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The role of the molecular chaperone heat shock
protein A2 (HSPA2) in regulating human sperm-egg
recognition

Brett Nixon'?, Elizabeth G Bromfield', Matthew D Dun’, Kate A Redgrove', Eileen A McLaughlin'? R John Aitken'

One of the most common lesions present in the spermatozoa of human infertility patients is an idiopathic failure of sperm-egg recognition.
Although this unique cellular interaction can now be readily by-passed by assisted reproductive strategies such as intracytoplasmic
sperm injection (ICSI), recent large-scale epidemiological studies have encouraged the cautious use of this technology and highlighted
the need for further research into the mechanisms responsible for defective sperm-egg recognition. Previous work in this field has
established that the sperm domains responsible for oocyte interaction are formed during spermatogenesis prior to being dynamically
modified during epididymal maturation and capacitation in female reproductive tract. While the factors responsible for the regulation of
these sequential maturational events are undoubtedly complex, emerging research has identified the molecular chaperone, heat shock
protein A2 (HSPA2), as a key regulator of these events in human spermatozoa. HSPA2 is a testis-enriched member of the 70 kDa heat
shock protein family that promotes the folding, transport, and assembly of protein complexes and has been positively correlated with
in vitro fertilization (IVF) success. Furthermore, reduced expression of HSPA2 from the human sperm proteome leads to an impaired
capacity for cumulus matrix dispersal, sperm-egg recognition and fertilization following both IVF and ICSI. In this review, we consider
the evidence supporting the role of HSPA2 in sperm function and explore the potential mechanisms by which it is depleted in the
spermatozoa of infertile patients. Such information offers novel insights into the molecular mechanisms governing sperm function.
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INTRODUCTION

Male infertility afflicts at least 1 in 20 men of reproductive age.!
Notwithstanding a small percentage of male patients who exhibit
azoospermia,>® the majority of infertile men produce sufficient
numbers of spermatozoa to fertilize an ovum in vivo. However, the
quality of these individuals’ gametes is compromised to the point that
fertilization and the initiation of normal embryonic development are
not possible. One of the most frequent functional defects in these cells
is an inability to recognize and adhere to the outer vestments of the
egg, a structure known as the zona pellucida (ZP), and subsequently
engage in the complex cascade of cellular processes that culminate
in fertilization.* Accordingly, bioassays of sperm-ZP interaction
can accurately predict male infertility in vivo.” Indeed, assessment
of sperm-ZP binding with the hemizona assay provides the highest
discriminatory power for fertilization success/failure of any sperm
parameter assessed.®’

Despite the biological importance of ZP binding, the fact that
this barrier can now be readily breached through the advent of
assisted reproductive technologies such as intracytoplasmic sperm
injection (ICSI) has meant that the molecular basis of sperm-ZP
recognition remains poorly characterized.® This is particularly alarming

in view of large-scale epidemiological studies that have documented an
increased risk of birth defects in children conceived via ICSI, but not
necessarily by conventional in vitro fertilization.’ Such findings raise the
prospect that the human ZP may possess the ability to select superior
quality spermatozoa, a notion supported by recent demonstrations that
the ZP selectively binds sperm with normal morphology and nuclear
chromatin DNA." Furthermore, biological selection of sperm for ICSI
on the basis of their ZP binding affinity has been shown to produce
higher quality embryos and contribute to improved implantation and
clinical pregnancy rate compared to sperm selected by conventional
subjective approaches."""* Thus, in spite of the major advance ICSI has
provided for the alleviation of male-factor infertility, there is a pressing
need for basic research into physiopathology of sperm-ZP interactions.

Research into this cell-specific and tightly regulated interaction has
revealed that it is coordinated by specialized sperm domains overlying
the anterior region of the sperm head. These domains are formed
during the latter phases of spermatogenesis before being dynamically
modified upon passage through both the male and female reproductive
tracts." Thus, freshly ejaculated spermatozoa cannot recognize the egg;
only after these cells have undergone a complex process of functional
maturation, known as capacitation, do they express any affinity for the
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ZP.'>'¢ The ZP ligands that mediate sperm-egg recognition are currently
being actively debated, with models centered on the importance of
7ZP2 and/or ZP3/4 under consideration.””** Similarly, the identity
of the ZP receptor(s) on the surface of mammalian spermatozoa
remains elusive. While a variety of candidates have been described,
gene deletion studies have failed to confirm the exclusive significance
of any of these molecules in mediating sperm-egg recognition.”’ An
alternative concept founded on the basis of studies by Asquith et al.,'¢
suggests that the biological importance of this event is so great that no
single molecular entity has sole responsibility for mediating sperm-ZP
binding. Rather, sperm-egg recognition is proposed to be a highly
redundant process mediated by several ZP receptors that are brought
to the cell surface and/or assembled into functional complexes during
capacitation under the influence of molecular chaperones.**
Although this model was originally developed on the basis of
studies conducted in the mouse, more recent work supports its
relevance to ZP recognition in the human.”?* Among the chaperones
that have been implicated in this process in human spermatozoa, a
testis-enriched member of the heat shock protein (HSP) 70 family,
HSPA2 (Hspa2), has emerged as a key candidate. In the current review,
we consider the established and rapidly emerging roles of HSPA2 in
promoting the morphological differentiation of the male gamete during
spermatogenesis and the subsequent functional transformation of these
cells during capacitation. Such data serve to highlight the potential of
HSPA?2 as a clinically useful marker of sperm quality and emphasize
the need for further analysis of this chaperone as a means of providing
important insights into some of the most challenging questions
concerning the molecular mechanisms regulating sperm function.

BACKGROUND TO THE HSP70 FAMILY OF MOLECULAR
CHAPERONES

Molecular chaperones constitute a large family of structurally diverse
proteins that are ubiquitously expressed in all organisms.” More than 20
chaperone families, differing primarily with regard to their molecular
weight and structural characteristics, have been described. Due to
their ability to confer cellular resistance to environmental stressors,
the majority of these chaperone families are referred to as cell stress
response or, more commonly, HSPs.”® In mammalian species, the HSPs
are divided into the HSP100 (HSPH), HSP90 (HSPC), HSP70 (HSPA),
HSP60 (HSPD), HSP40 and HSP27 (HSPB) families.? Several members
of each gene family are represented within the human genome,” a
redundancy that may either relate to differences in intra-organelle
compartmentalization and/or tissue/development-specific expression
patterns.® The overlapping expression of many different molecular
chaperone families highlights the importance of their specialized
functions, which extend from archetypical protective roles through
to regulation of normal cellular functions, including: metabolism,
growth, differentiation and apoptosis.”> Molecular chaperones can
fulfill these diverse functions by virtue of their ability to selectively
recognize and interact with exposed hydrophobic domains in their
client proteins. Such interactions prevent inappropriate association or
aggregation and direct the proteins into productive folding, transport
or degradation pathways.*

The 70 kDa HSPs (HSP70) are among the most highly abundant and
conserved members of the chaperone family, with at least 13 members
represented in the human genome.* These folding catalysts possess a
modular architecture comprising three major functional domains: a
conserved N-terminal ATPase domain, a substrate-binding domain
and a C-terminal domain that acts as a lid for the substrate binding
domain.*** The substrate binding and release cycle of HSP70s is
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commonly regulated by co-chaperones from the family of J-domain
proteins (primarily HSP40 in eukaryotes) that target these chaperones
to their respective substrates, and is further fine-tuned by nucleotide
exchange factors.*® The primary function of HSP70s centers on their
ability to transiently bind to partially synthesized or denatured peptide
sequences, thereby preventing their aggregation and allowing them
to (re)fold into a functional state. However, by virtue of their ability to
stabilize client proteins in a partially folded state, HSP70s also aid in
the transmembrane transport of proteins, and in their assembly into
functional complexes® (Figure 1). A novel, testis-enriched member of
this HSP70 family, known as HSPA2, has emerged as a key regulator of
several phases of sperm development and maturation.?***

THE ROLE OF HEAT SHOCK PROTEIN A2 IN MOUSE
SPERMATOZOA

Heat shock protein A2 (HSPA2) was originally identified in
experiments designed to assess the effects of heat shock on protein
synthesis in the germ cells of male mice.**' Subsequent work revealed
that Hspa2 mRNA transcripts*? and protein®® displayed an expression
profile that was both testis-enriched* and developmentally regulated.”
Thus, gene expression was initiated in early meiosis*** and immediately
followed by protein synthesis in leptotene-zygotene spermatocytes.*®
Targeted mutation of the Hspa2 gene? revealed that the chaperone is
indispensable for the transition of spermatogenic cells through the late
meiotic stages of spermatogenesis.*® Specifically, it has been shown that
Hspa2 null males are infertile due to the combined effects of arrested
spermatogenic cell development coinciding with the G,-M-phase
transition of meiosis I prophase and the apoptotic elimination of late
stage pachytene spermatocytes.*®* Such a pronounced phenotype
has been attributed to two primary roles for HSPA2 in these cells.
Firstly, HSPA2 supports the formation of a heterodimeric complex
between CDC2 and cyclin B1,” and secondly, HSPA2 appears to act
as a component of the synaptonemal complex.* More recent work has

Unfolded nascent
polypeptide

Intracellular protein
translocation

Protein folding

Assembly of multimeric
protein complexes

Figure 1: Functional roles of heat shock proteins (HSP). The evolutionarily
conserved molecular chaperones of the HSP70 (HSPA) family fulfill an
essential role in maintaining protein quality control in a variety of cell types.
Such protective activities center on the ability of the chaperones to assist
the correct (re)folding of nascent and denatured proteins, thereby preventing
their unwanted aggregation and functional inactivation. However, HSP70s
also play an important role in facilitating protein-protein interactions, the
assembly of multimeric protein complexes, and in the transport of proteins
across intracellular membranes.
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shown that such functions may be augmented by the interaction of
HSPA2 with an additional suite of testis enriched proteins, including:
SHC SH2 domain-binding protein 1-like protein,” the nuclear
autoantigenic sperm protein® and, the putative DExD-box helicase
MOV 10-like-1 that is essential for safeguarding the genetic information
in the male germline.”

Interestingly, the stability of the HSPA2 protein during this critical
phase of germ cell development is also influenced by its interaction with
BAT3 (HLA-B associated transcript 3; also known as BCL2-associated
athanogene 6, BAG6),* a chaperone-like protein that appears to be
important for the folding and activity of apoptotic signaling molecules.”
In this context, it has been shown that Bat3 deficiency leads to the
poly-ubiquitination and subsequent degradation of HSPA2 protein.*
As anticipated, the loss of HSPA2 in Bat3 deficient mice arrests meiosis
at prophase I and induces apoptosis in late pachytene spermatocytes,
thereby resulting in complete male infertility.* Such findings identify
BATS3 as a critical regulator of HSPA2 in spermatogenesis and raise
the prospect that it may represent a molecular target in idiopathic
male infertility.

In addition to its fundamental roles in the completion of meiosis,
the abundant expression of HSPA2 in postmeiotic germ cells has
encouraged speculation that the protein fulfills additional function(s)
during spermiogenesis. This notion is supported by evidence that,
after the completion of meiosis, HSPA2 acquires a new role as a
chaperone of spermatid-specific DNA packaging transition proteins.”
These transition proteins serve as an intermediary, replacing histones
before themselves being replaced by protamines during the nuclear
condensation that accompanies spermiogenesis.** Owing to its ability
to escort the transition proteins and mediate their assembly into DNA
packaging structures, HSPA2 is thereby able to act as a major regulator
of genome reorganization in differentiating spermatids.*® Further
studies have also implicated the chaperoning activity of HSPA2 in the
correct folding, assembly or trafficking of the subunits comprising the
CatSper ion channel that is required for sperm cell hyperactivation and
male fertility.”” Nevertheless, the HSPA2 protein has yet to be ascribed
any specific functional role in mature mouse spermatozoa.

THE ROLE OF HEAT SHOCK PROTEIN A2 IN HUMAN
SPERMATOZOA

Following its original identification in the mouse testes, immunoreactive
HSPA?2 protein homologs have since been reported in the testes
of diverse phyla thus raising the prospect that it may play a highly
conserved functional role during spermatogenesis.”” In support of this
concept, the human and mouse Hspa2 homologs possess 91.7% identity
in the nucleotide coding sequence and 98.2% in the corresponding
amino acid sequence.” Examination of the human HSPA2 protein has
revealed significant expression in normal testes, with immunoreactivity
being detected in spermatocytes and spermatids.” Subsequent work
confirmed that Hspa2 is selectively expressed in a biphasic pattern
during human spermatogenesis.®” Thus, the first wave of Hspa2
expression occurs in spermatocytes where it is predicted to support
meiosis. In contrast, the second wave occurs in elongating spermatids
during spermiogenesis.®” Importantly, however, there is presently no
direct evidence that human HSPA2 is involved in the dissociation
of the synaptonemal complex or in the chaperoning of cyclin-CDK
complexes as has been reported in the mouse.

Nevertheless, the importance of HSPA2 in the production of
male germ cells has been highlighted by the demonstration that
down-regulation of Hspa2 gene expression is strongly correlated with
significant reductions in sperm concentration. Indeed, in the case of
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both oligozoospermic ART patients® and those individuals suffering
from complete azoospermia associated with spermatocyte arrest or
Sertoli cell-only syndrome,* the relative levels of Hspa2 gene expression
are significantly lower than that of fertile controls. Similarly, aberrant
HSPA2 protein expression has also been reported in immature human
spermatozoa, which fail to complete normal spermiogenesis. This defect
results in the production of spermatozoa with excessive cytoplasmic
retention®®* and a reduced ability to engage in interactions with both
the ZP and cumulus matrices.***® Accordingly, HSPA2 has also been
identified among a small number of proteins that are under-represented
in defective spermatozoa with lesions in egg recognition.” However,
a key difference of this latter comparative proteomic study was that it
focused on a subset of infertile donors whose spermatozoa exhibited an
isolated lesion in their ability bind to the ZP without any accompanying
defects in sperm motility or morphology.

On the basis of these conflicting data, at least two models
have emerged to account for the role of HSPA2 in promoting ZP
binding and cumulus matrix penetration. The first of these has
been pioneered by Huszar and colleagues who postulate that the
chaperoning activity of HSPA2 (originally described as a variant of
creatine kinase M) is restricted to sperm development within the
testis where it is required to facilitate major cycles of protein transport
that drive cytoplasmic extrusion and plasma membrane remodeling
during spermiogenesis.®**” Such events are believed to not only
underpin the formation of the ZP-binding domains but also those
that are responsible for binding of the hyaluronic acid rich matrix of
the cumulus mass. Consequently, the levels of HSPA2 remaining in
mature human spermatozoa and the capacity of these cells to bind
hyaluronic acid polymers, have both been reported to provide a robust
discriminative index for fertilizing potential.®>¢8

An alternative model suggests that HSPA2 may instead play an
important functional role in mature spermatozoa following their
morphological differentiation within the testes. This model draws
on evidence that HSPA2 is retained in mature spermatozoa and is
ideally positioned in the peri-acrosomal region to participate in
oocyte interactions.” However, this model is not without controversy
given that the protein has been variously reported to be constitutively
expressed on the human sperm plasma membrane,* to undergo a
significant, albeit modest, increase in surface expression following
the induction of capacitation in spermatozoa from fertile donors
(i.e.,6.15% +1.35vs13.1% +2.69; P=0.017),” or to remain permanently
within an intracellular location.»* Whether such controversy simply
reflects the use of different methods of detection and/or antibodies” has
yet to be fully resolved, but through the combined use of ultrastructural,
immunolocalization, and flow cytometry analyses our evidence favors
HSPA2 occupying an intracellular location and thus playing an indirect
role in mediating sperm-egg recognition.”® Specifically, we posit that
HSPA2 facilitates the assembly and/or presentation of zona recognition
complexes on the sperm surface.?*">

Support for this hypothesis rests with our demonstration that
HSPA2 stably interacts with a number of multimeric complexes, with
aggregate molecular weights of greater than 150 kDa, in spermatozoa
from fertile normozoospermic individuals.? In proof-of-concept
studies we have established that one of the major HSPA2 complexes
harbors two additional proteins, sperm adhesion molecule 1 (SPAM1)
and arylsulfatase A (ARSA), both of which have been implicated in
interactions with the cumulus-oocyte complex.”” Interestingly, this
complex undergoes a marked, capacitation-associated translocation
leading to the repositioning of ARSA to the outer leaflet of the sperm
surface, alocation compatible with a role in the mediation of sperm-ZP



interactions. Conversely, SPAM1 appears to reorient away from the
sperm surface, possibly reflecting its primary role in cumulus matrix
dispersal preceding sperm-ZP recognition.”?* In addition to aligning
perfectly with the functional requirements of spermatozoa engaged in
the process of fertilization, this regulated shift in surface expression is
commensurate with the observation that spermatozoa in the advanced
stages of capacitation lose their ability to bind hyaluronic acid.®

In recent unpublished studies, we have shown that the dynamic,
capacitation-associated translocation of proteins appears to extend to
additional HSPA?2 client proteins thus raising the possibility that the
chaperone holds a key role in priming the sperm surface architecture
in advance of their interaction with the cumulus-oocyte complex. Such
activity, in turn, appears to be driven by the tyrosine phosphorylation
of HSPA2 during the latter stages of capacitation and can be completely
abolished by incubation of spermatozoa in broad spectrum tyrosine
kinase inhibitors.”® Taken together, these results offer a rational
explanation for why HSPA2 expression, hyaluronic acid binding
and sperm-zona interaction are functionally linked and why they
are all associated with male infertility; without HSPA2, neither the
hyaluronidase receptor, nor the zona receptor(s), would be expressed
in the coordinated manner needed to achieve fertilization.

MECHANISMS UNDERPINNING THE LOSS OF HEAT SHOCK
PROTEIN A2 FROM THE SPERMATOZOA OF INFERTILE
PATIENTS
A major goal of our ongoing investigations has been to determine how
the incorporation of HSPA2 into the differentiating gamete becomes
so dramatically disrupted in cases of infertility. Among the various
possibilities that could account for the selective loss of HSPA2, genetic
mutations in the encoding Hspa2 gene, epigenetic regulation of Hspa2
gene expression, and/or perturbations in protein expression/stability
arising from exposure of developing germ cells to oxidative stress are
currently under consideration. While the former explanation cannot
be entirely ruled out, it appears to contradict evidence from transgenic
mouse models in which the targeted ablation of the Hspa2 gene leads
to complete spermatogenic arrest (see Section "THE ROLE OF HEAT
SHOCK PROTEIN A2 IN MOUSE SPERMATOZOA"). Similarly,
although there is evidence that the methylation status of the Hspa2
gene correlates with its transcription level in human somatic cells,
these findings are not without controversy (reviewed by”). In contrast,
oxidative stress is well known to play a fundamental role in the etiology
of male infertility by negatively affecting sperm quality and function.!
As outlined previously, it is known that the HSPA2 protein is
translated from an early stage in spermatogenesis and serves multiple
functions being both necessary for the progression of meiosis and
a major marker for the quality of spermiogenesis.®® A defining
characteristic of spermiogenesis is that it is extremely sensitive to
oxidative damage owing to the fact that it is driven by the differential
translation of proteins from long-lived mRNA species. While attention
is usually focused on the damage that free radicals can inflict on
DNA, RNA is equally vulnerable to oxidative attack, as is the process
of protein translation.® In this light, the round spermatid may be
uniquely vulnerable to oxidative attack since this cell type is replete
with the mRNA species it will need to build a spermatozoon and is
responsible for carefully orchestrating the movement of these mRNAs
from ribonucleoprotein particles (RNP) to polysomes to affect their
differential translation.® It is therefore possible that the reason HSPA2
expression is reduced in defective spermatozoa lacking the ability to bind
to the ZP is that either the mRNA for this chaperone or the mechanisms
for its translation have been oxidatively damaged during spermiogenesis.
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An attack on mRNA integrity is suggested by previous studies
revealing low levels of Hspa2 mRNA expression in the defective
spermatozoa of patients exhibiting oligoteratozoospermia or
oligozoospermia associated with varicocele.* A particular role for
oxidative stress is supported by the strong positive correlations that
have been established between defects in sperm binding to hyaluronic
acid polymers (mediated in part by SPAMI, one of the binding partners
for HSPA2) and increased levels of peroxidative damage to the sperm
plasma membrane.®* The possibility that such an oxidative attack
would strike late in spermatogenesis, when sperm differentiation is
occurring, is suggested by a highly significant under-representation
of phosphoglycerate kinase (PGK), mirroring the loss of HSPA2, in
spermatozoa exhibiting an inability to bind to the ZP** The significance
of this finding is that the PGK isoform in spermatozoa (PGK2) is
transcribed late in spermatogenesis to become the major PGK in
spermatozoa.*” The loss of this protein is therefore consistent with
the disruption of protein translation during spermiogenesis, as the
PGK2 mRNA migrates from RNP to polysomes, because of oxidative
damage to the mRNA and/or disruption of the translation machinery
itself. If this is the case then a number of other mRNA species that
show the same orchestrated movement from RNPs to polysomes
during spermatogenesis, should also be affected.®® The assessment of
the mRNA profiles of spermatozoa exhibiting a failure of sperm-egg
interaction could, therefore, prove to be a valuable tool in evaluating
sperm reproductive capacity and functional competence in infertile
men.

Finally, as an alternative to mRNA damage, it is also possible that
the lack of HSPA2 seen in spermatozoa of infertile patients may arise
from a mechanism involving the targeted destruction of the protein
itself. Consistent with this notion, recent work from our laboratory has
shown that electrophilic aldehydes, such as 4-hydroxynonenal (4HNE),
generated as a result of reactive oxygen species-induced lipid
peroxidation are readily capable of adducting proteins localized within
the head of human spermatozoa.® Furthermore, peptides belonging to
HSP70 family members have been identified among the major 4HNE
alkylated targets in these damaged cells.® While the primary impact
of 4HNE covalently binding to proteins in mature spermatozoa is
likely to involve conformational changes and/or aggregation leading to
disruption of their functionality,” it may have a more pronounced effect
in developing germ cells (Figure 2). Indeed in tissues such as the testis,
which possess an intrinsic ubiquitin-proteasome system, such insults
commonly lead to the activation of a protein degradation cascade
that selectively eliminates damaged proteins in an effort to mitigate
the impact of oxidative injury.”’~** Alternative, ubiquitin-dependent
lysosomal degradation mechanisms have also recently been reported
for 4HNE-modified proteins.” Whether such mechanisms underpin
the loss of susceptible proteins such as HSPA2 from maturing
spermatozoa remains to be established. Similarly, it also has yet to be
investigated whether aberrant expression of BAT3 might contribute
to this phenotype through accelerated degradation of HSPA2* during
human spermatogenesis.

CONCLUSIONS

An idiopathic failure of sperm-egg recognition ranks among the
major reproductive lesions experienced in male infertility patients.
Data from a number of independent laboratories suggest that this
process is commonly impaired because of an underrepresentation
of a key molecular chaperone, HSPA2, in pathologically defective
spermatozoa. These findings accord with the view that molecular
chaperones are critically involved in conferring upon spermatozoa the
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Figure 2: Mechanisms underpinning the loss of heat shock protein A2 (HSPA2)
from the spermatozoa of infertile patients. Although the mechanism(s)
underpinning the selective loss of HSPA2 from the differentiating gametes
of infertile patients is currently unknown, several possibilities have been
raised. These include: (a) genetic mutations in the encoding HspaZ2 gene, (b)
epigenetic regulation of Hspa2 gene expression, and/or (¢) perturbations
in protein expression/stability arising from exposure of developing germ
cells to oxidative stress. With regard to the latter it is possible the oxidative
attack could act directly to damage the Hspa2 gene or mRNA transcript.
Alternatively, the HSPA2 protein itself may be targeted for destruction
following adduction by electrophilic aldehydes generated as a result of reactive
oxygen species-induced lipid peroxidation. Such insults are known to lead
ubiquitin (Ub)-dependent degradation via proteasomal or lysosomal pathways.

potential to interact with the oocyte during the sequential phases of
sperm maturation.”>** These studies open up new research questions
concerning the incidence of HSPA2 insufficiency in the patient
population, the pathways by which this chaperone is incorporated
into the differentiating gamete, how such incorporation becomes so
dramatically disrupted in cases of infertility and the mechanisms by
which HSPA?2 regulates the differential surface expression of molecules
involved in recognition of the oocyte-cumulus complex. Addressing
these questions will have important implications for the diagnosis,
treatment and prevention of infertility, and, in so doing, answer
the long-standing call for evidence-based medicine in andrological
practice.
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