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Abstract
Purpose The aims of this paper were to study whether heat
shock protein 90 (HSP90) is a regulator of sperm functions
and to determine its association with oligoasthenozoospermia.
Methods The levels of HSP90 in sperm lysates were mea-
sured by ELISA. Localization of HSP90 and its isoforms
was evaluated by immunofluorescence. Sperm motility and
kinetics were assessed by computer-assisted sperm analysis.
Acrosome reaction was determined by lectin staining.
R e s u l t s Th e l e v e l s o f HSP90 we r e l owe r i n
oligoasthenozoospermic men and correlated positively with
the number of motile spermatozoa. In capacitated human sper-
matozoa, HSP90α was mostly found in residual nuclear enve-
lope, and the HSP90β isoform was higher in the flagella.
Inhibition of HSP90 by geldanamycin or 17-AAG did not af-
fect basal motility, but suppressed progesterone-mediated for-
ward progressive motility, hyperactivation and acrosome reac-
tion. Progesterone treatment dephosphorylated both HSP90α
and HSP90β at Ser/Thr-Pro residues, but not Tyr residues.

Conc lus ion HSP90 levels are downregula ted in
oligoasthenozoospermia, and its functional inhibition attenuates
progesterone-mediated sperm motility and acrosome reaction.
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Introduction

Heat shock protein 90 (HSP90) is one of themost abundant and
evolutionarily conserved molecular chaperones. Unlike molec-
ular chaperones, HSP90 is not required for de novo protein
folding, but it facilitates the final folding of client proteins [1,
2]. The HSP90 client proteins include a range of signal trans-
ducers and transcription factors that are essential for diverse
cellular functions [1, 2]. Not surprisingly, any alteration in the
activity of HSP90 exerts marked effects on cellular physiology
and also causes diseases, including cancers [1–3].

Twomajor cytoplasmic isoforms of HSP90 exist in eukary-
otic cells. Amongst these two, HSP90α is an inducible form
whilst HSP90β is a constitutive form. Arising by gene dupli-
cation, HSP90α and HSP90β differ in their sequences, bio-
chemical nature and molecular functions [3, 4]. Both these
isoforms can form homodimers (αα or ββ) and heterodimers
(αβ), with HSP90α having a higher propensity to dimerize as
compared toHSP90β [3]. Functionally, HSP90α plays critical
roles in multiple cellular processes; HSP90β has a key role in
trophoblast differentiation [3].

Beyond somatic cells, HSP90 and its isoforms also play
critical roles in male germ cells. During development,
HSP90α is specifically localized in the germ cells of mouse
testis; HSP90β is expressed in the somatic cells [5, 6]. Male
mice lacking the HSP90α isoform are infertile owing to a
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block in meiosis [7]. In contrast, mice knockout for HSP90β
undergo meiosis; however, these animals develop
globozoospermia and a defective acrosome [8]. These obser-
vations suggest that there are different functions of HSP90
isoforms in the testis, and they might play independent roles
in the regulation of spermatogenesis.

At the biochemical level, in vitro studies have shown a role of
HSP90 in the regulation of kinase activity in spermatids. In the
mouse spermatids, HSP90 interacts with testis-specific serine/
threonine kinases (TSSKs), which are a family of post-meiotic
kinases that are required for sperm maturation [9]. Interestingly,
inhibition of HSP90 reduces the activity of TSSKs, leading to its
ubiquitination and proteasome degradation [9]. These observa-
tions suggest that HSP90 is required in the spermatids to regulate
kinase activity, meiosis and sperm maturation.

Whilst the functions of HSP90 in the testis are well eluci-
dated, the role of HSP90 in mature sperm has received little
attention. HSP90 is detected in the sperm flagella of multiple
species [10, 11]. During mouse sperm capacitation, HSP90
undergoes tyrosine phosphorylation, and its inhibition aug-
ments capacitation [11, 12]. Functionally, HSP90 seems to
play a role in the regulation of sperm motility. It has been
demonstrated that loss of HSP90 during freezing of bull sperm
correlates with a reduction in motility; pharmacological inhi-
bition of HSP90 reduces porcine sperm motility [13, 14].
Interestingly, inhibition of HSP90 has recently been shown
to attenuate progesterone-mediated human sperm hyperacti-
vation and acrosome reaction [15]. These results imply that
HSP90 also functions in ejaculated spermatozoa. However,
the isoforms of HSP90 required for these functions in human
spermatozoa are unknown; its relevance to poor sperm motil-
ity warrants further investigations.

In the present study, we aimed to determine the HSP90 iso-
forms expressed in the human sperm and elucidate its functions.

Material and methods

The study was approved by the Institutional Review Board and
Institutional Ethics Committee on human subjects (project no.
NIRRH-103). Informed consent was obtained from all patients.

Normozoospermic and oligoasthenozoospermic samples

Semen samples were collected by masturbation after 3 days of
sexual abstinence. WHO 2010 criteria were used to select the
normozoospermic and oligoasthenozoospermic samples [16].
As per these criteria, a sample was considered normozoosper-
mic if it had sperm count ≥15 million/ml and forward motility
≥32%.A sample was considered as oligoasthenozoospermic if
the sperm count was <15 million/ml and <32% of spermato-
zoa had forward motility. Sperm assessment was done by two
i n d ep end en t o b s e r v e r s , a nd t h e d i a gno s i s o f

oligoasthenozoospermia was confirmed after verification in
a second independent sample from the same individual col-
lected a week apart. Spermatozoa were stained with 0.4%
eosin solution and observed under a light microscope to de-
termine the number of round cells. Samples with >1 × 106

round cells/ml were excluded.
In all, 30 normozoospermic and 30 oligoasthenozoospermic

samples were included for measurements of levels of HSP90.
The inclusion and exclusion criteria and the clinical parameters
of these subjects are reported earlier [17]. There was no history
of smoking, alcoholism, cryptorchidism, childhood disease, ra-
diation exposure, prescribed drug usage or presence of varico-
cele in any of the subjects.

Capacitation and progesterone treatment

Normozoospermic semen samples were pooled from several
anonymized donors and used. Semen samples after liquefaction
were centrifuged and the spermatozoa were washed and capac-
itated for 2 h in DMEM:F-12 medium (GIBCO, Grand Island,
NY) containing 2.6%BSA fractionV (Sigma-Aldrich, St. Louis,
MO). Post-capacitation, the spermatozoa were challenged with
5 μM progesterone (Sigma) as described earlier [18] and proc-
essed for various experiments. This concentration was chosen as
previous studies have shown that 5 μM progesterone stimulated
multiple kinases and increases sperm motility [18].

Immunofluorescence

Capacitated spermatozoa were fixed in chilled acetone and im-
munofluorescence was performed as detailed previously [19].
Briefly, cells were blocked in 1% gelatin, and the slides were
incubated overnight with an antibody that recognizes both the
isoforms of HSP90 (05-594 Millipore, Temecula, CA). The
antibodywas used at an optimized dilution of 1:50 in phosphate
buffer saline (PBS). For detection of the isoforms, the slides
were incubated with an antibody specifically recognizing
HSP90α (07-2174, Millipore) and HSP90β (AB3468,
Millipore). Both the antibodies were used at a dilution of
1:100 in PBS. After extensive washings, detection was carried
out using appropriate rhodamine-labelled secondary antibody
(Jackson ImmunoResearch Laboratories). Cells were counter-
stained with DAPI (4′,6-diamidino-2-phenylindole, Sigma) and
mounted in anti-fade (Vector Laboratories, Burlingame, CA).
As negative controls, the cells were incubated with donkey
serum in place of the primary antibody.

Enzyme-linked immunosorbent assay

For measurement of HSP90 levels, ELISAwas performed as
detailed earlier [17]. Briefly, washed spermatozoa were lysed
in 2% SDS and 10 μg of protein was coated overnight onto
MaxiSorp wells (Nunc, USA). After blocking, the wells were
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incubated with HSP90 antibody (1:50 dilution in PBS) over-
night. The wells were washed three times and incubated with
horseradish peroxidase (HRP)-labelled secondary antibody.
Colour was developed using tetramethylbenzidine
(Bangalore Genei, India) as chromogen and H2O2 as a sub-
strate. All the measurements were done in triplicate. For neg-
ative control, the primary antibody was replaced with PBS.
For normalization, the levels of β-actin were estimated in the
same protein lysate using the above protocol. The β-actin
antibody (Sigma) was used at a dilution of 1:100 in PBS.

Detection of phosphorylation on HSP90 isoforms

The levels of phosphotyrosine and phosphoserine/threonine-
proline residues on HSP90 and its α- and β-isoforms were
determined by ELISA. Goat polyclonal antibodies against total
HSP90 and specific to HSP90α or HSP90β (Millipore) were
coated in the wells of a 96-well plate. The wells were blocked
with 1% gelatine (Sigma) and incubated overnight with cell
lysates from the control and progesterone-treated samples
(10 μg of protein). After extensive washings, the wells were
incubated with the monoclonal anti-phosphotyrosine antibody
(BD Biosciences, San Jose, CA) or anti-phospho-Ser/Thr-Pro
antibody (MPM-2, Millipore) at a dilution of 1:100 (in PBS).
After incubation for 2 h at room temperature and washing to
remove excess antibody, the wells were probed with HRP-
conjugated anti-mouse antibody (Jackson ImmunoResearch
Laboratories) at a dilution of 1:20,000 in PBS. Detection and
measurements were done as above.

Effect of HSP90 inhibitors

To study the effect of inhibition of HSP90 activity, capacitated
spermatozoa were incubated with 5 μM of geldanamycin or
17-AAG (17-N-allylamino-17-demethoxygeldanamycin;
Invitrogen, San Diego, CA) for 30 min at 37 °C. This concen-
tration (5 μM) of geldanamycin and 17-AAGwas chosen as it
is known to significantly inhibit HSP90 activity and affect its
ability to interact with several client proteins in diverse cell
types, including spermatids and sperm [7, 10]. Parallel con-
trols without any treatment or with vehicle were maintained.

After incubation in 5 μM geldanamycin or 17-AAG for
30 min, the cells were then challenged with 5 μM progesterone
for 10 and 30 min. The cells were processed for motility assess-
ment or acrosome reaction, as detailed below. Untreated and
progesterone-treated spermatozoa were maintained as controls.

Computer-assisted sperm analysis

Motility analysis was performed using a computer-assisted
sperm analyser (CASA; Hamilton Thorn IVOS V12.3,
Beverly, MA) at default settings, as described earlier [18,
20]. Slides were scanned at 60 frames/s to determine the

number of motile, progressively motile and hyperactive sper-
matozoa. Hyperactivation was defined as curvilinear velocity
(VCL) > 70 μm/s, linearity (LIN) < 65% and lateral displace-
ment of sperm head (ALH) > 5 μm [18, 20].

Acrosome reaction

The number of acrosome-reacted spermatozoa was deter-
mined according to the protocol used previously [18, 20].
Briefly, acetone-fixed spermatozoa were incubated with
FITC-labelled lectin from Pisum sativum (Sigma; diluted in
PBS in 1:100), counterstained with propidium iodide (Sigma)
and observed under a fluorescent microscope (Olympus,
Tokyo, Japan). The percentage of acrosome reaction was es-
timated by counting a minimum of 100 spermatozoa in five
biological replicates.

Statistical analysis

The mean ± SEM for all the experimental data were computed
and statistical analysis was done using GraphPad Prism, ver-
sion 5, either by Student’s t test or by two-way ANOVA using
Dunnet’s multiple comparison test. The association between
the levels of HSP90 and sperm motility was determined by
Pearson’s R test.

Results

HSP90α and HSP90β are differentially localized
in the sperm residual nuclear envelope and flagella

Using an antibody that recognizes both the isoforms, staining
for HSP90 was detected in all the spermatozoa at the residual
nuclear envelope (RNE), which is at the junction of the head and
the midpiece. Immunoreactive HSP90 was also detected in the
flagella of nearly 70% of spermatozoa (Fig. 1). Using an anti-
body that specifically recognizes HSP90α, staining was detect-
ed in the RNE of all the spermatozoa; weak staining was ob-
served in the flagella of 30% of spermatozoa (Fig. 1). Weak
staining for HSP90β was detected in the in the RNE of all the
cells; strong staining was detected in the flagella of ∼70% of
spermatozoa (Fig. 1). No staining was detected in the negative
controls, indicative of the specificity of staining (Fig. 1a).

HSP90 levels are reduced in oligoasthenozoospermic men

The normozoospermic controls had a sperm count of 51.3 ±
31.2million/ml (range = 18–85million/ml) with progressivemo-
t i l i t y o f 50 .2 ± 7 .5% ( range = 45–58%) . I n the
oligoasthenozoospermic group, the mean sperm count was 7.5
± 3.8 million/ml (range = 4–12 million/ml) and motility was
15.0 ± 10.9% (range = 5–25%). The mean sperm count and
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motility were significantly lower in the oligoasthenozoospermic
group as compared to the control.

HSP90 was found to be significantly (p < 0.05) reduced in
the spermatozoa of oligoasthenozoospermic men as compared
to normozoospermic controls (Fig. 2a). A positive correlation
between the amounts of HSP90 and the percentage of motile
spermatozoa was observed (Fig. 2b). Pearson’s correlation
coefficient between per cent motile spermatozoa and HSP90
protein level was found to be 0.40.

Inhibition of HSP90 does not affect basal sperm motility

The percentages of motile, progressively motile and hyperac-
tive spermatozoa were not significantly different in the control
and the 17-AAG- and geldanamycin-treated groups (Fig. 3a).
Although geldanamycin treatment marginally decreased the
percentage of progressively motile spermatozoa, the effect
was not statistically significant (p = 0.35). Extending the

incubation timings or increasing the concentrations of both
inhibitors had no effect (not shown). There was no effect of
both inhibitors on sperm velocities and other motion kinetic
parameters (Supplementary Fig. S1a).

Inhibition of HSP90 attenuates progesterone-driven
progressive motility and hyperactivation

As compared to the controls, progesterone treatment signifi-
cantly (p < 0.05) increased the percentage of motile spermato-
zoa. This increase in the number of motile spermatozoa was
also observed when spermatozoa were incubated with proges-
terone in the presence of 17-AAG and geldanamycin (Fig. 3b).

The percentage of progressively motile spermatozoa signifi-
cantly increased upon treatment with progesterone (p < 0.05).
This increase in the number of progressively motile spermato-
zoa was not observed when spermatozoa were pre-incubated
with 17-AAG and geldanamycin (Fig. 3b). As compared to

Fig. 1 Localization of HSP90 and its isoforms in human spermatozoa. a
Representative immunofluorescence images for HSP90 and its isoforms
in human spermatozoa. Capacitated spermatozoa were probed with
antibodies against HSP90 (that recognizes both the isoforms) or those
that recognize specifically the α- and β-isoforms. The antibodies were
detected using an Alexa 595-labelled secondary antibody. Red
fluorescence is staining for HSP90; the nuclei are counterstained with
DAPI (blue fluorescence). The negative controls are cells incubated

without primary antibody. Upper panel are lower magnification images
and lower panel are higher magnification images. Appropriate scale bars
are shown in the negative control. The experiment was repeated three
times on different pools of semen samples from different individuals. b
Percentages of spermatozoa showing staining in residual nuclear
envelope (RNE) and the flagella. Data are the mean ± SD for three
biological replicates. Asterisk indicates value significantly different as
compared to that observed for HSP90
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progesterone alone, the percentage of progressively motile sper-
matozoa was significantly lower when progesterone was given
to cells pre-incubatedwith geldanamycin or 17-AAG (p < 0.05).

Progesterone treatment significantly increased the percent-
age of hyperactivated spermatozoa as compared to untreated
controls (p < 0.05). This progesterone-mediated increase in hy-
peractivation was not observed when the spermatozoa were
pre-incubated with 17-AAG or geldanamycin (Fig. 3b). As
compared to progesterone alone, the percentage of hyperactive
spermatozoa was significantly lower when progesterone was
given in the presence of geldanamycin or 17-AAG (p < 0.05).

The different motion kinetic parameters of capacitated
spermatozoa and those treated with HSP90 inhibitors in the
presence and absence of progesterone are shown in
Supplementary Fig. S1b. As compared to the controls, proges-
terone treatment significantly increased the average path ve-
locity (VAP), VCL and ALH; the straightness (STR) signifi-
cantly reduced (p < 0.05). This increase in VAP, VCL and
ALH and the reduction in STR were not observed in sperma-
tozoa pre-incubated with either geldanamycin or 17-AAG and
then treated with progesterone.

HSP90 is required for progesterone-mediated acrosome
reaction

The percentages of spontaneously acrosome-reacted sperma-
tozoa were similar in the controls and geldanamycin- or 17-
AAG-treated groups. Approximately 20% of capacitated sper-
matozoa were found to undergo acrosome reaction with pro-
gesterone treatment (Fig. 3c). This fourfold increase in the
number of acrosome-reacting spermatozoa in the
progesterone-treated group was statistically significant
(p < 0.05). This increase was not observed when progesterone
was administered to spermatozoa pre-incubated with HSP90

inhibitors. As compared to progesterone alone, the percentage
of spermatozoa undergoing acrosome reaction was signifi-
cantly (p < 0.05) lower when treated with progesterone in
the presence of geldanamycin or 17-AAG (Fig. 3c).

HSP90 isoforms are dephosphorylated
at the serine/threonine-proline, but not tyrosine, residues
in response to progesterone challenge

Total HSP90, HSP90α and HSP90β were found to be phos-
phorylated at the tyrosine as well as the serine/threonine-
proline (Ser/Thr-Pro) residues. The levels of tyrosine phos-
phorylation of total HSP90 and its isoforms were not signifi-
cantly different in the control and progesterone-treated cells.
As compared to the controls, progesterone treatment de-
creased the phosphorylation of HSP90 at the Ser/Thr-Pro res-
idues by almost 10%. The phosphorylation of HSP90α and
HSP90β at the Ser/Thr-Pro residues was reduced by almost
25% in progesterone-treated cells as compared to the controls
(Fig. 4). The differences in the levels of Ser/Thr-Pro phos-
phorylation between the control and progesterone-treated
groups were statistically significant (p < 0.05).

Discussion

Heat shock proteins are cytoplasmic chaperons that have wide
functions in somatic cells. However, most heat shock proteins
are also expressed in spermatozoa [21–23], suggesting their
possible role in gamete functions. In the present study, we show
that, along with the principal piece, HSP90 is also localized in
the junction of the midpeice and the head of capacitated human
spermatozoa. Amongst the two isoforms, HSP90α is domi-
nantly localized in the junction of the head and midpiece;

Fig. 2 Association of HSP90 levels and sperm motility. HSP90 levels
were measured by ELISA in spermatozoa from normozoospermic and
oligoasthenozoospermic men. a Levels of HSP90 in spermatozoa of
normozoospermic and oligoasthenozoospermic men. Values on the Y-
axis are the mean ± SE (n = 30 in each group) of the ratios of OD at
450 nm for HSP90/β-actin. *Significantly different as compared to

normozoospermic men (p < 0.05). b Scatter plot for percentage of
motile spermatozoa and levels of HSP90 protein. Values on the Y-axis
are the ratios of OD at 450 nm of HSP90/actin, and values on the X-axis
are the percentages ofmotile spermatozoa.Each spot represents data from
one individual
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HSP90β is mainly detected in the tail. To the best of our knowl-
edge, this is the first report demonstrating the isoform-specific
differential localization of HSP90 in human sperm. The detec-
tion of HSP90β in sperm is surprising as previous studies in the
mouse have reported it to be Sertoli cell-specific; HSP90α is

reported to be germ cell-specific [5, 6]. Whilst this might reflect
underlying differences in the requirements of HSP90 in human
and mouse sperm, it is noteworthy that mice lacking HSP90β
in the germ cells develop globozoospermia [8], implying that
the β-isoform should also be expressed in the germ cells of the
testis. It will be of interest to study the developmental expres-
sion of HSP90 isoforms in the testis to determine how HSP90
isoforms are regulated during spermatogenesis and when are
they acquired in ejaculated sperm.

Quantitatively, the percentages of spermatozoa expressing
HSP90α and HSP90β isoforms in the flagella and the junction
of the head and midpiece differ significantly. Whilst both the
isoforms of HSP90 are detected in the junction of the head and
midpiece, the intensity of HSP90α is higher than that of
HSP90β. Interestingly, in the flagella, HSP90β seems to be
the major isoform as it was intensely detected in nearly 70% of
spermatozoa; HSP90α was weakly detected in the flagella and
also only in 30% of spermatozoa. Such disparity in localization
and abundance of the two isoforms has not been reported previ-
ously and implies that both these isoforms might have different
functions in sperm. Whilst proteins in the tail are generally con-
sidered to have a role in motility, the functions of the proteins in
the junction between the head and midpiece are unclear. The
junction of the head and midpiece is termed as the residual
nuclear envelope (RNE), which contains cytoplasmic remnants,
including the chaperons, and is a site for calcium stores in sper-
matozoa [24]. It is possible that HSP90 in this region may be a
part of the RNE complex of proteins and may participate in
sperm calcium homeostasis. Indeed, a recent study has shown
that inhibition of HSP90 affects calcium fluxes in capacitating
human spermatozoa [15]. Whether this effect is because of inhi-
bition of HSP90 in the RNE needs to be investigated.

Since HSP90 is localized in the sperm flagella, we investi-
gated whether i t is required for sperm moti l i ty.
Asthenozoospermia is a complex condition where majority of
spermatozoa in the ejaculate are immotile or poorly motile. A
previous study has shown increased phosphorylation of the
HSP90β isoform in sperm of men with asthenozoopermia
[21]. In the present study, we observed that the levels of
HSP90 are significantly lower in the spermatozoa of men with
oligoasthenozoopermia as compared to controls. Furthermore,
men with greater percentage of progressively motile spermato-
zoa had higher amounts of HSP90; the levels lowered with a
decline in the percentage of motile sperm. Interestingly, in the
bull spermatozoa, loss of HSP90 post-freezing correlates with a
decrease in motility [12]. These results together imply that
HSP90 may be one of the regulators of sperm motility.

To test whether HSP90 is essential for motility, we deter-
mined the effects of two specific HSP90 inhibitors,
geldanamycin and 17-AAG, on sperm functions. Both these
inhibitors have equal affinity for HSP90α and HSP90β and
are known to inhibit HSP90 activity by promoting its degra-
dation. In the present study, we observed that both these

Fig. 3 Effect of HSP90 inhibitors on sperm motility and acrosome
reaction. Capacitated spermatozoa were incubated with HSP90
inhibitors (geldanamycin and 17-AAG) with or without progesterone
(P4), and motility parameters were assessed by CASA. a Effect of
HSP90 inhibitors on basal sperm motility. b Motility pattern in the
presence of progesterone. c Percentage of acrosome-reacted
spermatozoa as measured by lectin staining. In (a) and (b), values on
the Y-axis are the mean + SEM of fold change where the value obtained
for a normozoospermic sample was taken as 1. In (c), values on the Y-axis
are the mean + SE of the percentages of acrosome-reacted spermatozoa.
Data are derived from three independent pools of samples. *Value
significantly different as compared to the control. #Value significantly
different as compared to progesterone treatment (p < 0.05)
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inhibitors of HSP90 did not have any effect on sperm motility
or its velocities. In contrast, in the porcine sperm, inhibition of
HSP90 by geldanamycin decreases its motility [13].
Differences in the concentrations of the inhibitor used and
incongruities in the experimental protocols might be possible
reasons for such discrepant findings. However, since two

different inhibitors of HSP90 did not affect human sperm mo-
tility, unlike the porcine counterparts, basal motility in human
sperm does not seem to be HSP90-dependent.

Spermmotility is a complex phenomenon and is stimulated
in the female reproductive tract for efficient fertilization.
In vitro, this effect can be simulated by treatment of

Fig. 4 Progesterone alters the
phosphorylation of HSP90.
Spermatozoa were incubated with
or without progesterone for
30 min and phosphorylation of
HSP90 and its isoforms at the
tyrosine (Tyr) and serine/
threonine-proline (Ser/Thr-Pro)
residues was determined by
ELISA. Values on the Y-axis are
the mean + SE of per cent
reactivity with respect to a control
(untreated) sample. Data are
derived from four independent
replicates. *Value significantly
different as compared to the
control (p < 0.05)

J Assist Reprod Genet (2017) 34:495–503 501



capacitated spermatozoa with progesterone, which increases
the number of motile spermatozoa and forward progressive
motility and induces hyperactivation [18]. Intriguingly, al-
though basal sperm motility was unaffected by HSP90 inhibi-
tion, we observed that both inhibitors almost completely ab-
rogated the progesterone-mediated increase in forward pro-
gressive motility and hyperactivation. The progesterone-
mediated increases in VAP, VCL and ALH were significantly
reduced by HSP90 inhibition. A similar inhibition of
progesterone-mediated increase in hyperactivation by
geldanamycin has been recently reported for human sperm
[15]. These observations together confirm that HSP90 medi-
ates the responsiveness of progesterone in the regulation of
progressive motility and hyperactivation in human spermato-
zoa. Progesterone-mediated increase in sperm motility is a
tightly controlled process and requires activation of several
kinases [18–20]. In the mouse testicular spermatids, HSP90
associates with testis-specific kinases which are essential for
motility [9]. We have previously shown that progesterone-
mediated increase in sperm motility also requires the activa-
tion of protein tyrosine kinases [18], and interestingly, inhibi-
tion of HSP90 blocks the increase in progesterone-mediated
tyrosine phosphorylation of sperm proteins [15] (data now
shown). Based on these observations, it is alluring to speculate
that progesterone may be modifying the activity of HSP90 in
spermatozoa to govern the activity of the kinases required for
motility. Whether low HSP90 levels in the sperm of
oligoasthenozoospermic men result in altered sperm kinase
activity leading to blunted responsiveness to progesterone
needs to be determined.

Acrosome reaction is a final step that spermatozoa undergo
to gain a fertilizing potential. Progesterone present in high con-
centration in the vicinity of the egg promotes acrosome reaction
of the sperm [18, 25]. Herein, we show that HSP90 is essential
not only for progesterone-mediated motility but also induction
of acrosome reaction as both geldanamycin and 17-AAG sig-
nificantly reduced the progesterone-mediated increase in the
number of acrosome-reacted spermatozoa. These results are
not surprising as inhibition of HSP90 attenuates progesterone-
mediated increase in calcium influx and tyrosine phosphoryla-
tion [15], both of which are required for acrosome reaction [15,
18]. Together, our data suggest that sperm HSP90 is essential
for progesterone-mediated signalling events in spermatozoa
that culminate in hyperactivation and acrosome reaction.

From the above studies, it is evident that HSP90 plays sig-
nificant roles in the regulation of sperm functions; however,
which isoforms of HSP90 are involved in this process is hitherto
unclear. In the absence of inhibitors that can block HSP90α and
HSP90β independently, the isoform-specific functions of
HSP90 in spermatozoa are difficult to ascertain by pharmaco-
logical approaches. It has been previously reported that the
phosphorylation of HSP90β is higher in asthenozoospermic
men [21]; we recently reported that progesterone reduces the

phosphorylation of HSP90α in capacitated human spermatozoa
[26]. Thus, we argued that if progesterone has a preferential
requirement for any one of the two isoforms of HSP90 in the
regulation of sperm functions, the phosphorylation of that iso-
form might differ in response to progesterone treatment.
However, to our surprise, we observed that both HSP90α and
HSP90β were dephosphorylated in progesterone-treated sper-
matozoa, and this dephosphorylation occurred exclusively at the
Ser/Thr-Pro residues, but not at the Tyr residues. To the best of
our knowledge, this is the first report demonstrating the dephos-
phorylation of HSP90 isoforms specifically at the Ser/Thr-Pro
residues by progesterone. Based on these observations, howev-
er, it is difficult to ascertain whether there is any preferential
requirement of any one of the HSP90 isoforms in the regulation
of sperm functions. Our data do imply that progesterone-
mediated signalling involves a Ser/Thr-Pro phosphatase that
dephosphorylates both the isoforms of HSP90 to elicit its bio-
logical response.

How dephosphorylation of HSP90 at the Ser/Thr-Pro resi-
dues alters its biological activity in human spermatozoa is diffi-
cult to establish. The bioactivity of HSP90 requires the binding
of ATP and modulation of the ATP binding pocket of HSP90α,
leading to the dissociation of a large variety of client proteins,
including kinases [27, 28]. Interestingly, within this ATP binding
pocket of HSP90α, the phosphorylation of Thr-90 and Thr-115/
425/603 determines its affinity towards different client proteins
[27, 28]. Furthermore, dephosphorylation of HSP90 at specific
residues affects its ATPase activity and co-chaperone binding
and influences conformational transitions of HSP90 [29]. Thus,
the phospho-residues in HSP90 appear as Bphosphorylation
switch^ that modulates its functions to elicit differential biolog-
ical responses. Intriguingly, both geldanamycin and 17-AAG
inhibit HSP90 functions within the same pocket that contains
the phospho-residues [30]. Based on these observations, it is
tempting to postulate that the phosphorylated form of HSP90
would sequester molecules involved in the regulation of sperm
motility and exocytosis; its dephosphorylation by progesterone
would lead to switch in its functions, altering its affinity to dif-
ferent client proteins to induce hyperactivation and acrosome
reaction. It will be of interest to identify the client proteins of
the phosphorylated and non-phosphorylated forms of HSP90α
and HSP90β in spermatozoa to solve the mechanistic basis of
howHSP90would transduce the biologic effects of progesterone
and control sperm functions.

In summary, our results have shown that HSP90α and
HSP90β isoforms are expressed in the spermatozoa and their
levels are lower in menwith oligoasthenozoospermia.We further
show that HSP90 is essential for progesterone-stimulated forward
progressive motility, hyperactivation and acrosome reaction. We
believe that our studies have identified a crucial role of HSP90 in
sperm functions. This information might aid in the development
of drugs that help enhance sperm motility and, in converse, can
be of use in developing sperm-based contraceptives.
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