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Abstract The sperm acrosome is a specialized vacuole, a
member of the family of cell-specific lysosome-related organ-
elles. Its exocytosis, the acrosome reaction, is a crucial event
during fertilization. The released acrosomal contents promote
sperm penetration through the investments of the oocyte,
whereas the membranous components of the acrosome are
involved in sperm-oocyte interaction/fusion and oocyte acti-
vation. The way that these functionally distinct acrosomal
costituents reach the vacuole during its biogenesis remains
poorly understood. The biosynthetic pathway and a consistent
supply from the endosomal system have recently been docu-
mented. We use immunogold electron microscopy to deter-
mine the contribution of endosome cargo-sorting during
step-by-step mouse acrosomogenesis. The chosen proteins
of this study were UBPy (ESCRT-DUB), together with endo-
some compartment markers EEA1 and pallidin. The latter is
described here for the first time in male germ cells. This new
insight expands our knowledge of acrosomogenesis,
confirming the plasticity of the endosomal system in
supporting cell-type-specific functions. We also study wob-
bler mice, whose Vps54mutation causes motor neuron degen-
eration and male infertility. Use of electron/immunoelectron
microscopy and immunofluorescence enabled us to establish
that the lack of an acrosome in wobbler spermatozoa is attrib-
utable to an early block in acrosome biogenesis and that the
mislocalization of acrosome-destined proteins, potentially in-
volved in the signaling events leading to oocyte activation, is

possibly responsible for wobbler infertility, even after
intracytoplasmic sperm injection.

Keywords Acrosome . Lysosome-related organelle .

Endosome compartment . De-ubiquitinating enzyme .

Globozoospermia

Introduction

The mammalian spermatozoon is a highly specialized cell
that, in order to fulfill its fundamental role, i.e., the fertilization
of an oocyte, needs two peculiar sperm-specific organelles,
namely the flagellum and the acrosome. The latter is a large
vacuole located at the tip of the sperm head and its shape
typifies the cell morphology in hook-shaped (rodents) and
spatulatae (human, bovine, porcine) spermatozoa. Both the
structure and function of the acrosome deserve attention be-
cause of the compartmentation of the components of the ac-
rosome, consistent with the succession of the progressive and
distinct roles it plays at fertilization (Berruti 2016). Described
for decades as a direct Golgi derivative, the present concept of
the acrosome as a novel lysosome-related organelle (LRO) is
acquiring growing experimental support (Berruti and Paiardi
2011, 2015; Guyonnet et al. 2012; Wang et al. 2014). LROs
comprise a group of cell-type-specific membranous organelles
that share features with endosomes and lysosomes but that
exhibit, albeit partially, a unique composition, morphology
and structure (Marks et al. 2013). LROs progressively mature
from precursors that can differ in origin by acquiring special-
ized cargoes so as to generate membranous and lumenal en-
vironments conducive for the function that the specific LRO
has to accomplish (Raposo and Marks 2007; Meng et al.
2012). The acrosome also develops through sequential phases
(Golgi, cap, acrosomal, maturation) from a precursor (Moreno
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et al. 2000); the precursor, according to the hypothesis of the
acrosome as a LRO (Berruti and Paiardi 2011), lies in the so-
called “acrosomal granule”, which forms during the Golgi
phase by the coalescence of scattered, not well defined,
proacrosomal granules. The spermatid endocytic system con-
tributes to acrosomal development at least during entry into
the cap phase (Berruti et al. 2010; Berruti and Paiardi 2015); at
the acrosome and maturation phase, respectively, the luminal
content gradually condenses (Hardy et al. 1991) and the acro-
somal shape changes becoming thinner, in particular at the
equatorial segment, so as to acquire its streamlined features
(Buffone et al. 2008). The complexity of acrosomogenesis,
which lasts about 2 weeks in the mouse and 1 month in the
human, makes it susceptible to various defects that may be
detrimental for male fertility.

To achieve successful fertilization, the acrosome not only
undergoes the acrosome reaction, a mandatory step
(Yanagimachi 2011) but also provides sperm-borne factors es-
sential for sperm-oocyte fusion (Satouh et al. 2012) and/or in-
volved in oocyte activation (Ito et al. 2010). Acrosomeless sper-
matozoa, such as those of wobbler mice (Paiardi et al. 2011), fail
to fertilize oocytes, even after ICSI (intracytoplasmic sperm
injection; Heytens et al. 2010), probably because the lack of
an acrosome makes the spermatozoa deficient for oocyte acti-
vation (Vanden Meerschaut et al. 2013).

To investigate acrosome biogenesis at a deep ultrastructural
level, we sought to localize, by employing immunoelectron mi-
croscopy, intracellular proteins known to work at the endocytic/
LRO route-pathway. One of the proteins that we investigated is
UBPy (Gnesutta et al. 2001), a de-ubiquitylase otherwise known
as Usp8, which we have previously shown to control acrosome
biogenesis (Berruti and Martegani 2005; Berruti et al. 2010;
Berruti and Paiardi 2015). Mutations in the Usp8 gene might
account for some cases of unexplained infertility in the human
population (Kosova et al. 2012). The other proteins investigated
here are canonical components of the endocytic/LRO system,
such as EEA1 and pallidin (Berruti et al. 2010; Dell’Angelica
2004). The study was additionally extended to wobbler
acrosomogenesis. Taking our data together, we provide here
newknowledge about a topic for which information is still rather
scanty.

Materials and methods

Animals

Testes and epididymes were isolated from CD1 male mice
purchased from Charles River Italia (Calco, Lecco, Italy).
Wobbler mice and healthy littermates (NFR strain, NIH,
Animal Resources, Bethesda, USA) were provided by Drs.
Tiziana Mennini and Paolo Bigini (“Mario Negri” Institute
for Pharmacological Research, Milano, Italy) and were bred

at Charles River Italia (Paiardi et al. 2014). Mice were housed
at a temperature of 21±1 °C with a relative humidity of 55
±10 % and a 12 h light/dark cycle. Genotypization of the
progeny from mating heterozygous male and female mice
was carried out as described (Paiardi et al. 2014). Only homo-
zygous wobbler (wr/wr) and control mice (+/+) were used.
Animals used as organ donors were killed by carbon dioxide
asphyxiation at selected times. All animal protocols used here-
in were carried out with authorization from the Ethical
Committee for Animal Experimentation of the University of
Milan and by the Italian Ministry of Health and in compliance
with the animal care requirements as set by Italian law (Law
D.L. 27.1.1992 n. 116, in agreement with European Union
directive 86/609/CEE) and with the NIH Guide for the Care
and Use of Laboratory Animals. All efforts were made to
minimize the number of animals used.

Antibodies

Primary antibodies were as follows: rabbit anti-mUBPy/USP8
(as described by Gnesutta et al. 2001), mouse monoclonal
anti-EEA1 (BD Transduction Laboratories, Mississauga,
ON, Canada), rabbit anti-pallidin (Proteintech Group,
Chicago, Ill., USA) and mouse monoclonal anti-MET (Santa
Cruz Biotechnology, Santa Cruz, Calif., USA). Secondary
antibodies used for immunogold electron microscopy (goat
anti-rabbit IgG or anti-mouse IgG conjugated with 5- and
15-nm gold particles) were from British Biocell International
(Cardiff, UK). Secondary antibodies used for immunofluores-
cence (goat anti-rabbit IgGAlexa Fluor488 or Alexa Fluor568
and goat anti-mouse IgG Alexa Fluor488) were from
Invitrogen (Leek, The Netherlands).

Isolation of spermatogenic cells and spermatozoa
for immunoblotting and indirect immunofluorescence
analysis

Spermatogenic cells were isolated from testes and spermato-
zoa were collected from epididymes as described (Berruti
et al. 2010; Paiardi et al. 2011). Cell lysates subjected to
pallidin immunoblotting were then obtained and processed
as reported previously (Berruti and Paiardi 2015). For immu-
nofluorescence analysis, 4 % (v/v) paraformaldehyde-fixed
ice-cold acetone-postfixed preblocked spermatogenic cells/
spermatozoa were immunostained with the indicated primary
antibodies followed by the appropriate Alexa-488-conjugated,
Alexa 568-conjugated or, in the case of double-
immunolabeling, a mixture of the appropriate secondary anti-
bodies. Counterstaining of nuclei was carried out with Draq5
(5 μM; Biostatus, Shepshed, UK) or 4,6-diamidino-2-
phenylindole (DAPI; 2 μg/ml; Sigma-Aldrich Chemical).
Cells were examined in a Leica TCS SPAOBS scanning laser
confocal fluorescent microscope (Leica Lasertecknik,
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Heidelberg, Germany) equippedwith anAr/Kr (488 nm) laser,
He/Ne (568 nm) laser, and UV (361–365 nm) laser for green,
red and blue fluorescence, respectively. Captured images
(Leica Power Scan software) were elaborated with Adobe
Photoshop (Mountain View, Calif., USA).

Transmission electron microscopy

Whole testes were removed and immediately immersed in 3%
glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.2–7.4.
After 30 min, the samples were cut into small pieces (2–
3 mm3) and placed in the same fresh fixative for 4 h at room
temperature. Samples were washed in buffer, postfixed in 2 %
osmium tetroxide in 0.1 M PB (pH 7.2–7.4) for 2 h at 4 °C,
dehydrated in a graded ethanol series followed by propylene
oxide and embedded in Epoxy resin. In order to assess the
preservation and orientation of seminiferous tubules, some
semithin sections (1 μm) were stained with toluidine blue
and examined by light microscopy. Ultrathin sections
(70 nm) of the area of interest were cut by using a diamond
knife on a Reichert Ultracut ultramicrotome, mounted on Cu/
Rh grids (200 mesh), contrasted with uranyl acetate and lead
citrate, observed and photographed via a Zeiss 902 transmis-
sion electron microscope operating a 80 kV. Negative films
were acquired at a resolution of 600 dpi by means of an Epson
PERFECTION V700 PHOTO scanner.

Immunogold electron microscopy

Whole testes were fixed in a mixture of 1.5 % glutaraldehyde
and 3.5 % paraformaldehyde (electron microscope grade) in
0.1 M PB, pH 7.4. After 30 min, the samples were cut into
small pieces (2–3 mm3) and placed in the same fixative for 4 h
at 4 °C. After being washed in 0.1 M PB, the samples were
treated with 0.05 M NH4Cl for 30 min to quench free alde-
hyde groups, washed in buffer, dehydrated in a graded ethanol
series and embedded in acrylic LR White resin (London
Resin, England; Ted Pella, Redding, Calif., USA).
Following polymerization at 50 °C for 24 h, ultrathin sections
(70 nm) were cut with a diamond knife on a Reichert Ultracut
ultramicrotome and collected on 200 mesh nickel grids. The
sections were incubated in blocking solution by floatation of
the grids on drops of 0.05 M TRIS-buffered saline (TBS)
pH 7.2 containing 1 % bovine serum albumin (BSA) for
30 min at room temperature and incubation overnight at
4 °C in a humidified chamber in specific primary antibody
diluted in 0.05 M TBS pH 7.2 containing 0.1 % BSA. The
following primary antibodies were used: anti-mUBPy/USP8
(1:300), anti-EEA1 (1:25), anti-pallidin (1:100). Primary an-
tibodies were removed by extensive washing on drops of TBS
(4×10 min/each). The grids were then transferred for 1 h to
drops of the appropriate secondary antibody conjugated with
5- or 15-nm gold particles by using a 1:50 working dilution in

TBS containing 1 % BSA. For double-immunolabeling, grids
were incubated overnight in a mixture of the selected primary
antibodies. Bound antibodies were revealed by a mixture of
the appropriate secondary antibodies conjugated with gold
particles of different diameters (5- and 15-nm, respectively).
After extensive washes in TBS, sections were finally rinsed in
double-distilled water and then counterstained with aqueous
uranyl acetate and lead citrate. As a negative control, some
grids were processed in the same way but with omission of the
primary antisera. Specimens were observed and photographed
via a Zeiss 902 transmission electron microscope operating at
80 kV. Negative films were acquired at a resolution of 600 dpi
by means of an Epson PERFECTION V700 PHOTO scanner.

Results

Dynamic distribution of UBPy in spermatids undergoing
acrosomogenesis

Internalization of plasma membrane proteins, in particular re-
ceptor tyrosine kinases (RTKs), is promoted by a series of
events involving, in the early endosome, the first endocytic
hub (Marks et al. 2013). The early endosome compartment,
however, contains a variety of vesicular intermediates including
tubular endosomes; in LRO-containing cells, the latter sort the
cargo from the early endosome toward the newly forming LRO
(Meng et al. 2012). The endosome de-ubiquitylase UBPy has
profound effects on endosome morphology and organization
(Mizuno et al. 2006) and in the down-regulation of membrane
receptors (Berruti and Martegani 2005; Ceriani et al. 2015).

We recently showed that, during acrosomogenesis,
UBPy is involved in the recruitment of the RTK MET to-
ward the forming acrosome (Berruti and Paiardi 2015).
Here, we localized UBPy and, indirectly, UBPy-sorted car-
go, for the first time at the ultrastructural level, by UBPy-
immunogold electron microscopy. Figure 1 summarizes the
localization of UBPy-positive cargo in round spermatids
that are at the early cap phase. UBPy-positive vesicle-like
(Fig. 1, arrows) and tubular-like (Fig. 1, arrowheads) struc-
tures were detected at the subplasmalemmal region and in-
side the spermatid cytoplasm and UBPy-positive material
resembling that observed in the cytoplasm was detected in
close contact with the acrosomal membrane and/or inside
the acrosome (Fig. 1a–c). Conversely, the Golgi apparatus
with its horseshoe shape and cis-compartment facing the
cell periphery was negative for immunogold UBPy labeling
(Fig. 1d, e).

The acrosome in cap-phase spermatids at later stages of
development is characterized by fold-like extensions of the
membrane now partitioned into an outer (distal, toward the
cell periphery) and inner (proximal, toward the nucleus) mem-
brane. In general, in such spermatids, UBPy-immunogold
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labeling was found to associate with the acrosomal mem-
branes, in particular the fold-like extensions (Fig. 2). UBPy-
positive material was, however, still found when about to fuse
with the outer acrosomal membrane (Fig. 2b) and inside the
cytoplasm. Again, Golgi saccules and/or cisternae showed no
immunoreactivity (Fig. 2b). To ascertain further the
endosomal origin of the UBPy-positive material, we checked
for EEA1 (early endosome antigen 1) positivity by
immunogold electron microscopy. EEA1-immunostained
structures, starting from coated pits to tubular vesicles/
electron-dense material resembling the UBPy-positive struc-
tures, were revealed at the plasma membrane, inside the

cytoplasm and near to/within the acrosome of cap-phase sper-
matids (Fig. 3a–c). The experimental approach of using gold
particles of different sizes enabled us to provide contemporary
double UBPy/EEA1 immunogold staining. As can be appre-
ciated in Fig. 3d–f, UBPy and EEA1 were found to colocalize
on the same early endosomes, albeit at non-overlapping do-
mains. Therefore, an evaluation of our findings suggests a
consistent and dynamic contribution of the endosomal
UBPy-sorted cargo to the forming acrosome in cap-phase
spermatids.

The flattening and elongation of the acrosome and of the
nucleus below are hallmarks of the acrosomal and maturation

Fig. 1 Localization of UBPy in
early cap-phase spermatids by
immunogold-electron
microscopy. a, b UBPy-positive
vesicle-like (arrows) and tubular-
like (arrowheads) structures are
present at the sub-plasmalemmal
region, in the cytoplasm and
inside the developing acrosome
(asterisk). bHigher magnification
of boxed area in a. Bars 0.5 μm
(a), 0.2 μm (b). c Immunogold
particles (circles) mark tubular
structures detected both in the
cytoplasm and at the acrosome (N
nucleus, asterisk acrososme). Bar
0.3 μm. d, e Portion of a step 4
spermatid showing that the Golgi
apparatus (G) is devoid of
immunogold particles, both at the
cis (cG) and middle/trans (tG)
compartment, whereas UBPy
labeling is present in the
proximity of and inside the
acrosome (asterisk). e Higher
magnification of boxed area in d.
Bars 0.5 μm (d), 0.2 μm (e). f
Similar portion of a cap phase
spermatid immunostained only
with the secondary gold-
conjugated antibody as a control
(N nucleus, G Golgi apparatus,
asterisk acrosome). Bar 0.5 μm
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phases of acrosomogenesis. The UBPy immunolabeling doc-
umented such an evolving pattern of cellular shape/protein
distribution. At the acrosomal phase, immunoreaction accu-
mulated at the acrosome outlining the profiles of the outer and
inner acrosomal membranes, whereas the condensing acroso-
mal matrix was devoid of immunogold particles (Fig. 4a–c).
UBPy immunoreaction was also persistently observed in the
region consistent with the presence of the manchette, in close
opposition to the post-acrosomal nuclear envelope (Fig. 4b, c).
The manchette is a transient microtubule structure that forms
just beneath the acrosome and wraps up the spermatid nucleus
so as to promote its elongation and then disappears
(Kierszenbaum and Tres 2004). The UBPy association with
the manchette is not surprising because UBPy contains an
MIT (microtubule interacting and trafficking) domain at its
amine-terminus; this has previoulsy been shown to be able
to interact with spermatid microtubule arrays (Berruti et al.
2010; Berruti and Paiardi 2015). The UBPy acrosomal

immunolabeling pattern that has evolved during the acrosomal
phase of spermatid development is maintained in spermatids
at the maturation phase (Fig. 4d–f).

Involvement of pallidin in acrosome biogenesis

BLOC-1 (biogenesis of lysosome-related organelles complex-
1) is critical for LRO biogenesis by sorting cargoes from early
endosomes to the forming LRO (Falcón-Pérez et al. 2002; Lee
et al. 2012; Meng et al. 2012). BLOC-1 contains eight protein
subunits including pallidin, gene mutations of which are re-
sponsible for HPS7–9 (Hermansky-Pudlak syndrome; Li et al.
2004; Cullinane et al. 2011) and neurological disorders
(Spiegel et al. 2015). Pallidin is known to localize to early
endosomes by its interaction with the early endosome t-
SNARE syntaxin-13 (Cullinane et al. 2011).

As further validation of the nature of the sperm acrosome
as a LRO, we searched for pallidin/BLOC-1 in spermatids.

Fig. 2 Localization of UBPy in
late cap-phase spermatids by
immunogold-electron
microscopy. a, b Numerous
clusters of gold particles are
present at the level of the
acrosome (asterisk), which
flattens over the nucleus (N). The
cisternae of the Golgi apparatus
(G) are always negative for UBPy
(arrows clusters of immunogold
particles on the cytoplasmic side
of the outer acrosomal
membrane). b Higher
magnification of boxed area in a.
Bars 0.5 μm (a), 0.2 μm (b). c, d.
Spermatids in the late cap-phase
(step 7). UBPy immunoreactivity
is detectable on both of the
acrosomal membranes along the
fold-like extensions (arrows)
spreading over the nucleus (N).
Bars 0.5 μm
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Notably, the presence of pallidin has never been investigated
in male germ cells. Therefore, to test for the presence of
pallidin, protein extracts from male germ cell suspensions
were assayed by Western immunoblot. As shown (Fig. 5b),
a band of approximately 25 kDa, the predicted molecular
weight for pallidin (Meng et al. 2012), was specifically recog-
nized by the anti-pallidin antibody in the soluble protein frac-
tion recovered from both a milder (lane 1) and strong (lane 2)
detergent treatment. Such antibodies were then used for im-
munofluorescence analysis of fresh spermatid cell suspen-
sions. Scattered pallidin-positive fluorescent puncta were ob-
served in round spermatids (Fig. 5a) with an immunostaining

pattern reminiscent, at least in part, of that previously reported
for UBPy and EEA1 (Berruti et al. 2010). Based on these
findings, we performed further immune-electron microscopy.
Pallidin immunogold staining yielded highly reproducible re-
sults in sections obtained from various testis samples.
Representative images are provided in Fig. 5. In early and late
cap phase spermatids, labeling was detected predominantly in
cytoplasmic tubulovesicular structures with morphologic
characteristics of early endosomes/sorting endosomes and in-
side the forming acrosome (Fig. 5c, d). The Golgi apparatus
was devoid of labeling. Pallidin was still detected in acroso-
mal (Fig. 5e) andmaturation (Fig. 5f, g) phase spermatids with

Fig. 3 EEA1 and EEA1/UBPy
double-immunostaining in
acrosome-developing spermatids.
a Immunolabeling for EEA1
shows coated pits (circles) at the
sub-plasmalemmal region of two
facing round spermatids.
Bar = 0.2 μm. b, c Tubular
profiles intensely labeled for
EEA1 are detected in the
cytoplasm, near the forming
acrosome (circles) and inside
(arrow) the acrosome (asterisk).
Bars= 0.2 μm. d–f Double UBPy
(15-nm gold)/EEA1 (5-nm gold)
immunolabeled spermatids. In the
cytoplasm, gold in the two sizes is
present not only on distinct
structures (arrows, arrowheads,
respectively) but also on the same
vesicle/tubular-like structures
(circles). Bars 0.3 μm (d),
0.15 μm (e, f)
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immunogold particles being concentrated predominantly at
the acrosomal membrane profiles. Together, these data indi-
cate the intrinsic nature of LRO for the sperm acrosome.

Wobbler acrosomogenesis

The Wobbler mouse, best known as a model of motor neuron
degeneration (Boillée et al. 2002), also represents a valid model
for globozoospermia with its sperm being characterized by the
lack of a true acrosome, which is anomalously condensed and a
deformed nucleus, plus an irregularly formed and shaped tail
(Heimann et al. 1991; Paiardi et al. 2011; Jockusch et al. 2014).
Although Wobbler spermiogenesis has previoulsy been docu-
mented by electron microscopic observations (Heimann et al.

1991), the ultrastructural analysis was carried out before the
gene mutation responsible for the wobbler phenotype had been
identified, i.e., a point mutation in theVps54 gene (Schmitt-John
et al. 2005). Vps54 encodes a vesicular protein-sorting retro-
grade factor involved in the tethering from endosomes to the
trans Golgi network (Quenneville et al. 2006).

We performed an electron microscopy study taking into
consideration, in particular, the spermatid vesicular compart-
ment of the wobbler mouse. First, wobbler testes from 34-day-
old mice were examined. As the first spermatogenic wave
with spermiation ends at day 35 of age, we reasoned that this
stage would enable us to detect spermatids differentiating up
until the spermatozoa next to be released. The images provid-
ed in Fig. 6 are representative of shared patterns from three

Fig. 4 Immunogold localization
of UBPy in riper developing
spermatids. a Spermatid in
acrosomal phase (step 8):
immunogold particles associate
mostly with the acrosomal
membranes of the flattening and
elongating acrosome. Bar 1μm. b
In step 9 spermatids, immunogold
particles outline the profiles of the
outer and inner acrosomal
membranes. Discrete UBPy
immunostaining is visible on the
manchette (M), a transient
microtubular structure that begins
to form in step 8 spermatids. The
manchette consists in ordered
microtubule bundles with a role in
sculpting sperm head shape and in
mediating trafficking process for
the assembly of the sperm tail.
Inset Higher magnification of a
portion of the UBPy-
immunolabeled manchette.
Bar 1 μm (b), 0.3 μm (inset). c
Elongating spermatid (step 11)
sectioned at an oblique angle.
UBPy labeling follows the
contour of the developing
acrosome (arrow intensely
marked posterior marginal ring).
Bar 1 μm. d–f Spermatids at
maturation-phase (various
sections). Anti-UBPy
immunogold labels the outer and
inner acrosomal membranes,
whereas the condensed acrosomal
matrix is devoid of labeling.
Bar 0.5 μm

Cell Tissue Res (2017) 369:413–427 419



different wobbler mice. Low-magnification micrographs
(Fig. 6a, b) provide a general picture of the apical compart-
ment of the seminiferous epithelium to reveal the principal
defects of wobbler spermiogenesis, i.e., the lack of a true
acrosome, of head flattening/elongation and the presence of
an abnormal tail. In addition, we report developmental anom-
alies previously not described. A constant finding was the
presence, in stage VII/VIII spermatids, of a greater number
of acrosomal granules contacting the nuclear envelope
(Fig. 6d, e). Such granules sometimes delineated the entire
nuclear circumference (Fig. 6d); occasionally, the granules,
if adjacent, succeeded in giving rise to an anomalous acroso-
mal cap (Fig. 6g). This reveals the existence of a serious defect
in intracellular trafficking/positioning of the cargo that has to
be sorted to the acrosome. Another frequent anomaly was the
finding of binucleate/polynucleate spermatids such as those
shown in Fig. 6d, f, g. The wobbler Vps54 mutation might

therefore affect cytokinesis that, although not accomplished
by abscission in spermatogenic cells, always requires a func-
tional endosome trafficking compartment (Morishita et al.
2007; Yu et al. 2007). Moreover, we observed a general dis-
organization of the microtubule cytoskeleton that may make
the trafficking defects even worse. The positioning disorder
together with microtubular defects jeopardize vesicular traf-
ficking and the transport of organelles such as the Golgi cis-
ternae, centrosome and mitochondria; all these events have a
global effect on both the cell shape and architecture (Fig. 7a,
c). Even when the spermatids were able to undergo nuclear
elongation and/or form a caudal tail, the manchette exhibited
an impressive organization (Fig. 7b), whereas the tail axo-
neme was assembled anomalously (Fig. 7d).

We then investigated, by immunogold electron microscopy,
the UBPy/UBPy-sorted cargo during wobbler acrosome forma-
tion. Numerous UBPy-immunostained tubular-like structures,

Fig. 5 Evidence for the presence
of pallidin in mouse spermatids.
a, a’ Round spermatids
fluorescently labeled for pallidin
(a, green) and pallidin merged
with a signal for DNA (a’, red).
Bar 1.5 μm. b Triton X-100 (lane
1) and RIPA buffer (lane 2)
protein lysates from
spermatogenic cells
immunoblotted for anti-pallidin.
Right Molecular markers. c-g
Ultrastructural immunogold
localization of pallidin in
developing spermatids. Spermatid
at early cap-phase (c) exhibits
pallidin on vesicular structures
(circle) close to the acrosome
(asterisk) and in inside the
acrosome (arrowheads).
Bar 0.2 μm. Spermatid in late
cap-phase (d) with pallidin
immunolabeling (arrowheads)
inside the acrosome (asterisk).
Bar 0.2 μm. Spermatids in
acrosomal (e) and maturation (f,
g) phases: immunogold particles
are distributed along the
acrosomal membrane profiles.
Bars 0.5 μm
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similar to those observed in the wild-type, were recognizable
inside the wobbler spermatid cytoplasm and near the nucleus
(Fig. 8a).Acrosomal granules, present inmore copies in the same
spermatid, attached to or next to the nuclear envelopewere found
to be either UBPy-immunonegative (Fig. 8b) or UBPy-
immunopositive (Fig. 8c). EEA1 immunogold-stained vesicles
and occasional EEA1 immunogold-stained vesicular/tubular
structures were detected at and near the plasma membrane and
inside the spermatid cytoplasm (Fig. 8d–f); EEA1-positive acro-
somal granules were rarely observed (Fig. 8e). We could not de-
tect, by double EEA1/UBPy immunolabeling, structures that
were simultaneously double-immunostained (Fig. 8g, h). As the

biogenesis of the vacuolewas hampered,we could not determine
further significant developmental stages of the acrosome.

Wehave thus provided evidence thatmost acrosome-destined
proteins cannot be sorted and/or correctly positioned in the wob-
bleraberrantacrosome.TheRTKMEThasbeenrecentlyfoundto
be UBPy-sorted to the acrosome of wild-type sperm to move
subsequently to the post-acrosomal segment (PAS) in sperm that
are acrosome-reacting (Berruti and Paiardi 2015).

Here, we searched for both MET and UBPy in epididymal
wobbler spermatozoa by evaluating the presence of the rele-
vant proteins by immunofluorescence analysis. As we expect-
ed, both MET and UBPy differed remarkably in their protein

Fig. 6 Fine structure of defective
spermiogenesis in the Wobbler
mouse. a, b Views at low
magnificataion of the luminal
compartment of the seminiferous
epithelium of a 34-day-old
mouse. Cells proximal to the
lumen and/or just released into the
lumen are immature spermatids
with an abnormal shape and size
that have failed to elongate. The
more advanced forms are
characterized by a globoid head
lacking an acrosome and with an
anomalous nucleus and tail. Bars
10 μm. c View of the luminal
compartment of a wild-type
seminiferous epithelium for
comparison. Bar 10 μm. d Tri-
nucleate symplast of spermatids
indicative of the failure of normal
cytokinesis during meiotic
division (arrows anomalous
presence of multiple acrosomal
granules for each spermatid). Bar
2 μm. eHigher magnification of a
spermatid showing additional
acrosomal granules (arrows)
closely attached to the nucleus, an
anomaly that hallmarks serious
defects in trafficking/positioning.
Bar 1 μm. f Bi-nucleate
elongating spermatid with
malformed nuclei presenting
chromatin that is irregularly
condensed: the dense
microtubular clusters between the
two nuclei represent an ectopic
aberrant manchette. Bar 1 μm. g
Bi-nucleate spermatid with
irregular nuclei in advanced stage
of chromatin condensation. Both
nuclei are partially surmounted by
deformed acrosomes (arrow
transversal section of a tail
middle-piece with disorganized
mitochondria sheath). Bar 1 μm
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distribution in comparison with wild-type spermatozoa. As
shown in Fig. 9a, b, respectively, acrosome-less spermatozoa
exhibited both proteins with a diffuse, sometimes spotted,
cytoplasmic distribution; on the contrary, the double-MET/
UBPy immunolabeling of wild-type spermatozoa resulted in
the strict co-localization of the two proteins at the acrosome
level (Fig. 9c). Consequently, MET relocation at the PAS is
prevented in wobbler “fertilizing” sperm.

Discussion

Cell types equipped with unique LROs populate nascent
LROs with cargoes that are diverted from endosomes. The
LRO-like sperm acrosome plays essential roles in fertilization;

indeed, its malformation results in substantial infertility. An
improved understanding of the way that the biogenesis of the
acrosome occurs might permit pathologies such as
globozoospermia, for which a genetic component is involved,
to be genotyped (Dam et al. 2007; Coutton et al. 2015), al-
though the panel of genetic loci associated with the syndrome
is still largely unknown. Here, we exploited, for the first time
at the ultrastructural level, the contribution of the endosome
compartment to the biogenesis of the acrosome.

In analogy with LROs (Raposo and Marks 2007; Lee et al.
2012; Marks et al. 2013), the biogenesis of the acrosome oc-
curs through four distinct morphological phases. By studying
trafficking phase-by-phase from EEA1-positive early
endosomes and their UBPy-positive transport derivatives to
the developing acrosome, we uncovered the contribution

Fig. 7 General misplacement
and/or disorganization of cellular
organelles in wobbler spermatids.
a Round spermatid that, in
contrast to its maturation step,
displays randomly dispersed
Golgi cisternae and mitochondria,
in addition to the abnormal
presence of additional acrosomal
granules. Bar 1.5 μm. b
Longitudinal section of a
spermatid that, nothwithstanding
the elongating nucleus, is devoid
of an acrosome, exhibits an
ectopic and asymmetric
localization of the manchette (M)
and fails to organize a tail.
Bar 1.5 μm. c Mono-nucleate
spermatid with anomalously
condensed chromatin, separated
from the nuclear envelope
engulfed in abundant cytoplasm
in which recognizable long
membranous profiles and a
couple of centrioles (C) lie in
abnormal positions. No signs of
an acrosome or axoneme are
visible. Bar 1.5 μm. d Spermatid
at ripe stage of maturation. The
round acrosomeless head is
associated with a tail middle-
piece enveloped by a dense mass
of cytoplasm (arrow cross-section
of the flagellum at its mid-piece,
with disorganized mitochondria
and defective axoneme).
Bar 1.5 μm
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of EEA1/UBPy-sorted cargoes to the acrosome as soon as the
acrosomal granule contacted the nuclear envelope via the
acroplaxome (Kierszenbaum and Tres 2004). We now have
to determine the sorting signal that directs this extra-Golgi
material to the developing sperm vacuole. Based on the results
shown here together with previous experimental evidence
concerning ubiquitin ligases involved in acrosomogenesis
(Rivkin et al. 2009; Zhao et al. 2013; Zimmerman et al.
2014) and anti-ubiquitin labeling during acrosome biogenesis
(Haraguchi et al. 2003), we propose that such a sorting signal
resides in the pattern of protein ubiquitination of the cargo
diverted from endosomes to the acrosome.

One major regulatory mechanism within the endo-lysosomal
system required for protein localization and fate is the post-
translational protein modification by ubiquitination (Giordano
et al. 2011). This modification specifies the engagement of the
ubiquitinated cargo with the ESCRT transport machinery for
sorting at EEA1-positive early endosomes (Mizuno et al. 2006;
Berruti et al. 2010; Giordano et al. 2011). Here, UBPy, also
known as the ESCRT-DUB (Wright et al. 2011), directly associ-
ates with ESCRT components, thus dictating, by modeling the
ubiquitination signature of the protein cargo, the fate of the cargo
that has to be sorted (Berruti 2016). We speculate that, during
spermiogenesis, UBPy, which interacts with the spermatid

Fig. 8 Ultrastructural
immunogold localization of
UBPy, EEA1 and UBPy/EEA1 in
wobbler spermatids. a–c UBPy-
immunolabeling marks
cytoplasmic tubular-like
structures (arrows in a), whereas
acrosomal granules attached or
next to the nuclear envelope are
immunonegative (arrows in b) or
immunopositive (arrows in c) for
UBPy. Bars 0.5 μm d–f EEA1-
immunopositive structures are
evident in the sub-plasmalemmal
region (circle in d) and as tubular-
like profiles inside the cytoplasm
of spermatids with non-
condensed and condensed
chromatin (circles in e, f,
respectively). Occasionally,
EEA1-immunopositive structures
are in contact with the nuclear
envelope (arrowhead in e).
Bars 0.5 μm g, h Double-
immunogold localization for
UBPy (15-nm gold) and EEA1
(5-nm gold). Arrows and
arrowheads indicate structures
immunopositive for UPBy and
EEA1, respectively. Bars 0.5 μm
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ESCRTcomplex (Berruti et al. 2010), specifies the cargo that has
tobetransportedfromtheendosomalcompartment to theforming
acrosome. The early endosome compartment, in particular, con-
tains additional transport intermediates that include tubular
endosomes. These last, in LRO-containing cells, are hallmarked
by the BLOC-1 complex (Dell’Angelica 2004). Consistent with
the interpretation of the acrosome as a LRO, we checked for the

presence of pallidin, which is the BLOC-1 component that inter-
acts with the early endosome t-SNARE syntaxin-13 (Cullinane
et al. 2011).Althoughneverdescribed inmalegermcells,we first
assayed pallidin by basic analyses such as Western immunoblot
and immunofluorescence. Spermatids expressed pallidin, which
exhibited the expected molecular size and a spotted intracellular
localization in agreement with the BLOC-1/pallidin localization

Fig. 9 Immunofluorescence of
MET and UBPy in wobbler
versus wild-type spermatozoa. a,
a’, b, b’ Wobbler epididymal
spermatozoa were single-
immunolabeled for MET (a) or
UBPy (b) and their nuclei were
counterstained with DAPI (a’,
b’). a’’, b’’ Bright field image.
Bars 1.5 μm. c, c’ Wild-type
spermatozoa were simultaneously
double-immunolabeled for MET
(green) and UBPy (red). c’’
Triple-stained merged image
(MET/UBPy/DAPI; Merge). c’’’
Bright field iamge. Bar 2 μm
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described in melanocytes (Setty et al. 2007; Raposo and Marks
2007). Immunoelectron microscopy revealed that the pallidin
signature was consistent with that of UBPy during
acrosomogenesis. Hence, in spermatids, pallidin might be in-
volved in diverting selective cargoes from early endosomes to
the acrosome.

Like the melanosome matrix (Sitaram and Marks 2012), the
acrosomal matrix exhibits self-aggregation properties that lead, at
the late acrosomogenic phases, to acrosome compaction with a
dense-corescaffold; the last-mentionedrepresentsastableplatform
for the sequential release of matrix-associated proteins during the
acrosome reaction. We found that the scaffold is devoid of UBPy
immunogoldparticles,whereasthesealwaysdelineatedtheprofiles
of the inner and outer acrosomal membrane, particularly at the
equatorial segment. This finding suggests that UBPy-sorted
cargoesare recruitedat theacrosomefor theassemblageof selected
membrane microdomains. Accumulating evidence indicates that
the acrosome is not only a “bag of enzymes” used to penetrate the
oocyte’s investments but also might perform other roles. As is
known, themechanisms ofmembrane protein relocation, possibly
guided by scaffold-associated proteins, promote the clustering of
constituents of a signaling pathway in liquid-ordered membrane
microdomains (Tsui-Pierchala et al. 2002). Similar mechanisms
might also operate at the acrosome level; hence, even when it is
reacting/hasreactedatfertilization, theacrosomemightstillprovide
molecules involved in sperm-oocyte fusion and/or oocyte activa-
tion. Izumo, the acrosomal protein responsible for sperm-egg fu-
sion, redistributes to the surface of the equatorial segment in fertil-
izingsperm(Satouhet al. 2012),whereas phospholipase C zeta
(PLCζ), the most quoted as the sperm factor that triggers
oocyte activation (Saunders et al. 2002), relocates at the
PAS. PLCζ has, however, to be activated through tyrosine
phosphorylation to generate the movement of Ca2+ tran-
sients into the ooplasm, being in an inactive state at the
acrosome of ejaculated sperm (Amdani et al. 2013).

Globozoospermia in humans is a rare and severe terato-
zoospermia consisting primarily of spermatozoa lacking an
acrosome. Familial cases of globozoospermia have suggested
a genetic basis; in spite of the complexity and multitude of
proteins involved in acrosome biogenesis, however, only a
few spontaneous mutations have been so far identified as re-
sponsible for globozoospermia in humans (Dam et al. 2007;
Koscinski et al. 2011; Coutton et al. 2015). Conversely, as
reviewed by Coutton et al. (2015), more than 50 genetically
lab-modified mice reported in theMouse Genome Informatics
database (http://www.informatics.jax.org) exhibit a
globozoospermia-like phenotype. Within this wide spectrum,
the wobbler mouse is a good experimental model for several
features, including its globozoospermia attributable to a spon-
taneous recessive mutation that changes a highly conserved
leucine into a glutamine (Schmitt-John et al. 2005) in the
protein region crucial for mediating the Vps54 localization
to early endosomes (Quenneville et al. 2006). Moreover,

wobbler spermatozoa even fail to fertilize oocytes after ICSI,
unlike other mouse KO-mutants with a globozoospermia-like
phenotype. Such unsuccessful oocyte-activation capacity has
been ascribed to the abnormal localization of PLCζ (Heytens
et al. 2010), just as has been shown to occur for ICSI-infertile
globozoospermic men with mislocalized PLCζ (Escoffier
et al. 2015). Here, we provide detailed documentation for
the derailment of acrosome biogenesis in the Vps54 mouse
mutant. The results from our electron microscopy study are
supported by our immunogold electron microscopy analysis.
Taken together, our findings revealed that the acrosome does
not develop because of the malfunctioning of the retrograde
vesicular traffic that, in turn, hampers the correct contribution
of protein cargoes, in particular from the endosomal compart-
ment. In the wobbler mouse, acrosome biogenesis apparently
stops at a phase approximately evaluated as an early cap
phase; the lack of a real acrosome is, consequently, attribut-
able neither to acrosome fragmentation as for the GOPC-KO
mouse (Yao et al. 2002), nor to acrosome detachment/lack of
attachment from/to the nuclear envelope, as for Csk2a2-KO
and Dpy19l2-KO/SPACA1-KO mice, respectively, (Xu et al.
1999; Pierre et al. 2012; Fujihara et al. 2012). Furthermore,
wobbler trafficking defects do not hit acrosome biogenesis
only; other critical events, dependent on microtubule-
mediated trafficking, such as cytokinesis, intramanchette and
intraflagellar transport and spermatid shaping, are affected. As
a last consideration, we suggest that the lack of the correct
contribution from the endosome compartment results in the
non-delivery of the UBPy-sorted cargo to the acrosome. Our
immunofluorescence findings provide evidence that, in wob-
bler epididymal spermatozoa, both the RTK MET and UBPy
are mislocalized, and that, consequently, the receptor cannot
relocate at the PAS at fertilization as it does in wild-type sper-
matozoa (Berruti 2016). Possibly, wobbler (Heytens et al.
2010) and human wobbler-like (Escoffier et al. 2015)
globozoospermic phenotypes are infertile, even after ICSI,
because their sperm PLCζ is not only mislocalized but also
cannot be appropriately activated by a potential PLCζ activa-
tor as is MET.

Given the exclusive nature of the mammalian sperm acro-
some, further analysis of ubiquitin-dependent cargo-sorting
during acrosome biogenesis will offer a unique opportunity
to dissect, from a general point of view, the functional mean-
ing of a specific type of protein ubiquitination within the
endocytic system of a mammalian cell.
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