMVRDDFKGGK), named as anti-pPLCζ,
raised in rabbits following the procedures described by Kurokawa et al. (2005).
Sperm preparation and protein extraction
In order to localize the protein in the sperm compartments as accurately as possible, we
chose to study different soluble and insoluble fractions of mouse and human sperm extracts.
Sperm were obtained from the cauda epididymis of mature CD1 male mice (Charles River,
St-Constant, QC, Canada). To extract the membranous components such as plasmalemma,
acrosome and inner acrosomal membrane, the washed spermatozoa were treated with nonionic detergent, 1% NP40 in the presence of 0.01 M phenyl methylsulphonyl fluoride
(PMSF). To detach the sperm heads from the tails, the NP40 pellet was washed several times
and sonicated with a Vibrocell Sonicator (50 Watt model, Sonics and Materials Inc.,
Danbury, CT) according to the previous protocol (Oko, 1998a). The efficiency of separation
was monitored by phase contrast microscopy until > 99% of head-tail junctions were broken.
The head/tail mixture was further resuspended in buffer containing 80% sucrose. Following
the previously described protocol (Oko, 1998a; Oko and Maravei, 1994), sperm heads and
tails were isolated on a sucrose gradient with over 99% purity confirmed by phase contrast
microscopy. Furthermore, isolated sperm tails were treated with Triton- dithiothretiol (DTT)
mixture (2% Triton X-100, 5mM DTT, 50mM Tris-HCl, pH 9) in order to denude the mid
piece and mitochondrial sheath (Oko and Clermont, 1991).
Human spermatozoa were donated by three normal fertile males. Semen samples were
allowed to liquefy, then washed and pooled together. The NP40 extraction was performed as
described above. To mitigate the effects of repeated freeze-thaw process, all sperm samples
were treated fresh and sperm fractions were kept in -80°C until further use.
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Immunoblotting
Sperm samples were dissolved in reducing sample buffer containing 2% SDS and 5% βmercaptoethanol. Equal amounts of sperm extracts (1×107 sperm/lane) were loaded and
resolved on 10 or 12% SDS-PAGE. Proteins were transferred to either nitrocellulose
(Schleicher and Schuell, Dassel, Germany) or polyvinylidene fluoride (PVDF; Millipore,
Mississauga, ON) membranes. The immunoreactivity on western blots was detected with
peroxidase labeled goat anti-rabbit IgG (Vector Laboratories, Inc., Burlingame, CA) diluted
1:25,000 (v/v) and further use of enhanced chemiluminescent substrate (Pierce, Rockford,
IL) with exposure to X-ray films.
Immunoperoxidase staining for light microscopy
The paraffin-embedded human testicular tissue, obtained from cancer patients who
underwent total orchiectomy in Kingston General Hospital, Queen’s University, along with
mouse testicular and epididymal tissues were processed for immunoperoxidase staining
according to previously described protocol (Oko and Maravei, 1995). Following
deparaffinization in xylene and hydration through a concentration graded series of ethanol,
slides were blocked with avidin- and biotin containing blocking serum followed by 10%
normal goat serum (NGS) to avoid non-specific binding. Immunolabeling was conducted
using an avidin-biotin peroxidase complex (ABC) kit (Vector Labs, Burlingame, CA). An
antigen-retrieval technique was performed prior to primary antibody incubation to unmask
the antigenic epitopes (Tovich et al., 2004). Slides were incubated with primary antibody
overnight at 4°C, then washed in 25 mM Tris-buffered saline (TBS, pH 7.35) containing
0.1% Tween. Biotinylated goat anti-rabbit IgG was used as the secondary antibody (1:200,
Vector Labs, Burlingame, CA) for 1hr at room temperature followed by incubation with
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ABC. Peroxidase reaction was visualized by incubation for 10 min with 0.03% hydrogen
peroxide and 0.05% diamniobenzidine tetrachloride (DAB, Sigma, St. Louis, MO). The
sections were counterstained after washing with 0.1% methylene blue, dehydrated in graded
ethanol, immersed in xylene, and mounted in Permount, then visualized using a Nikon
Eclipse E800 microscope.
Immunogold-labeling and electron microscopy
Mouse testis was fixed in 4% formaldehyde and 0.8% gluteraldehyde and embedded in
LR white (Polysciences, Inc., Warrington, PA) according to procedure described previously
(Tovich et al., 2004). Tissue was then cut in ultrathin sections and mounted on Formvarcoated nickel grids (Polyscience, Inc., Warrington, PA). After blocking with 10% normal
goat serum, the sections were incubated overnight at 4°C with primary antibody. Following
washing, the sections were incubated with goat anti-rabbit IgG conjugated to 10 nm colloidal
gold (1/20; Sigma, Mississauga, ON, Canada), and counterstained with uranyl acetate and
lead citrate. The labelled sections were examined under a transmission electron microscope
(Hitachi 7000).
Immunofluorescence
Human and mouse spermatozoa were processed and mounted on coverslips according to
the previous published methods (Sutovsky, 2004; Sutovsky et al., 1999). The sperm slides
were immersed and fixed in 2% paraformaldehyde for 40 min at room temperature, then
permeabilized in 0.1 M phosphate buffered saline (PBS) with 1% Triton X-100 for another
40 min at room temperature. A proportion of each sample was kept non-permeabilized to
discriminate between the sperm surface and intracellular proteins. Additionally, to address
whether observed patterns of immunostaining might be associated with protein localization
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to acrosomal and membranous structures, mouse and human samples were treated with 1%
NP40 for 1 hour before fixation and processed for immunofluorescence as described above.
After 25 min block in PBS- 0.1% tween containing 10% NGS at room temperature, the
primary antibody was incubated overnight at 4 °C, followed by 3× sequential washing in the
labeling buffer. The second antibody mixture used to develop fluorescent reaction was
TRITC-conjugated goat anti rabbit IgG (1:80 in PBS-T with 1% NGS; Zymed Laboratories
Inc., South San Francisco, CA). Either the DNA stains SYTOX Green (0.5 mM, Invitrogen,
Burlington, ON) or DAPI (1:80, Invitrogen, Burlington, ON) were mixed with the secondary
antibody. The slides were mounted in an anti-fade mounting medium (VecaShield; Vector
Labs, Burlingame, CA) and viewed by Zeiss AXIO Imager.A1 microscope with high
numerical aperture objectives, and an AxioCam HRc camera operated by AxioVs40 V4.7
software (all Zeiss, Jena, Germany).
Reverse-transcriptase PCR
The mRNA expression of PLCζ was investigated by reverse transcriptase polymerase
chain reaction (RT-PCR) of the mouse epididymal and testicular tissues. The RNA was
extracted using Trizol as described before (Aarabi et al., 2006; Aarabi et al., 2008). The
epididymal lumen was washed with PBS several times to remove any possible contamination
with testicular RNA. Synthesis of cDNA and semi-quantitative RT-PCR were accomplished
with specific primers targeting mouse PLCζ using OneStep RT-PCR kit (Qiagen,
Mississauga, ON) according to the manufacturer’s protocol with minor modifications.
Reverse transcription performed at 45°C/30 min followed by initial PCR activation step in
95°C/15 min. For first PCR, the primer sequences were 5'-CAAGCGGCCCAGATCATG-3'
and 5'-GCGTCAGTTACATGCGTCAC-3', amplifying a 1946-bp product through 40 cycles
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of denaturation at 94°C/10 sec, annealing at 53°C/1 min and extension at 68°C/2 min,
followed by final extension at 68°C/10 min. Second PCR was performed on this product
using

specific

primers

5'-CGCAGAAGCAAGATGGTTTTT-3'

and

5'-

TGGGTAATCAGATGTCACAAAGG-3' amplifying a 729 bp product through denaturation
at 94°C/3 min followed by 40 cycles of denaturation at 94°C/1 min, annealing at 51°C/1 min,
extension at 72°C/1 min and final extension at 72°C/10 min. Mouse glyceraldehyde-3phosphate dehydrogenase testis-specific isoform (GAPDHS) was used as the housekeeping
sperm specific gene (Miki et al., 2004). The primers used for this purpose were 5'GGTCGGTGTGAACGGATTTGGC-3'

and

5'-GTGGGGTCTCGCTCCTGGAAGA-3'

amplifying a 234 bp product through denaturation at 94°C/3 min followed by 30 cycles of
denaturation at 94°C/30 sec, annealing at 56°C/30 sec and extension at 72°C/40 sec and final
extension of 72°C/10 min. All thermal cycling procedures were performed using PTC100 thermal cycler (MJ Research, Watertown, MA). The PCR products were separated on a
1.5% agarose gel, stained with ethidium bromide, and visualized under UV light.
In situ hybridization
Mouse PLCζ was obtained and amplified from mouse testis by RT-PCR as mentioned
above.

The

primers

were

5'-GAATTCCATGGAAAGCCAACTT-3'

GCGGCCGCTCTGAAGTACCAAACATA-3’ amplifying 1939 bp product

and

5’-

through

denaturation at 94°C/3 min followed by 35 cycles of denaturation at 94°C/1 min, annealing at
55°C/1 min, extension at 72°C/2 min and final extension at 72°C/10 min. The cDNA was
inserted into pET21b vector (Novagen, Canada) within the underlined restriction sites for
EcoRI and NotI, respectively. The clone was sequenced (Eurofins MWG Operon, ON,
Canada) and used as a template to amplify the approximately 300 bp product used for RNA
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labeling probe. The PCR was performed with 5'-TTACCCTCACAATCCGAATCATC-3'
and 5’-TAATACGACTCACTATAGGGGTTGGAAAACAGAGGAACACGA-3’ primers
through denaturation at 94°C/3 min followed by 30 cycles of denaturation at 94°C/1 min,
annealing at 56°C/1 min, extension at 72°C/30 sec and final extension at 72°C/10 min. The
product was purified using QIAGEN Purification Kit (Qiagen, Mississauga, ON), then
served as a DNA template to synthesize DIG-labeled probe using T7 RNA polymerase and
digoxigenin-11-uridine-5′-triphosphate (Fermentas, Burlington, ON, Canada) according to
manufacturer instructions with minor modifications.
CD1 mouse epididymal tissue was fixed in 4% paraformaldehyde, embedded in paraffin,
sectioned and mounted onto poly L-lysine coated glass slides for in situ hybridization. The
sections were dewaxed, rehydrated, permeabilized with proteinase K (20 µg/ ml dissolved in
TE: 100 mM Tris-HCl pH 7.5, 50 mM EDTA in DEPC-treated water) at 37°C for 30 min,
washed with PBS for 5 min, refixed with 4% paraformaldehyde for 10 min and washed twice
with RNase free 2X saline-sodium citrate (SSC) buffer (300 mM NaCl, 30 mM sodium
citrate, pH 7.2 in DEPC-treated water; Sigma, Mississauga, ON, Canada) at 37°C for 5 min.
The prehybridization performed by incubating the sections at 45°C for 60 min in the buffer
containing 4X SSC, 10% dextran sulfate, 1X Denhardt’s solution (0.02% of Ficoll® 400,
polyvinyl pyrolidone and bovine serum albumin), 2mM EDTA, 50% deionized formamide,
salmon sperm DNA (500 µg/ ml); all purchased from Sigma, Mississauga. ON, Canada.
Hybridization solution containing 100 ng/ ml of digoxigenin-labeled PLCζ riboprobes in the
prehybridization solution was applied to each section and incubated in a moist chamber at
45°C overnight. Following hybridization, sections were washed twice with 2X SSC at 37°C
for 5 min; four times with 60% formamide in 0.2% SSC at 37°C for 5 min and twice with 2X
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SSC at 37°C for 5 min. The sections were then blocked with 1% Blocking Reagent (Roche
Diagnostics, Laval, QC, Canada) in 100mM Tris-HCl pH 7.5, 150 mM NaCl at room
temperature for 30 min, followed by incubation at room temperature for 3 h with 1:500 of an
alkaline phosphatase-conjugated anti-digoxigenin antibody (Anti-Digoxigenin-AP, Fab
fragments, Roche Diagnostics, Laval, QC, Canada) diluted in the blocking solution. The
slides were immersed in 100mM Tris-HCl pH 7.5, 150 mM NaCl for 5 min and 100mM
Tris-HCl pH 9.5, 150 mM NaCl, 50 mM MgCl2, 10% polyvinyl alcohol (PVA) for 10 min.
Sections were then immunostained at room temperature for 2 h in solution containing 34
mg/ml 4-nitroblue tetrazolium chloride (NBT), 18 mg/ml 5-bromo-4-chloro-3-indolylphosphate (BCIP) and 240 µg/ml levamisole (Sigma, Mississauga. ON, Canada) in 100mM
Tris-HCl pH 9.5, 150 mM NaCl, 50 mM MgCl2, 10% PVA. The sections were finally
washed with TE buffer for 5 min, mounted in the mounting medium (VecaShield; Vector
Labs, Burlingame, CA) and viewed by Zeiss AXIO Imager.A1 microscope with high
numerical aperture objectives, and an AxioCam HRc camera operated by AxioVs40 V4.7
software (all Zeiss, Jena, Germany).
Porcine Oocyte Collection and in Vitro Fertilization
Pre-pubertal gilts from a local slaughterhouse were used for collection of ovaries and
oocytes as described previously (Yu et al., 2006). Oocytes were washed and transferred into
TCM-199 medium containing 10 ng/ml epidermal growth factor, 0.5 µg/ml FSH, 0.5 µg/ml
LH, 0.1% polyvinyl alcohol and 0.57 mM cysteine (mTCM-199) at 39°C in 5% CO2
atmosphere in humidified air. The oocyte-cumulus cell complexes were transferred to
mTCM-199 without FSH and LH after 22–24 h, followed by additional culture for 20 h
under the same condition. Freshly ejaculated sperm-rich fraction was collected from a fertile
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boar as described previously (Abeydeera et al., 1998). Spermatozoa were re-suspended in
modified Tris-buffered medium. IVF was performed with the final sperm concentration of 1
× 106 cells/ml (Yu et al., 2006). Fertilized oocytes were then cultured at 39°C in North
Carolina State University (NCSU)-23 medium supplemented with 0.4% BSA in 5% CO2
atmosphere in humidified air. 6–8 h post-insemination, the oocytes were stripped of zona
pellucida, fixed in 2% formaldehyde and permeabilized in 0.1% Triton X-100 to analyze the
dynamics of PLCζ at different stages of fertilization (Sutovsky et al., 1998). Oocytes were
sequentially incubated with the primary and secondary antibodies for immunofluorescence
according to above mentioned protocol. The DNA stain DAPI (1:80) was mixed with
secondary antibodies (Sutovsky, 2004).
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RESULTS
Localization of PLCζ in sperm head and tail fractions
Immunoblotting of the whole mouse cauda-epididymal sperm extracts with a peptide
specific, affinity purified anti-PLCζ antibody revealed four major bands of approximately 74,
55, 45 and 43 kDa (Fig. 3.1A, WS). Non-ionic detergent, NP40 extracted a faint 58 kDa band
while the other major bands, including the presumably functional 74 kDa PLCζ band
remained in the pellet (Fig. 3.1A). This finding prompted us to separate the NP40 extracted
sperm heads and tails by sonication and sucrose gradient centrifugation, in order to locate in
which fraction the detergent insoluble PLCζ bands resided. Surprisingly, PLCζ
immunoreactivity was not observed in the isolated sperm heads or sonicated supernatant, but
rather in the isolated sperm tails (Fig. 3.1B). Incubation of the isolated tails with Triton
X100-DTT completely extracted all PLCζ immunoreactive bands, indicating a mitochondrial
sheath origin (Fig. 3.1B).
In the human spermatozoa, two distinct PLCζ–reactive bands of approximately 74- and
45- kDa were observed in whole ejaculated sperm extracts (Fig. 3.1C, WS). However, the 74
kDa band and most likely its breakdown product, a 55 kDa protein band, were extracted by
NP40, while the detergent insoluble 45 kDa band remained in the pellet (Fig. 3.1C).
Developmental expression of PLCζ during spermiogenesis by light and electron microscopy
We performed immunoperoxidase staining on mouse and human paraffin embedded
testicular tissues. In mouse, PLCζ was detected at the stage III of spermatogenesis in the
acrosomic vesicles (AV) of step 3 round spermatids.
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Figure 3.1: Immunoblotting of PLCζ after differential extraction of mouse and human
spermatozoa. (A) Detergent extraction of mouse cauda epididymal spermatozoa. The ~74
kDa band corresponding to the functional isoform of PLCζ (arrow) was detected in whole
sperm (WS) and was resistant to NP40 extraction. Anti-hmPLCζ was used to detect the
signal with a similar result obtained with anti-EF. (B) The NP40 resistant sperm fraction
(i.e., pellet in panel A) was sonicated and sperm heads and tails were separated through a
sucrose gradient. The ~74 kDa active isoform was found only in the tail fraction (arrow).
Further incubation of the tail fraction with Triton X-100/DTT (Tail Tx-DTT) extracted all the
PLCζ bands, suggesting the mitochondrial sheath of the mid piece as the origin of PLCζ in
the sperm tail. Anti-EF was used to detect the signal with a similar result obtained with antihmPLCζ. Lanes were run on the same gel but were non-contiguous. (C) Human sperm
extraction by NP40. The functional isoform (arrow) was detergent extractable as shown in
NP40 lane. Anti-hmPLCζ was used for detection. A similar result was observed with anti-EF
and anti-hPLCζ. WS; Whole sperm, Sc.Sn; Sonication supernatant.
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The immunoreactivity was concentrated in the acrosomic granule, located at the center of AV
(Fig. 3.2A). PLCζ immunostaining remained intense over the acrosomal cap in stage VII and
resided in the head of elongating spermatids in stages XI and XII. Surprisingly, by step 14
spermatids (stages II and III of spermatogenesis), the intensity of immunostaining associated
with elongated spermatid nuclei diminished substantially. Little or no PLCζ immunostaining
was detected in spermatids at the end of spermiogenesis, except in opportune sections
through the sperm tails (data not shown).
In human testicular tissues, immunostaining localized PLCζ to the AVs of step 2
spermatids in stage II of the six stage cycle of the human seminiferous epithelium (Fig.
3.2B). In step 4 spermatids (stage IV) immunostaining was concentrated over the fully
formed acrosome, covering the apical half of the spermatid nucleus. Importantly, little
immunoreactivity was found elsewhere in the epithelium and elongated spermatids (Fig.
3.2C). In both species, saturation of antibodies with oligopeptides used to raise the immune
serum resulted in elimination of immunostaining over the round spermatids of seminiferous
tubule sections in similar stages of development, confirming the specificity of reactions (Fig.
3.3).
To confirm and clarify immunoperoxidase findings, anti-PLCζ immunogold-labeling
was performed on mouse testicular sections prepared for electron microscopy. PLCζ was
detected in the proacrosomic granules or vesicles within the Golgi complex of steps 1 and 2
round spermatids (Fig. 3.4A, B). Through steps 2-4, the PLCζ-containing granules fused
together to from the AV, which docked onto the spermatid nucleus (Fig. 3.4C).
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Figure 3.2: Developmental localization of PLCζ in mouse (A) and human (B, C) testes
utilizing anti-hmPLCζ antibody. Similar results were obtained with anti-EF antibody in
mouse and human and anti-hPLCζ in human sections. (A) Immunostaining originates at the
beginning of acrosome formation. In stage III it appears confined to the acrosomic vesicle
(AV) of step 3 spermatids as seen in detail in the inset; note that acrosomic granule is most
immunoreactive. In stage VII immunostaining is intense within the acrosome, capping a
portion of the nucleus (arrowheads) of the step 7 round spermatids as seen in more detail in
the inset. In stages XI and XII immunostaining resides in the head of elongating spermatids
in steps 11 and 12, respectively (arrows). However, by step 14 (stages II and III) the intensity
of immunostaining in elongated spermatid heads has diminished significantly (arrows). (B,
C) In human, there are six stages (I-VI) of the cycle of the seminiferous epithelium. As seen
in B, PLCζ accumulates over the acrosomic vesicle (AV) of step 2 spermatids in stage II.
Little immunoreactivity is found elsewhere in the epithelium and the elongated spermatids
(arrowheads) appear unreactive. In step 4 spermatids (stage IV, see C), the fully formed
acrosome is intensely labeled (arrows). Bars = 20 µm; Bars in insets = 5 µm.
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Figure 3.3: Control sections for Fig. 3.2 where primary antibody was preincubated with
oligopeptides used to raise the immune serum before incubation with tissue section. Little to
no immunostaining is present except a weak background staining in the interstitium,
documenting the specificity of the primary antibody for the mouse (A) and human (B)
spermatids. r, round spermatids. Bars = 20 µm
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Figure 3.4: LR-White embedded mouse testicular sections immunogold-labeled with
affinity purified anti-hmPLCζ antibody. Similar results were obtained by anti-EF. (A)
Section through portion of Step 1 spermatid showing Golgi complex (GC), containing
several proacrosomic granules (PG) that are immunoreactive for PLCζ. (B) By step 2, several
immunoreactive proacrosomic granules have fused with each other forming the acrosomic
vesicle (AV), which attaches to the spermatid nucleus (N). (C) Section through a portion of
step 3 spermatid showing the immunogold-labeled AV docked onto the nucleus with the
subacrosomal layer (SL) intervening. Underlying the nuclear envelope in the region of the
forming acrosome is the electron dense nuclear lamina (outlined by asterisks). (D) As
acrosome capping proceeds over the apical half of the nucleus in step 6 spermatids a high
concentration of immunogold-labeling is evident in the expanding acrosomal collar (AC)
coincident with a loss of labeling in the acrosomic granule. (E) Step 16 spermatids, almost
fully formed, show a diminution of labeling in the acrosome and no labeling is detected in
the perinuclear theca. AS, apical segment of acrosome; ES, equatorial segment of acrosome;
GC, Golgi Complex; N, nucleus; PAS, postacrosomal sheath; SM, Sertoli cell mantle Bars =
0.2 µm.
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During the acrosome capping process in steps 5- 7, the immunogold-labeling intensity shifted
from the acrosomic granule to the acrosomal collar, suggesting redistribution of PLCζ
from the acrosomic granule (Fig. 3.4D). Throughout the last steps of spermiogenesis there
was a noticeable diminution in the intensity of acrosome labeling (Fig. 3.4E).
Immunofluorescence localization of sperm PLCζ
Immunogold and immunoperoxidase developmental data demonstrating PLCζ’s
acrosomal origin were reinforced by immunofluorescence performed on testicular germ cell
spreads. As shown in Fig. 3.5A, PLCζ immunofluorescence was exclusive to the acrosome of
mouse round and elongating spermatids. The predominance of PLCζ in the acrosome of
spermatids suggested that the detergent soluble PLCζ-reactive band(s) detected in westerns
of spermatozoa (Fig. 3.1) were most likely of acrosomal origin. However, the predominant
immunofluorescence labeling of PLCζ in mouse cauda-epididymal spermatozoa was over the
postacrosomal region of the sperm head (Fig. 3.5B). In humans, PLCζ also appeared to be
localized over both postacrosomal and acrosomal regions (Fig. 3.5C). Because of this
unexpected localization pattern after epididymal passage, the possibility of epididymal
secretion and sperm surface acquisition of PLCζ was investigated. Comparing permeabilized
vs. non-permeabilized spermatozoa, the immunofluorescence was similar suggesting
localization of PLCζ to the sperm surface. Furthermore, removal of the plasma membranebound proteins and exposure of PAS-PT by NP40 eliminated PLCζ fluorescence.
Complementary to our findings in mouse and human, PLCζ immunofluorescence in bull
spermatozoa was localized to the postacrosomal region and was removable by NP40
extraction prior to fixation (Fig. 3.6).
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Figure 3.5: Localization of PLCζ in mouse testicular spermatids, and mouse and human
mature spermatozoa by immunofluorescence. (A) PLCζ (red) localized to the forming
acrosome in round spermatid (top) and elongated spermatid (bottom) of testicular spreads.
DNA was stained by DAPI (blue). (B, C) Mature spermatozoa were extracted from cauda
epididymis and ejaculate in mouse and human, respectively. The PLCζ immunofluorescence
was detected in both non-permeabilized and permeabilized mouse (B) and human (C)
spermatozoa. NP40 extraction abolished the detected signal on the sperm head, confirming
the presence of PLCζ on the surface of mature spermatozoa. Immunolocalization above was
done with anti-EF with a similar result was obtained with anti-hmPLCζ. DNA staining is
with DAPI in A (blue) and SYTOX green in B (green), DIC; differential interference
contrast. Bars=5µm
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Figure 3.6: Localization of PLCζ in bull mature spermatozoa by immunofluorescence.
Bull spermatozoa were fixed and processed for immunofluorescence as described previously
(Sutovsky et al., 1999). The PLCζ immunofluorescence was detected in post acrosomal
region of permeabilized spermatozoa but not in NP40 extracted spermatozoa, similar to our
findings in human and mouse. To confirm our results on NP40 extracted spermatozoa, we
used anti-bull PAWP antibody as a control. PAWP is localized to sperm PAS-PT and
consequently is resistant to NP40. The results shown here are with anti-EF antibody. DNA
staining was performed with DAPI, DIC; differential interference contrast. Bars=5µm
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Expression of PLCζ in mouse epididymis:
The finding that PLCζ localized to the cauda sperm head surface led to the hypothesis
that PLCζ is not a strictly testis specific molecule as dogma would suggest, but also an
epididymal secretory protein. To test this hypothesis, semi-quantitave reverse transcriptase
polymerase chain reaction (RT-PCR), using specific PLCζ primers, was performed on total
mRNA isolated from mature mouse testes and epididymides, revealing PLCζ mRNAs of
similar size in both tissues. To avoid contamination of epididymal samples with testicular
spermatozoa,

tissues from 28 day old mice were also tested, providing a similar result to

that found in adult tissue and confirming the epididymal source of PLCζ mRNA in mouse
(Fig. 3.7A). Furthermore, we performed in situ hybridization to localize the mRNA in the
epididymal epithelium. Our results confirmed the transcription of PLCζ mRNA in the
principal cell of the epididymal epithelium and mostly in initial segment (not shown) and
caput epididymis (Fig. 3.7B).
In order to provide evidence that PLCζ mRNA is translated in the epididymis,
immunocytochemistry was performed on paraffin embedded mouse epididymal tissue. PLCζ
immunostaining was detected in the principal cells of the epididymis, with the reaction
product being most concentrated in the apical and supranuclear regions indicating Golgi
apparatus (Fig. 3.7C). The principal cells within initial segment of the caput epididymis were
found to be most immunoreactive. Within the epididymal lumen, immunostaining was most
evident in sperm tail and cytoplasmic droplet (not shown).
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Figure 3.7: PLCζ mRNA and protein expression in mouse testis and epididymis. (A)
RT-PCR detection of PLCζ mRNA (mPLCζ) in mature testis (M Tes.) and epididymis (M
Ep.) of an adult mouse. mPLCζ was also detected in the 4-week-old mouse epididymis (4w
Ep.) excluding the possible contamination with RNA from testicular sources (4w Tes.).
Primers were specifically designed to detect the full size open reading frame of mPLCζ.
Utilizing second nested PCR, the results were confirmed by primers designed to detect the
sequence encoding PLCζ EF hand domain (mPLCζ-EF). Mouse GAPDH was used as the
house keeping gene for optimization of PCR results. (B) In situ hybridization of PLCζ
mRNA on paraffin embedded mouse epididymal tissue. Inset shows perinuclear localization
of mRNA within the principal cell. The interstitium within the inset is marked by asterisk.
No signal is detected in the corresponding regions of control probe (right panel). (C) Paraffin
embedded mouse epididymal tissues immunoperoxidase stained with anti-EF antibody.
Similar results were obtained by anti-hmPLCζ antibody. High level of PLCζ expression was
detected in the apical region of principal cells, where secretory vesicles accumulate
(arrowheads) and the supranuclear region of Golgi apparatus. Right panel shows the result of
preincubating the primary antibody with the oligopeptide used to raise the immune serum.
Bars=25µm Bar in the inset: 5 µm
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PLCζ depletion after acrosome reaction during porcine in vitro fertilization:
To answer whether the localization of PLCζ on the sperm head is appropriate for its
suggested role as SOAF, the fate of boar sperm PLCζ during in vitro fertilization was
followed.

At the time of sperm-zona pellucida contact, PLCζ immunofluorescence

predominated in the acrosomal region (Fig. 3.8). Subsequently, during the zona-induced
acrosome reaction, the immunoreactivity accompanied the acrosomic shroud and was lost
from the sperm head. After zona penetration and during sperm-oolemma binding and sperm
incorporation into the oocyte cytoplasm, the PLCζ signal was no longer detectable (Fig. 3.8).
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Figure 3.8: Indirect immunofluorescence analysis of PLCζ during in vitro fertilization
in swine. Note the PLCζ immunoreactivity (red) in the acrosome region during sperm-zona
binding. The immunoreactivity disappears along with acrosome shroud (arrows) when the
spermatozoa undergo the acrosome reaction. No PLCζ immunoreactivity was detectable on
the sperm heads during sperm-oolemma binding and incorporation into the oocyte. The
results shown here are from anti-pPLCζ while a similar result was observed with anti-EF.
DAPI (blue) was used for DNA staining; DIC, Differential Interference Contrast.
Bars=25µm

106

107

DISCUSSION
During fertilization, motile and fertilization competent spermatozoa pass through the
female reproductive tract, interact with the zona pellucida and activate the metaphase II
arrested oocytes after sperm-oolemma fusion (Dale et al., 2010). The ability of spermatozoa
to activate oocytes depends upon the normal expression of the components of sperm borne
oocyte activating factor (SOAF) during spermiogenesis and its appropriate assembly as part
of the PAS-PT (Oko and Sutovsky, 2009; Sutovsky et al., 2003). Failure of oocyte activation
is considered to be responsible for 2-3% of failed fertilization cases when ICSI is performed
(Mahutte and Arici, 2003). Therefore, it is crucial to identify SOAF and its potential
contribution to infertility, as well as to harness it for infertility treatments. Among the several
SOAF candidates, PLCζ has been discussed most extensively in the last decade because its
cRNA or recombinant protein induces calcium oscillations and oocyte activation when
injected into the oocyte (Kouchi et al., 2004; Saunders et al., 2002). Although there is much
information about the characteristics of PLCζ such as its active domains (Nomikos et al.,
2005) or expression in different species (Kashir et al., 2010), little is known about its
developmental expression during spermiogenesis, and localization in the spermatozoa before
and during fertilization process.
PLCζ’s location is not consistent in spermatozoa between species
The importance of SOAF localization to the PT was highlighted when Kimura et al.
(1998) showed that the incubation of the sperm heads with non-ionic detergent, Triton X100, removed all sperm membranous and acrosomal components, but left the PT and the
oocyte-activating ability of the sperm head intact. The mandatory localization of SOAF to

108

the PT was later confirmed by Perry et al. (2000) and Sutovsky et al. (1997). In addition, the
latter investigators provided convincing evidence that SOAF was regionalized to the PASPT, which is the first part of the PT solubilized on sperm entry into the oocyte cytoplasm.
Therefore on the premise that SOAF should not be extractable by non-ionic detergents and
should reside in the PT, we were perplexed to find that a 74 kDa protein corresponding to the
catalytically active PLCζ isoform was extractable with non-ionic detergent from human
spermatozoa, while a smaller, presumably inactive PLCζ isoform remained in the pellet.
Grasa et al. (2008) found a similar 74 kDa PLCζ band along with other smaller size bands in
whole human sperm extracts, while only the 74 kDa band was released to the sperm extract
by freeze thaw, which is in agreement with our results.
In the mouse, on the other hand, the presumably full size active PLCζ isoform was
resistant to detergent. It was not retained in the sperm head as expected but rather in the
sperm tail. Young et al. (2009) showed a similar pattern of PLCζ immunoblotting in mouse
where a 58 kDa band was extracted by Triton X-100, while the remaining PLCζ-reactive
bands including the presumed active PLCζ band remained in the pellet. However, they didn’t
further analyze whether the 74 kDa band belonged to the sperm head or tail. Bedford-Guaus
et al. (2011) recently immunolabelled catalytically active PLCζ isoform in equine sperm
tails, similar to our findings in mouse. The sperm heads and tails were separated by
sonication and centrifugation in this study, while no detergent extraction was performed.
Overall, our findings show that the active, full size ~74 kDa PLCζ isoform is localized to
sperm fractions other than PT.
We detected smaller size PLCζ-reactive bands (50-60 kDa) which have been observed in
other studies and often described as breakdown products, unrelated cross-reactive proteins
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(Bedford-Guaus et al., 2011; Grasa et al., 2008; Heytens et al., 2009; Young et al., 2009) or
splicing variants (Kouchi et al., 2004). Kurokawa et al. (2005) performed FPLC fractionation
of porcine sperm extracts and, remarkably, detected immunoreactive full size PLCζ in a
calcium inactive fraction, while several fractions capable of inducing oscillations were
devoid of functional PLCζ. An alternative explanation for the bands below 74 kDa is that
they represent other PLCζ isoforms. An isoform of PLCζ (NYD-SP27) with a size of
approximately 55 kDa has been described recently which is localized to the sperm head as
well as human pancreas (Bi et al., 2009; Zhu et al., 2003; Zhu et al., 2007). This isoform
lacks the functionally important EF domains and is suggested to act as an inhibitor of PLC
family kinases. NYD-SP27 is proposed to promote capacitation when it detaches from sperm
head (Bi et al., 2009). We recommend further characterization of the undersized PLCζreactive bands as they may shed light on roles of sperm PLCζ irrelevant to oocyte activation.
PLCζ is secreted as a component of the acrosome during spermiogenesis
Developmentally, the assembly of sperm PAS-PT occurs in elongating spermatids by
microtubular manchette transport, and is independent of acrosomal formation (Akhmanova et
al., 2005; Oko et al., 2011; Tovich et al., 2004). Therefore, to be considered part of the PASPT, a SOAF candidate should be shown to originate in elongating spermatids during
spermiogenesis. Contrary to this expectation, our immunocytochemical study shows, for the
first time, that human and mouse PLCζ is secreted by the Golgi complex within
proacrosomic granules that later fuse to form the AV. Interestingly, PLCζ in human and
mouse appears to diminish from sperm acrosome towards the end of spermiogenesis. It is
unlikely that this diminution in PLCζ concentration was due to a hidden epitope, as the inner
acrosomal membrane protein IAM38 (Yu et al., 2009), which was used as a control with an
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identical origin to PLCζ, remained intense during spermiogenesis (data not shown). The
expression of PLCζ mRNA has been shown in different phases of spermatogenesis among
different species (Mizushima et al., 2009; Redon et al., 2010; Rengaraj et al., 2008; Yoneda
et al., 2006; Young et al., 2009). To our knowledge, there is only one study, in equine testis,
that shows PLCζ translation in the round spermatids (Bedford-Guaus et al., 2011) and one in
the mouse that is inconclusive as to where the protein originates because only one of 12
stages of the cycle of seminiferous epithelium is represented at very low magnification
(Heytens et al., 2010).
Besides our immunolocalization of PLCζ in the acrosome, our fractionation
/immunoblotting data indicate a sperm mitochondrial source of PLCζ. A recent study
(Proceedings of 11th International Symposium on Spermatology) shows that Plcζ (-/-)
knockout mice demonstrate arrest of spermiogenesis at the level of round spermatids (Ito et
al., 2011), a time period during spermiogenesis, according to our analysis, when PLCζ levels
are highest. We recommend that consideration be given to PLCζ involvement in
mitochondrial metabolism and acrosomal biogenesis during spermiogenesis.
Epididymal cells secrete PLCζ which associates with the sperm head surface
We detected PLCζ immunofluorescence mainly in the postacrosomal region of mouse
spermatozoa. In human spermatozoa, we localized it to both acrosomal and postacrosomal
regions. The localization and intensity of labeling was similar in both permeabilized and nonpermeabilized spermatozoa, suggesting the binding of PLCζ to the sperm surface. In
addition, extraction with non-ionic detergent coincided with the disappearance of
immunolabeling, establishing that PLCζ was not a constituent of the detergent resistant
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perinuclear theca fraction which harbors SOAF. In mouse, PLCζ was localized by
immunofluorescence to the PAS-PT and acrosomal regions of cauda-epididymal
spermatozoa (Fujimoto et al., 2004; Young et al., 2009). Using an identical antibody as
Young et al. (2009), we could not replicate their results, where PLCζ was detected in PASPT after mouse sperm extraction with non-ionic detergent Triton X-100. In human, PLCζ has
been localized over acrosomal, equatorial and postacrosomal regions of the ejaculated sperm
head (Grasa et al., 2008). In equine spermatozoa, it was localized to the acrosome, equatorial
region, and in the connecting piece and the principal piece of the sperm tail (Bedford-Guaus
et al., 2011). Because the studies above did not compare the immunolocalization between
permeabilized and non-permeabilized sperm they do not distinguish whether PLCζ is within
these components or on the membrane surface covering them.
The PLCζ immunofluorescence findings prompted us to hypothesize the epididymal
expression of this sperm protein. We performed RT-PCR, in situ hybridization and
immunocytochemistry to analyze PLCζ expression at the mRNA and protein levels,
respectively. We demonstrated high level of mRNA expression and protein secretion in the
mouse epididymis, both in adult and prepubertal males. Recent studies show PLCζ
expression in mouse brain (Yoshida et al., 2007) as well as the puffer fish ovary and brain
(Coward et al., 2011). To our knowledge, this is the first time that PLCζ protein is reported
in the mouse epididymis. These findings negate the thesis of testis specific origin of PLCζ.
We propose that the signal detected on the head region of mature spermatozoa is most
probably from the epididymal sources of PLCζ. This is an important consideration because
the sperm acrosome and surface proteins are removed early during the fertilization, i.e. prior
to sperm-oolemma fusion and sperm incorporation into the ooplasm, at which time the intact
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sperm PT becomes the only possible source of SOAF for inducing calcium oscillation and
oocyte activation (Kimura et al., 1998; Sutovsky et al., 2003; Sutovsky et al., 1997).
Spermatozoon lacks PLCζ when it fuses with oolemma and enters ooplasm
Using established porcine IVF model, we demonstrated the pattern of PLCζ localization
during in vitro fertilization for the first time and showed that PLCζ is mainly observed on the
porcine sperm acrosomal region before fertilization. After the acrosome reaction, it is
depleted and released together with acrosomal shroud. We were unable to detect any PLCζ in
the post acrosomal sheath at an early stage of sperm incorporation, when its contents were
dispersed into the ooplasm and activated oocyte. This is in stark contrast with well
documented, easily traceable release of PAS-PT-resident signalling protein PAWP in the
ooplasm during porcine fertilization (Wu et al., 2007a). Fertilization biology will benefit
from further research aimed to understand PLCζ’s role in the acrosome reaction during
fertilization. Another critical step towards scrutinizing the currently proposed role of PLCζ in
oocyte activation is to block the ‘sperm’ induced calcium oscillations during in vitro
fertilization and after ICSI by PLCζ relevant antibodies or competitive peptides. The
importance of this step is highlighted by the fact that the Plcζ

(-/-)

knockout mice are not

appropriate models to study because of the arrest of spermiogenesis for unknown reasons (Ito
et al., 2011). As shown in the case of other SOAF candidate, PAWP, competitive peptides
and antibodies were able to block sperm-induced intracellular calcium release and meiotic
resumption in amphibians and mammalian oocyte activation, respectively, providing proof
that PAWP has a non-redundant role in oocyte activation (Aarabi et al., 2010; Wu et al.,
2007a).
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Identification of SOAF could improve the understanding of the etiology of male
infertility and failed fertilization after ART. SOAF could be used as a biomarker for accurate
diagnosis of male infertility in couples with unexplained, idiopathic infertility, which
comprises up to 20% of all infertility cases (Carrell and Aston, 2011; He et al., 2006; Krausz,
2011). Some patients with globozoospermia have demonstrated defective or absent PLCζ in
sperm extracts (Heytens et al., 2009; Taylor et al., 2010). However, as many other acrosomal
and PT proteins are absent in these patients (Yildiz et al., 2006), there is no conclusive
evidence showing that PLCζ is the actual cause of failed fertilization and infertility in these
patients. The other important aspect of SOAF is highlighted in couples with low fertilization
rate following ICSI, due to sperm failure to activate the oocyte. The availability of an
authentic sperm borne oocyte-activating factor in recombinant form could enhance the
efficiency of these treatments, at the same time being more efficient and safer than artificial
oocyte activation by chemical methods or mRNA/cRNA injection (Nasr-Esfahani et al.,
2010). The proper developmental analysis is required to make the scientific decision of
whether a candidate protein is a SOAF. We strongly recommend the precise SOAF
characterization as a prerequisite to determining SOAF candidates and finding the actual role
of PLCζ in reproduction.
In Conclusion, the present study shows that PLCζ is an intra-acrosomal protein that
incorporates into the forming acrosome during spermatid differentiation, but contrary to
expectations for a SOAF candidate, is not incorporated into the assembling PAS-PT. We
demonstrate, for the first time, the expression of PLCζ in mouse epididymis that may result
in the acquisition onto sperm head surface. During IVF-induced acrosome reaction on the
zona pellucida surface, PLCζ disappears and does not appear to be incorporated into the
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oocyte cytoplasm during fertilization. We propose the possibility of acrosomal, surface and
mitochondrial PLCζ compartmentalization in the spermatozoa. Our results along with the
recent findings from other researchers make it unlikely that this member of phospholipase
family is a genuine sperm-borne oocyte activating factor.
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CHAPTER IV

SPERM PAWP IS THE INITIATOR OF MAMMALIAN ZYGOTIC
DEVELOPMENT AND A PREDICTOR OF MALE INFERTILITY
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ABSTRACT
Mammalian fertilization depends upon the sperm-mediated intracellular calcium
oscillations which lead to activation of metaphase II arrested oocytes. The sperm-molecules
involved in this process have been sought for the past two decades without resolution.
Sperm postacrosomal WW-binding protein (PAWP or WBP2NL) is a promising candidate as
it activates the oocytes and satisfies the developmental criteria set for a sperm-borne oocyte
activating factor. To prove PAWP as a primary initiator of zygotic development it was
essential to test whether it acts upstream of calcium oscillations and whether its inhibition
during sperm-induced fertilization prevents calcium release. Initially, PAWP- and sperminduced calcium oscillations and inhibition trials were performed in the mouse model before
progressing to the human. Time-lapse trials revealed that PAWP or its complementary RNA
elicits calcium oscillations in mouse and human oocytes similar to what is observed during
intracytoplasmic sperm injection (ICSI). Sperm-induced calcium oscillations were blocked
by co-injection of a synthetic PPGY peptide derived from the WWI domain-binding motif of
PAWP but not its mutant form, indicating the non-redundant role of PAWP. Correlation of
PAWP expression and infertility treatment outcomes was investigated in the sperm of 110
male patients undergoing ICSI. A strong positive correlation was evident between PAWP
expression and ICSI success (r =.73, p<.0005). PAWP expression was also negatively
correlated with the arrest of embryos within 3-5 days post-ICSI (r = -.31, p = .001). Our data
imply that sperm-derived PAWP has a non-redundant role during fertilization, is the primary
initiator of zygotic development and has potential applications in diagnosis and treatment of
infertility.
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INTRODUCTION
Infertility has been recently described by World Health Organization as a critical but
neglected aspect of reproductive health. It is estimated that in 2010, 48.5 million couples
worldwide were unable to have a child after five years of unprotected intercourse
(Mascarenhas et al., 2012). Following the success of in vitro fertilization (IVF), the
intracytoplasmic sperm injection (ICSI) technique has opened a new window towards the
treatment of human infertility by assisted reproductive technologies (ART). Currently, ICSI
is performed in over 74% of ART cycles in the US; however only 36.8% of such cycles
result in clinical pregnancy (CDC, 2012). Low or absent fertilization contributes to a
significant proportion of those cycles that fail (Flaherty et al. 1995, Palermo et al. 2009).
Successful fertilization depends upon the activation of metaphase II arrested (MII)
oocytes after sperm-oocyte fusion. Oocyte activation includes the exocytosis of cortical
granules, completion of meiosis II, decondensation of the sperm nucleus, pronuclei formation
and embryo cleavage (Gosden and Lee, 2010). This cascade of events is initiated by a
transient rise in intracellular calcium level in the form of either a single calcium wave
(echinoderms and amphibian) or multiple calcium oscillations (ascidians and mammals)
(Runft et al., 2002; Stricker, 1999). The fertilizing spermatozoon delivers the sperm-borne
oocyte activating factor (SOAF) required for initiating intracellular calcium release through
the phosphoinositide signaling pathway where phosphatidylinositol 4,5-bisphosphate (PIP2)
is cleaved by phospholipase C (PLC) into inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 then triggers the release of calcium from endoplasmic reticulum
(ER) by binding to IP3 receptors located on the ER membrane (Xu et al., 1994). Although

118

some steps of oocyte activation are defined, it is still unclear which sperm protein(s) act
upstream of intracellular calcium release to initiate the activation process.
To be considered a SOAF candidate, a protein should meet both specific functional and
developmental criteria. Microinjection of SOAF complementary RNA (cRNA) or
recombinant protein into the oocyte is expected to mimic oocyte activation induced by ICSI.
Moreover, relevant antibodies and/or competitive peptides derived from a genuine SOAF
candidate should block the sperm induced oocyte activation. Developmentally, SOAF should
originate during the sperm elongation stage of spermiogenesis (Oko and Sutovsky, 2009). A
SOAF candidate should reside, until sperm-oocyte membrane fusion, in the postacrosomal
sheath (PAS-PT) sub compartment of the sperm perinuclear theca (PT) which lies caudally to
the acrosome between the cell membrane and nucleus (Kimura et al., 1998; Oko and
Sutovsky, 2009). Among proposed sperm factors (Dale et al., 2010), there are currently two
major candidates under investigation: the ζ isoform of phospholipase C family proteins
(PLCζ/PLCZ) (Swann and Lai, 2013) and the postacrosomal WW binding protein
(PAWP/WBP2NL).
PAWP demonstrates the developmental criteria for SOAF by being expressed during
sperm elongation and assembled as part of the detergent resistant PAS-PT where it remains
until being released into the oocyte cytoplasm at fertilization (Wu et al., 2007a; Wu et al.,
2007b). Microinjection of recombinant PAWP (rPAWP) into MII oocytes of amphibians and
mammals induced a high rate of metaphase II resumption and pronuclear formation.
Furthermore, corresponding antibodies against PAWP or competitive peptides derived from
its sequence blocked the sperm-induced fertilization suggesting that PAWP could be the
genuine SOAF (Aarabi et al., 2010; Wu et al., 2007a). To validate this hypothesis it was
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essential to test whether PAWP acts upstream of calcium release and whether its inhibition
during sperm-induced fertilization inhibits this release. Our recent trial in Xenopus showed
that PAWP injection into metaphase II arrested Xenopus oocytes induces calcium release
similar to ICSI (Aarabi et al., 2010). Since the pattern of calcium release in mammalian
oocytes is different from amphibians, an objective of the present study was to test whether
PAWP induces calcium oscillations characteristic of mammalian fertilization and whether
PAWP’s inhibition during sperm-induced fertilization prevents these oscillations in mouse
and human oocytes. In addition, based on the binding motif of PAWP, an attempt was made
to identify PAWP’s major signalling partner in the oocyte. Finally, PAWP’s expression level
in sperm samples was correlated to ART outcomes in the infertile couples treated by ICSI.
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MATERIALS AND METHODS
All animal works in this study have been conducted according to national guidelines,
approved by Queen’s University Animal Care Committee (Approval# Oko-2011-008-R2).
Human materials for the study were donated by patients undergoing IVF or ICSI procedures.
Written informed consent was obtained from the participants and the study was approved by
the Research Ethics Board of the Sunnybrook Health Sciences Centre, Toronto, Canada
(Project ID# 076-2012); as well as the Health Sciences Research Ethics Board of University
of Toronto (Protocol Reference# 28888). Unless otherwise mentioned, all chemicals used in
this study were purchased from Sigma Chemical Co. (St. Louis, MO).
Construction of human PAWP complementary RNA, recombinant protein and competitive
peptides
Complete coding sequence of human PAWP was obtained by performing PCR on
pET28a vector (Proteintech Group Inc., Chicago, IL) in which full length PAWP (including
partial 5’ and 3’ untranslated regions) was originally inserted. Amplified full length PAWP
cDNA was then subcloned into pET21b (Novagen, Madison, WI) vectors using the following
primers: forward 5’-3’; GCGGATCCTATGGCGGTGAAT (BamHI) and reverse 5’-3’;
TGCTCGAGAAGAATGGACCTGAG (XhoI). Ligated products were transformed into
Top10 competent E. coli cells (Qiagen, Missassauga, ON) to grow to O.D 0.6 in the presence
of Ampicillin. Plasmids were then isolated and purified using QIAprep Spin miniprep kit
(Qiagen, Missassauga, ON). To synthesize the complementary RNA (cRNA), plasmid DNA
was first linearized by XhoI for optimal RNA synthesis as circular DNA template may
produce RNA transcripts with mixed unwanted lengths. T7 RiboMAX
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TM

Large Scale RNA

Production System kit together with Ribo m7G Cap Analog (Promega, Nepean, ON) were
used to synthesize the capped cRNA transcript. Newly synthesized PAWP transcripts were
subject to treatment with RQ1 RNase-Free DNase (Promega, Nepean, ON) for the removal
of unincorporated nucleotides followed by purification using RNeasy Mini Kit (Qiagen,
Missassauga, ON). Purified cRNA was dissolved in RNase-free water in small aliquots and
immediately stored at -80°C until use. To test the purity and estimate the concentration of
synthesized cRNA, we used denaturing agarose gel electrophoresis and NanoDrop
Spectrophotometer (Fisher Scientific, Ottawa, ON), respectively. Furthermore, integrity and
translatability of the generated cRNA was tested by in vitro translation in Flexi® Rabbit
Reticulocyte Lysate System (Promega, Nepean, ON). The lysates were analyzed by
immunoblotting utilizing anti-human PAWP antibody. Protocols recommended by the
company were used for all experiments with minor modifications.
Recombinant human PAWP protein was obtained from mammalian cell culture
(GenScript, Piscataway, NJ) and its purity was tested by immunoblotting with anti-human
PAWP antibody. PPGY-containing peptide derived from PAWP sequence (AcPPVRYGSPPPGYEAPT-coNH2), its mutant form, PPGF (Ac-PPVRYGSPPPGFEAPTcoNH2)

and

the

human

WWI

domain

(Ac-

WEMAKTSSGQRYFLNHIDQTTTWQDPRKAMLS-coNH2) were synthesized at the
McGill University Sheldon Biotechnology Centre, Montreal, QC. Synthetic peptides’
competitive binding capability for interacting with WWI domain containing proteins was
assessed previously (Wu et al., 2007a).
Porcine gamete preparation and microinjection
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To test the integrity and translatability of PAWP cRNA, the transcripts were
microinjected into porcine oocytes. The conditions for oocyte collection, maturation,
microinjection and culture were similar to what was described before (Aarabi et al., 2012;
Wu et al., 2007a). Microinjected eggs and developing zygotes were fixed at different stages.
Immunofluorescence utilizing anti-PAWP antibody was performed to identify the translated
PAWP within the oocytes. To better follow the pattern of PAWP localization in the oocyte
cytoplasm, cells were also stained for the nuclear pore complex protein (NPC) using
monoclonal antibodies commercially acquired (Mab414; CRP Inc., Berkeley, CA). Protocol
for immunofluorescence in porcine oocytes has been previously described (Rawe et al.,
2003; Tovich et al., 2004).
Mouse gamete preparation, microinjection and calcium measurement
Sperm were released from cauda epididymis of mature CD1 male mice (Charles River,
St-Constant, QC, Canada) into a droplet of M2 medium (Millipore, Mississauga, ON). After
dispersal into medium for approximately 10 min, sperm suspension was collected and
transferred to the bottom of a 4 ml tube containing 300 µl of human tubal fluid (HTF)
medium (Millipore, Mississauga, ON). The tube was kept at about 45º angle in 37°C for 2030 min to allow spermatozoa to swim up. Mature (7-9 weeks old) CD1 female mice (Charles
River, St-Constant, QC) were superovulated by injection of 5-7.5 IU pregnant mare's serum
gonadotropin (PMSG) followed by 5-7.5 IU human chorionic gonadotropin (hCG) after 4851 h. 12-14 h later, oviducts were dissected from the superovulated female mice and placed
into a droplet of M2 medium; and cumulus masses containing the oocytes were released
under dissecting microscope. To remove cumulus cells, the cells were incubated briefly at
room temperature in M2 medium with hyaluronidase (0.2-0.4 µg/µl). Cumulus-free oocytes
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were then collected and subsequently washed in M2 and HTF medium and were allowed to
recover in HTF in the incubator (37°C, 5% CO2) for about 30 min prior to microinjection.
All microinjection procedures were performed no later than 3 h after obtaining oocytes from
the mice.
Micromanipulation and ICSI were performed according to previously described
protocols with some modifications (Kimura and Yanagimachi, 1995a; Yoshida and Perry,
2007). Microinjection plastic dish was placed on the stage of the Olympus Meridian Insight
Plus inverted microscope fitted with motorized LUDL stage and Z-drive, as well as with
Hoffman Modulated Contrast illumination. For microinjection procedure, it was equipped
with Eppendorf TranferMan NK, InjectMan, CellTram vario and PiezoXpert® (Eppendorf,
Mississauga, ON). Sperm suspension was thoroughly mixed with M2 containing 10-12%
(w/v) polyvinylpyrrolidone (PVP) to slow their motility. A droplet of sperm suspension was
then transferred under mineral oil in the microinjection plastic dish. Individual sperm were
immobilized and then decapitated by applying few pulses of piezo to the sperm neck. The
head of a single sperm was injected into the oocytes placed in M2 medium after several piezo
pulses to advance the pipette through zona, followed by one piezo pulse to puncture the
oocyte cell membrane. Other materials and control solutions were microinjected to 3-5% of
oocyte volume. Injection volume was estimated from the displacement caused by bolus
injection. In case of recombinant human PAWP protein, which was partially soluble, several
strong piezo pulses were applied to break the micro-particles to fit the injection pipette.
Microinjected eggs were kept for approximately 15-20 min in injection droplet and surviving
eggs were transferred in M2 Medium for calcium measurement at the imaging facility of the
Queen’s University Cancer Research Institute, Kingston, ON.
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PAWP-induced calcium oscillations were measured and compared to sperm–induced
oscillations in a time-lapse trial as we previously described (Aarabi et al., 2010). Mature
oocytes were loaded with cell membrane permeable calcium indicators Fluo-3 and Fura-Red
(2 mM and 4 mm, respectively; Life Technologies Inc., Burlington, ON). Measurements of
intracellular calcium were performed with Leica SP2 laser-scanning microscope (Leica
Microsystem Inc., Concord, ON) equipped with a 10x objective (0.3 numerical apertures).
Calcium-sensitive dyes were excited every 30 sec for up to 2 h by a 488-nm wavelength
beam and emission fluorescence was monitored at 515–535 nm and 650-670 nm for Fluo-3
and Fura-Red, respectively. Regions of interest (ROI) were consistent in all images and
limited within the circumference of the oocyte. ROI were analyzed by Image-Pro Plus, which
measured and calculated the intensity of each calcium indicator. Ratiometric intensity graphs
were generated by the calculation of Fluo-3/Fura-Red intensity at each measurement.
Human gamete preparation, microinjection and calcium measurement
Gametes preparation and embryo culture were carried out in sequential Vitrolife culture
media (Vitrolife Inc., Englewood, CO), supplemented with 5% SSS (Synthetic Serum
Supplement; Somagen, Edmonton, AB) in 5% CO2 in air. Materials for the study were
collected from patients undergoing IVF or ICSI procedures at the CReATe Fertility Centre,
Toronto, ON. Indications for assisted reproduction included: diminished ovarian reserve,
tubal factor, idiopathic infertility, male factor infertility, endometriosis and different
combinations of these factors.

Human sperm was obtained from the surplus of sperm

samples initially used for IVF/ICSI. Semen samples were obtained by masturbation after
sexual abstinence for at least 48 h. All samples were examined within 1 h of ejaculation.
Semen analysis was performed according to the WHO manual. Semen samples were
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processed by a two-step (40-80%) Pure-Sperm gradient separation technique (Somagen
Diagnostics Inc., Edmonton, AB). Sperm were kept in media at room temperature until being
microinjected into oocytes. To remove acrosomal and membranous contents of sperm prior
to ICSI, a protocol previously described was followed (Morozumi et al., 2006). Briefly,
spermatozoa were treated with plasma membrane-disrupting agent, Triton X-100.
Spermatozoa were picked up individually and demembranated by treating with 0.02% Triton
X-100 (TX) for 2 min, washed, and proceeded to ICSI immediately.
Human oocytes were collected mostly from anonymous ovum donors. Ovarian
stimulation and oocyte retrieval procedures were performed as described previously
(Balakier et al., 2012; Balakier et al., 2013). In brief, patient underwent pituitary downregulation with a Gonadotropin-releasing hormone (GnRH) agonist or antagonist, and
follicular development was induced using either human menopausal gonadotropin (hMG) or
recombinant follicle stimulating hormone (rFSH). A trans-vaginal ultrasound-guided
follicular aspiration was carried out 36-38 h after injection of hCG at a dose of 10,000 IU.
All donated human oocytes were clinically unsuitable for uterine transfers or
cryopreservation. Oocytes used for this study consisted of immature oocytes at germinal
vesicle (GV) and metaphase I (MI) stage which further underwent overnight in vitro
maturation. The matured metaphase II (MII) oocytes were then assessed to exclude the
oocytes with poor quality and to select the oocytes for microinjection.
Standard ICSI was performed on MII human oocytes. Other solutions were injected as
described above for mouse. Microinjected eggs were kept for about 15-20 min and surviving
eggs were transferred to the imaging facility at the Hospital for Sick Children, Toronto, ON.
Images were acquired on a Quorum WaveFX spinning disc confocal system (Quorum
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Technologies Inc., Guelph, ON), using a 10x/0.3 objective, 491/561 nm laser excitation and a
Hamamatsu C9100-13 EM-CCD. The instrument was operated using Perkin Elmer Volocity
6.2.1 software. Warm and humid chamber was used during observations. The protocols and
settings for acquisition and analysis of calcium intensity were similar to what has been used
in mouse, as discussed above. To monitor the oocyte activation events, microinjected eggs
were checked for extrusion of second polar body and development of pronuclei within 4-20 h
post injection. Eggs were fixed and discarded before occurrence of the first cell division.
Antibodies
Polyclonal rabbit antiserum was raised and further affinity purified against the
recombinant human PAWP protein. For PLCζ, polyclonal rabbit antiserum against two
peptides of human PLCζ (C-RESKSYFNPSNIKE-coNH2; CETHERKGSDKRGDN-coNH2),
from Covalab (Villeurbanne, France) were used. Antibody against bacterially-expressed
mouse YAP protein, a generous gift from Dr. Marius Sudol of Weis Center for Research,
Danville, PA, was generated in rabbits and affinity purified as described before (Oka et al.,
2008).
Immunoblotting
Sperm samples were dissolved in reducing sample buffer containing 2% SDS and 5% βmercaptoethanol. To better localize the proteins by immunoblotting, we utilized the novel
method of protein extraction with non-ionic detergent, TX, to dissolve membranous and
acrosomal structures, as described before (Aarabi et al., 2012). Detergent-soluble portion of
spermatozoa was compared to detergent-resistant portion for protein localization. Equal
amounts of sperm extracts (1×107 sperm/lane) were loaded and resolved on 10-12% SDS127

PAGE. Proteins were transferred to either nitrocellulose (Schleicher and Schuell, Dassel,
Germany) or polyvinylidene fluoride (PVDF; Millipore, Mississauga, ON) membranes.
Affinity purified anti-human PAWP antibody (1:200) or anti-human PLCζ antibody (1:1000)
was then diluted in phosphate buffered saline (PBS) containing 0.05% tween. Membrane was
incubated with primary antibody for 3 h at room temperature or overnight at 4°C.
Immunoreactivity on western blots was detected with peroxidase labeled goat anti-rabbit IgG
(Vector Laboratories Inc., Burlingame, CA), diluted 1:25,000 (v/v), and further use of
enhanced chemiluminescent substrate (Pierce, Rockford, IL) with exposure to X-ray films.
Far western analysis
To explore the possible mechanism involved in oocyte activation by PAWP, we
performed far western analysis to identify PAWP’s binding partner in mouse oocytes. Oocyte
cytosolic fraction was prepared by homogenizing the mouse oocytes obtained from
superovulated female mice by sonication for 15-20 sec on ice followed by centrifugation at
21,000 g for 30 min in 4°C to isolate cytosolic fraction. One hundred mouse oocytes were
processed per lane and loaded on 10-12% SDS-PAGE followed by transfer to PVDF.
Membrane was initially incubated with human PAWP recombinant protein overnight at 4°C.
The binding partner of PAWP was identified by incubation of membrane with anti-human
PAWP affinity purified antibody for 3 h at room temperature and subsequent incubation with
secondary antibody. To confirm that PAWP binds to YAP in mouse oocytes, we performed
immunoblotting on the same membrane containing oocyte cytosolic fraction utilizing antihuman YAP affinity purified antibody (1:5000). For competition studies with PPGY
synthetic peptide, membrane was incubated with peptide prior to incubation with human
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PAWP protein. For inhibition studies with WWI synthetic domain, human PAWP protein
was preincubated with WWI peptide before further incubation with the membrane.
Human subjects, sperm preparation and flow cytometry
To correlate expression of PAWP with ART outcomes in couples seeking infertility
treatment, we designed a prospective study in men undergoing ICSI at the CReATe Fertility
Centre, Toronto, ON. Upon the couple’s consent, surplus sperm used initially for ICSI was
collected for analysis of PAWP content. To explore the possible correlation between PAWP
and ART outcome, samples from couples with known female/male factor infertility and poor
egg quality which could impact the ART outcome were excluded. Semen samples were
collected at the day of the oocyte retrieval by masturbation on site after a two to five day
period of sexual abstinence. The semen was allowed to liquefy and analyzed within 60 min
of collection. A routine semen analysis was performed with evaluation of semen volume,
sperm concentration, sperm motility and morphology according to WHO recommendations
(WHO). Sperm DNA damage was assessed by flow cytometry as previously described
(Evenson et al., 2002). Briefly: at the time of analysis, the samples were diluted with TNE
buffer (0.01 M Tris-HCl, 0.15 M NaCl, and 1 mM ethylenediaminetetraacetic acid (EDTA),
pH 7.4) to 1-2 × 106 cells/mL; 200 µL aliquots of diluted sample were mixed with 400 µL of
a low-pH (pH 1.2) detergent solution containing 0.1% Triton X-100, 0.15 M NaCl and 0.08
N HCl for 30 sec, followed by staining with 1.2 mL of 6 µg/mL acridine orange (AO).
Spermatozoa were analyzed 3 min after the staining using a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA) equipped with an air-cooled argon laser. For each sample,
5000 cells per sample were analyzed on two aliquots with reference sample run between each
10 analyzed samples. The ratio of red (single-stranded DNA) to total amount of red plus
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green (double-stranded DNA) fluorescing spermatozoa was calculated as the DNA
fragmentation index (DFI).
Samples were prepared for flow cytometry as previously described with some
modifications (Sutovsky et al., 2001). Sperm sample was centrifuged at 350-500 g for 5 min
and pellet was resuspended and washed briefly in PBS followed by centrifugation. Resulting
pellet was resuspended in fixation buffer containing 4% paraformaldehyde/PBS and
incubated at room temperature for 30 min. Fixative was removed by centrifugation and pellet
was incubated with wash buffer for 5 min. Further centrifugation formed a pellet which was
resuspended in PBS-BSA and kept in fridge and shipped for analysis.
For flow cytometry, minimum of 1 million sperm per sample were first permeabilized
with 0.2% TX/PBS at room temperature for 45 min. After centrifugation, samples were
incubated for 30 min at room temperature in 5% normal goat serum (NGS)/PBS with 0.1%
TX to block potential non-specific antibody binding. Affinity purified anti-human PAWP
antibody was diluted (1:20) in PBS containing 1.5% NGS and 0.1% TX and samples were
then incubated in primary antibody overnight at 4°C. The next day, donkey anti-rabbit IgG
conjugated to green fluorescent dye, CruzFluor™ 488 (Santa Cruz Biotechnology, Santa
Cruz, CA) was prepared (1:300) in PBS containing 1.5% NGS and 0.1% TX. Samples were
washed twice and then incubated for 20 min at room temperature in secondary antibody.
After final wash, each sample was resuspended in 500 µl of pure PBS for analysis. All
experiments were performed on duplicates from each sample unless the initial number of
sperm was too low in patients with oligospermia. Results were averaged from two
observations.
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Flow cytometry was performed using the Cytomics FC 500 flow cytometer (Becton
Dickinson Immunochemistry, San Jose, Calif., USA) equipped with twin laser lines (488 and
633 nm) and standard optics. For each sample, minimum of 15,000 cells were analyzed at
forward light scatter channel (FSC), side light scatter channel (SSC) and wavelength of 525
nm (FL1) using the CellQuest software (Becton Dickinson Immunochemistry, San Jose,
Calif., USA). Blank negative control samples generated by replacement of anti-PAWP
antibody with a non-immune rabbit serum were evaluated in the same trial under identical
conditions. A gate for improving the detection of entire sperm population was determined on
scattering measurements (FSC versus SSC). The proportion of spermatozoa labeled with
PAWP antibody was calculated by the number of labeled spermatozoa per sample analyzed.
Expression level of PAWP was then correlated to different sperm parameters as well as ART
outcomes including ICSI success rate, embryonic development and clinical pregnancy rate. A
proportion of each sample was examined under a Quorum WaveFX spinning disk confocal
system (Quorum Technologies Inc., Guelph, ON, Canada) to determine the localization of
PAWP in positive cells, by using the processed, but unexposed sample remnants left over
from flow cytometry measurements.
Statistical analysis
The Statistical Package for Social Sciences (SPSS, Chicago, IL) version 16 and
Microsoft Excel 2010 (Seattle, WA) spreadsheet were used for data entry and analysis.
Differences between activation rates were determined by Fisher’s exact test or the analysis of
variance followed by the Bonferroni or Tukey HSD post-hoc tests for pairwise comparisons.
Significant relationships between PAWP expression and various parameters in patients were
evaluated using the Pearson correlation test. Partial correlation was further used to explore
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the relationship between PAWP expression and ART outcomes controlling for other possible
confounding factors. To assess the ability of PAWP expression level to predict ART
outcomes, hierarchical multiple regression was performed. The difference of ART outcomes,
among patients categorized by PAWP expression level, was examined by analysis of
variance followed by a one-way between groups (ANOVA) analysis of covariance
(ANCOVA) after adjustment for female/ male age, DFI, semen volume, sperm count,
motility and abnormal morphology.

The level of 0.05 was considered statistically

significant.
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RESULTS
PAWP induces calcium oscillations in mouse oocytes
To determine if PAWP activates mammalian oocytes and acts upstream of calcium
oscillations during oocyte activation, MII mouse oocytes were microinjected with rPAWP
protein. rPAWP microinjection resulted in calcium oscillations similar to that observed in
mouse ICSI (Fig.4.1A, E). Oscillations lasted for the entire two hour period of observation,
with intervals of approximately 15 min. To further explore the mechanism involved in
PAWP-induced calcium oscillations we took advantage of the competitive inhibitory effect
of its PPGY motif, which binds specifically to WWI-domain containing proteins. We
previously showed that co-injection of rPAWP and a synthetic PPGY peptide derived from
PAWP sequence blocks intracellular calcium release and oocyte activation in Xenopus and
porcine oocytes (Aarabi et al., 2010; Wu et al., 2007a). Similar results were observed here
when PAWP was co-injected with PPGY into the mouse oocytes, resulting in blockage of
calcium oscillations (Fig. 4.1B). Furthermore, the competitive inhibition did not occur when
we substituted the PPGY with its inactive point mutant form, PPGF, where tyrosine is
replaced by phenylalanine (Fig. 4.1C, D).

The effect of PAWP in mediating calcium

oscillations and its inhibition by PPGY peptide suggested the involvement of PAWP in the
sperm-mediated calcium oscillations.
Sperm-induced calcium oscillations in mouse oocytes are mediated by PAWP
To test whether PAWP is responsible for inducing calcium oscillations through its
PPGY motif during sperm-mediated oocyte activation and is therefore a non-redundant factor
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Figure 4.1: Sperm PAWP induces calcium oscillations in mouse oocytes. Metaphase
II mouse oocytes were microinjected and imaged by confocal microscope to monitor changes
in the content of intracellular calcium ions. Calcium oscillations are demonstrated by
ratiometric changes in the fluorescence of Fluo-3 and Fura-Red calcium indicators (arbitrary
units). A-C: Calcium oscillations induced by the microinjection of recombinant human
PAWP into mouse oocytes. Representative curves are shown for each group of oocytes
injected with rPAWP (A), rPAWP+ competitive PPGY peptide (B) and rPAWP+ inactive
mutant form of competitive peptide, PPGF (C). D: Activation rates of three experimental
groups shown in A-C and control group injected with medium only, based on proportion of
oocytes that demonstrated calcium oscillations in each group. E-G: Calcium oscillations
induced by ICSI of single mouse spermatozoa are competitively inhibited by synthetic PPGY
peptide derived from the PAWP sequence. E; Normal calcium oscillations observed
following sperm injection. F; Calcium oscillations were inhibited when a spermatozoon was
injected with PPGY peptide. G; The PPGF peptide had no inhibitory effect when injected
with spermatozoa. H: Activation rates of three different treatment groups based on the
proportion of oocytes that demonstrated calcium oscillations in each group. ‘n’ shows total
number of oocytes from three separate experiments with minimum of two female mice in
each group. Identical superscripts (a, b) denote homogeneous groups which are not
significantly different at p = 0.001 level, as determined by Fisher’s Exact test.
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in this process, we co-injected PPGY with spermatozoa into MII oocytes. Fig. 4.1F-H shows
that none of the oocytes co-injected with mouse sperm and PPGY demonstrated calcium
oscillations, whereas its mutant form, PPGF had no blocking effect when co-injected with the
spermatozoa. Consistent with our findings in Xenopus (Aarabi et al., 2010), this highlighted
the critical role of PAWP and its PPGY motif during mouse ICSI and provided evidence for
non-redundant PAWP function as the oocyte-activating factor in mice.
PAWP binds to YAP in the mouse oocyte cytoplasm through a PPXY-WWI module
To identify PAWP’s oocyte binding protein, Far-Western analysis of mouse oocyte
cytosolic fraction was performed. Recombinant human PAWP was incubated with the
Western blot-transferred oocyte cytosolic fractions and the target protein (~70 kDa) was
identified with anti-human PAWP antibody (Fig. 4.2). Since we have previously shown in
vitro that PAWP specifically interacts with the WWI domain of Yes-associated protein
(YAP) through its PPXY motif (Wu et al., 2007a), we suspected that PAWP’s major binding
partner in the oocyte cytoplasm would be YAP. Indeed, immunoblotting with anti-YAP
specific antibody suggested that the ~70 kDa PAWP-interacting protein in the mouse oocyte
cytosolic fraction was YAP (Fig 4.2). In line with our PPGY blocking experiment in mouse
ICSI, the PAWP-YAP interaction on Far-Westerns was inhibited by preincubating the
membrane with excess PPGY peptide. In addition, preincubation of PAWP protein with the
synthetic WWI domain sequence of YAP also prevented the PAWP-YAP interaction (Fig.
4.2), emphasizing the specificity of the PPGY-WWI module in sperm PAWP-oocyte YAP
interaction.
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Figure 4.2: PAWP binds to YAP present in mouse oocyte lysate through a PPGYWWI module. Lane 1: Far-Western analysis of mouse oocyte-cytosolic fraction showing
human rPAWP binding to a ~72 kDa protein in oocyte lysate. Lane 2: Western blot of the
mouse oocyte cytosolic fraction, immuno-labelled with anti-YAP antibody confirms that
PAWP’s binding partner in the oocyte is YAP. Lane 3: Human PAWP binding to YAP
through Far-Western (as in lane 1) was effectively inhibited when PAWP was preincubated
with synthetic WWI domain. Similarly, binding was competitively blocked when membrane
was preincubated with synthetic PPGY peptide, revealing the specificity of PAWP-YAP
interaction through a PPGY-WWI module (lane 4). Extracts from 100 oocytes were loaded
per lane.
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PAWP activates human oocytes by inducing calcium oscillations
Transitioning from our mouse model to human subjects, we used in vitro matured
oocytes from patients undergoing ICSI, which were not suitable for clinical use. In the
mouse, incomplete solubility of rPAWP protein was overcome by utilizing strong piezo
pulses to break up the protein particles, allowing them to fit into a microinjection pipette for
oocyte injection. However, lack of a piezo system in the human ART laboratory led us to use
soluble human PAWP complementary RNA (cRNA). Before proceeding with human
experiments, the size and translatability of PAWP cRNA was confirmed by in vitro
translation in rabbit reticulocyte lysate (Fig. 4.3) followed by in vivo experiments showing
that PAWP transcript, once microinjected, is effectively translated to activate porcine oocytes
(Fig. 4.4). Injections of PAWP cRNA into human oocytes induced calcium oscillations
which were temporally and spatially similar to human sperm-induced oscillations (Fig. 4.5A,
C). Media, used for the resuspension of PAWP cRNA, served as a negative control (Fig.
4.5B). Development of oocytes microinjected with PAWP cRNA was followed for up to 20
h, and similarly to our observations on mouse, PAWP activated human oocytes and resulted
in meiotic resumption and pronuclear formation (Fig. 4.5F).
PAWP-derived PPGY peptide blocks calcium oscillations induced by human spermatozoa
To analyse the role of human sperm PAWP in the induction of oocyte calcium
oscillations, we injected PPGY synthetic peptide derived from the PAWP sequence, together
with spermatozoa. Prior to ICSI, sperm were treated with non-ionic detergent, TritonX-100
(TX), to exclude acrosomal and extracellular proteins such as PLCζ which might interfere
with sperm-induced oscillations. This treatment was based on the study by Kimura et al.
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Figure 4.3: Synthesis and in vitro translation of human PAWP complementary
RNA (cRNA). A: Lane 1- pET21b vector containing full length of human PAWP sequence
was extracted from Top10 competent E. coli cells. Lane 2- the presence of ~ 0.9 kb PAWP
band was detected by a double restriction enzyme digestion (BamHI and XhoI). Lane 3- prior
to in vitro transcription of human PAWP sequence, the DNA was linearized by single
restriction enzyme digestion (XhoI). Capped cRNA was then synthesized and the size of
PAWP transcripts before (4) and after (5) purification and concentration was analyzed by gel
electrophoresis. B; Human PAWP cRNA was in vitro translated by rabbit reticulocyte lysates
into a single ~32 kDa product, as shown by the Western blot probed with anti-PAWP
antibody.
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Figure 4.4: Microinjection of PAWP cRNA triggers porcine oocyte activation. Top:
fully formed female pronucleus obtained upon PAWP cRNA injection (18 h post injection)
was observed and revealed the integrity and efficient translatability of synthesized cRNA (AD). Translated PAWP was detectable as red foci in the cytoplasm (B). The pronuclei of
PAWP cRNA-activated oocytes were surrounded by the pronuclear envelope marked by the
nuclear pore complex antibody and DAPI (green and blue in C and D, respectively). A shaminjected oocyte (E-H) is not activated, as evident from the presence of MII-arrested female
chromosomes (MII) and first polar body (PB). Bars: 10 and 25 μm for A-D and E-H,
respectively. Bottom: Depicted are merged DIC-epifluorescence images of zygote (A) and
two cell-stage (B) embryo obtained within 24 h of PAWP cRNA microinjection, showing
typical features of porcine oocyte activation. Translated PAWP (red) is observed in both A
and B. Nuclear pore complexes are labelled in green and are seen as a rim around the
nucleus/pronucleus. Numerous cytoplasmic lipid droplets indicated by the * in both A and B
represent a common feature of porcine oocytes. DNA is stained blue by DAPI. Bars: 15 μm.
Bar graph shows activation rate of porcine oocytes microinjected with PAWP cRNA or sham
(control) based on the presence of the female pronucleus at 18 h post-injection. Results are
summarized from nine independent experiments. Common superscripts (a, b) denote
homogeneous groups which are not significantly different at p<0.01 level, as determined by
Fisher’s Exact test.
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Figure 4.5: PAWP cRNA induces calcium oscillations in human oocytes. In vitro
matured human oocytes were microinjected and calcium oscillations were recorded as
ratiometric changes in the fluorescence of Fluo-3 and Fura-Red calcium indicators (arbitrary
units). A, B: Microinjection of human PAWP cRNA, but not medium, induced calcium
oscillations in human oocytes. Depicted are representative recordings of each group of
oocytes injected with human PAWP cRNA (A) or with medium only (sham injection, B). C,
D; Normal calcium oscillations were observed following the injection of single TXdemembrenated human spermatozoa into human oocytes (C); oscillations were inhibited
when a spermatozoon was co-injected with synthetic PPGY peptide derived from the PAWP
sequence (D). E; Activation rate among experimental groups shown in panels A-D, based on
proportion of oocytes that demonstrated calcium oscillations in each group. n=total number
of oocytes from three independent experiments in each experimental group. Identical
superscripts (a, b) denote homogeneous groups which are not significantly different at the p<
0.05 level as determined by the post-hoc comparisons using Tukey HSD test. F; Activation
rate among different human oocytes injected with PAWP cRNA, medium or human
spermatozoa based on the proportion of oocytes that demonstrated second polar body
extrusion and pronucleus formation. n=total number of oocytes in each experimental group.
Identical superscripts denote homogeneous groups which are not significantly different at p =
0.017 level, as determined by the Bonferroni multiple range test.
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(1998) who showed that demembrenated mouse sperm with intact nuclei and perinuclear
theca, improved the sperm’s ability to induce calcium oscillations and oocyte activation. We
hypothesized that TX extraction would not only expose PAWP to the oocyte cytoplasm once
a spermatozoon is microinjected, but would actually mimic natural fertilization where little to
no acrosome contents are introduced into the oocyte. Immunoblotting on the TX-treated
sperm samples confirmed the anticipated resistance of PAWP to non-ionic detergent
extraction (Fig. 4.6). Human spermatozoa treated with TX retained the ability to induce
calcium oscillations (Fig. 4.5C). Furthermore, injection of PPGY peptide together with TXtreated spermatozoa prevented calcium oscillations in human oocytes (Fig. 4.5D, E). These
findings confirm our hypothesis that sperm-induced oocyte activation during human
fertilization is mediated by PAWP.
PAWP expression is correlated with ICSI fertilization rate and embryonic development after
ART
The results of our mouse and human microinjection experiments highlighted the crucial
role of PAWP during fertilization. Therefore, we decided to screen semen samples from
infertile couples treated with ICSI for PAWP expression. Demographic data from the 110
patients included in this study are summarized in Table 4.1. Flow cytometric sperm PAWP
content was determined by utilizing affinity purified anti-human PAWP antibody, to assess
the percentage of sperm with positive staining for PAWP. A proportion of each sample was
examined by epifluorescence microscopy to study the localization of PAWP in various sperm
populations. Levels of sperm PAWP were correlated to various treatment outcomes
including: ICSI fertilization rates, embryonic development, and clinical pregnancy.
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Figure 4.6: Extraction of PLCζ but not PAWP from human spermatozoa with nonionic detergent Triton X-100. Depicted are representative human sperm samples where
whole spermatozoa (WS) were treated with non-ionic detergent Triton X-100 for 1 h at room
temperature. After centrifugation, detergent soluble supernatant (TX) and detergent resistant
pellet (Pel) fractions were separated. Presence of PAWP and PLCζ was tested by
immunoblotting using respective antibodies. As observed in whole sperm and fractions from
same donor, PAWP is detergent-resistant, whereas PLCζ is fully detergent-extractable.
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Table 4.1: Demographic characteristics of male participants
Mean

95% Confidence Interval

Age (year)

38.8

37.8-39.8

Female Partner Age (year)

34.2

33.1-35.2

Semen Volume (ml)

2.8

2.6-3.1

Sperm Count (million/ml)

56.2

49.5-62.8

Sperm Motility (%)

54.3

51.8-56.9

Abnormal Sperm Morphology (%)

43.3

41.1-45.6

DNA Fragmentation Index (DFI, %)

18.1

15.5-20.7
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Figure 4.7: Expression of PAWP in the sperm of infertile men undergoing ICSI.
Affinity purified anti-PAWP antibody was used to detect PAWP in sperm samples (A-C).
Panels D-F show sperm DNA stained by DAPI. Panels G-I depict the merged images of
PAWP, DAPI and differential interference contrast (DIC). A pre-immune serum was used as
negative control (J-L). Panels M-O demonstrate the overlay histogram of gated sperm
populations from representative patient samples (red) and corresponding negative controls
(gray). Spermatozoa from two patients are shown representing typical fluorescence of PAWP
along with their flow cytometric results (A, D, G, J, M and B, E, H, K, N). A patient with
extreme low PAWP-induced fluorescence is shown in C, F, I, L, O. Corresponding ICSI
fertilization rates and embryonic development for patients A, B and C are shown in Fig. 4.9;
Bars=10µm.
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Figure 4.8: Localization of PAWP to the postacrosomal sheath of sperm
perinuclear theca (PAS-PT) of representative normal (A, B) and round-headed
(globozoospermic; C, D) human spermatozoa, labeled with affinity purified anti-PAWP
specific antibody. A, B: Immunofluorescence signal of PAWP is detected in PAS-PT of the
sperm from fertile donor. C, D: In globozoospermia, low PAWP fluorescence is detectable in
the heads of few spermatozoa. DAPI (blue) was used for DNA staining, Bars=10µm.
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A wide range of PAWP expression was observed between patients. Figure 4.7 shows
flow cytometry results from patients with high vs. low PAWP expression levels. PAWP’s
immunofluorescence staining in patients was localized to the postacrosomal sheath of sperm
perinuclear theca as expected, and/or ectopically placed or missing from some spermatozoa
with detectable morphological anomalies. In contrast, in fertile controls PAWP was usually
localized to the PAS-PT (Fig. 4.8).
The relationship between PAWP expression level and ICSI fertilization rate was
investigated using Pearson’s correlation coefficient. There was a strong positive correlation
between the level of PAWP expression and fertilization rate (r = 0.73, p < 0.0005) (Fig.
4.9A). ICSI fertilization rate was also correlated with female age (r = 0.22, p < 0.05).
However, the positive correlation between PAWP expression and ICSI fertilization rate was
independent of female age, as revealed by partial correlation analysis. To further assess the
predictive value of sperm PAWP content for ICSI outcome, hierarchical multiple regression
test was performed. Female/male age, sperm DNA Fragmentation Index (DFI) and routine
sperm parameters including semen volume, sperm count, motility and abnormal morphology
initially explained 12% of variance in ICSI fertilization rate. After entry of sperm PAWP
content, total variance explained by the model was 63% demonstrating a significant
predictive value (R square change = 0.51, p < 0.0005). When patients were categorised based
on PAWP expression (0-25%, 25-50%, 50-75%, 75-100%), the resulting groups were
statistically different for ICSI fertilization rate (ANOVA, p < 0.05) (Fig. 4.9B). Using a 50%
cut-off for PAWP expression, ICSI fertilization rate was significantly higher when over 50%
of the sperm population were positive for PAWP (p < 0.0005; mean difference=38.2%, 95%
CI: 28.2-48.2; eta squared= 0.357; Table 4.2).
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The relationship between PAWP expression level and embryonic development, marked
by the percentage of arrested embryos within 3-5 days post-ICSI, was also investigated to
determine PAWP’s possible role in preimplantation embryonic development (Fig. 4.9C, D).
Levels of PAWP expression correlated with normal embryonic development. Specifically,
high levels of PAWP expression were associated with a lower number of arrested embryos (r
= -.31, p = 0.001). Furthermore, a lower percentage of arrested embryos developed from the
sperm samples with over 50% of PAWP positive spermatozoa (t-test: p<0.0001; mean
difference=26%, 95% CI: 12.6-39.2; eta squared= 0.124; Table 4.2). There was also a
correlation between normal embryonic development and both lower female age (r = .20, p <
0.05) and sperm motility (r = .26, p = 0.007). However, partial correlation test, controlling
for both female age and sperm motility, showed that correlation between PAWP and normal
embryonic development is independent of female age and sperm motility. In summary, our
data from this cohort of patients demonstrated significant associations between sperm PAWP
expression and both ICSI fertilization rate and normal embryonic development after ART.
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Figure 4.9: ICSI outcome and embryonic development are correlated with flow
cytometric PAWP levels. Scatterplots show a statistically significant correlation between
PAWP-induced fluorescence and ICSI fertilization rate (A; r = 0.73, p<0.0005), as well as
embryonic arrest rate (C; r = -.31, p = 0.001). When patients were categorized to four groups
based on PAWP fluorescence, there was significant difference between groups for ICSI
fertilization rate (B; ANOVA, p<0.0005) and embryonic arrest rate (D; ANOVA, p = 0.001).
Black dots with superscripts a, b, and c demonstrate ICSI fertilization rates and embryonic
arrest rate of corresponding patients shown in Figure 4.7A to C.
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Table 4.2: Correlation of sperm PAWP expression with ART outcomes in patients
undergoing ICSI
PAWP

Fertilization Rate
after ICSI, mean
(95% CI b)
Arrested Embryos
after ICSI, mean
(95% CI)

P Value

<50%

>50%

t-test

ANCOVAa

41.3% (40-50.6)

79.5% (75.5-83.5)

<0.0005

<0.0005

46.7% (31.3-62.2)

20.8% (15.1-26.5)

<0.0005

0.028

a

Analysis of covariance after adjustment for female/ male age, DFI, semen volume,
sperm count, motility and abnormal morphology; b CI= Confidence Interval.
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DISCUSSION
This study strongly suggests sperm PAWP as an upstream initiator of oocyte calcium
oscillations during human and mouse fertilization. It is the first study to effectively block
sperm-induced calcium oscillations targeting a candidate SOAF. We previously showed that
rPAWP binds specifically to the synthetic WWI domain of YAP through its PPGY motif and
that a synthetic PPGY peptide derived from PAWP or anti-PAWP antibodies block the
sperm-induced pronuclear formation in porcine and intracellular calcium release in Xenopus
oocytes (Aarabi et al., 2010; Wu et al., 2007a). Here we show that the same synthetic PPGY
peptide efficiently blocked both rPAWP- and sperm-induced calcium oscillations in murine
and human fertilization. Far-Western studies confirmed that YAP is the major binding
partner of rPAWP in mouse oocyte extracts and that this interaction can be readily inhibited
by preincubating YAP with the PPGY peptide or by preincubating rPAWP with the WWI
domain. Our data indicates the involvement of a PPXY/WWI module as the initiator of
oocyte activation signalling pathways.
PPXY motifs have specific roles in molecules that mediate protein–protein interactions,
by binding to WWI domain-containing proteins (Sudol et al., 2005). It remains to be resolved
how the PAWP-YAP interaction may lead to ooplasmic PLC activation and IP3 production
during fertilization. Microinjection of the recombinant SH2 domain of oocyte-derived PLCγ
has been shown to block sperm-induced calcium release and fertilization in starfish and
ascidian oocytes, providing clear evidence of ooplasmic PLCγ contribution to calcium
release during invertebrate fertilization (Runft and Jaffe, 2000). Activation of PLCγ via its
SH2 domain as a universal mechanism in fertilization was challenged in vertebrate
fertilization by a study showing that even the high concentrations of PLCγ SH2 domain were
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not able to block the calcium release and oocyte activation in Xenopus and mice (Runft et al.,
1999). However, YAP has a SH3 binding motif which facilitates its binding to proteins with
SH3 domains (Chen and Sudol, 1995). Therefore, it is possible that PLCγ becomes noncanonically activated through its SH3 domain to cleave PIP2 during vertebrate fertilization.
Precedents for PLCγ activation via SH3, independent of the SH2 domain or tyrosine
phosphorylation by tyrosine kinases, exist in both Xenopus oocytes and human neurons
(Browaeys-Poly et al., 2007; Reynolds et al., 2008). Furthermore, both the SH3 domain of
PLCγ and anti-PLCγ antibody were able to block the Tr-kit-induced oocyte activation in the
mouse (Sette et al., 1998).
This study is, to our knowledge, the first to provide evidence that microinjection of
PAWP cRNA or recombinant PAWP protein activates mammalian oocytes by inducing
calcium oscillations, a universally accepted requirement for a SOAF in the cascade of
fertilization events. This confirms our recent report on the effect of PAWP in eliciting a
typical, single calcium transient wave required for the fertilization of Xenopus oocytes
(Aarabi et al., 2010). PAWP also displays the developmental attributes of a SOAF. It is
formed as a part of the postacrosomal sheath of sperm perinuclear theca (PAS-PT) during
sperm elongation (Wu et al., 2007b). Moreover, it remains on the PAS-PT during in vitro
fertilization and later dissipates into the oocyte cytoplasm (Wu et al., 2007a). The importance
of localization to the PAS-PT is highlighted in studies showing that local solubilisation of
PAS-PT after sperm-oolemma fusion, is sufficient to elicit full oocyte activation even when
sperm incorporation into the oocyte cytoplasm is prevented by cytochalasin B (Sutovsky et
al., 2003). The developmental data together with the functional attributes presented in this
study point to PAWP as the initiator of zygotic development.
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In order to examine the role of PAWP as the trigger of human oocyte-calcium
oscillations, TritonX-100-demembrenated human spermatozoa were injected by ICSI for the
following reasons: firstly, we wanted to confirm previous findings in mice that the non-ionic
detergent-extracted spermatozoa, with intact nuclei and perinuclear theca, retain the ability to
successfully induce calcium oscillations and activate oocytes leading to normal birth rates
and healthy litters (Kimura et al., 1998; Morozumi et al., 2006; Yanagimachi, 2011);
secondly, ICSI with demembrenated spermatozoa mimics natural fertilization more closely
than ICSI of intact spermatozoa since the acrosome and surface membranes are eliminated;
and thirdly, the active form of PLCζ, which resides on the human sperm surface and in the
acrosome (Aarabi et al., 2012) is eliminated by non-ionic detergent extraction (see Fig. 4.6
and Aarabi et al., 2012) guaranteeing that calcium oscillations induced by the TX-extracted
sperm head would be independent of PLCζ-induced calcium oscillations.
Calcium oscillations have been observed upon microinjection of PLCζ cRNA into
oocytes of different species, including murine, bovine and human (Swann and Lai, 2013). To
uncover the developmental origins of PLCζ, we previously performed a comprehensive study
utilizing a variety of commercial and custom-made antibodies (Aarabi et al., 2012). PLCζ is
localized to the human sperm head surface and acrosomal region and is extractable by nonionic detergents. Developmentally, PLCζ is incorporated during mouse and human
spermiogenesis as part of the acrosome in round spermatids and is later secreted by the
epididymis to the sperm head surface. These findings make it unlikely that PLCζ is
incorporated into the PT and are in line with the other studies that show PLCζ localization in
a variety of sperm compartments other than the PT (Grasa et al., 2008; Kashir et al., 2013;
Young et al., 2009). Furthermore, PLCζ is not a testis-specific gene product as originally
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thought (Aarabi et al., 2012, Yoshida et al., 2007), and localization of PLCζ during IVF
clearly demonstrates that PLCζ is dispersed from the sperm head during acrosome reaction
and is no longer detectable during gamete fusion and sperm incorporation (Aarabi et al.,
2012). Most importantly, the paucity of PLCζ inhibition studies during sperm-induced
calcium oscillations raises serious questions about PLCζ’s role as the SOAF. Until these
issues are resolved, PLCζ can only be considered to be an efficient tool for artificial oocyte
activation.
This is the first study, to our knowledge, to utilize the combination of two visible lightexcitable calcium indicators, Fluo-3 and Fura-red for ratiometric analysis of calcium
oscillations in mammalian fertilization, in contrast to the widely used UV light-excitable
calcium dye, Fura-2 (Miao et al., 2012). These visible wavelength dyes have some
advantages over UV-based dyes, such as lesser autofluorescence and cytotoxicity (Takahashi
et al., 1999). Furthermore, common lenses used in a variety of microscopic systems
including confocal laser scanning microscopes are not optimally chromatically adjusted for
use with UV light (Niggli et al., 1994).
The molecular and functional data in this study suggest a pivotal role for PAWP in
human and murine fertilization. Therefore, we hypothesized that PAWP levels in
spermatozoa may correlate with ART outcomes. Sperm samples collected from men
undergoing ICSI were studied to establish the relationship of PAWP with ICSI fertilization
and embryonic development. Screening sperm samples from 110 consenting subjects
revealed a strong correlation between PAWP and ICSI fertilization rates, independent of
other factors such as patients’ age and sperm/oocyte parameters. This finding qualifies
PAWP as a potential biomarker suitable for the prediction of ICSI fertilization rate.
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Several studies have sought markers of sperm competence for fertilization (Milardi et
al., 2013), some indicating the absence of PLCζ in sperm samples from patients diagnosed
with globozoospermia and fertilization failure. Inability of such spermatozoa to induce
normal calcium oscillations upon injection into mouse oocytes was rescued by co-injection
of PLCζ cRNA (Taylor et al., 2010; Yoon et al., 2008). It is noteworthy that the lack of
PLCζ in round-headed, PT-and-acrosome-less spermatozoa that are unable to activate
oocytes by ICSI does not directly support the role of PLCζ as many PT proteins are absent,
and this has yet to be fully investigated (Perrin et al., 2013; Yildiz et al., 2006). Thus, the
lack of multiple proteins and structures is likely causing infertility in such cases. In fact, we
also detected the absence of PAWP in spermatozoa from globoozospermic patients (Fig. 4.8).
Mutation of the PLCζ gene has been reported in one infertile patient, coinciding with lack of
oocyte activation after ICSI (Heytens et al., 2009; Kashir et al., 2012). Since our study shows
that PAWP triggers oocyte-calcium oscillations, we question whether the sperm of this
infertile patient contains PAWP. Moreover, as the plcζ-/- mouse model shows that PLCζ is
required for round spermatid formation and elongation (Ito et al., 2011), it remains to be
elucidated why a mutation of Plcζ would not abrogate sperm production in such a patient.
In this study we found a statistically significant relationship between PAWP expression
and normal human embryonic development after ICSI. Couples with the male partner having
low levels of sperm PAWP had significantly higher rates of embryonic developmental arrest
at 3-5 days post-ICSI. Since the pattern of calcium oscillations has been implicated in the
control of early embryo development (Ozil et al., 2005), it is possible that low levels of
PAWP may lead to shortened/impaired calcium oscillations and hence arrest of embryonic
development. Further prospective studies on a large number of infertile couples will be
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necessary to investigate the correlations between sperm PAWP levels (low vs. normal),
pattern of calcium oscillations and ART outcomes including clinical pregnancy rate.
In conclusion, this study provides compelling evidence that sperm PAWP is the initiator
of mammalian zygotic development. Our findings confirm that PAWP fulfills the
developmental and functional criteria set for a SOAF. PAWP’s mode of action upstream of
calcium oscillations reveals a novel molecular signalling pathway in human and mouse
oocyte activation involving the WWI domain module. Clinical data from infertile couples
suggest PAWP as a potential biomarker predictive of ICSI fertilization rate and embryonic
development in humans.
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CHAPTER V

GENERAL DISCUSSION
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The identity of the sperm-borne oocyte activating factor (SOAF) has been under
investigation in the last three decades for its crucial role in fertilization. ICSI, despite its
common use for infertility treatment, remains unsuccessful in over 30% of cases. Complete
fertilization failure is observed in about 3% of ICSI cases (Mahutte and Arici, 2003).
Fertilization failure may be explained by defects in oocyte or sperm, or by ICSI-related
technical issues. Oocyte defects could be due to existence of genetic abnormalities or
maturity problems (Hashimoto, 2009; O'Shea et al., 2012; Zeng et al., 2013). Sperm defects
causing failed fertilization after ICSI include abnormal chromatin composition, impaired
nucleus decondensation and sperm inability to activate the oocytes (Maggiulli et al., 2010;
Yanagimachi, 2011). Failure of oocyte activation is observed in over 80% of metaphase II
arrested oocytes that remain unfertilized after ICSI (Tesarik et al., 1994).
Oocyte activation is induced by the sperm factor. Therefore, identification of SOAF may
improve the understanding of etiology of male infertility and failed fertilization after ART.
SOAF could be potentially used as a biomarker for diagnosis of male infertility in couples
with unexplained, idiopathic infertility, which comprises up to 20% of all infertility cases
(Carrell and Aston, 2011; He et al., 2006; Krausz, 2011). As a marker for sperm competence
to initiate the fertilization process, SOAF may be used to predict the success of ICSI along
with other markers for sperm/oocyte competence. For couples with low fertilization rate due
to the sperm failure to activate the oocyte, SOAF may be considered as a potential choice to
complement and rescue ICSI treatment.
The aim of this PhD dissertation was to address the functional attributes of SOAF
candidate PAWP in amphibian and mammalian fertilization, along with PAWP’s clinical
applications in infertility. Considering PLCζ as another SOAF candidate, we decided to
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investigate its unaddressed developmental and functional characteristics. This project was
directed to contribute to a better understanding of SOAF characterization and mechanism of
sperm-induced oocyte activation. To achieve our goal, we first established the developmental
and functional criteria for SOAF based on comprehensive literature review on the mechanism
of oocyte activation (Chapter I).
Sperm-induced rise in level of intracellular calcium is universally accepted as the major
trigger for oocyte activation (Runft et al., 2002; Stricker, 1999). The effect of PAWP in
mediating oocyte activation events downstream of calcium release such as meiotic
resumption and pronuclear formation has been documented previously (Wu et al., 2007a).
However, it was not evident whether sperm PAWP acts upstream of calcium release during
fertilization. We addressed this issue in Xenopus oocytes microinjected with recombinant
form of PAWP protein (Chapter II). Our results showed that PAWP induces oocyte
activation in Xenopus by mediating intracellular calcium release (Aarabi et al., 2010).
Furthermore, we provided evidence that sperm-induced calcium release in Xenopus is
inhibited by coinjection of PPGY competitive peptide derived from PAWP sequence.
Therefore, we hypothesized that PAWP in Xenopus sperm mediates oocyte activation via its
PPGY motif.
Xenopus genome was still under investigation at the time of our study and the sequence
of Xenopus PAWP remains to be investigated. Our preliminary studies utilizing anti-PAWP
antibodies specifically identified a cross-reactive protein on westerns of Xenopus sperm SDS
extracts and localized this protein by electron microscopy to dense membrane-less granules
in the mature sperm tails, as demonstrated in Appendix I. Further research is required to
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elucidate the sequence of Xenopus PAWP, its development during spermatogenesis and its
mechanism of action during fertilization.
The other SOAF candidate, PLCζ was proposed as the activating factor prior to our
study on PAWP (Saunders et al., 2002). As expected, our results raised questions and
discussions about the identity of SOAF and its characteristics, considering PAWP and PLCζ
(Harada et al., 2011; Iwao, 2012; Kashir et al., 2010; Kashir et al., 2011; Ramadan et al.,
2012). PLCζ is able to induce calcium release and oocyte activation once microinjected into
oocytes from different species (Cox et al., 2002; Kouchi et al., 2004; Rogers et al., 2004;
Yoneda et al., 2006). However, interference trials where sperm-induced oocyte activation is
inhibited by anti- PLCζ antibodies or competitive peptides derived from PLCζ sequence are
not available. Most importantly, literature has been silent or inconsistent about the
developmental attributes of PLCζ, its localization on the sperm and its fate during
fertilization (Bedford-Guaus et al., 2011; Fujimoto et al., 2004; Young et al., 2009).
Concurrent to our research on PAWP, we decided to address these unknown attributes of
PLCζ (Chapter III).
PLCζ was extractable by non-ionic detergent Triton X-100 (TX) from human sperm, in
contrast to PAWP that appeared to be detergent-resistant. In mouse, the corresponding PLCζ
band in western blots remained in the detergent-resistant fraction but appeared to be localized
to sperm tail by further extractions. The detergent-resistant nature of SOAF was initially
highlighted by Kimura et al. (1998) who showed that injection of the TX-treated mouse
sperm heads into oocytes leads to full fertilization and pregnancy. Ultrastructural
investigations then confirmed nucleus and detergent-resistant perinuclear theca (PT) as the
only intact compartments left in the TX-treated sperm heads (Kimura et al., 1998; Perry et
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al., 2000). SOAF seems to be a part of postacrosomal sheath of PT (PAS-PT) whose local
solubilisation, after fusion of sperm with oocyte plasma membrane, is sufficient to elicit full
oocyte activation (Sutovsky et al., 2003). The results of this project recommend localization
of TX-extractable PLCζ to sperm components other than PAS-PT.
Biogenesis of PAS-PT occurs during the elongation phase of spermiogenesis in testis
(Oko and Sutovsky, 2009). PAWP originates in elongating spermatids and its assembly in
PAS-PT is in tight relationship with the microtubular manchette (Oko and Sutovsky, 2009;
Wu et al., 2007b). PLCζ, during human and mouse spermatogenesis, originates in round
spermatids and is localized to the acrosome. The fact that PLCζ was not detectable by the end
of elongation phase implicated its potential consumption during spermiogenesis. Our
findings are in agreement with data available from the trials to generate the Plc-/- mice
(Proceedings of 11th International Symposium on Spermatology) which demonstrate arrest of
spermiogenesis in round spermatids and absence of sperm production in knockout mice (Ito
et al., 2011).
SOAF is a testis-specific protein, since extract of other tissues have been unable to
induce intracellular calcium release in the oocytes (Jones et al., 2000). While PAWP is
confirmed to be testis-specific, this thesis shows that PLCζ is expressed in testis and
epididymis (Aarabi et al., 2012; Wu et al., 2007a). Together with other studies that report
PLCζ expression in brain and ovary (Coward et al., 2011; Yoshida et al., 2007), our data
disapprove PLCζ as a testis-specific protein. We followed the fate of sperm during IVF and
found, for the first time, that PLCζ is removed from the sperm head prior to gamete fusion
and sperm incorporation into the oocyte cytoplasm. In fact, the last detectable signal of PLCζ

165

was on the acrosome shroud after acrosome reaction, in contrast to PAWP which is released
into the oocyte cytoplasm along with other PAS-PT proteins (Wu et al., 2007a).
Data presented in this dissertation provide strong evidence that testicular and epididymal
expression profile of PLCζ in mouse and human does not support its role as a sperm-borne
oocyte activating factor. Our developmental and functional findings along with the lack of
inhibition studies on sperm-induced calcium oscillations raise serious questions about
PLCζ’s proposed role as the SOAF. We suggest the possible involvement of this enzyme in
fertilization processes other than oocyte activation. Until a proper investigation to answer the
current emerging questions, PLCζ may only be considered as an efficient tool for artificial
oocyte activation.
This project provided data that PAWP acts upstream of calcium release in Xenopus as
the key element of oocyte activation. Next, we performed studies on mouse and human
oocytes to examine whether PAWP acts upstream of calcium oscillations to activate
mammalian oocytes (Chapter IV). PAWP induces calcium oscillations in mouse and human
MII arrested oocytes with a temporal and spatial pattern similar to sperm. This study shows
for the first time that human oocytes injected with PAWP complete the meiosis II and
develop female pronucleus.
The piezo-based mouse ICSI system was established for the first time at Queen’s
University for this project and was complemented with a novel method of calcium imaging
in fertilized eggs which utilizes laser scanning confocal microscopy and visible light-based
calcium indicators. This method appears to be more efficient and accurate than the currently
practiced calcium imaging methods with UV-based dyes (Miao et al., 2012). Protocol for
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microinjection and imaging was optimized in mouse and further applied to human oocytes.
The essential time period for monitoring injected oocytes followed by their transfer from
microinjection laboratory to confocal microscope was a limiting factor for us in both mouse
and human, which prevented us from observing the first wave of calcium transient occurring
immediately after ICSI. Partial insolubility of PAWP protein was another limiting factor
which made its microinjection with small (<6 µm internal diameter) pipettes very difficult.
We could resolve this problem in mouse by performing strong piezo pulses to break the
particles and to prevent them from sticking to the internal wall of microinjection pipettes.
However, due to unavailability of piezo for human microinjection experiments, we
synthesized the PAWP transcript (cRNA) which revealed similar results to PAWP
recombinant protein.
The most significant finding in this dissertation was that sperm-induced intracellular
calcium release/oocyte activation could be inhibited by PPGY peptide derived from PAWP
sequence. This indicates that PAWP-mediated calcium release and oocyte activation is a nonredundant event during ICSI. Indeed, it is the first study to effectively block sperm-induced
calcium oscillations utilizing an inhibitor against a candidate SOAF. The blockage of oocyte
activation in ICSI trials by PPGY peptide also demonstrates the existence of a new signalling
pathway in oocyte activation involving PPXY motif and WWI domain proteins.
Depending on species, PAWP contains one to several PPXY motifs. PPXY motifs have
specific roles in mediating protein–protein interactions, by binding to the family of WWI
domain proteins. WW domains are small protein modules composed of 40 amino acids that
fold as a stable triple stranded beta-sheet in the absence of ligands or disulfide bridges
(Macias et al., 2002; Sudol et al., 2005). The largest group of WW domain proteins contains
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the WWI domain, which recognizes ligands with a PPXY motif. WWI domain proteins, such
as YAP, NEDD4, TAZ, and dystrophin, are involved in variety of cellular processes such as
cell cycle control, receptor signaling, protein trafficking, ubiquitin ligation, and transcription
(Chen and Sudol, 1995; Hu et al., 2004). The PPXY motifs, which require WW-domain
adapter interaction for their functioning, have been observed in a number of transcription
factors including C-Jun and PEBP2 (Dhananjayan et al., 2006; Kay et al., 2000; Yagi et al.,
1999). PAWP binds specifically to the synthetic WWI domain of YAP through its PPXY
motif and the synthetic PPGY peptide derived from PAWP sequence blocks fertilization (Wu
et al., 2007a). Data presented in this study show that PPGY also blocks calcium oscillations
induced by PAWP and sperm. This, together with far western results of PAWP-binding to
WWI domain of YAP in mouse oocytes implicates a functional PPXY-WWI interaction
present in intracellular calcium release leading to fertilization. This hypothesis is supported
by available data from the tissue expression arrays showing the highest expression of Pawp
and Yap transcripts in testis and oocyte/fertilized egg, respectively (Fig. 5.1).
Further research is required to explore other molecules possibly involved in PAWPinduced oocyte activation. It is clear that IP3 produced by cleavage of PIP2 mediates the
release of calcium from ER through IP3 receptors during fertilization (Busa et al., 1985;
Goud et al., 2002; Miyazaki et al., 1993; Swann and Whitaker, 1986). It has been shown that
PLCγ, activated via its SH2 domain, is involved in phosphatidylinositol cycle which results
in the intracellular calcium release required for invertebrate fertilization (Giusti et al., 1999;
Runft and Jaffe, 2000). However, SH2 domain seems to have no effect on blocking calcium
release in Xenopus and mouse fertilization, suggesting the involvement of other mechanisms
in producing IP3 for vertebrate fertilization (Mehlmann et al., 1998; Runft et al., 1999).
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We still don’t know how PAWP-YAP interaction may lead to PLC activation and IP3
production. However, YAP has a SH3 binding motif for binding to proteins with SH3
domain. It is possible that the SH3 binding motif of YAP non-canonically activates PLCγ by
binding to its SH3 domain to cleave PIP2 during fertilization (Fig. 5.2). Similar mechanism
for PLCγ activation via SH3, independent of tyrosine phosphorylation by tyrosine kinases or
SH2 domain, has been shown during Xenopus oocyte maturation and in neurons (BrowaeysPoly et al., 2007; Hwang et al., 1996; Reynolds et al., 2008).
The final part of research in this dissertation was dedicated to screening of PAWP in
sperm of men undergoing ICSI to test its possible correlation to ART outcomes including
ICSI success and embryonic development. This prospective study was performed in a quest
to find the possible clinical applications of PAWP based on our basic observations in animal
models and human. We found that PAWP expression level is strongly correlated to ICSI
fertilization rate. Moreover, sperm samples with high level of PAWP expression
demonstrated better embryonic development after ICSI. To exclude other possible factors
affecting ART outcomes, patients with infertility due to known male or female factors were
initially excluded. Furthermore, stringent statistical analysis was performed to show that such
correlations are most likely independent from other factors. Our findings reveal PAWP
expression analysis with flow cytometry as a potential tool for predicting ICSI fertilization
rate in infertile couples.
PAWP may also be proposed as a potential factor to increase the success of ICSI and to
rescue ART failure. There is no consensus on management of ART failure due to failed
fertilization. The generally practiced method is only to repeat the treatment hoping for better
results (Lipitz et al., 1993; Maggiulli et al., 2010). Some studies recommend artificial oocyte
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activation (AOA) as possible treatment to supplement ICSI. AOA may be achieved by
mechanical, electrical or chemical methods to elicit one or several transients of calcium in
eggs (Dozortsev et al., 1995; Kline and Kline, 1992; Machaty et al., 1996; Zhang et al.,
1999). Chemicals such as calcium ionophore, ionomycin and strontium chloride have been
shown to facilitate oocyte activation by promoting such rise in the level of cytoplasmic
calcium (Heindryckx et al., 2005; Meo et al., 2007; Yanagida et al., 2006). There is no
guideline recommendation for AOA in clinical settings since current data are only based on
animal studies and human case reports (Kyono et al., 2008; Nasr-Esfahani et al., 2010).
Meanwhile, AOA may not be beneficial for all cases with ICSI failure; and may result in
poorly developing zygotes (Balakier and Casper, 1993; Nasr-Esfahani et al., 2008). More
research is required on a large cohort of infertile couples to show the efficacy and safety of
chemicals used for AOA. Nevertheless, for low fertilization rate due to sperm failure to
activate the oocyte, availability of a natural authentic sperm borne oocyte-activating factor
may be favoured to enhance the success of ICSI. Further research is required to provide
evidence in support of the use of PAWP in patients with ICSI failure. In addition, producing
the Pawp-/- mice is essential to study their phenotype as well as effect of PAWP in rescuing
ICSI in Pawp -/- mice.
Overall, this PhD dissertation addresses the unreciprocated issues regarding the role of
SOAF candidates PAWP and PLCζ during fertilization. Our findings for the first time
provide evidence about development and function of PLCζ in mammalian fertilization,
function and mechanism of action of PAWP in amphibian and mammalian fertilization, and
possible clinical applications of PAWP in infertility.
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Figure 5.1: The pattern of Pawp and Yap mRNA expression in different mouse tissues.
High-throughput gene expression profiling of Pawp and Yap1 genes reveals the high
expression of their transcripts in testis and oocyte/fertilized egg, respectively. Data were
acquired from BioGPS gene annotation portal based on the high-density oligonucleotides
array datasets.

171

172

*

*

2

3

Figure 5.2: Proposed model for involvement of PAWP, YAP and PLCγ in the spermmediated intracellular calcium release during fertilization. The model suggests the possible
binding modules between the molecules while other proteins may be involved in the
signalling pathways (asterisks) to form a complex for activation of PLCγ.
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Figure A-1: Preparative western blot of frog testis and SDS-extract of sperm,
immunolabelled with affinity purified anti- bull PAWP serum. Western demonstrates crossreacting bands with anti-bull PAWP affinity purified antibody. While the major bands are
observed at ~66 and ~45 kDa level, a minor band at ~32 kDa level close to the size of bull
PAWP is noted. Lane 1: Sonicated frog testis. Lane 2: SDS-extract of frog sperm. Lane 3:
Sonicated bull sperm heads as control.
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Figure A-2: Structure of seminiferous tubules in frog testis; Sections through clumps
of mature sperm in frog testis, counterstained with Haematoxylin & Eosin (A) and methylene
blue (B). Note the arrangement of mature testicular sperm heads (arrows; dark blue) and tails
(asterisks; pink in A and light blue in B). In electron microscopy, cross sections through the
caudal part of the sperm head (inset) reveal that nucleus (N) is surrounded by a mitochondrial
sheath (arrow).
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Figure A-3: Immunohistochemistry of frog sperm utilizing affinity purified antiPAWP. A; Sections through clumps of mature sperm in frog testis, immunoproxidase
labelled with affinity purified anti-bull PAWP antibody. Note the specific immumoreactivity
in the cytoplasmic granules (arrows). The inset shows an electron microscope section of a
granule immunogold labelled with anti-PAWP antibody. B; The anti-PAWP antibody, used
in our above experiments, specifically labels the postacrosomal sheath of the bull sperm head
at the end of spermiogenesis (arrows).
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