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Abstract

Purpose Oocyte activation is a fundamental event at mammalian fertilization. In mammals, this process is initiated by a series of
characteristic calcium (Ca2+) oscillations, induced by a sperm-specific phospholipase C (PLC) termed PLCzeta (PLCJQ).
Dysfunction/reduction/deletion of PLCC, is associated with forms of male infertility where the sperm is unable to initiate Ca®*
oscillations and oocyte activation, specifically in cases of fertilization failure. This review article aims to systematically summa-
rize recent advancements and controversies in the field to update expanding clinical associations between PLC( and various male
factor conditions. This article also discusses how such associations may potentially underlie defective embryogenesis and
recurrent implantation failure following fertility treatments, alongside potential diagnostic and therapeutic PLC( approaches,
aiming to direct future research efforts to utilize such knowledge clinically.

Methods An extensive literature search was performed using literature databases (PubMed/MEDLINE/Web of Knowledge) focus-
ing on phospholipase C zeta (PLCzeta; PLC(), oocyte activation, and calcium oscillations, as well as specific male factor conditions.
Results and discussion Defective PLCC or PLCC-induced Ca®" release can be linked to multiple forms of male infertility
including abnormal sperm parameters and morphology, sperm DNA fragmentation and oxidation, and abnormal embryogene-
sis/pregnancies. Such sperm exhibit absent/reduced levels, and abnormal localization patterns of PLC( within the sperm head.

Conclusions Defective PLC(, and abnormal patterns of Ca”* release are increasingly suspected a significant causative factor
underlying abnormalities or insufficiencies in Ca®* oscillation-driven early embryogenic events. Such cases could potentially
strongly benefit from relevant therapeutic and diagnostic applications of PLC(, or even alternative mechanisms, following further
focused research efforts.

Keywords Phospholipase C zeta (PLCzeta) - Oocyte activation - Fertilization: Sperm - Infertility: Assisted reproductive
technology

Introduction causative factor underlying infertility [5]. However, assisted
reproductive technologies (ART; laboratory techniques such

Infertility afflicts ~15% of couples, while male infertility is  as in vitro fertilization or IVF) have allowed a route for treat-

prevalent in ~ 7% of men worldwide, with ~ 50% of such cases
remaining unexplained [1-4]. This is a particularly worrying
statistic as male infertility is increasingly attributed as the major
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ment in affected couples, accounting for ~7% of total birth
rates in some developing countries [5]. However, several con-
ditions of severe male infertility (19-57% of cases of infertility)
remain untreatable [6], even following intracytoplasmic sperm
injection (ICSI; injection of an individual sperm into the oo-
cyte). Furthermore, up to 1-5% of ICSI treatment cycles fail,
largely attributed to a defect in fertilization [5, 7-9].
However, treatment is usually successful following multi-
ple cycles (although this does not preclude a small, but signif-
icant, number of cases where cycles are successful on first
attempt), potentially due to recurrent implantation failure,
which contributes to a significant percentage of infertility fol-
lowing fertility treatments [10]. Indeed, global pregnancy and
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live birth rates following ART rarely exceeds ~40%, while
success via IVF or ICSI remains as low as 27% per cycle [11].
Low pregnancy success rates can be attributed to poor embry-
onic development or competency [12, 13], increasingly corre-
lated with poor sperm parameters [14]. Superior quality sperm
selected from a population of generally poor quality tends to
improve embryogenic competency compared with without
selection in the same infertile couples [15].

Such correlations may be further multifactorial, involving
abnormal sperm epigenetics [16—19], abnormal sperm DNA
status (DNA fragmentation/aneuploidies; [20-22]), and in-
creasingly altered lifestyles and diets [23-28]. Perhaps one
of the major events that sperm components contribute to at
fertilization is oocyte activation, a series of processes that are
directly influenced by the fertilizing sperm [5, 29]. This re-
view examines the significance of oocyte activation, and how
these events can be linked to not only the quality of subse-
quent embryogenesis but also to potential fertility treatment
outcomes. This review also scrutinizes how the sperm initiates
oocyte activation through the soluble sperm factor, attempting
to connect how recent clinically oriented studies suggest the
involvement of such factors in determining fertility treatment
outcome. Finally, this review will discuss potential diagnostic
and therapeutic approaches based on such associations, with
the aim of directing future research efforts to utilize such
knowledge clinically.

Oocyte activation, intracellular calcium
oscillations, and the sperm factor

Oocyte activation is a collection of fundamental events at fer-
tilization which culminate in the initiation of embryogenesis in
response to changes in intracellular calcium (Ca®*). The eggs
of some vertebrates such as echinoderms, frogs, and fish elicit
a single Ca®* wave at fertilization, while mammals and several
marine invertebrates elicit a series of repetitive Ca>* oscilla-
tions [5, 30-36], which in mammalian oocytes are a direct
consequence of inositol trisphosphate (IP;)-mediated Ca** re-
lease [5, 9, 35, 37-41]. Patterns of Ca** oscillations are
species-specific in amplitude, duration, and frequency
[42—-45], and are essential in all species studies to date
(Fig. 1), sufficiently triggering blastocyst development in mice
[35, 47]. Inhibiting Ca®* release prevents fertilization [30, 48],
while diminishing IP5 receptors (IP3Rs) in mouse and hamster
oocytes inhibited Ca®* oscillations and oocyte activation [42,
49-51]. Increased IP; concentrations during fertilization in
mammalian oocytes [35] further support the importance of
IP; levels and IP;-mediated Ca®* release at oocyte activation.

The specific profile of Ca”* release at fertilization may not
only be necessary for oocyte activation but also equally im-
portant for subsequent embryogenic events. Differential fre-
quencies and amplitudes of Ca®* release [52, 53] altered
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protein expression profiles in early mouse embryos and rab-
bits [43, 44, 54], as well as the efficacy of cell cycle progres-
sion and embryogenesis [31, 33, 43, 44]. Considering that
such parameters in human embryos is proving an indicator
of normal embryogenesis and pregnancy success [55, 56],
elucidating the specific mechanisms underlying Ca®* release
at fertilization holds significant scientific and clinical interest.

Most evidence indicates that a specific factor is delivered to
the oocyte upon fertilization by the sperm, triggering Ca>*
release from intracellular stores [57]. Indeed, injecting sperm
extracts into mammalian oocytes triggered similar patterns of
Ca** oscillations to those observed at fertilization [32, 57-62],
while the global success of ICSI which bypasses most con-
ventional cellular modes of Ca®* transduction (such as G pro-
tein signaling or membrane ligand/receptor mechanisms), pro-
vides further support for the sperm factor hypothesis [5, 63]. A
number of candidates have been proposed at this “sperm fac-
tor,” including a 33 kDa protein (or oscillogen) [64], a trun-
cated form of the c-kit receptor (tr-kit) via activation of phos-
pholipase C (PLC) isoform gamma-1 (PLCy1) through phos-
phorylation by a Src-like kinase Fyn [65-67], and more re-
cently, the post-acrosomal sheath WW domain-binding pro-
tein (PAWP) [68, 69]. However, the phosphoinositide signal-
ing pathway is an essential component of the Ca®* oscillations
observed, where intracellular IP; is generated by the hydroly-
sis of phosphatidylinositol 4,5-bisphosphate (PIP,), binding to
IP;Rs on the ER, resulting in Ca”* release [42, 45, 48, 70-73].
None of the aforementioned factors sufficiently elicit Ca**
oscillations similar to the pattern observed at fertilization, at
least within physiological parameters [9, 45, 46, 74-77].
Intriguingly, although numerous PLC isoforms play specific
roles at fertilization in both gametes, data indicated that most
previously known PLC isoforms were not directly involved in
oocyte activation, failing to elicit Ca®* release upon injection
into mouse oocytes [45, 78-83].

PAWP proposedly mediates effect in oocytes via yes-
associated protein (YAP), leading to PLC gamma (PLCy)-
mediated activation similar to Xenopus eggs [84]. Indeed, mi-
croinjection of recombinant bovine PAWP seemingly initiated
activation of porcine, bovine, macaque, and Xenopus oocytes
and eggs as indicated by pronuclear formation [68], while
recombinant bovine PAWP injection into Xenopus eggs re-
portedly exhibited Ca>* release [69]. Furthermore, recombi-
nant human PAWP protein or cRNA seemingly induced Ca>*
oscillations upon microinjection into mouse and human oo-
cytes, which were blocked by co-injection of a peptide acting
as a competitive inhibitor of PAWP [84]. However, the spe-
cific molecular mechanisms underlying signal transduction
regarding tr-kit and PAWP remain unclear, while it remains
unclear whether both tr-kit and PAWP elicit Ca** oscillations
similar to those observed at fertilization under physiological
conditions. Importantly, recent independent in vitro biochem-
ical studies refuted the proposed functional role for PAWP
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Fig. 1 a Schematic summary of a
solitary versus repetitive Ca**
transients during fertilization
across the animal kingdom.
Examples of waves versus non-
wavelike transients are listed for
various animal groups, while also
detailing models of Ca®* transient
initiation in each type of model
(single versus multiple
transients). b A representative
recording of intracellular Ca*
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[85-87], while sperm generated from a PAWP-null mouse
remained able to initiate Ca** induction similar to normal
fertilization [88].

Alternative theories have also suggested that mammalian
oocyte factors contribute significantly towards oocyte activa-
tion. Indeed, oocytes contain multiple PLC isoforms, includ-
ing beta (f3), v, and delta (6) [82]. Reduction or overexpres-
sion of oocyte-PLCP1 altered Ca>* oscillation profiles, but
did not prevent activation [82]. A novel PLC$ isoform in
sea urchin gametes has also been identified, whose PH domain
localized to the plasma membrane of eggs, increasing in in-
tensity at fertilization. However, recombinant sea urchin
PLCS failed to elicit Ca®* release upon injection into mouse
oocytes and sea urchin eggs [81], while the relevance of such
populations seem redundant towards oocyte activation at least
within mammals whereby Ca”* oscillations initiate cortically,

1 hour

rather than near the plasma membrane [45]. Furthermore, in-
jection of recombinant PLC31, PLCy1, PLCy2, PLCé41,
PLC63, and PLC64 all failed to elicit Ca®* release upon injec-
tion into mouse oocytes, indicating that oocyte PLC isoforms
are not directly involved in oocyte activation, but may yet
potentially exert effect further downstream of fertilization
[45, 80, 82, 83].

The mammalian sperm factor is a distinct PLC,
termed phospholipase C zeta

The specific PLC isozyme responsible for mammalian oocyte
activation was proposed to be a testis-specific PLC, termed
PLCzeta (PLCC) [89, 90], identified in multiple mammalian
species including human, hamster, monkey, and horse
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[90-94]. PLC( exhibits characteristic X and Y catalytic domains
forming the active site, a single C2 domain, and four tandem EF
hand domains [89, 95]. However, PLC( uniquely lacks either a
pleckstrin homology (PH), or Src homology (SH) domain, mak-
ing PLC( the smallest known mammalian PLC with a molecu-
lar mass of ~ 70 kDa in humans and ~ 74 kDa in mice [89, 90].

Abrogating catalytic domains of PLC( dissipated Ca®*
release in mouse oocytes [89], while recombinant PLC( injec-
tion downregulated IP;Rs in mouse oocytes, indicative of 1P
binding [96]. PLC{, is extremely sensitive to basal oocyte Ca**
levels [97, 98], thought to be mediated by its unique domain
organization the four EF hand domain exerting significant
Ca** sensitivity [98-100]. The EF hands along with the C2
domain contribute an important role in PLC( binding to PIP,
[85], along with the extended PLC({ XY-linker which also
regulates enzyme activity [83, 100—103]. The XY-linker region
also contains a predicted nuclear localization signal (NLS)
sequence, which may regulate at least mouse PLC( mediated
via nuclear shuttling [104, 105]. However, this feature seems to
be unique to only the mouse model [5, 105] (Fig. 2a).

Recombinant PLC( elicits Ca®* oscillations similar to
physiological fertilization patterns upon injection into mouse
oocytes, also supporting blastocyst formation [83, 99]. Sperm
extract fractions containing PLC(-induced Ca** oscillations
[98, 107, 108] while diminishing PLC( from such extracts
suppressed Ca”* release [89]. Furthermore, reduction of tes-
ticular PLC( in mice through RNA interference (RNA1)
yielded sperm which prematurely ended Ca”* release before
completion of activation, and significantly reduced litter sizes
[109]. Finally, sperm extracts and recombinant PLC( elicit
Ca®* release upon microinjection into eggs and oocytes across
and between species [89, 110], while non-mammalian testis-
specific PLCC homologues have also been identified [62, 81,
105, 111], indicating that PLCC may be a universal feature of
oocyte activation, at least within mammals (Fig. 2b).
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Hachem et al. [112] and Nozawa et al. [113] recently re-
ported keystone studies involving creation of transgenic
knockout (KO) mouse models of PLC(, both of whom inde-
pendently concluded that PLC( is the primary physiological
stimulus of Ca®* oscillations at fertilization [112, 113].
Interestingly, however, both studies also reported that KO
males produced offspring, albeit in significantly reduced litter
numbers (~25% of wild-type litters), indicating subfertility
rather than infertility. Puzzlingly, while sperm from such mice
failed to induce Ca®* release following ICSI, IVF resulted in
atypical and delayed patterns of Ca®* oscillations (lower in
number and frequency) with a high degree of polyspermy
and activation failure [113, 114]. Such results may indicate
that PLCC( is not an absolute requirement for natural fertiliza-
tion, with an additional “primitive” or “cryptic” sperm factor
also involved at oocyte activation [113—115].

Perhaps the identity of such a factor could be alternatively
proposed sperm factors such tr-kit, citrate synthase, or PAWP,
which while not contributing to the majority of Ca®* release at
oocyte activation, may have a contributory function [65, 69,
116]. However, as previously discussed, no other proposed
factor apart from PLC( has been independently and consistent-
ly confirmed to elicit Ca®* release in the specific manner re-
quired for oocyte activation, at least at physiological levels of
protein present within sperm [45, 86-88], while none of the
alternatively proposed sperm factors (apart from PLC() in-
volve IP;-mediated Ca" release [29, 45]. In addition to sperm
contributors towards oocyte activation, the mammalian oocyte
cellular machinery involved in Ca®* signal transduction may
also exert significant effect upon the efficacy of oocyte activa-
tion [117, 118], with proposed relationships between fertiliza-
tion failure and the expression profiles of genes involved in
oocyte maturation, including growth differentiation factor 9
(GDF9), bone morphogenetic protein 15 (BMP15), BCL2-
associated transcription factor 1 (BCLAF1), leiomodin 3

[ ) [ \
—eF-E6F EF-EF— X
SN

Substrate binding/
nuclear shuttling (mouse)

Fig. 2 a Schematic representation of PLC(, summarizing briefly the
functional roles of each domain group. b Schematic illustration of the
proposed mechanism of PLC( action. Following sperm/oocyte fusion,
PLCC diffuses into ooplasm, binding to vesicular-bound PIP, dispersed
throughout the cytoplasm. PIP, hydrolysis by PLC( generates IPs,
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resulting in Ca* release from the endoplasmic reticulum (ER).
Increased cytosolic Ca* then further stimulates the activity of PLC(,
generating more IP5. This positive feedback loop occurs throughout as
PLCC continues to diffuse across the ooplasm. Figure adapted from
Swann and Lai [106], with permission
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(LMOD3), and F-box protein 5 (FBXOS5) [119-123]. In ascid-
ians, sequestration of PLC( fails to terminate Ca’" release,
which is only achieved following blockage of CDK1, an oo-
cyte protein that promotes IP; generation in the presence of
PLC([124]. It would be interesting to examine the role of such
factors in the context of PLCC KO mouse models as well, as to
whether such factors could be compensating for lack of PLCC.

However, both Hachem et al. [112] and Nozawa et al. [113]
indicated that sperm lacking PLC( could not induce Ca* re-
lease upon microinjection into mouse oocytes, while in vitro
fertilization (IVF) with such sperm elicited Ca®* oscillations
lower in number and frequency with a high degree of
polyspermy and activation failure [113, 114]. Perhaps the atyp-
ical and delayed pattern of Ca®* release, observed alongside
the low number of embryos and offspring, could be spontane-
ous activation unrelated to Ca>* release, common in some
strains of mice [125]. However, another recent proposition
suggested that the low frequency and number of Ca®" peaks
observed could be due to events surrounding actin polymeri-
zation or associated IPs-independent events of Ca’* release
(such as influx). Indeed, disruption of starfish egg cytoskeletal
arrangements (either age- or heparin-induced) resulted in a
delayed pattern of Ca®*, and failed to prevent polyspermy
[126-130]. It would be interesting for studies to relate the
increasing body of invertebrate animal work with relation to
the early influence exerted by the egg/oocyte actin cytoskele-
ton upon patterns of Ca* release and fertilization in mammals.
Further studies are urgently required in larger mammalian
models to demonstrate whether PLC( loss resembles the
mouse and/or human scenarios and investigating larger issues
such as the involvement of the cytoskeleton at activation
should constitute at least part of such investigations [130].

Regardless, however, the tremendous work by both
Hachem et al. [112] and Nozawa et al. [113] represents key-
stone studies that both ultimately support the notion that PLC(
is the primary physiological stimulus that triggers the required
specific pattern of Ca”* oscillations, ensuring monospermy
and eventually successful oocyte activation and early embry-
onic development [112, 113]. While numerous studies are still
required to fully ascertain the entire picture of players in-
volved at the complex processes of oocyte activation, it would
nonetheless seem clear that the presence of an alternative fac-
tor in other species and especially in humans is still question-
able, particularly taking into consideration all the documented
cases of male factor infertility due to PLC( deficiencies which
this review discusses in detail subsequently.

PLCT in mammalian gametes

Contrary to conventional knowledge, PLC( does not target
the oocyte plasma membrane where PIP; is sufficiently pres-
ent in mouse oocytes [131]. Depleting plasma membrane PIP,

had no effect upon PLCC- or sperm-induced Ca?t oscillations,
while concurrently abolishing PLCS1-induced Ca®* release
[132]. Indeed, the majority of PIP, hydrolysis and IP; gener-
ation at mammalian oocyte activation is ooplasmic [45, 56,
133, 134]. Such observations were confirmed by immunocy-
tochemistry experiments [132], which collectively indicated
that PLC( was bound to PIP,-containing vesicles [135].
However, the nature of such vesicles remains to be elucidated
[29].

Microinjection experiments alongside mass spectrometry
and immunoblotting identified PLC( in mouse sperm extract
fractions containing the ability to elicit Ca®* release, predom-
inantly within the post-acrosomal sheath component of sperm
[107, 135-137]. Immunofluorescence experiments indicated
that the pattern of PLCC localization in mouse sperm was
contained to the post-acrosomal region, a component of the
post-acrosomal sheath [83, 93, 107], an optimal location with-
in sperm to induce oocyte activation immediately at or after
gamete fusion [5, 107]. However, while PLCC( localization in
mouse sperm has generally been consistently reported in the
literature, the same does not bear true for PLC( from other
mammalian species, particularly in humans.

Populations of PLC( have been identified in acrosomal
and post-acrosomal regions of mouse and porcine sperm,
with a tail population also identified in porcine sperm [83,
93, 138, 139]. In equine sperm, PLC( has been reported at
the acrosomal region, equatorial segment, and principle
piece of the flagellum [92]. In humans, distinct populations
of PLC( have been identified in the acrosomal, equatorial,
and post-acrosomal regions of the sperm head, alongside a
tail localization [92, 140-144]. Such distinctly variable
populations of PLC( can perhaps be correlated to
species-specific physiological requirements of each organ-
ism studied (in terms of PLC( solubility and/or oocyte
calcium response) [45] or are perhaps attributable to spe-
cific roles at fertilization. For example, microinjection of
equine sperm tails into mouse oocytes resulted in high
frequency Ca’" oscillations, suggesting that the tail does
indeed contain functional PLC( [94]. Indeed, the entirety
of the sperm is incorporated into the oocyte during normal
fertilization, including the midpiece and tail [145]. Thus,
the presence of such potentially contributory populations
of PLC( within the sperm tail would imply functional sig-
nificance as such tail-PLC( populations would be eventu-
ally delivered to the oocyte in a time-dependent manner in
addition to head populations.

While the most physiologically relevant population of
PLCC within human sperm has traditionally been considered
to be the equatorial pattern, acrosomal PLC( isoforms may
also exert a role in capacitation or the acrosome reaction [ 146].
Indeed, Grasa et al. [140], Young et al. [93], and Mejia-Flores
et al. [147] indicated that PLC( shifted to a dominantly post-
acrosomal localization following capacitation in human,
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mouse/hamster, and bull sperm, respectively. Furthermore, the
occurrence of equatorial PLC( corresponded to sperm with
intact acrosomes [93, 140, 141], while Escoffier et al. [148]
indicated the presence of PLC( beneath the acrosomal cap in
human sperm following electron microscopy. Thus, such dif-
ferential populations may serve as additional sources of sperm
PLCC to ensure sufficient requisite levels are delivered to the
oocyte for effective oocyte activation. However, such specific
assertions require further investigation, particularly within
humans where variability in reported localization patterns re-
mains greatest between studies [46]. This is being greatly
aided by numerous studies that are utilizing antibodies with
confirmed enhanced specificity (Fig. 3a), with which specific
assertions can be made about specific patterns of PLCC local-
ization in mammalian sperm (Fig. 3b).

Saunders et al. [89] detected PLCC mRNA as early as
the spermatid stage in mice, with similar observations
made in porcine, equine, and quail models [91, 94, 139,
149]. Aarabi et al. [150] indicated that PLC( was incor-
porated as part of the acrosome during the Golgi phase of
human and mouse spermiogenesis, suggesting that levels
of PLC( diminished gradually throughout spermatid elon-
gation. However, these observations have yet to be con-
firmed independently, with specific localization patterns

throughout the various spermatogenic cells within testes
remaining elusive within the literature.

Phospholipase C zeta and male infertility

Defective PLC( or PLC(-induced Ca®" can be linked to
specific forms of male infertility, or even perhaps
subfertility, as a result of defective oocyte activation.
Sperm of infertile men which consistently failed to fertilize
oocytes following routine IVF or ICSI either failed to pro-
duce Ca”* oscillations upon injection into mouse oocytes or
did so with reduced frequency and amplitude [92, 128].
Furthermore, such sperm also exhibit absent/reduced
levels, and abnormal localization patterns of PLC( within
the sperm head [5, 92, 141, 142, 144, 151-167], suggesting
that defects in sperm PLC( may underlie such cases of
fertilization failure, particularly considering that such fer-
tilization failure can be “rescued” following concurrent mi-
croinjection of infertile human sperm with recombinant
PLCC. Clinically, complete fertilization failure is attributed
towards defective oocyte activation failure in a sperm-
specific manner, more so than any other potential cause [5].
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Fig. 3 a Representative immunoblotting images of native sperm PLC(
from human, murine, and porcine sperm indicating specific bands
corresponding to PLC( (human 70 kDa; murine 74 kDa; and porcine
72 kDa). Left panels indicated Ponceau-stained membranes following
transfer of protein, while right panels indicate antibody-probed mem-
branes. b Representative immunofluorescence images using specific an-
tibodies indicating the immunofluorescence profile of sperm PLC( in
human (top panel), murine (middle panel), and porcine (bottom panel)
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sperm. PLC( fluorescence (green) is indicated in the right-most panels,
and corresponding brightfield images are indicated in the left-most
panels. Red arrows indicate equatorial, yellow arrows indicate acrosomal,
and white arrows indicate post-acrosomal localization patterns on PLCC
in the three species of sperm indicated. Images shown are indicative of
predominant localization patterns observed throughout the published lit-
erature. White scale bars are indicative of 5 pm
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PLC{ mutations

Concurrently, multiple mutations have been identified in the
PLCC gene of such patients by numerous independent groups
globally, which result in abrogation of PLC( activity and/or
levels within the sperm [141, 142, 151-162]. Correlative ex-
aminations of PLC( mutation and sperm localization all indi-
cate a common motif of reduced/absent levels of PLC(C in
sperm, and/or a severely altered localization profile within
the sperm (Fig. 4; Table 1). While such observations are true
for patients who can be classified with an oocyte activation
deficiency (OAD; where fertilization failure is a repeated out-
come), examinations of sperm PLC( in other motifs of male
infertility reveal significant correlations with deficiencies in
PLCC levels and localization patterns. This has been observed
for multiple male-specific conditions including abnormal
sperm parameters and morphology [5, 46, 148—152], sperm
DNA fragmentation and oxidation [165-167], and abnormal
embryogenesis/pregnancies [169].

Abnormal embryogenesis

Nikiforaki et al. [169] indicated that an abnormally reduced
ability of sperm to induce Ca** release in mouse oocytes could
be linked to defective embryogenesis in cases of hydatidiform
moles; abnormal human pregnancies associated with abnor-
mal fertilization and severely stunted or absent embryonic
development, affecting an estimated 0.1-0.3% of pregnancies.
Separable into either complete or partial, the etiology for
hydatidiform moles is largely unknown, but is attributed to
an excess of paternally inherited chromosomes; the risk of
occurrence of which is not eliminated by ART [170], suggest-
ing the causative factor persists within gametes. Human sperm
previously involved in recurrent cases of partial hydatidiform
molar pregnancies did not trigger normal profiles of Ca**
release upon injection into both mouse and human oocytes,
leading to OAD. This is particularly striking as human PLC(
is demonstrably more potent in its activity compared with

Fig. 4 Schematic representation
of PLC( indicating where each
mutation identified in the
literature has thus far been
identified as indicated by blue
arrows. Each mutation is
represented by the original amino
acid, followed by the amino acid
position number, and then the
mutated amino acid

— EF-EF-EF-EF —

mouse PLCC in mouse oocytes [38]. Such results imply either
a severely reduced level of PLC( in such human sperm, or at
least PLC( with a severely diminished capacity for PIP,
hydrolysis.

Indeed, a major causative factor underlying hydatidiform
moles is thought to originate from the oocyte’s inability to
adequately block polyspermy, a major component of oocyte
activation driven by PLC( [5, 169]. Such suggestions are
interesting when viewed in conjunction with the observations
of Hachem et al. [112] and Nozawa et al. [113], who as pre-
viously discussed reported a decreased profile of Ca** release
in their transgenic PLCC knockout mice. In particular,
Nozawa et al. [113] also identified a significantly higher rate
of polyspermy using sperm from PLC( KO mice. However,
Nikiforaki et al. [169] did not specifically examine levels of
PLC( within sperm of such cases. However, the hallmarks of
defective PLCC were present, and outcomes were strikingly
similar to mouse models where PLC( was defective.

Sperm DNA fragmentation

The integrity of sperm nuclei is emerging as an important
consideration for successful reproductive outcomes, with high
proportions of damaged or “fragmented” sperm nuclei (either
in the form of single- or double-strand breaks) increasingly
associated with low fertilization rates, poor embryo implanta-
tion, and increased miscarriage rates, particularly following
IVF/ICSI, with higher levels of DNA fragmentation associat-
ed with poorer sperm parameters [171, 172], and decreased
blastocyst formation and live birth rates [20, 173]. Higher
miscarriage rates are also seemingly associated with higher
rates of sperm DNA fragmentation, regardless of ART meth-
odology used [174, 175].

Considering the increasing relevance of sperm DNA frag-
mentation to fertility treatment regiments, it is no surprise that
studies have begun to generally indicate a significant negative
correlation between sperm PLC( and DNA fragmentation
and/or DNA oxidation [165-167, 176]. However, this is
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Table 1 Summary of mutations identified by the scientific literature,
detailing the domain affected, the in vitro and in vivo phenotypes detected
by various studies, as well as the studies that have investigated and/or

reported the corresponding mutations. Mutations are represented as the
corresponding amino acid change at the reported amino acid sequence
position. OAD, oocyte activation deficiency

Mutation Domain In vitro phenotype In vivo phenotype Associated studies
affected
1120M EF-X linker Predicted alteration of local protein fold OAD; reduced/absent PLC( in Torra-Massana et al. [158]
patient sperm; abnormal PLC(
localization
C196X X Predicted alteration of local protein fold OAD; reduced/absent PLC( in Dai et al. [157]
patient sperm; abnormal PLC(
localization
C196* X No recombinant protein produced by OAD; reduced/absent PLCCin~ Mu et al. [160]; Yan et al. [161]
mammalian cells; reduced activation patient sperm; low fertilization
success following cRNA injection in success
mouse oocytes
R197H X Predicted alteration of local protein fold OAD; low fertilization success Ferrer-Vaquer et al. [153];
Torra-Massana et al. [158]
L.224P X Predicted alteration of local protein fold OAD; reduced/absent PLC( in Torra-Massana et al. [158]
patient sperm; abnormal PLC(
localization
H233L X Reduced expression in mammalian cells; OAD:; reduced/absent PLC( in Kashir et al. [142, 151, 152];
reduced/absent oscillations following patient sperm; abnormal PLC( Ferrer-Vaquer et al. [153];
cRNA injections in mouse oocytes; localization Torra-Massana et al. [158]
reduced embryogenesis in mouse;
predicted alteration of local protein fold
L246F X Predicted alteration of local protein fold OAD; reduced/absent PLC( in Dai et al. [157]
patient sperm; abnormal PLC(
localization
L277P X Predicted alteration of local protein fold; OAD; reduced/absent PLCCin ~ Yan et al. [161]
reduced activation success following patient sperm; low fertilization
cRNA injection in human oocytes success
T324fs X-Y linker Truncated recombinant protein produced by OAD; low fertilization success Mu et al. [160]
mammalian cells; reduced activation
success following cRNA injection in
mouse oocytes
V326K fs*25 X-Y linker Predicted frameshift truncation of protein OAD; reduced/absent PLC( in Torra-Massana et al. [158]
patient sperm; abnormal PLCC
localization
S350P Y Predicted alteration of local protein fold OAD; reduced/absent PLCC in ~ Dai et al. [157]
patient sperm; abnormal PLC(
localization
N377del Y Predicted alteration of local protein fold; no OAD; reduced/absent PLCC in Yan et al. [161]
activation success following cRNA patient sperm; low fertilization
injection in human oocytes success
A384V Y Predicted alteration of local protein fold; no OAD; reduced/absent PLC( in Yan et al. [161]
activation success following cRNA patient sperm; low fertilization
injection in human oocytes success
H398P Y Reduced expression in mammalian cells; OAD; reduced/absent PLC( in Heytens et al. 2009;
reduced/absent oscillations following patient sperm; abnormal PLC( Kashir et al. [143, 152, 153]
cRNA injections in mouse oocytes; localization
predicted alteration of local protein fold
R412fs Y Truncated recombinant protein produced by OAD; low fertilization success Mu et al. [160]
mammalian cells; reduced activation
success following cRNA injection in
mouse oocytes
P420L Y Reduced recombinant protein produced by OAD; low fertilization success Mu et al. [160]
mammalian cells; reduced activation
success following cRNA injection in
mouse oocytes
K448N Y Predicted alteration of local protein fold; OAD; reduced/absent PLCCin ~ Yan et al. [161]
reduced activation success following patient sperm; low fertilization
cRNA injection in human oocytes success
1489F C2
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Table 1 (continued)

Mutation Domain In vitro phenotype In vivo phenotype Associated studies
affected
Reduced/absent oscillations following OAD; reduced/absent PLCCin  Escoffier et al. [154];
cRNA injections in mouse oocytes; patient sperm; abnormal PLC{ ~ Nomikos et al. [156]
reduced embryogenesis in mouse; localization
predicted alteration of local protein fold;
similar enzymatic properties, but
dramatically reduced substrate binding
S500L C2 Predicted alteration of local protein fold OAD; reduced/absent PLCCin ~ Torra-Massana et al. [158]
patient sperm; abnormal PLC(
localization
R553P C2 Reduced/absent fertilization following Comparable levels of PLC( in Yuan et al. [168]
cRNA injections in mouse oocytes; patient sperm
predicted alteration of local protein fold;
mouse fertilization and embryogenesis
comparable following injection of higher
levels of mutant cRNA
MS578T After C2 Predicted alteration of local protein fold; No OAD; reduced/absent PLCCin  Yan et al. [161]

activation success following cRNA
injection in human oocytes

patient sperm; low fertilization
success

currently the extent of the investigations in the literature with
no studies yet investigating potential links between PLCC( lo-
calization patterns and DNA fragmentation and/or other indic-
ative factors such as protamine status within sperm. Such in-
vestigations would be interesting to examine whether a partic-
ular pattern of PLC( could be correlated with extents of DNA
fragmentation.

Abnormal sperm parameters and morphology

Defects/deficiencies in PLC(C have been associated with cases
of OAD by a large volume of scientific literature [5, 141, 142,
151-154, 158]. However, it is well known that poor sperm
parameters as defined by the WHO [177] correlate strongly to
lower rates of fertilization and fertility treatment success. Such
parameters include sperm motility, concentration, semen vol-
ume, and of course sperm morphology. Fertilization rates of
sperm exhibiting abnormal parameters are significantly lower
compared with normozoospermic parameters, with increasing
levels of defects sequentially decreasing success rates further
[178, 179]. Injection of morphologically abnormal sperm is
associated with lower implantation rates [180], while aneu-
ploidies in resultant preimplantation embryos were correlated
with diminished sperm quality [181]. Lower levels of PLC(
have been found in sperm from teratozoospermic (abnormal
morphology; [162]), asthenoteratozoospermic (low count and
abnormal morphology; [176]), and oligoasthenoteratozoos-
permic (low count, low motility, and abnormal morphology;
[163]). A further negative correlation was also observed be-
tween levels of PLC( and occurrence of varicocele [159].

Importantly, there seems to be a significant relationship be-
tween specific features of sperm morphology and profiles of
PLCC. The most studied example in relation to PLCC( is that of
globozoospermia, a condition characterized by round sperm
heads devoid of an acrosome [182]. Some patients present
100% abnormal spermatozoa, while others present a mixture
of normal and globozoospermic sperm [148]. Regardless, pa-
tients with globozoospermia exhibit low success in oocyte ac-
tivation without clinical intervention [5, 183], while such sperm
exhibit absent/reduced levels of PLCC with a significantly al-
tered profile of localization, and usually require clinical inter-
vention for ICSI success [5, 183—187] (Fig. 5).

However, when sperm from a globozoospermic population
exhibiting a small acrosomal bud were selected and injected
using intracytoplasmic morphologically selected sperm injec-
tion (IMSI), pregnancy could successfully be achieved [188].
PLCC localization in such sperm with an acrosomal bud indi-
cated an acrosomal pattern of localization, while PLC( exhib-
ited a dispersed pattern of localization in round-headed sperm
without an acrosomal bud that resulted in oocyte activation
failure [187]. A similar pattern of abnormally localized PLCC
was observed in sperm from a proposed mouse model of
globozoospermia (Heytens et al., 2010), indicating that per-
haps PLC( profiles are strongly linked with specific morpho-
logical features of sperm. However, the literature currently
lacks specific focused studies in this regard.

Azoospermia and round spermatid injection

Perhaps the most severe forms of male infertility involve a
complete absence of sperm in the ejaculate, otherwise known
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Fig. 5 Representative immunofluorescence images of sperm from
infertile males that were either diagnosed with oocyte activation
deficiency, patients from whom PLC( mutations were identified, or
globozoospermic sperm. a Sperm PLC( is either absent or severely
reduced in such sperm with normal morphology or exhibits a
significantly abnormal and punctate pattern of localization. b
Globozoospermic sperm also exhibits either absent or severely reduced
levels of PLCC. Where some levels of PLC( are observed, localization
patterns are considerably abnormal (red arrowhead). However, in
globozoospermic sperm exhibiting an acrosomal bud (red arrow) as
selected by motile sperm organelle morphology evaluation (MSOME)

as azoospermia, a condition affecting ~ 1% of the global male
population and ~ 10-15% of the infertile male population
[189]. Characterized as either obstructive or non-obstructive
azoospermia, ~90-95% of azoospermic men are diagnosed
with non-obstructive azoospermia [190]. Microscopic testicu-
lar sperm extraction (micro-TESE) is widely used to extract
testicular spermatozoa which may be utilized in ART
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using high power magnification, PLC( is present at higher levels, albeit
in abnormal localization conformations (white arrow). White scale bars
indicate 5 um. ¢ Injection of normal human sperm in mouse oocytes
exhibited normal Ca®* oscillatory activity (left-most panel), while injec-
tion of sperm from an oocyte activation—deficient male is unable to initi-
ate Ca”" release following microinjection in mouse oocytes (middle pan-
el). However, injection of sperm from the same patient co-incident with
mouse PLC{ mRNA successfully initiated fertilization-like Ca** oscilla-
tions. Figures adapted from Yoon et al. [92], Kashir et al. [186], and Dai
et al. [157] with permission

procedures via ICSI in attempts to treat such conditions
[190]. However, ~30-40% of such patients, who experience
more severe forms of spermatogenic arrest, do not present
with testicular sperm or late-stage spermatids, instead present-
ing only round spermatids if at all [190]. To address such
cases, a modified version of ICSI is applied, termed round
spermatid injection (ROSI).
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Hamster and mouse round spermatids form pronuclei in
oocytes with the capability of syngamy [186] and successful
fertilization and birth following ROSI [191-193]. While
ROSI has also been successfully performed in humans
[194-198], such reports are few, perhaps due to concerns sur-
rounding the efficiency, safety, and practical value of ROSI in
humans [199-201], but mostly due to strikingly low efficacy
of human ROSI [190, 202]. Perhaps a reason may be ineffi-
ciency of determining cell type following micro-TESE, as
human round spermatids (the smallest testicular spermatogen-
ic cells) do not exhibit distinct structural features that would
allow identification from other cell types [190]. However,
even paying close attention to such detail does not seem to
enhance live birth rates, despite slightly increasing pregnancy
rates. Astoundingly, rates of miscarriage following such pro-
cedures seem quite high, ranging from 55 to 65% [190, 202].

It does seem, however, that human round spermatids con-
tain at least some oocyte-activating ability, which would read-
ily contribute towards activation [203]. Ogonuki et al. [204]
demonstrated that mouse ROSI induces small Ca** oscilla-
tions. Thus, perhaps similar to cases of oocyte activation fail-
ure following ICSI, round spermatids may also present with
absent/reduced/deficient PLC(. Indeed, it is interesting that a
major structural identifying criterion for round spermatids is
the presence of an acrosomal vesicle/cap [190, 204], a struc-
ture linked to IMSI success with globozoospermic sperm as
previously discussed [186, 188]. In mouse, rabbit, rat, and pig,
PLCC protein has not been detected at the round spermatid
stage [91, 94, 139, 149, 150], while rat, mouse, and rabbit
ROSI does not necessarily result in efficient oocyte activation
without artificial induction, requiring additional stimuli to sig-
nificantly increase success rates [192, 203, 205-208].

Such experiments suggest that either insufficient PLC( is
present at this stage or somehow requires processing or further
modifications. Similar investigations have yet to be performed
on humans, but it is worth noting that round spermatids from
hamsters and humans are able to successfully elicit Ca®* os-
cillations following injection into mouse oocytes [203, 205,
209]. However, this is likely due to increased activity of the
human and hamster versions of the enzyme in mouse oocytes.
Thus, it is essential that efforts are made to further understand
such issues, if such knowledge can be effectively applied
within the clinic.

Clinical applications of PLC{-induced Ca**
oscillations

Infertile human sperm unable to activate human and mouse
oocytes (OAD) can be linked to an inability to elicit effective
Ca** oscillations, if at all [92]. Furthermore, abrogating PLC(
activity and/or levels within the sperm [92, 141, 142, 144,
148, 151-153, 158] can also be closely correlated with such

cases. Indeed, reduced/absent levels of PLC( are a hallmark of
such sperm [5, 92, 141, 210]. However, as discussed previ-
ously, growing numbers of male factor conditions affecting
sperm DNA integrity, morphology, count, and motility are
being associated with similar absent/reduced profiles of
PLC( as with OAD sperm. Perhaps most significantly, abnor-
malities in levels/localization patterns of PLCC, or at least the
associated profiles of Ca”* release, are increasingly linked
with the efficacy of cell cycle resumption rates and resulting
embryogenesis [55, 169].

Altering the frequency and/or amplitude of Ca®* release in
mouse oocytes directly affected the efficacy of subsequent
embryonic development [43, 44, 211-213]. Furthermore, the
specific pattern of Ca** release directly affected the number of
cells observed in the inner cell mass and trophectoderm in
mouse embryos, while post-implantation development was
also improved by extending the time of Ca** exposure.
Collectively, such data suggest that specific profiles of Ca**
oscillations may exert effect upon long-term embryogenesis in
addition to serving as a stimulus for meiotic resumption [214].
However, not all profiles of Ca* release yield good-quality
embryos [47, 215, 216], making specific amounts of PLC(
(and resultant Ca®* release profiles) of potential importance
for subsequent embryogenic events (Fig. 6). Thus, sperm
PLC( abnormalities may underlie not only infertility directly
through fertilization failure but also perhaps cases of male
subfertility whereby enough PLC( may be delivered to oo-
cytes to cause activation, but insufficient for competent em-
bryogenesis. Analysis of PLC( in human sperm thus repre-
sents an attractive diagnostic approach to isolate such cases, to
examine whether specific correlations between profiles of
PLCC can be linked to a more general population of males,
and not just male factor infertility/subfertility. It is also urgent-
ly necessary to examine whether profiles of PLC( can also be
linked to efficacies of resultant embryogenesis.

PLCC diagnostic approaches

Significant issues remain regarding analysis of PLC( within
human sperm, as most studies have assessed levels of sperm
PLCC RNA rather than protein. Considering that a role for
PLCC RNA at fertilization has yet to be confirmed, such in-
vestigations require further evaluation. An alternative ap-
proach to indirectly measure sperm PLC( deficiency has
employed microinjection of human sperm into mouse oocytes
(known as the mouse oocyte activation test; MOAT), followed
by examination of resultant Ca®* oscillations [5, 215].
However, human PLCC( activity potency is significantly en-
hanced compared with mouse PLC( when injected into
mouse oocytes [38, 86], with even a significantly diminished
level of human PLC( able to result in high frequency and
amplitude Ca®" oscillations in mouse oocytes. Thus, while
such approaches would represent a powerful research and
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Fig. 6 Representative calcium (Ca®") release patterns in human oocytes
induced in response to injections of increasing concentrations of human
PLC(C RNA. The point of injection was set as the zero time, while the

diagnostic tool for specific cases of severe OAD where PLC(
would be completely absent or considerably reduced from
sperm, a similar approach would not be able to detect case
where a more subtle reduction in PLCC is present, enough to
impact clinical human cases.

Thus far, the most widely used approach is
immunocytological analysis of sperm PLC( protein [5, 92,
141-144, 148, 151, 152, 154, 157, 158, 165, 211, 218, 219].
The existing infrastructure of ART clinics would be well
equipped for such analysis, with basic microscopy facilities
with which to perform such methods. However, a large num-
ber of antibodies employed in humans to study PLC( exhibit
high levels of non-specificity, recognizing multiple protein
bands following sperm immunoblotting, in addition to
PLCC. Some antibodies also yield inconsistent results be-
tween separate studies ([92, 141, 148, 154]; for detailed re-
view, see Kashir et al. [29]).

This is problematic as most studies have thus far relied
solely upon a single antibody with demonstrably low spec-
ificity for PLC(, making it difficult to distinguish between
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number of oocytes displaying Ca®* responses per total number of oocytes
examined is also indicated. Figure adapted from Yamaguchi et al. [217],
with permission

PLCC and other proteins upon immunocytological analy-
sis. This is particularly concerning for PLC( localization
patterns, where a dominant localization has yet to be relat-
ed to fertilization/fertility outcome. Such issues may result
in most data being artificially skewed, resulting in mislead-
ing conclusions by studies which have not paid due atten-
tion to such issues. Thus, while PLC( exhibits great prom-
ise as a clinical prognostic factor, research and clinical
application has been limited, preventing a methodical anal-
ysis of such potential. Such issues would require urgent
addressing with specific tools before such examinations
can be applied clinically.

PLC( therapeutic potential

ICSI failure can currently be remedied via assisted oocyte
activation (AOA) methodologies, involving an artificial
chemical induction of Ca”* release following application of
ICSI protocols. The most commonly applied agents in both
research and clinical arenas are Ca>* jonophores A23187 and



J Assist Reprod Genet (2020) 37:1273-1293

1285

strontium chloride [220-222]. Numerous reports demonstrate
ICSI combined with AOA significantly enhances fertilization
and pregnancy rates (for review, see [29]). However, clinical
application of such agents remains limited as human oocytes
respond poorly to most individual chemical induction proto-
cols, relying on a combination of chemical treatments coupled
with sperm injection. Furthermore, only minor improvements
(at best) are observed in fertilization and pregnancy rates
[223]. Ca** ionophores evoke significantly uncharacteristic
single transients of Ca* release; with only strontium chloride
(Sr**Cl) thus far reported to produce oscillations in mice,
leading to oocyte activation and parthenogenesis [223].
However, Sr**Cl efficacy in humans remains debatable,
wherein no Ca”* oscillations are observed in most cases ex-
amined [29].

Thus, more endogenous clinical treatments need to be de-
veloped to overcome the controversial aspects of AOA [29],
which could potentially be represented by recombinant PLCC.
Yoon et al. [92] showed that defective sperm PLCC could be
overcome by co-injection with mouse PLC(, while Rogers
et al. [215] demonstrated parthenogenetic generation of blas-
tocysts following PLCC( injection into human oocytes.
Furthermore, success rates following PLCC co-injection with
sperm from a mouse model of ICSI failure were comparable
with control sperm injections [224]. Indeed, the production of
purified and enzymatically active recombinant human PLC(
protein has been widely attempted to varying degrees of suc-
cess. Following significant efforts by multiple studies that
sequentially advanced research efforts [142, 225], Nomikos
et al. [226] demonstrated production of purified and highly
active recombinant PLC( protein, able to induce characteristic
Ca”* oscillations upon injection into mouse and human oo-
cytes. This could be done in a reliable and relatively consistent
manner, but potential differences in quality of enzymatic ac-
tivity between batches produced were not extensively
examined.

While recombinant PLC( represents a potentially pow-
erful therapeutic for patients diagnosed with OAD, perhaps
such an approach may also be applicable to a wider range
of patients where fertilization occurs, but embryogenesis is
poor. Indeed, as previously discussed, PLC( levels within
sperm may exert significant and direct effects upon the rate
and efficacy of embryogenesis, perhaps underlying numer-
ous cases of recurrent implantation failure attributable to
poor embryogenic efficacy. However, generation of puri-
fied recombinant PLC( remains to be routinely utilized in
scientific examination. It is not yet clear whether produc-
tion in bacterial cell lines is also of concern due to lack of
physiological biochemical modifications, as a focused set
of clinical trials are required.

A further difficulty is that administration of such therapeu-
tic PLC{ would currently require the use of co-injections with
sperm and protein directly into oocytes via ICSI. Considering

that the amount of PLC( protein delivered to the oocyte po-
tentially directly determines the quality of embryogenesis,
such injection methods could prove unreliable and inaccurate,
even with significant expertise and training. Finally, reliable
and effective production of purified recombinant PLC( pro-
tein has only been achieved using considerably large purifica-
tion tags, a necessary measure to prevent protein degradation
and inactivation [142, 224, 226], with optimization using
more effective and acceptable purification tags required before
clinical application can be considered. Thus, while avenues
for such a therapeutic are exciting and represent a powerful
clinical tool, much research is required before a realistic path-
way to clinical application is achieved.

Indeed, previous studies have limited the investigation of
the utility for PLC( as a therapeutic and/or diagnostic inter-
vention for specific cases of severe OAD, with little attention
paid to the other conditions of male infertility highlighted in
this review which are increasingly being linked with PLC(
abrogation. Considering such emerging connections, perhaps
it is prudent to further investigate whether application of
PLCC could potentially increase ART success rates as a whole,
and not just “rescue”-specific cases of OAD. Collectively,
studies now indicate that the specific dynamics of Ca®* release
at oocyte activation directly impacts upon the efficacy of em-
bryogenesis, the quality of embryos produced, as well as the
quality of post-implantation embryogenesis. While it remains
to be investigated whether a specific pre-requisite number or
profile of Ca* release is required for normal development to
term, the profiles of Ca* release impact most currently known
pre-requisites for normal development to term.

Alternative Ca%*-based interventions

Given the potential difficulties associated with PLC(-based
modes of treatment, or direct Ca’*-based interventions such
as AOA, perhaps a more modulatory approach could be con-
sidered to potentially aid such cases of defective PLCC-
induced Ca" release. Recent investigations have indicated
that Ca®* influx, while not directly responsible for meiotic
resumption, is an important downstream aspect of oocyte ac-
tivation, not only involved in maintaining Ca®* oscillations by
replenishing Ca®* stores but also underlying specific path-
ways underlying specific events of oocyte activation such as
polar body emission and cortical granule exocytosis [226].
Evidence also suggests that defects in such mechanisms po-
tentially also lead to alterations in developmental potential of
offspring when mediators of Ca®* influx including the
TRPM7 and Cay3.2 channels are lacking in oocytes, which
also exhibit a premature cessation of Ca>* oscillations [227].

Considering such potential importance underlying influx
mechanisms (a sorely understudied area of oocyte activation
and Ca>* regulation at fertilization), perhaps mediation of the
mechanisms underlying influx processes could represent an
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alternative method of treatment for cases of OAD and associ-
ated conditions of PLC( deficiency. Both the TRPM7 and
Cay3.2 channels almost completely account for Ca** influx
in at least mammalian oocytes, while TRPM7 acts as a mem-
brane sensor of extracellular magnesium (Mg?*) and Ca**
concentrations, modulating the dynamics of the Ca** oscilla-
tory response at fertilization [227]. Interestingly, Ozil et al.
[228] indicated that altering the extracellular Mg>*:Ca** ratio
in culture media of mouse oocytes and embryos altered Ca**
release dynamics in oocytes at fertilization, as well as the
developmental capacity of embryos.

Specifically, decreasing the concentration of Mg”* from
culture media increased the frequency and amplitude of Ca**
release in fertilizing oocytes, suggesting that limiting Mg**
availability in culture media may represent a potential inter-
vention to increase Ca>* release in cases where PLCC-induced
Ca** release may be defective via influx mechanisms includ-
ing TRPM?7. Indeed, decreased concentrations of Mg>* during
IVF increased embryogenesis efficacy in mice and cats, as
well as following ICSI in human embryos (suggesting that
such sensitivity to Mg”* in culture medium during the
oocyte-to-embryo transition is conserved in at least mammals
[229, 230]. However, focused clinical studies have not yet
been undertaken to examine the overall effects of such alter-
ations in culture media, made perhaps more difficult by the
reluctance of commercial entities to release the specific com-
position of commercially available clinical culture media for
human embryos. It is thus essential that such investigations be
performed to examine whether modulation of Ca®* influx
mechanisms through alteration of culture media composition
would improve pregnancy and delivery rates in the clinic,
particularly in relation to PLC(-associated conditions.

Conclusions and future directions

PLCC has increasingly gained wide acceptance as the piv-
otal “sperm factor” required for mammalian oocyte acti-
vation fertilization. It is increasingly clear that levels and
localization patterns of PLC( are closely linked to specif-
ic cases of sperm defects such as abnormal sperm param-
eters and morphology, high prevalence of DNA fragmen-
tation, and is also potentially associated with cases of
abnormal embryogenesis. As numerous clinical reports
continue to emerge, it is clear that numerous cases of male
infertility in addition to OAD may benefit from the appli-
cation of PLC( as a therapeutic and diagnostic measure.
Indeed, defective PLC( and abnormal patterns of Ca®*
release are increasingly being suspected to be a significant
causative factor underlying abnormalities or insufficien-
cies in Ca”* oscillation-driven early embryogenic events,
mediated by abnormalities or insufficiencies in sperm
PLC(C. However, despite significant advances in

@ Springer

knowledge and data over recent years, particularly on
the clinical front, the exact biochemical mechanisms
governing PLC( action and regulation within the fertiliz-
ing sperm and oocyte remains elusive. Furthermore, while
numerous clinical associations directly link OAD with
abrogation of PLC(, such findings necessitate global ef-
forts to further ascertain the extent of the potential role
played by PLCC in other forms of male infertility, and
perhaps also defective embryogenesis and recurrent im-
plantation failure.

Indeed, Kashir et al. [219] demonstrated the necessity
of specific antigen unmasking/retrieval (AUM) protocols
enhances visualization efficacy of PLC( in mouse, por-
cine, and human sperm, purportedly due to strong intra-/
inter-molecular interactions with PLC( of either PLC(
oligomers or other modulatory proteins. Such require-
ments for AUM perhaps suggest that previously published
data regarding PLC( localization requires re-evaluation
[219]. A further conundrum is that levels and localization
patterns, especially within human sperm, seem consider-
ably variable between not only infertile patient popula-
tions but also within sperm from fertile individuals [46].
Perhaps this may be due to differences between protocols
applied between different studies, or perhaps due to lim-
ited specificity of the polyclonal antibodies employed thus
far [29]. Indeed, multiple studies report differential pat-
terns of PLCC( localization within mouse and human
sperm despite using the same antibodies (or antibodies
raised against the same peptide sequences) [92, 93,
140-144, 154].

Thus, while encouraging advances have indeed been made,
it is imperative that caution is exercised, with current outstand-
ing concerns underlying PLC( biochemistry and physiology
coupled with rigorous clinical trials before routine clinical
applications can be recommended. However, while there are
indeed numerous questions that remain to be answered, the
clinical applications for PLC( seem to grow with each novel
study published, which significantly enhances hope for pro-
viding diagnostic measures and therapeutic interventions to
enhance existing fertility treatments.
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