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Abstract

Spermatogenesis in mammals necessitates an extensive remodeling and loss of many cellular organelles and proteins as the spermatozoa
undergo maturation. The removal of proteins and organelles depends on the ubiquitin—proteasome pathway. Here we show that the E3 ubiquitin
ligase Herc4, though ubiquitously expressed in all tissues, is most highly expressed in the testis, specifically during spermiogenesis. Mice
homozygous for a Herc4 mutation are overtly normal; however, overall the males produce litter sizes some 50% smaller whereas female
homozygotes show normal fertility. The reduced fertility in males is associated with about 50% of mature spermatozoa having reduced motility.
Many of the spermatozoa possess an angulated tail with a cytoplasmic droplet being retained at the angulation. Our results show that Herc4 ligase
is required for proper maturation and removal of the cytoplasmic droplet for the spermatozoon to become fully functional.

Published by Elsevier Inc.
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Introduction

Spermatogenesis is a complex process of differentiation
during which stem cell spermatogonia are transformed into
highly differentiated spermatids through three phases (de
Kretser et al., 1998). In the proliferative phase, spermatogonia
undergo successive mitotic divisions; in the meiotic phase,
spermatogonia are transformed into spermatocytes in which the
genetic material undergoes homologous recombination and two
sequential cell divisions, resulting in haploid spermatids. The
last phase is spermiogenesis, in which the round haploid
spermatids differentiate into elongated spermatids that are
released into the seminiferous lumen. They then progress to the
epididymis where they undergo further maturation and acquire
the ability to fertilize an egg following a subsequent period of
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capacitation in the female reproductive tract. During spermio-
genesis, each immature spermatid develops an acrosome, a tail,
reorganizes its mitochondria, and loses most of its cytoplasm.
Many proteins and organelles are removed in a residual body
(RD), which is phagocytosed by adjacent Sertoli cells (Russell
and Clermont, 1976). However, the specific mechanisms by
which the cytoplasmic volume is reduced and organelle removal
occurs to generate the residual body remain unclear. Recent
evidence indicates that the ubiquitin—proteosome system plays
a role in this developmental process (Sutovsky, 2003).
Ubiquitination of proteins is performed by a series of
enzymatic steps involving an E1 ubiquitin-activating enzyme,
an E2 ubiquitin conjugase, and an E3 ubiquitin ligase (Hershko
et al., 2000; Weissman, 2001; Wilkinson, 2000). Although there
is only one E1 enzyme and a limited number of E2 enzymes,
ubiquitin ligases are abundant and bind both the E2 enzyme and
a specific substrate to ensure specific substrate recognition.
Polyubiquitinated proteins are translocated to the proteasome
and degraded in an energy-dependent manner. The ubiquitin—
proteasome pathway plays important roles in regulating protein
turnover in numerous cellular processes, including the degrada-
tion of intracellular proteins, cell-cycle regulation, stress
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responses, and programmed cell death (Baarends et al., 1999;
Ciechanover et al., 2000; Varshavsky, 2005; Wilkinson, 2000).

Three groups of E3 enzymes, HECT (homologous to E6AP
(E6-associated protein) C-terminus), RING, and U-box pro-
teins, have been identified and each is defined by its mode of
action and the structure of their catalytic sites. Among the ECAP
ligases, the presence of both HECT and RCCl-like domains
categorize a sub-family of proteins referred to as HERC proteins
as defined by the Human Genome Organization (Ji et al., 1999).
HECT domains show approximately 50% similarity to the
carboxyl-terminal region of E6-associated protein (E6AP). The
ubiquitin ligase activity of E6AP functions not only in
pathological conditions, for example the E6-E6AP complex
functions as a ubiquitin ligase for p53 (Scheffner et al., 1993),
but also in physiological pathways in which proteins other than
p53 undergo E6AP-mediated ubiquitination (Kuhne and Banks,
1998; Kumar et al., 1999; Oda et al., 1999). The RCCl1-like
domain, or RLD, is a structural motif displaying high similarity
to the sequence of the RCCI protein (regulator of chromosome
condensation-1). RCC1 is a guanine nucleotide exchange factor
for G proteins which participates in nucleocytoplasmic transport
and is characterized by several repeats of 51-68 amino acids
each, resulting in a domain of up to 400 residues (Garcia-
Gonzalo and Rosa, 2005).

The human HERC family of proteins is composed of six
members and all contain one or more RLDs upstream of a
HECT domain. In mice, only five members have been identified
(Garcia-Gonzalo and Rosa, 2005). Most HERC proteins are
ubiquitously expressed, with higher levels of expression in
brain and testis (Lehman et al., 1998; Mitsui et al., 1999; Rosa et
al., 1996), with the exception of HERC3, which is expressed
primarily in brain (Davies et al., 2004; Schwarz et al., 1998).

The HERC ligases are localized to the cytoplasm in
vesicular-like structures (Garcia-Gonzalo and Rosa, 2005),
and are implicated in several physiological functions. HERC/
has potential oncogenic capacity, as it may have an important
role in intracellular membrane trafficking in the Golgi and
cytoplasm (Rosa and Barbacid, 1997). Mice deficient for Herc?2
develop rjs syndrome (runty, jerky, sterile), which is associated
with reduced viability, smaller size, a jerky gait and sterility
(Lehman et al.,, 1998; Rinchik et al., 1995). It has been
suggested that the reduced growth and genital hypoplasia
observed in rjs mice may arise due to neuronal degeneration in
the hypothalamus resulting in defective hormonal secretion
from the pituitary (Johnson and Hunt, 1975). The functions of
HERCs 3 and 5 are not defined (Garcia-Gonzalo and Rosa,
2005), although HERCS is highly expressed in the testis and
ovary, interacts with various cdks (Mitsui et al., 1999) and an
increase in its expression is associated with inflammation
(Kroismayr et al., 2004; Mitsui et al., 1999).

HERC4 and HERC6 are the most recently identified forms.
An initial characterization revealed that both genes are
expressed as multiple spliced products, with higher mRNA
levels in brain and testis (Hochrainer et al., 2005). Both are
localized to the cytoplasm in vesicular-like structures similar to
other HERC family members. The physiological roles of
HERC4 and HERC6 are unknown.

There is a remarkably high degree of homology among
HERC proteins from evolutionarily diverse species, implying
that the function(s) of this family of proteins is conserved
throughout the animal kingdom (Hochrainer et al., 2005).
These facts suggest that the HERC proteins may perform
fundamental cellular tasks. The fact that a HERC4 ortholog is
the only HERC gene to be found in the nematode genome,
strongly suggests that HERC4 may represent the most ancient
family member, from which all others are derived (Hochrainer
et al., 2005).

We originally identified Herc4 as a gene whose expression
was upregulated in the luminal epithelium of the mouse uterus
at the time of blastocyst implantation and we wished to
determine whether Herc4 expression was essential to normal
reproduction. Here we show that the disruption of the murine
Herc4 gene does not affect female reproduction; however,
disruption results in a reduction in male fertility associated with
a defect in the late stages of spermiogenesis. These results
identify for the first time a function for the most ancient member
of the HERC family.

Materials and methods
Generation of mutant mice

The mouse ES cell clone RRH224 (strain 129/0la), with an insertional gene-
trap mutation in Herc4, was obtained from BayGenomics (http://baygenomics.
ucsf.edu/). The gene-trapping vector, pGT2Lxf, was inserted into intron 13,
predicting to yield a fusion transcript containing exons 113 of Herc4 upstream
of B-geo. The ES cells were injected into C57BL/6PVBYCr plastocysts
(Stewart, 1993). Germ line transmission of the targeted Herc4 allele was
determined by PCR and Southern analysis of genomic DNA isolated from tail
biopsies. Heterozygous mice (Herc4/P2°°) were intercrossed to obtain
homozygous mutant mice (Herc4?%<”F2e),

Fertility

To quantify Herc4™”" and Herc4%°P2° male fertility, each male was
mated with females of proven fertility. Females were checked for a vaginal plug
the next day. Mated females were moved to a separate cage and replaced with
fresh females so that each male had mated with a total of 5-6 females. The
mated females were sacrificed at day 9 of pregnancy and the number of
implantation sites and embryos counted.

Northern analysis

Total RNA from wild-type and Herc4%¢°°P%°° mutant mice was isolated
using the RNeasy system (Qiagen). 10 pg of each sample were analyzed by
Northern analysis (Sambrook et al., 1989) transferred to Hybond-N" membranes
(Amersham Pharmacia, Uppsala, Sweden), hybridized with **P-labeled cDNA
probes using ExpressHyb Hybridization solution (Clontech). Mouse adult tissue
blots were from Seegene USA (Rockville MD).

B-Galactosidase staining

Tissues were fixed in 0.2% glutaraldehyde, 5 mM EGTA, 2 mm MgCl, and
0.1 M Na-phosphate buffer (pH 7.3); permeabilized in 0.01% Na-deoxycholate,
0.02% NP-40, 2 mM Mg Cl, and 0.1 M Na-phosphate buffer (pH 7.3); and
incubated in X-Gal solution (2 mM MgCl,, 5 mM potassium ferricyanide, S mM
potassium ferrocyanide, and 1 mg/ml X-Gal 5-bromo-4-chloro-3-indolyl-3-D-
galactosidase). Cryosections were from excised tissues washed in phosphate-
buffered saline (PBS) at 4 °C in formaldehyde, 5 mM EGTA/2 mM MgCl,.
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Following incubation overnight in 18% sucrose, the tissues embedded in Tissue
Tek were sectioned at 10 pum, dried, fixed, washed in PBS and incubated in X-Gal
solution overnight at 30 °C and counterstained with neutral red.

Spermatozoa analysis

Mature male mice were sacrificed by CO, asphyxiation, the caudae
epididymides and vas deferentia removed, cut into small pieces, transferred to
culture medium and incubated for 5 min at RT. Spermatozoon concentration was
assessed by counting a 3-ul sample in a microcell. Spermatozoon motility was
also assessed based on the number of moving cells versus immotile cells using
standardized criteria (WHO, 1992). An average from all fields observed was
used to calculate a percentage of motile spermatozoa. The quality of motion
(progressive motility) for each spermatozoon was judged by observing the
following: (1) the straight or meandering path for individual spermatozoa; (2)
the forward or stationary (in place) movement; and (3) the speed (per
spermatozoa), i.e. fast, average, slow. The scoring system was 0 to 4.
Spermatozoan morphology (angulated tails) was assessed by examining
~100 spermatozoa.

Scanning electron microscopy (SEM)

Spermatozoa suspensions were fixed in of 8% formaldehyde and 4%
glutaraldehyde in 0.1 M Na cacodylate buffer pH 7.4. Equal volumes of the
spermatozoan suspension and fixative were added and incubated overnight at
4 °C, the solution removed by filtering through a 0.45-um nylon filter, and
washed twice with 0.1 M Na cacodylate buffer. The filter and attached
spermatozoa were post-fixed with 1% OsO,4 for 1 h at RT, washed 3x with
cacodylate buffer, dehydrated in a graded ethanol series, immersed 3% in
tetramethylsilane, and air-dried at room temperature. The filter pieces were
mounted and the samples coated with gold—palladium under vacuum (Denton
DV-502a). Spermatozoa were photographed with a Hitachi S-3000N SEM at
10 kV (Gonda et al., 1976).
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Fig. 1. Generation of Herc4%¢#2° mice. (A) Mapping of the gene-trap
insertion in the Herc4 gene. (B) Genotyping of wild-type, Herc4*%¢’" and
Herc4P2¢°P¢°° mice by Southern analysis and by PCR. The 25 exons of Herc4
are shown. The gene-trap cassette is inserted into intron 13 and introduced a new
Sacl restriction site. Southern blot genotyping of progeny derived from an
intercross of Herc4*2°”’" heterozygous mice. Genomic DNA was digested with
Sacl and Southern blotted with 457 bp probe derived from a region located in
part of the exon 13 and intron 14. Primers inside the -geo resistance cassette
were used to confirm the location of the neo” gene insertion.
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Fig. 2. Herc4 is essential for normal male fertility. Wild-type females were
mated with either wild-type or Herc4*°#%¢° males. Nine days after mating the
females were sacrificed and the number of embryos counted. Each column
represents the numbers of embryos in each pregnancy produced by a single
male. A column of filled dots represents the number of embryos obtained from
an individual wild-type male and open dots represent the embryos obtained from
individual Herc4#%°°%¢°° male mice. The overall numbers of embryos produced
by the two groups is significantly different with a P value of 9x 107 '°.

Transmission electron microscopy (TEM)

Spermatozoa were fixed as for SEM, and a portion pelleted by
centrifugation. The pellet was rinsed in cacodylate buffer and post fixed in
1% osmium tetroxide 1 h/RT, washed 2x with cacodylate buffer pH 7.4 and 1x
with acetate buffer, stained with 0.5% uranyl acetate 1 h/RT, washed 2x with
acetate buffer, dehydrated in ethanol, then 100% propylene oxide, and then
infiltrated in 100% propylene oxide and epoxy resin. The pellet was embedded
in epoxy resin and cured at 55 °C for 48 h. The embedded pellet was sectioned at
60—90 nm. The thin sections were mounted and stained in uranyl acetate and
lead citrate. Images were digitally recorded using a Hitachi 7000 electron
microscope at 75 kV (Gonda et al., 1976).

Results
Identification and disruption of the Herc4 gene in mice

We originally identified Herc4 (BC043082) as an unchar-
acterized cDNA whose expression was upregulated in the
uterine luminal epithelium at the time of embryo implantation
(data not shown). Subsequent analysis revealed the cDNA
corresponds to that transcribed from the Hect4 gene. Herc4
c¢DNA encodes a peptide of 1049 amino acids. It contains one
HECT domain and three RLD domains (Hochrainer et al.,
2005).

An ES cell clone (RRH224) with a gene-trap vector insertion
in intron 13 of the HERC4 gene was identified in the
BayGenomics database (http://baygenomics.ucsf.edu/). The
fusion transcript of this clone contained the three RLDs but
lacked the HECT domain (Fig. 1A). We used the ES clone to
derive mice deficient in Herc4 to determine the function of this
novel E3 ligase in murine development and reproduction. Germ
line-transmitting chimeras yielded Herc4 heterozygotes, which
were intercrossed to produce progeny of all three genotypes
(Fig. 1B). Homozygous Herc47¢°#8 mice were viable and
indistinguishable from their wild-type littermates. Both male
and female Herc4P2°P2° mice grew normally and had no
obvious morphological or behavioral differences (data not
shown).
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Fig. 3. Herc4 is highly expressed in testis. Northern blot analysis of multiple
mouse tissues showed that Herc4 transcripts are expressed in all tissues tested,
with the strongest expression in the testis. Alternatively spliced transcripts were
detected in some tissues (spleen, stomach, kidney, and small intestine) but at a
lower levels of expression. The lower panel shows the rRNA levels as a loading
control.

Herc4P¢P2% male mice have a fertility defect

We noted, however, that Herc4#°P&% males produced
significantly smaller numbers of offspring compared to wild-
type littermates, suggesting a reproductive defect in the mutant
mice. In contrast, Herc4”¢°”P2% females had normal fertility
and litter sizes. To quantify this reduction in fertility, we mated
Herc4P8¢/P£°° males with females of proven fertility. Nine days
later, the females were sacrificed and the number of embryos in
the uteri was counted. The mean number of embryos produced

by twelve Herc4?8P& males varied widely (5.12+5). This
mean number was significantly smaller than the mean number
produced by six Herc4 " males (9.25+2) (p=9x10" ). Some
mutant males showed reduced fertility rates slightly lower than
heterozygotes and/or wild-type males, while other mutant males
were almost completely infertile (Fig. 2). No differences were
observed in the mating behavior of Herc4?¢°#2% males and
their wild-type littermates, since the time that they took to mate,
as assessed by plugging frequency, with females was similar
between all male genotypes (data not shown).

Herc4 is highly expressed in the testis

Northern blot analysis on total RNA from multiple tissues
revealed that the Herc4 mRNA is ubiquitously expressed in all
tissues examined (Fig. 3). Additional smaller transcripts were
also detected in the kidney and stomach, which is consistent
with the existence of alternately spliced Herc4 transcripts
(Hochrainer et al., 2005). The highest expression for the largest
transcript was observed in the testis, where Herc4 expression
was 4-5 times higher than in other tissues (Fig. 3).

To confirm gene targeting, Northern blot analysis of mouse
testes was performed using RNA from Herc4™*, Herc4 /P&
and Herc4?2°”P2% mice. When the Northern blot was probed
with a cDNA fragment 3’ to the 3-geo insertion, Herc4 mRNA
levels were reduced in the testes of Herc4 P2 mice and
undetectable in Herc4?#°P¢% mice, confirming the targeted
inactivation of Herc4 (Fig. 4A, upper panel). A hybridization
probe to a region upstream of the insertion site revealed the
presence of a novel higher molecular weight mRNA of the
targeted Herc4 mutant allele, that replaced the mRNA signal of
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Fig. 4. Expression of mutant and wild-type Herc4 in the testis. Northern blot analysis was performed to confirm the absence of the wild-type transcript in the testis of
Herc4P&#2% mice. (A; upper panel) 10 pug of RNA isolated from adult testis from wild-type, Herc4®¢°’" and Herc4?°P5¢ were hybridized with a probe
containing the Herc4 cDNA (3282-4016 bp) where the endogenous transcript of 4 kb is detected only in the wild-type and heterozygous samples. rRNA loading
controls are also shown (lower panel). The LacZ probe detected the expected fusion transcripts of 6.8—7 kb mRNA in the Herc4* %" and Herc4*#°”P£°° mice. (B) p-
Galactosidase activity in Herc4#2°"" mice detected by X-Gal staining of testes sections. (C) p-Galactosidase-stained testis section of adult Herc4%¢°”" mouse
showing strong cytoplasmic expression in virtually all stages of spermatogenesis (filled arrows) with the exception of the spermatozoa (white arrow) and interstitial
cells (arrow heads) (scale bar=25 pm). (D) Northern blot analysis of RNA (10pg) isolated from testis of wild-type and Herc4*¢°°#2% animals showed almost
undetectable expression levels of Herc4 at P14 after birth. High levels of Herc4 were detected using a cDNA probe from P20 onward, when spermiogenesis is
initiated.
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Fig. 5. Functional analysis of spermatozoa from wild-type and Herc4Ps</Pge
mice. (A) Analyses were performed on spermatozoa from three wild-type and
eight Herc4%¢°”P£°° mice. The differences in spermatozoa concentration levels
were not significant between the two genotypes (P=0.0837). In contrast, both
progressive motility (as assigned on a point basis — see Materials and methods)
and total mobility parameters of spermatozoa were significantly decreased in
Herc4%¢°’P2% animals. Representative wild-type (B) and Herc4?eo/Pee
spermatozoa (C) stained with periodic acid-Schiff are shown with wild-type
spermatozoa showing straight flagella. Herc4#$¢°/#¢%° spermatozoa showed a
high proportion with bent tails. (D) Percentage of angulated tails observed in
spermatozoa of wild-type (+/+) and Herc4”¢°”P€% adult animals (counts were
obtained from three wild-type and eight Herc4*¢P4¢ mice).

the wild-type Herc4 allele (Fig. 4A, lower panel). This band
coincided with the signal obtained with a lacZ cDNA probe that
was exclusively detected in the targeted Herc4 mutant but not in
the wild-type Herc4 mice (Fig. 4B). These results demonstrate
efficient expression of the /acZ reporter gene under the control

of the Herc4 promoter. We then confirmed, by whole-mount X-
Gal staining for lacZ reporter gene activity, strong expression of
the transcripts in Herc4 "¢ testes. Stronger B-galactosidase
staining was observed in the testes from Herc4PseoPge
littermates and was absent in Herc4™" littermates, confirming
the specificity of the staining (Fig. 4B and data not shown).

Herc4 expression is upregulated during spermatogenesis

To determine the onset of Herc4 expression during
spermatogenesis, juvenile wild-type male mice were analyzed
during puberty. In mice, the first wave of spermatogenesis
begins shortly after birth, and the first meiotic divisions occur at
about postnatal day 20 (P20) and by P35 the first spermatozoa
are produced (McCarrey, 1993). At the mRNA level, Herc4
expression was almost undetectable in testes at P14. However,
by P23, a strong increase in Herc4 mRNA levels was observed
with expression persisting to P40 when spermatozoa were first
observed (Fig. 4D).

To identify the cell type(s) expressing Herc4 protein, (-
galactosidase staining for lacZ reporter gene activity was
performed on Herc4”2°”* testis cryosections (Fig. 4C). All
stages of spermatogenesis were present, and the staining
revealed lacZ reporter gene activity in spermatogonia, sperma-
tocytes, and spermatids with little or no activity detectable in the
spermatozoa, or interstitial cells.

Herc4P&P5° males display reduced spermatozoon motility
and a high percentage of spermatozoa having an angulated tail

Although the size and morphology of Herc4£F2% adult
testes appeared normal (data not shown), the expression pattern
of Herc4 at different stages of spermatogenesis coupled with the
reduced fertility of the mutant males suggested that the defects
were present at the cellular level. The Herc4”8°°#8% males did
not show any significant differences compared to the wild-type
animals with respect to spermatozoon count (Fig. 5A) in isolates
from the caudea epididymes and vas deferens. However, a

Fig. 6. Herc4 mutants displayed marked flagellar angulation. SEM microscopy of a normal spermatozoa flagellum (A) in contrast to the bent flagellum in
Hered&e#2% gpermatozoa (B). The arrow indicates the protuberance on the spermatozoa tail. Insets show two examples of protuberances at higher magnification.

Images shown are representative of spermatozoa from 3 animals/each genotype.
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Fig. 7. Retention of the cytoplasmic droplet at the angulation. TEM microscope
analysis showing a mature flagellum of a wild-type spermatozoon (A) in
comparison with an age-matched Herc4*¢°°P5¢ flagellum with the cytoplasmic
droplet containing many degraded organelle membranes (B).

significant motility defect was found in Herc4PseoPge
spermatozoa compared to those from wild-type mice. The rate
at which the spermatozoa moved forward (spermatozoon
progressive motility) as well as spermatozoon motility was
decreased by about 50% in mutant animals compared to wild-
type littermates (Fig. SA).

The reduction in spermatozoon motility correlated with a
high percentage of Herc4%¢°P¢% spermatozoa showing a
specific tail abnormality. Herc472°”P£°° mice had a three fold
higher proportion of angulated tails than wild-type animals
(Figs. 5B and C). Scanning electron microscopy revealed that
the mutant spermatozoa contained a cytoplasmic droplet
attached to the flagellum at the point in which the flagellum
exhibited a marked angulation (Fig. 6B). These cytoplasmic
droplets were absent in wild-type spermatozoa, which had a
straight flagellum (Fig. 6A).

TEM analysis of the mutant spermatozoa flagella revealed
the cytoplasmic droplet contained large amounts of residual
cytoplasm, often with dilated mitochondria and vacuoles. These
resembled the cytoplasmic droplets present in the epididymal
spermatozoa, suggesting that separation of the cytoplasmic
droplets from the developing spermatozoa (Figs. 7A and B)
failed.

Discussion

The components of the ubiquitin—proteasome system are
expressed in all cell types and have essential roles in regulating
the levels of a variety key proteins essential to fundamental
cellular processes, such as receptor internalization, trafficking,
signal transduction, cell cycle, apoptosis and DNA repair
(Glickman and Ciechanover, 2002; Muratani and Tansey, 2003;
Varshavsky, 2005; Wilkinson, 2000). Spermatogenesis is also
dependent on the ubiquitin system (Sutovsky, 2003), as
exemplified by the first knockout for a component of the
ubiquitin pathway (the ubiquitin-conjugating enzyme, HR6B)
resulting in males that were infertile due to defective sperma-

togenesis (Roest et al., 1996). In humans, teratozoospermic
individuals show extensive disruption in RNA expression
profiles of the ubiquitin—proteasome pathway (Platts et al.,
2007) and a mutation in a deubiquitination gene, USP9Y, affects
spermatogenesis with no apparent effect on somatic tissues (Sun
et al., 1999).

Mammalian spermatogenesis involves the differentiation of
diploid spermatogonia into spermatocytes and then, through
two successive meiotic divisions, into round haploid sperma-
tids. During spermiogenesis, the round haploid spermatids
undergo an elongation phase, transforming them into mature
spermatozoa. Defects in these processes lead to a lack of mature
spermatozoa (azoospermia) and is a major cause of male
infertility in the human population (Ezeh, 2000).

Different stages of spermatogenesis require specialized
activities of the ubiquitin pathway. During spermiogenesis in
particular, the general activity of the ubiquitin pathway is high,
possibly due to the extensive degradation of cytoplasmic and
nuclear proteins required during the last phase of spermatogen-
esis (Baarends et al., 2000). The reduction of spermatozoon
cytoplasmic volume and destruction of organelles during
spermiogenesis is achieved by the removal of the last portion
of male germ cell cytoplasm, the spermatozoon cytoplasmic
droplet. The spermatozoon cytoplasmic droplet (CD) is
composed of cytosol and organelle-derived membranes, which
are thought to be the remnants of Golgi and other spermatid
organelles degraded during the final stages of spermiogenesis
(Oko et al., 1993). Ubiquitination is present in the CD (Kuster et
al., 2004), with a ubiquitin-specific processing protease also
being present in the CD (Baarends et al., 2000).

Other members of the ubiquitin pathway are also associated
with spermatogenesis (Sutovsky, 2003), and recently a novel
testis E3 ligase containing a HECT domain, was isolated
suggesting a potential role in chromatin condensation during
spermatid maturation (Liu et al., 2005). Here we show that a
gene-trap insertion into the murine E3 ligase Herc4 that
produces a fusion transcript containing the first 12 exons of
the Herc4 gene joined the -geo marker resulting in a reduction
in male fertility. The fusion transcript contains the RLDs of
Herc4, but lacks the HECT domain, which is the structural
domain required for ubiquitin ligase function. Herc4P8«o/P&e
mice are overtly normal and healthy with no obvious
morphological or behavioral differences apart from a clear
reduction in male fertility. The smaller litter sizes produced by
Herc4P8¢/P8°° males compared with the litter sizes of wild-
type counterparts are consistent with the high level of
expression and functional activity of Herc4 in the adult testis
(4- to 5-fold higher compared to the twelve other mouse tissues
tested). However, there was a wide variability both between
individual males and within specific males themselves with
regard to the numbers of offspring resulting from each mating.
The cause(s) of this variation are unclear, although there was
significant variation in the numbers of spermatozoa with
angulated tails with all Herc4#&%¢° males (Fig. 5D) tested
suggesting a correlation between numbers of offspring and
misshapen spermatozoa. It may be possible that other Herc
ubiquitin ligases that are expressed in the testis may be
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compensating for loss of Herc4. This will, however, have to be
resolved once mouse lines deficient in other Herc genes become
available.

Herc4 E3 ligase is expressed in the cytoplasm of sperma-
togonia, spermatocytes, and spermatids, but is not detectable in
elongating spermatids or interstitial cells of the testis. These
patterns of expression strongly suggest an important role for
Herc4 during spermatogenesis. These data were supported by
Northern blot studies in which Herc4 mRNA was almost
undetectable in the first stages of juvenile spermatogenesis, but
was strongly expressed in later stages of spermatogenesis
(McCarrey, 1993). In accordance with these data, a marked
defect in the morphology of the flagellum was detected by
scanning electron microscopy, which showed a high percentage
of angulated spermatozoan tails in mutant animals compared
to wild-types. The angulated spermatozoan tails showed a
protuberance attached to each flagellum, which impaired the
movement of the spermatozoa, resulting in reduced motility and
a slower rate of progressive motility. Transmission electron
microscopy showed that the contents of the protuberance were
consistent with the residual cytoplasm observed in the CD (Oko
et al., 1993). Retention of the CD is associated with sperma-
tozoa being functionally deficient at fertilization (Thundathil
et al., 2001).

It is not clear how loss of Herc4 resulted in the retention of
the cytoplasmic droplet and bending of the flagellum. Most
studies on ubiquitination during spermiogenesis have focused
on changes in chromatin composition and on organelle
(mitochondrial) removal and remodelling. However, a reassess-
ment of the first targeted ubiquitin (Ube2b) mutation in mice
(Roest et al.,, 1996) indicated that apart from the defects
described in the nucleus, loss of Ube2b also disrupted assembly
of flagellar structures (Escalier et al., 2003). Our results suggest
that Herc4 functions as an ubiquitin ligase involved in either
protein trafficking or in the distribution of cellular structures
rather than their degradation.

Intriguingly, at least three other lines of mice have been
derived which exhibit male specific infertility, which is
associated with angulation of the flagellum similar to the
phenotype described here. Mice deficient in either the orphan
receptor tyrosine kinase c-ros, or Speml that encodes a protein
of unknown function are infertile (Sonnenberg-Riethmacher et
al., 1996; Zheng et al., 2007). Similarly, mice carrying the
transgene insertion GPX5-Tag2 are also infertile (Sipila et al.,
2002). Spermatozoa from all three lines show angulation of the
flagellum and retention of the CD, although the lines differ in
their ability to fertilize eggs in vitro (Cooper et al., 2004). In the
testis, c-ros expression is restricted to the initial segment of the
caput epididymides and both the c-ros-deficient mice and the
GPX5-Tag2 exhibit an abnormal epididymides (Cooper et al.,
2004). Clearly, the molecular basis to how angulation of the
flagellum arises is complex, involving both cell autonomous
factors (Herc4 and Speml) and possibly environmental effects
(c-ros and GPX5-Tag2).

The identification of Herc4 as an E3 ubiquitin ligase, the
expression pattern (human and murine testes) of Herc4 and
male fertility defects in Herc4™¢°”#¢% mice support a specific

role for this gene during spermiogenesis. Herc4 is expressed at
lower levels in several mouse tissues other than the testis. This
expression pattern is in agreement with the higher levels of
human HERC4 mRNA expression in brain and testis (Hochrai-
ner et al., 2005). The subcellular localization of human HERC4
protein showed a cytoplasmic pattern similar to that observed in
the mouse in various stages of male germ cell development
(Hochrainer et al., 2005). There is also a high degree of
homology between the human and mouse HERC ligases with
91% identity at the nucleotide level and 93% identity to the
mouse ortholog (Garcia-Gonzalo and Rosa, 2005). Taken
together, the sequence conservation and our data showing that
the Herc4”&°#&° mice display a marked flagellar defect
strongly suggest that HERC4 may play a significant role in
human spermiogenesis, although there is no published evidence
that male infertility is linked to the chromosomal region 10q22,
where HERC4 is located.

Herc4 is necessary for proper spermiogenesis and male
fertility in mice. Because the physiological role of Herc4 in
spermiogenesis may be conserved in other mammalian species,
including humans, an understanding of its cellular function in
mice may help elucidate the molecular basis for some cases of
infertility in men.
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