nated with a retrograde pathway that recycles
vesicle proteins and retrieves escaped ER
residents (19). Indeed, selective exclusion of
secretory cargo from retrograde vesicles may
explain the concentration of certain soluble
cargo after export from the ER (5). Our re-
sults indicating Erv29p action as a cargo
receptor do not exclude other sorting mech-
anisms; rather, it now seems probable that
multiple mechanisms of retention, retrieval,
and selective export operate in concert to
achieve organization of the early secretory
pathway.
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Lack of Acrosome Formation in
Hrb-Deficient Mice

Ningling Kang-Decker," George T. Mantchev,’
Subhash C. Juneja,’ Mark A. McNiven,>2 Jan M. A. van Deursen'*

The sperm acrosome is essential for sperm-egg fusion and is often defective in
men with nonobstructive infertility. Here we report that male mice with a null
mutation in Hrb are infertile and display round-headed spermatozoa that lack
an acrosome. In wild-type spermatids, Hrb is associated with the cytosolic
surface of proacrosomic transport vesicles that fuse to create a single large
acrosomic vesicle at step 3 of spermiogenesis. Although proacrosomic vesicles
form in spermatids that lack Hrb, the vesicles are unable to fuse, blocking
acrosome development at step 2. We conclude that Hrb is required for docking
and/or fusion of proacrosomic vesicles during acrosome biogenesis.

The acrosome is a unique membranous or-
ganelle that is formed during spermiogenesis
through an integrated process of transport vesi-
cle production, trafficking, and fusion (1, 2). In
the first period of acrosome biogenesis, the
Golgi phase, numerous small proacrosomic ves-
icles accumulate in the medulla, a cytoplasmic
compartment located between the juxta-nuclear
Golgi apparatus and the nuclear surface. There,
they coalesce into a single spherical acrosomic
vesicle that attaches to the nucleus. During the
subsequent Cap phase, the acrosomic vesicle
expands by means of sustained vesicular mem-
brane transport and fusion. At the onset of
sperm elongation, the acrosomic vesicle stops
growing in size and starts undergoing a series of
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highly complex morphological changes that
shape the sperm cell. Little is known about the
molecular mechanisms that regulate the target-
ing and fusion of transport vesicles during acro-
somic vesicle formation, although the under-
standing of this process is highly relevant be-
cause disturbances of acrosomal development
and function perturb the fertilizing capacity of
spermatozoa (3, 4).

Here we identify the Asn-Pro-Phe (NPF)
motif-containing protein Hrb (also called Rab or
hRip) (5-7) as a component that is essential for
acrosome formation. We addressed the physio-
logical role of Hrb through targeted inactivation
of the Hrb gene in the mouse (8, 9). Hrb™/~
mice were indistinguishable from Hrb*/~ and
Hrb*/* mice, had a normal life-span, and
showed no apparent histological abnormalities
in brain, colon, heart, kidney, liver, lung, spleen,
or thymus. Western blot analysis confirmed that
the mutant Hrb allele was null (8, 9). Despite
normal sexual behavior and copulation, Hrb~/~
males derived from two independently targeted
embryonic stem cell (ES) clones were infertile.
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By contrast, Hrb™/~ females displayed normal
fertility. The average testicular weight in 10-
week-old Hrb™~ mice [0.079 g + 0.1 (n = 12
testes)] was not significantly different from that
in wild-type mice [0.082 g * 0.09 (n = 12
testes)]. However, Hrb™/~ mice contained on
average ~15-fold less spermatozoa in the cauda
epididymis than wild-type males (8). The sper-
matozoa from mutant males showed severely
reduced motility and several structural abnor-
malities. The spermatozoa displayed a globic
head (Fig. 1A) with a round nucleus and a tail
midpiece lacking the mitochondrial sheath (Fig.
1B) (8). This sheath is composed of mitochon-
dria that generate adenosine triphosphate (ATP)
for movement of the flagellum and is formed in
the final steps of normal spermatid elongation
(2). In vitro fertilization experiments revealed
that Hrb™/~ spermatozoa were unable to estab-
lish sperm-egg attachment and fertilization (Fig.
1C) (8).

B-galactosidase staining of the testis of
Hrb*/~ mice indicted that the Hrb gene was
abundantly transcribed during spermiogenesis
(9). Histological analysis of testis sections
showed that seminiferous-tubule diameters in
Hrb*/* and Hrb™~/~ mice were comparable (9).
The number and distribution of mitotic (sper-
matogonia) and meiotic (spermatocytes) germ
cells in these tubules also appeared to be similar
(Fig. 2, A and B) (8). The appearance of inter-
stitial cells was also normal. However, the pro-
cess of transformation of round spermatids into
testicular spermatozoa (spermiogenesis) was
clearly disrupted in Hrb™'~ mutants. Typically,
mutant tubules were devoid of elongated sper-
matids and contained exclusively round-headed
spermatids (Fig. 2B) (9). Although acrosomes
were easily detectable in wild-type round sper-
matids by light microscopy and by transmission
electron microscopy (TEM) (Fig. 2, A and C)
(8), no acrosome structures were visible in mu-
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tant spermatids (Fig. 2, B and D). Extensive  Fig. 2. Hrb™/~ round spermatids
ultrastructural analysis of testis sections by lack an acrosome. (A and B)

TEM showed normal spermatogenesis in ecrrglj: ::gﬂg;sf::xﬁ%h;eegl‘:’glf&
knockout mice up through the second step of Hrb*/* (A) and Hrb~/~ (B)

spermiogenesis, when numerous small proacro-  ales stained with toluidine
somic vesicles accumulate in the medulla. How-  blue. Indicated are positions of
ever, these vesicles failed to fuse with each other  interstitial cells (I), spermatogo-
to yield the single large acrosomic vesicle found ~ nia (Sg), spermatocytes (Sc),
in normal spermiogenesis (Fig. 2, E through J). ~ round-headed spermatids (RS),
This stage-specific defect was consistent in both and elongated spermatids (ES).

. . . Arrowheads point to acrosomes
lines of Hrb™~ mice (n = 5 mice). These  of round spermatids. (C through

results suggest that the primary spermatogenic  J) Transmission electron micro-
defect in Hrb™'~ mice is an arrest in acrosomic  graphs of round spermatids from
vesicle biogenesis at step 2 of spermiogenesis ~ 10- or 12-week-old Hrb*/*
caused by defective docking and/or fusion of ~and Hrb™~ mice. (Cl  Section
proacrosomic vesicles. through a step 6 Hrb™'™ sper-

. . tid with a flat, cap-lik -
To further characterize the role of Hrb in ngnle (‘iv)l' Ngteathec:ﬁinl lgyaeirgf

acrosome formation, we determined the intra-  electron dense material on the
cellular localization of the protein in wild-type  inner aspect of the nuclear enve-
spermatids by immunofluorescence confocal  lope below the acrosome. This
microscopy (8). Hrb-specific immunoreactivity ~ l@yer is  typically  present

appeared in several small punctae throughout ;Tosl;ge?g:;g gf:é)ssif ;E;m:]go'; 1azt
the cytoplasmic compartment of round sperma- steps 1 and 2. '(D) Arrested

tids. A high concentration of punctae consistent-  Hrb~/~ round spermatid with-
ly appeared in the medulla, as revealed by dou-  out an acrosome. (E) Medulla of
ble labeling of round spermatids for Hrb and @ Hrb*/* spermatid at step 2

i- 5 i i with many proacrosomic vesi-
Golgi-membrane 58-kD protein (Fig. 3A). As des. () Megulla of a step 2
Hrb™/~ spermatid showing a
A high concentration( <)>f proacro-
5 somic vesicles. (G) Step 4
HEb : Hrb*/* spermatid with a newly
formed acrosome (hemispheri-
cal). (H) Hrb™/~ spermatid with
small proacrosomic vesicles that ; 3, (s NOp s s s
target to the NE, but fail to fuse.
(1) Step 6 Hrb™/* spermatid con- Hrb+/+ Hrb-/-
taining a cap-like acrosome. (])
Hrb™/~ spermatid with proacrosomic vesicles along the NE. Abbreviations are as follows: G, Golgi
apparatus; Nu, nucleus; NE, nuclear envelope; AC, acrosome; M, medulla; P, large proacrosomic
vesicle with an electron dense core. Arrowheads point out the NE.

| Sg Sc

RS = I Sg Sc RS

Fig. 3. Hrb is associated S Golgi 58 Merge + Hoechst
with  membranous or- = :
ganelles in the medulla of
round spermatids. (A)
Confocal images of a
wild-type round sperma-
tid after immunofluores-
cent staining with Hrb
and CGolgi 58 K protein.
Bar, 5 wm. (B through D)
Immunoelectron  micro-

Sperm-egg 2-cell
Egg Sperm attachment (2 h) stage (24 h)

+H+ 1010 910 graphs of Hrb*/* round
e o 0/35 0/35 spermatids. We visualized
Hrb by incubating a tes-

Fig. 1. Analysis of spermatozoa from Hrb-defi-  ticular germ cell suspen-

cient mice. (A) Scanning electron micrographs  sion first with affinity-pu-
of sperm cells in the cauda epididymis of wild-  rified Hrb antibody and
type and knockout mice. (B) Mitochondrial then with antibody to
sheath configurations in Hrb*/* and Hrb=/~  rabbit immunoglobulin G
spermatozoa. Mitochondria (arrows) were  (IgG) covalently linked to
stained with MitoTracker Green (green). Nuclei ~ 5-nm gold particles. (B)
were stained with Hoechst (blue) to visualize  Detail of a step 2 sperma-
the sperm heads. (C) In vitro fertilization ex-  tid, showing Hrb at the NE
periments with zona pellucida-intact eggs from  surface of a relatively L i . - : —
wild-type females and sperm from Hrb*/* or  large proacrosomic vesicle. (C) A step 3 spermatid with newly formed acrosomic vesicle settllng at
Hrb~/~ males. Sperm-egg interaction and fer-  nuclear envelope. (D) A round spermatld with a cap-like acrosome exhibiting Hrb labeling at the
tilization were determined by microcopy at 2  cytoplasmic surface of the acrosomic vesicle. Arrowheads highlight the gold particles. Abbreviations
and 24 hour post-insemination, respectively. are as indicated in Fig. 2.
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Fig. 4. The medulla of Hrb™/~
spermatids lacks Ap1/Eps15
double-positive  vesicles. (A
through D) Confocal images of a
representative Hrb*/* round
spermatid triple-labeled with
Hrb (A), Eps15 (B), and Ap1 (C)
antibodies. Note that the me-
dulla section shown in the
large images contains punctae
that are Hrb*/Eps15F/Ap1* or
Ap1*. The insets show a dis-
tinct medulla section with sev-
eral Hrb*/Eps15* punctae. (D)
Merged images. (E through J)
Confocal images of representa-
tive Hrb™/~ round spermatids
double-labeled with Eps15 (E)
and (H) and Ap1 (F) and (1) an-
tibodies. (G) and (J) Merge im-
ages. Bar, 5 pm. (K) Interaction
between Eps15 and Hrb in

Hrb

mouse testis. Immunoprecipitations were performed with affinity-purified antibodies to
Hrb(386-562) (lane 2) or to control antibody [Rae1(145-368)] (lane 1) (8). Testis lysate was

+I+
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loaded to mark the position of Eps15 on the blot (lane 3).

expected, no Hrb labeling was detected in
Hrb™/~ round spermatids (data not shown). We
further defined these Hrb-positive punctae by
immunoelectron microscopy (IEM) (8). Label-
ing for Hrb was associated with the cytosolic
surface of proacrosomic vesicles of early round
spermatids (Fig. 3, B and C). In round sperma-
tids with a developing acrosomic vesicle, gold
particles were also found at distinct positions
along the outer membrane of the acrosomic
vesicle (Fig. 3D). These findings suggest that
Hrb may function in vesicle-to-vesicle docking
and/or fusion during acrosome biogenesis.
Next, we investigated the relation between
Hrb and Epsl13, a transport vesicle adaptor pro-
tein with a role in endocytosis and vesicle sort-
ing that has been shown to interact with Hrb
and several other NPF proteins by virtue of its
Eps15 homology (EH) domains (7, 10). We
demonstrated that Hrb and Epsl15 form a com-
plex in testis by a coimmunoprecipitation ap-
proach (8) (Fig. 4K). We then used immuno-
fluorescence confocal microscopy to determine
whether Eps15 and Hrb colocalize during the
process of acrosome biogenesis. Epsl5 ap-
peared prominently in small punctae in the
medulla that generally coincided with Hrb.
Measurements revealed that of 177 punctae in
30 round spermatids, 150 (85%) labeled for
both Hrb and Epsl5. Only 20 and 7 punctae
were only positive for Hrb or Epsl5, respec-
tively. Triple labeling (8) of round spermatids
for Hrb, Eps15, and Apl, a heterotetrameric
adaptor protein complex that is associated with
Golgi-derived transport vesicles, showed that
more than half (62%) of the Hrb*/Eps15*
punctae in the medulla also contained Apl (Fig.
4, A through D). Furthermore, we observed that
a relatively small number of punctae [43 of 220
punctae (20%); n = 30 round spermatids] con-
tained only Apl. Unlike Apl, Ap2, a marker
for endocytic vesicles, did not exhibit any punc-
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tate labeling in round spermatids. These results
suggest that the medulla of round spermatids
contains distinct subsets of proacrosomic vesi-
cles that are Hrb*/Epsl5*/Apl*, Hrb*/
Epsl15*, or Apl*. When we labeled Hrb-defi-
cient round spermatids for Apl and Eps15, both
adaptor proteins exhibited a punctate staining in
the medulla, but there was no appreciable over-
lap between the Epsl5 and Apl staining pat-
terns (Fig. 4, E through J). Specifically, of 345
punctae in 37 spermatids, only 7 (2%) con-
tained both Eps15 and Apl, whereas 159 (46%)
were positive only for Epsl5 and 179 (52%)
only for Apl. This strictly separate distribution
of Eps15 and Apl suggests that Eps15-positive
proacrosomic vesicles lack the ability to merge
with Apl-positive proacrosomic vesicles in the
absence of Hrb and further supports the idea
that Hrb is a critical component of the vesicle-
to-vesicle docking and/or fusion machinery that
forms the acrosomic vesicle.

Our studies demonstrate the critical role of
Hrb in acrosomic vesicle formation during early
mouse spermiogenesis. The primary defect in
proacrosomic vesicle fusion seems to affect
male fertility at the levels of sperm-egg fusion,
sperm movement, and sperm number. The
sperm acrosome is known to be critical for
sperm-egg fusion (/), and the complete lack of
this organelle in Hrb™~ spermatozoa explains
why no sperm-egg fusion occurred in our in
vitro fertilization experiments. The poor motility
of Hrb™/~ spermatozoa is apparently due to lack
of the mitochondrial sheath in the tail midpiece.
Formation of this tail structure is dependent on
sperm elongation, which, in turn, depends on
acrosomic vesicle formation (2). Hence, poor
motility of Hrb™/~ spermatozoa is probably a
secondary consequence of the step 2 arrest in
acrosome biogenesis. A decrease in sperm count
appears to be a common phenotype for a variety
of genetic defects perturbing the normal differ-

anti-Eps15

Merge + HoechstH

* —Eps15

entiation program of mouse spermiogenesis
(11). Therefore, the reduced sperm count of
Hrb~/~ males is probably also a secondary ef-
fect of the acrosomal defect. Because healthy
heterozygous and homozygous female and het-
erozygous male mice can easily transmit Hrb
null alleles to the progeny, similar mutations in
humans may also be highly transmissive. They
may, in fact, account for some of the idiopathic
human infertility syndromes associated with re-
duced sperm count and production of round-
headed spermatozoa (3). The developmentally
abnormal round spermatids from Hrb™'~ males
may be valuable for further testing and improve-
ment of human infertility treatments that are
based on round spermatid injection (/2).

References and Notes

1. A. Abou-Haila, D. R. Tulsiani, Arch. Biochem. Biophys.
379, 173 (2000).

2. Y. Clermont, L. Oko, L. Hermo, Cell Biology of Mam-
malian Spermiogenesis (Oxford Univ. Press, New
York, ed. 2, 1993), p. 332-376.

. W. B. Schill, Hum. Reprod. 6, 969 (1991).

. G. Singh, Int. J. Fertil. 37, 99 (1992).

. H. P. Bogerd, R. A. Fridell, S. Madore, B. R. Cullen, Cell
82, 485 (1995).

6. C. C. Fritz, M. L. Zapp, M. R. Green, Nature 376, 530
(1995).

. A. E. Salcini et al., Genes Dev. 11, 2239 (1997).

. For the methods used, see supplementary informa-
tion at Science Online (9).

9. Supplementary material is available on Science On-
line at www.sciencemag.org/cgi/content/full/294/
5546/1531/DC1.

10. T. de Beer et al., Nature Struct. Biol. 7, 1018 (2000).

11. ). P. Venables, H. J. Cooke, J. Endocrinol. Investig. 23,
584 (2000).

12. ). Tesarik, C. Mendoza, J. Testart, N. Engl. J. Med. 333,
525 (1995).

13. B. Hogan, R. Beddington, F. Constantini, E. Lacy, Ma-
nipulating the Mouse Embryo (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, ed. 2,
1994).

14. We thank B. Cullen for the human Hrb/Rab cDNA.
We thank R. Bram, F. Couch, H. Cao, L. Iverson, E.
Krueger, T. Trejo, and ). van Ree for critically review-
ing our manuscript or helpful discussions, and R.
Mantcheva for animal care.

v hw

© ~N

21 June 2001; accepted 5 October 2001

1533



