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REVIEW

Role and regulation of EGFR in actin remodeling in sperm
capacitation and the acrosome reaction

Haim Breitbart and Nir Etkovitz

To bind and fertilize the egg, the spermatozoon should undergo few biochemical and motility changes in the female reproductive tract
collectively called capacitation. The capacitated spermatozoon binds to the egg zona pellucida, and then undergoes the acrosome reaction
(AR), which allows its penetration into the egg. The mechanisms regulating sperm capacitation and the AR are not completely understood.
In the present review, we summarize some data regarding the role and regulation of the epidermal growth factor receptor (EGFR) in these
processes. In the capacitation process, the EGFR is partially activated by protein kinase A (PKA), resulting in phospholipase D (PLD)
activation and actin polymerization. Protein kinase C alpha (PKCa), which is already activated at the beginning of the capacitation, also
participates in PLD activation. Further activation of the EGFR at the end of the capacitation enhances intracellular Ca®* concentration
leading to F-actin breakdown and allows the AR to take place. Under in vivo conditions, the EGFR can be directly activated by its known
ligand epidermal growth factor (EGF), and indirectly by activating PKA or by transactivation mediated by G protein-coupled receptors
(GPCRs) activation or by ouabain. Under physiological conditions, sperm PKA is activated mainly by bicarbonate, which activates the
soluble adenylyl cyclase to produce cyclic adenosine monophosphate (cAMP), the activator of PKA. The GPCR activators angiotensin Il or

lysophosphatidic acid, as well as ouabain and EGF are physiological components present in the female reproductive tract.
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INTRODUCTION
Ejaculated mammalian spermatozoa should reside in the female genital
tract for several hours before gaining the ability to fertilize the egg. In
human sperm, however, sperm must move out of the seminal plasma
immediately after ejaculation and appear in the fallopian tube within
minutes. As soon as sperm are moving out of the ejaculate and passing
the cervical mucus, they undergo several biochemical changes collectively
called capacitation (reviewed in Florman and Ducibella' and Gadella and
Visconti®). These changes are still not clear, but it seems certain to involve
molecules absorbed on, or integrated into, the sperm plasma membrane
during epididymal maturation, and on contact of spermatozoa with the
seminal plasma they render the spermatozoa capable of fertilization. The
removal or alteration of these molecules prepares the sperm toward
successful binding to the egg and fertilization. It was shown by
Yanagimachi and Chang’ that capacitation can be mimicked in vitro,
making the analysis of capacitation mechanisms considerably easier.
During mammalian fertilization, the capacitated spermatozoon
penetrates the cumulus oophrous of the ovum, and then binds to
the zona pellucida with its plasma membrane intact. After binding
to the egg zona pellucida, the spermatozoon undergoes an exocytotic
process called the acrosome reaction (AR) (reviewed in Yanagimachi
et al.,* Roldan and Shi,” Florman ef al.® and Breitbart”). This event is
required for fertilization, because it enables passage of the spermato-
zoon through the zona pellucida and its subsequent fusion with the
egg oolema. Therefore, elucidation of the mechanisms regulating the
AR is important for understanding the process of mammalian fert-

ilization. In our laboratory and others it was shown that variety of
agonists can trigger the AR via receptor-mediated mechanisms."*
Although zona pellucida-derived glycoproteins are thought to be the
physiological inducers of the AR,'"'? the reaction can be induced in
vitro by various constituents of the female reproductive tract including
progesterone,'>'* prostaglandins,'® atrial natriuretic peptide,'® epi-
dermal growth factor (EGF),”'®' ouabain'® and other ligands.
These agonists may have a direct and/or synergistic effect with other
constituents of the female reproductive'® or on the zona pellucida."*
The question regarding the physiological role of these factors under in
vivo conditions is still an open question. Assuming that acrosome-
reacted sperm cannot bind and fertilize the egg, we suggest that pre-
mature AR before reaching the egg zona pellucida, might be a way of
selection in which the ‘bad” sperm will undergo the so-called non-
specific AR and would not be able to fertilize, whereas the ‘best’
selected sperm will reach the egg in its intact morphology and will
fertilize it. Thus, to study the selection mechanism, it is very important
to understand the mechanism of action of the various physiological
factors that induce the AR. One of these mechanisms, the EGF receptor
(EGFR) system is described in this review.

ACTIN REMODELING IN SPERM CAPACITATION AND BEFORE
THE AR

In recent years, our laboratory focused on the formation of actin
filaments during mammalian sperm capacitation and the depolymer-
ization of these filaments before the AR.'® The formation of F-actin
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during capacitation was observed mainly in the sperm head and also in
the tail.'"®'? It was shown almost 30 years ago that in echinoderm
sperm, actin can be polymerized and that actin is localized in the
microfilaments in the acrosomal process.?® Later, it was suggested that
sperm motility is affected by the rapid polymerization of actin.*' In
our early studies with isolated bovine sperm membranes, we suggested
that F-actin network located between the plasma membrane and the
outer acrosomal membrane forms a scaffold that immobilizes phos-
pholipase C-v1, which is involved in the AR (reviewed in Breitbart and
Spungin®®) The observation that both actin depolymerization® and
membrane fusion®* require relatively high calcium concentration (in
the mmol 17! range) supports the notion that actin filaments consti-
tute the final barrier to fusion (reviewed in Breitbart and Spungin®?).
We have recently suggested that translation of nuclear-encoded pro-
teins occurs in sperm mitochondria during capacitation,® and this
finding was later confirmed by sperm proteomics approach.® In other
cell types, it was shown that mRNA can be translocated on actin fila-
ments to the translation location in the cell; thus we suggested that the
formation of F-actin during sperm capacitation might be important
for the translocation of nuclear mRNA to the sperm mid-piece where
the mitochondria are located.

We previously demonstrated that the process of actin polymeriza-
tion depends on phospholipase D (PLD) activity.”” We have shown
that this activity is regulated by the crosstalk between the protein
kinases A and C (PKA/PKC).”” In a more recent publication, we
demonstrated that phosphatidylinositol 4-kinase (P14K) regulate the
activity of PLD by its activity product phosphatidylinositol 4,5-
bisphosphate (PIP, (4 5)) that is required as a cofactor for the activation
of PLD in many cell types.'>**>" It was shown that PIP, is produced
gradually during sperm capacitation and, in parallel, PLD activity and
F-actin levels are increased. We also show that spermine (10 pmol 1™ b,
a constituents of the semen, can enhance the activity of PI4K, leading
to increase in the production of PIP, 4 5). This enhancement in PI4K
and PLD activity is accompanied by elevation in actin polymeriza-
tion.'>?” Furthermore PIP,, 5, serves as a precursor for two well-
defined second messengers produced by its phospholipase C-catalyzed
hydrolysis;32 diacylglycerol, which activates PKC,*? and inositol 1,4,5-
triphosphate, which mobilizes Ca>* from intracellular stores.”> PKC s
involved in sperm AR and actin polymeriza'[ionlg’27 and inositol 1,4,5-
triphosphate is involved in intracellular calcium regulation in

It is not clear how PI4K is regulated in sperm capacitation. We show
elsewhere that 10 umol 17" of spermine stimulates PI4K and actin
polymerization, and this stimulation is abrogated by 1 mmol 17}
spermine probably because of its binding to PIP,(, 5 and preventing
PLD activation.'® At the time of ejaculation, sperm are exposed to
millimolar spermine.’’” Spermine is taken up very fast by the sperm
cells and released rapidly when incubated under capacitation condi-
tions.”® Thus, we suggest that spermine appears to be a physiological
regulator of PI4K activity.

Another phosphatidylinositol kinase is the phosphatidylinositol 3-
kinase (PI3K) that can phosphorylate PIP,4 5) to produce phosphati-
dylinositol-3,4,5-triphosphate (PIP3(3,4,5)).39 Although PIP,(,5) and
PIP3(5,4,5) represent less than 1% of membrane phospholipids, they
function in several crucial cellular processes.*® A role for PI3K has been
suggested in sperm functions during sperm capacitation and the
AR.'>*"*2 We have recently shown that PI3K is significantly activated
toward the end of the incubation under capacitation conditions and
involved in the AR; however, it does not mediate F-actin formation in
sperm capacitation.'” We also show PI3K-dependent PIP3(3.4,5)
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formation in sperm capacitation that is stimulated by activation of
PKA." Thus, we suggest that under regular in vitro capacitation con-
ditions PLD is a central regulator of F-actin formation during sperm
capacitation, whereas PI3K is a major player in the AR. However, when
PKA is overactivated by adding 8Br-cyclic adenosine monophosphate
(8Br-cAMP) (1 mmol 1™ "), we can see significant stimulation of PI3K
activation, as well as PI3K-dependent F-actin formation.”'® This
observation led us to suggest that F-actin formation can be induced
under various conditions: (i) when PKA activity is relatively low and
PKC activity is high, enhancement of PIP,4 5y via activation of PI4K
by spermine or PKC leads to PLD activation and actin polymerization.
Under these conditions PIPs; 4 5) is not involved in actin polymeriza-
tion; and (ii) when PKA activity is relatively high and PKC activity is
downregulated,” PKA enhances PIP,(4,5) via activation of PI3K,
which activates PI4K and PI4P5K indirectly, leading to PLD activation
and actin polymerization."®

ROLE OF EGFR IN AR: LOCALIZATION OF EGFR AND EFFECT
ON AR
It was shown by others that EGFR is involved in boar sperm motility*
and were localized at higher extent to the acrosome region than to the
post-acrosome and the flagellum.*’ Moreover, EGF signaling was
shown to be an important pathway identified in high fertility sperm
in a recent comprehensive proteomic analysis.** We previously show
that bovine sperm express EGFR that is involved in the AR and in actin
polymerization during sperm capacitation.”'””'® We also show that
EGFR was localized to the sperm head and midpiece, but not to the
principal region of the tail.” The localization of EGFR in the head of
sperm led us to investigate the role of EGFR in the AR. It was shown
that EGF can induce the AR when added at the end of capacita-
tion.>'®"7 It is well established that PI3K is a downstream effector
of EGFR, and indeed, we have shown that inhibition of PI3K
by 10 nmol 17" wortmannin blocked the AR induced by EGF.
Moreover, in a recent publication, we show that activation of G protein-
coupled receptors (GPCRs), angiotensin II receptor type 1 or lysopho-
sphatydic acid receptor causes transactivation of EGFR mediated by
PKA and Src.” Adding angiotensin II, lysophosphatydic acid or
cAMP to capacitated sperm induced EGFR- and PI3K-dependent AR.’
To summarize the effect of EGF, we showed dual effects in which it
enhanced F-actin formation during sperm capacitation, whereas in
capacitated sperm, when F-actin level is already high, EGF causes F-actin
breakdown (Figure 1). Our unpublished data revealed that the F-actin-
severing protein gelsolin is inactive during sperm capacitation; therefore,
we can see EGF-induced F-actin formation. However, before the AR,
gelsolin can be activated by elevating intracellular Ca®>" concentration
([Ca*™])) by EGER activation causing F-actin breakdown.

REGULATION OF SPERM EGFR

We have shown elsewhere that GPCR activation can lead to PKA- and
Src-dependent EGFR activation in bovine sperm.’ In other cell types,
EGER can be activated by GPCR through a process called transactiva-
tion.*>™° The majority of receptor tyrosine kinase transactivation by
GPCRs in many cell types is mediated by metalloproteinase-depend-
ent shedding, or by release of growth factor-like substances such as
heparin-binding EGF, known as triple membrane-passing signals.>® In
this mechanism, the GPCR activates a Zn>*-dependent metallopro-
teinase to cleave pro-heparin-binding EGF, releasing an EGF-like
ligand, which binds to the EGFR and activates it. In some cases, the
tyrosine kinase Src mediates the GPCR-EGFR transactivation pro-
cess’* by phosphorylating EGFR on Y845, known to be the Src tar-
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Figure 1 A model representing the mechanisms underlying EGFR activation
during bovine sperm capacitation and AR. (a) Activation of PLD in sperm capa-
citation: at the beginning of the capacitation process, spermine can induce Pl4K
activation leading to PIP4 5) formation,'® a cofactor for PLD activation. The
activation of PLD occurs by PKCe, which is already activated at the beginning
of the capacitation.®? PLD can also be activated by activating PKA.?” Activation of
PLD leads to F-actin formation during sperm capacitation.?” (b—e) Partial activa-
tion of EGFR in sperm capacitation: the EGFR can be activated via EGF (e) or by
the cAMP-dependent PKA/Src system by activating GPCRs,® which activate
membrane-bound adenylyl cyclase to form cAMP, by HCO3,” which activates
the soluble adenylyl cyclase (b, ¢), or by ouabain (d),'° which activates the tyr-
osine kinase Src. The activated EGFR can lead to PLD activation and F-actin
formation via activation of PI3K/ARF/PI4K to form PIP, and via PLC/PKC, two
pathways needed for PLD activation. The activation of PI3K is upregulated by PKA
and downregulated by PKC.8? Full activation of the EGFR before the acrosome
reaction: further activation of the EGFR at the end of the capacitation process, by
GPCR activation, ouabain, cAMP or EGF, enhances [Ca2+],»9 and PI3K activity,
leading to F-actin breakdown and the occurrence of the AR (f). The addition of
exogenous PIP, or spermine, which leads to intracellular PIP, formation (f), can
induce the acrosome reaction via stimulating PIP, hydrolysis to form 1P, leading
to mobilization and increase in [Ca®*1;and activation of actin-severing proteins to
depolymerize F-actin, resulting in the occurrence of the acrosome reaction (f).
[Ca2+],-, intracellular Ca®* concentration; cAMP, cyclic adenosine monopho-
sphate; DAG, diacylglycerol; EGF, epidermal growth factor; EGFR, epidermal
growth factor receptor; GPCR, G protein-coupled receptor; IP3, inositol 1,4,5-
triphosphate; PA, phosphatidic acid; PI3K, phosphatidylinositol 3-kinase; PI4K,
phosphatidylinositol 4-kinase; PI4P5K, phosphatidylinositol 4-phosphate 5-
kinase; PIPy 5, phosphatidylinositol 4,5-bisphosphate; PKA, protein kinase A;
PKC, protein kinase C; PLC, phospholipase C; PLD, phospholopase D; sAC, sol-
uble adenylyl cyclase; tmAC, transmembrane adenylyl cyclase; ZP, zona pellucida.

Capacitation I

get.>>>* This phosphorylation (Y845) in the kinase domain is impli-
cated in stabilizing the activation loop and maintaining the active state
of the receptor.”>*® EGFR-Y845 phosphorylation can lead to the
activation of the EGFR by autophosphorylation that leads to the
activation of various cascades. These cascades include the mitogen-
activated protein kinase cascade®” and PI3K cascade®® that are acti-
vated by phosphorylation of EGFR-Y1068 and were shown to regulate
the AR.*>**%° As mentioned above, EGFR in sperm can be activated by
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agonists of two GPCRs, angiotensin II receptor type 1 and lysopho-
sphatydic acid receptor,” indicating that EGFR transactivation occurs
in sperm. Moreover, we have shown that these agonists induce the AR
that is mediated by EGFR activation.’

This EGFR transactivation is mediated by the tyrosine kinase Src
that is known to be involved in sperm capacitation and the AR.>!®1-62
In human sperm, Src was found in the flagellum and head and was
localized to membrane fraction.®® Src is also involved in protein tyr-
osine phosphorylation and motility during sperm capacitation.*>®* It
was shown that Src forms a complex with PKA that can phosphorylate
and activate Src.®>®® Recently, Src was localized to the post-acrosomal
region of the head, neck and mid-piece of human sperm.®® Src was
found to be activated during human sperm capacitation and appears
to be involved in regulating sperm capacitation, calcium fluxes, tyr-
osine phosphorylation and the AR.*'®®* In a recent study, it has been
suggested that the Src downregulates protein phosphatase 2, resulting
in the increase of protein tyrosine phosphorylation in sperm capacita-
tion.°® In our work, we have shown that Src is involved in bovine
sperm capacitation and AR through regulation of the EGFR activa-
tion.” Moreover, we show that the AR induced by AnglI or lysopho-
sphatydic acid is mediated by the transactivation of the EGFR via a
mechanism involving Src and PKA.’

The EGFR signal transactivation can also be induced by treating
cells with ouabain, a specific inhibitor of Na® /K" -ATPase.” The Na™/
K" -ATPase is a heteromeric, integral membrane Na*/K* exchange
protein. The enzyme consists of two subunits: the o-subunit contains
the catalytic function and the cation, ouabain and ATP-binding
sites,®® whereas the B-subunit is necessary for localization to the
plasma membrane®® 2 and stabilization of the K*-occluded inter-
mediate form of the protein.”*>”* The a4 isoform has been identified
only in the testes of several species’>® and in bovine sperm.”® This
isoform shows high affinity to ouabain, Na* and K™, and its activity is
inhibited by low concentrations of ouabain (10 umol 17"),”*% which
also inhibits sperm motility. In recent studies, it was shown that
100 pmol 17! ouabain induces bovine sperm capacitation without
any effect on sperm motility.””®" In a recent publication, we have
shown that nanomolar concentration of ouabain is present in bovine
semen and in vaginal fluids of the cow.'® Under in vitro conditions,
ouabain at 10 nmol 1~ ! does not affect the AR; however, this concen-
tration of ouabain together with a very low concentration of EGF
(0.1 ng ml ™), can induce the AR that was found to be mediated by
Src, PKA and EGFR activation.'”

We have shown before that activation of PKA by adding 8Br-cAMP
causes high activation of EGFR.? It is well accepted that PKA is acti-
vated in sperm capacitation; thus it is expected to see some activation
of the EGFR during capacitation even without adding its ligand to the
incubation medium. Indeed, we found that the EGER is partially acti-
vated in sperm incubated under capacitation conditions without any
addedligand.’ This partial activation is not enough to induce the AR at
the end of the capacitation, which can be induced by further activating
the EGFR by its ligand EGF or by Angll, lysophosphatydic acid or
ouabain.”'® However, as mentioned above, physiological concentra-
tions of ouabain or EGF alone cannot induce the AR in capacitated
sperm, unless they added together.* This is a unique way of receptor
regulation by which two components that exist in the female repro-
ductive tract are needed to fully activate the EGFR.

CONCLUSION
In the capacitation process, the EGFR is partially activated by PKA,
resulting in PLD activation and actin polymerization. PKCa, which is
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