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Activation of ubiquitination occurs during spermatogenesis and is dependent on the induction of isoforms
of the UBC4 family of ubiquitin-conjugating enzymes. The UBC4-testis isoform is testis specific, is induced in
round spermatids, and demonstrates biochemical functions distinct from a ubiquitously expressed isoform
UBC4-1. To explore further the function of UBC4-testis, mice bearing inactivation of this gene were produced.
Homozygous (—/—) mice showed normal body growth and fertility. Although testis weight and morphology
were normal in testes from adult mice, examination of young mice during the first wave of spermatogenesis
revealed that testes were ~10% smaller in weight at 40 and 45 days of age but had become normal at 65 days
of age. Overall protein content, levels of ubiquitinated proteins, and ubiquitin-conjugating activity did not
differ between wild-type and homozygous (—/—) mice. Spermatid number, as well as the motility of sperma-
tozoa isolated from the epididymis, was also normal in homozygous (—/—) mice. To determine whether the
germ cells lacking UBC4-testis might be more sensitive to stress, testes from wild-type and knockout mice were
exposed to heat stress by implantation in the abdominal cavity. Testes from both strains of mice showed similar
rates of degeneration in response to heat. The lack of an obvious phenotype did not appear to be due to
induction of other UBC4 isoforms, as shown by two-dimensional gel immunoblotting. Our data indicate that
UBC4-testis plays a role in early maturation of the testis and suggest that the many UBC4 isoforms have mixed

redundant and specific functions.

Spermatogenesis is a complex developmental process in
which undifferentiated stem cells become committed to the
spermatid lineage and then pass through the spermatocyte
stages, during which DNA replication and genetic recombina-
tion occur. The subsequent two divisions of meiosis generate
haploid round spermatids, which then finally differentiate into
mature elongated spermatids (reviewed in reference 5). This
last process involves condensation and removal of much of the
cytoplasm, including structures such as the endoplasmic retic-
ulum. New structures such as the acrosome, manchette, and
flagellum are assembled to confer some of the distinct and
essential functions of spermatozoa. In addition, there is a ma-
jor reorganization of the chromatin into a tighter structure by
replacement of histones initially by transition proteins and
ultimately by protamines (reviewed in references 11 and 13).
The molecular mechanisms regulating these dramatic transfor-
mations remain unclear. Elements of the apoptotic pathway
may be involved (1). Removal of the residual body from the
spermatid occurs as a result of phagocytosis by Sertoli cells (16,

* Corresponding author. Mailing address: Polypeptide Laboratory,
Department of Medicine, McGill University, Strathcona Anatomy and
Dentistry Bldg., Rm. W315, 3640 University, Montreal, Quebec, Can-
ada H3A 2B2. Phone: (514) 398-4101. Fax: (514) 398-3923. E-mail:
simon.wing@mcgill.ca.

6346

23). However, the mechanisms by which the reduction of cy-
toplasmic volume occurs to generate the residual body remain
unclear.

Recent evidence indicates that the ubiquitin system plays a
role in this developmental process. The posttranslational con-
jugation of ubiquitin to proteins is now recognized to play an
important role in many cellular processes. The attachment of
polyubiquitin chains to proteins targets them for recognition
and degradation by the proteasome (reviewed in reference 7).
In addition, monoubiquitination of proteins mediates nonpro-
teolytic functions of ubiquitin, such as intracellular trafficking
to other organelles, regulation of transcription, or modification
of chromatin (reviewed in references 6, 17, and 24). We have
previously shown that ubiquitin conjugation is activated during
spermatogenesis and that this activation of conjugation is de-
pendent on the UBC4/UBCS family of ubiquitin-conjugating
enzymes (E2s) (20). In yeast, the UBC4/UBCS enzymes are
essential for the degradation of short-lived and abnormal pro-
teins and are responsible for the bulk of steady-state ubiquiti-
nation in the yeast cell (25). Thus, these enzymes are good
candidates for the involvement in the large-scale degradation
of proteins occurring during sperm maturation. We therefore
cloned a family of rat E2 isoforms that are homologous to the
Saccharomyces cerevisiae E2s UBC4/UBCS (27, 28). Although
these rat isoforms are >90% identical in their amino acid
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sequences, one of the isoforms has several distinct properties.
This UBC4-testis isoform (27) (previously referred to as the
8A isoform of E2,,,) is unique in being testis and spermatid
specific. Indeed, its expression is only apparent at the mRNA
level in round spermatids, although the protein product per-
sists into elongating spermatids. Structurally, unlike the other
isoforms, which have a basic pI, UBC4-testis has an acidic pl.
Although UBC4-testis and the constitutive isoform UBC4-1
can both support in vitro ubiquitination by some ubiquitin
protein ligases (E3s) (18), for other E3s the two isoforms are
quite distinct (3; S. S. Wing, unpublished observations). Since
E3s are the substrate recognition components of the pathway,
such differential interactions with E3s should lead to different
patterns of conjugation of ubiquitin to proteins. Indeed, con-
sistent with this partially overlapping panel of interacting E3s,
UBC4-testis can support conjugation to proteins found in
some fractions of testis proteins but not all those supported by
the constitutive UBC4-1 isoform (27). Since the specific ex-
pression and induction in the testis and the distinct biochem-
ical properties of UBC4-testis suggested a unique role during
spermatogenesis, we explored this possibility by inactivating
the gene in the mouse by homologous recombination.

MATERIALS AND METHODS

Cloning of the UBC4-testis gene. The UBC4-testis gene was isolated from a
mouse sv129 genomic library in lambda phage kindly supplied by J. Rossant. The
library was screened with a probe derived from the 3 prime noncoding region of
the UBC4-testis cDNA because a coding region probe would also detect other
UBCH4 isoforms. DNA was isolated from positive clones and subcloned into
pBluescript and analyzed by sequencing and restriction enzyme analysis. This
determined that the UBC4-testis gene is intronless (Fig. 1A). Since there are
intron-containing paralogs, this suggests that the UBC4-testis gene may be a
retrogene. Examination of various mammalian genome sequences as they be-
came available indicated that UBC4-testis is found in mouse and rat genomes but
appears not to be in human, chimpanzee, dog, frog, and fish genomes. This does
not necessarily indicate that UBC4-testis lacks functional importance since it is
expressed in spermatids during a period of extensive remodeling. Since the
ultimate shapes of spermatids differ in various mammalian species, UBC4-testis
could play an important role in such species specific remodeling.

Generation of mice lacking the UBC4-testis gene. An ~4-kb BgllI/Ncol frag-
ment of 5" flanking genomic sequence and an ~2.2-kb BglII/Xbal fragment of 3’
flanking genomic sequence were subcloned downstream and upstream, respec-
tively, of the neomycin resistance gene in the pNT vector. In addition, the
thymidylate kinase gene was placed on the opposite side of the 5’ flank to also
permit negative selection (Fig. 1A). After linearization of the plasmid, the DNA
was electroporated into RS1 embryonic stem (ES) cells (kindly supplied by J.
Rossant). Growth of the cells in the presence of G418 and FIAU selected for the
presence of the neomycin resistance gene and the absence of the thymidylate
kinase gene (15), events that would occur as a result of homologous recombi-
nation across the two flanks. This homologous recombination results in replace-
ment of the segment of the UBC4-testis gene encoding amino acid residues 2 to
126 with the neomycin resistance cassette. In the unlikely event that any of the
UBCH4-testis transcript could still be translated, this deletion in the UBC4-testis
gene product would result in an inactive enzyme since it removes 124 of the 147
residues, including all conserved elements making up the active site. Approxi-
mately 16% of the resistant clones screened were found to have undergone the
appropriate homologous recombination. Cells from two different clones were
then injected into mouse blastocysts and reimplanted in pseudopregnant female
BALB/c mice. Chimeric male mice were backcrossed with BALB/c females to
identify mice in whom germ line transmission of the mutant allele had taken
place. These heterozygotes were backcrossed with BALB/c mice for a minimum
of seven generations before they were used in studies. For these studies, het-
erozygotes were mated to obtain homozygous knockout males and wild-type
littermates.

Protein analyses and assays. For Western blot analyses of testis proteins with
anti-ubiquitin or anti-UBC4 antibodies, testes were sliced and homogenized in
10 ml of 0.25 M sucrose, 50 mM Tris (pH 7.5), 5 mM N-ethylmaleimide, and 1
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mM EDTA/g of tissue by using a Polytron tissue disruptor. N-Ethylmaleimide
was included to inactivate deubiquitinating enzymes and thereby preserve en-
dogenous ubiquitinated proteins. The extracts were centrifuged sequentially at
10,000 X g for 10 min and 100,000 X g for 1 h. The pellets from these centrif-
ugations were solubilized in 25 mM Tris (pH 7.5)-2% sodium dodecyl sulfate
(SDS). Ubiquitinated proteins were detected in the final supernatant, as well as
the pellet fractions with anti-ubiquitin antibodies (Sigma). To identify various
isoforms of UBC4, two-dimensional gel electrophoresis was performed, followed
by transfer to nitrocellulose membranes and standard Western blotting. First-
dimension isoelectric focusing was done by using 7-cm pH 3 to 10 IEF gel strips
(Amersham Pharmacia) on an IPGphor isoelectric focusing apparatus (Amer-
sham Pharmacia).

For enzymatic assays, testes were sliced and homogenized in 5 ml of 25 mM
Tris (pH 7.5), 1 mM dithiothreitol, 0.25 M sucrose, I mM EDTA, and protease
inhibitors (leupeptin at 10 pg/ml, pepstatin A at 10 wg/ml, and 1 mM phenyl-
methylsulfonyl fluoride)/g of tissue in a Potter-Elvehjem homogenizer. Protein
content was determined by either the Bradford method or the bicinchoninic acid
method. The lysates were clarified by centrifugations at 7,000 X g and 100,000 X
g, and the remaining supernatants were frozen at —80°C until used. Rates of
ubiquitination in these extracts were measured by incubating 25 pg of testis
proteins in 20 pl of 50 mM Tris (pH 7.5), 1 mM dithiothreitol, 2 mM MgCl,, 2
mM AMPPNP, 5 uM ubiquitin aldehyde, and 5 pM '?*I-ubiquitin (~3,000
cpm/pmol [radiolabeled by chloramine T]). AMPPNP will support ubiquitination
but not proteasome-mediated degradation of ubiquitinated proteins since ubig-
uitin-activating enzyme converts ATP to AMP (8), but the proteasome converts
ATP to ADP. Ubiquitin-aldehyde will prevent loss of the ubiquitinated protein
products by deubiquitinating enzymes (12, 19). Reactions were incubated at 37°C
for 10 min (conditions under which the assay is known to be linear) (19) and
quenched with Laemmli sample buffer. The reaction products were resolved
from free ubiquitin by electrophoresis on SDS-10% polyacrylamide gels, stained
with Coomassie blue, and then dried. The gels were exposed to film, and then the
lanes were cut and counted in a gamma counter to quantitate the incorporated
125]-labeled ubiquitin.

RNA analysis. Total RNA was prepared from testes either by guanidinium
isothiocyanate solubilization followed by centrifugation on a cushion of CsCl (2)
or by the phenol-guanidinium isothiocyanate extraction method (4). Both meth-
ods yielded similar amounts of RNA from this tissue. Northern blots were
prepared and probed with *?P-labeled probes as previously described (27).

Surgical cryptorchidism and histological analyses. Under general anesthesia,
mice of ~100 days of age were subjected to laparotomy. After identification of
both testes, one testis was sutured via its perigonadal fat pad to the lowest rib of
the thoracic cage. The other was returned to the scrotum. The abdominal cavity
was closed, and animals were sacrificed at various days up to 10 days postsurgery.
The testes were quickly isolated, weighed, and immersed in Bouin’s preservative.
After dehydration with progressively increasing concentrations of ethanol, the
testes were sectioned and analyzed by hematoxylin-eosin staining.

To identity apoptotic cells, sections were subjected to TUNEL (terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) staining by
using the ApopTag peroxidase in situ apoptosis detection kit (Chemicon). Testes
sections were processed in accordance with the manufacturer’s protocol and then
counterstained with Harris modified hematoxylin solution. All round tubules
were identified in the sections, and the stained cells were counted. Sequential
sections from each testis were completely analyzed until at least 40 tubules from
each animal were examined (average, 60 tubules per animal).

Sonication-resistant spermatid number and sperm motility. To count sper-
matids, each frozen testis was homogenized in 5 ml of 0.9% NaCl, 0.5% Triton
X-100, and 0.01% thimerosal by using the Polytron tissue disruptor. The sus-
pensions were filtered through a nylon mesh filter (Nitex 70). The spermatid
heads in the filtrate were then counted by using a hemacytometer. For motility
analyses, sperm were isolated from the cauda epididymis by cutting it while
immersed in M199 medium containing 0.5% (wt/vol) bovine serum albumin and
adjusted to pH 7.3-7.4. Once the sperm cells were released, the epididymis was
removed, and the sperm cells were incubated at 37°C for at least 5 min to permit
their dispersal. Aliquots were then diluted 10-fold in the same warmed media
and analyzed by using a Hamilton Thorn sperm analyzer.

RESULTS

Generation of mice lacking the UBC4-testis gene. Transfec-
tion of the ES cells with the targeting vector resulted in correct
homologous recombination in 16% of clones that grew in the
presence of G418 and FIAU. Correct homologous recombina-
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FIG. 1. Inactivation of the mouse UBC4-testis gene. (A) Design of targeting vector for inactivation of the mouse UBC4-testis gene. The
UBC4-testis gene is intronless. Shaded flanking regions were subcloned around a neomycin resistance gene in the pNT vector, which also contains
a thymidylate kinase gene (TK) for positive selection. The linearized targeting vector was transfected into ES cells and homologous recombination
selected for by using G418 and FIAU. Shown on the structure of the homologous recombinant are the positions of the 5’ probe for Southern
analysis, the R3, R8 primers used for PCR screening and the 3’ noncoding probe used for Northern analysis. Arrows indicate directions of gene
transcription. (B) Screening of resistant clones by Southern analysis and by PCR. Homologous recombination with the targeting vector results in
a new 6-kb fragment when genomic DNA is digested by KpnlI (arrows on homologous recombinant in panel A) and probed with a 5" probe and
in amplification of a 2-kb DNA fragment with primer R8 from the 3’ flank and primer R3 from the neomycin resistance gene. (C) Northern analysis
of testis RNA from wild type, heterozygous, and homozygous (—/—) mice using a probe derived from the 3’ noncoding region of the UBC4-testis
gene. Homozygous (—/—) mice lack the ~1.0-kb UBC4-testis transcript but reveal instead a larger transcript that is due to transcription through
the larger neomycin resistance cassette. (D) Two-dimensional gel electrophoresis of testis proteins from wild-type and knockout mice, followed
by immunoblotting with anti-UBC4 antibodies reveals the presence of the acidic UBC4-testis isoform (arrow) in the wild-type mice but absent from

the homozygous (—/—) mice.

tion was confirmed by both PCR and Southern analysis (Fig.
1A and B). In addition, disruption of the UBC4-testis gene was
confirmed by Northern blotting (Fig. 1C). To avoid cross bind-
ing to other UBC4 isoforms which have very similar coding
region sequences, a probe specific to the UBC4-testis gene was
obtained by using 3’ noncoding sequence (27). In RNA from
the homozygous (—/—) mice, the usual ~1.4-kb UBC4-testis
transcript was now lost compared to samples from wild-type

and heterozygous mice. Heterozygous and homozygous (—/—)
mice, however, demonstrated the presence of a larger tran-
script. This represents RNA transcripts arising from transcrip-
tion from the endogenous UBC4 promoter through the neo-
mycin resistance gene (in reverse orientation) and back into
the region encoding the 3’ noncoding sequence, which was not
deleted by the homologous recombination. The homologous
recombination resulted in deletion of codons 2 to 126 of
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TABLE 1. Normal fertility, testis size, and protein content in UBC4
wild-type and knockout mice®

Mean *= SEM (n)

Parameter
UBC4 (+/+) UBC4 (—/-)
Litter size (no. of pups) 7.7 =06 (9) 8.1*+09(11)
Testis wt (mg) 102 = 2 (10) 96 =2 (11)
Testis protein (mg/testis) 93+1(5) 10.8 = 0.4 (4)

Soluble testis protein (mg/testis) ~ 2.60 £ 0.24 (7)  2.95 = 0.12(8)

“ Wild-type or knockout male mice were mated with wild-type females, and the
sizes of the litters were determined. Testis weights and soluble testis proteins
(measured in supernatants of the extracts centrifuged at 100,000 X g) were
determined for 15-week-old mice. Total testis proteins were determined by
homogenizing testes from 11-week-old mice and determining the protein content
in the crude extracts. n, number of animals studied.

UBCA4-testis, removing 85% of the protein coding potential of
the wild-type gene. This deletion includes the loops containing
the highly conserved residues 76 to 96 that contribute critical
parts of the active site, including the essential cysteine that
forms the thiol ester linkage with ubiquitin. Two-dimensional
gel electrophoresis, followed by immunoblot analysis, was per-
formed to confirm the absence of UBC4-testis protein in ho-
mozygous (—/—) mice (Fig. 1D). Analysis of testis protein
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from wild-type animals revealed the presence of four immu-
noreactive spots at ~17 kDa. The spot migrating most acidicly
did correspond to the predicted pl of 5.4 for UBC4-testis. It
was a quantitatively minor isoform, representing ~10% of the
total UBC4 immunoreactivity. This spot was, as expected, ab-
sent in samples from homozygous (—/—) mice.

Effects of loss of UBC4-testis on fertility, testis development,
and morphology. Mice lacking UBC4-testis grew normally
(data not shown). Since the gene appears to be expressed only
in the testis, we focused our search for a phenotype on this
tissue and its functions. The fertility of the male knockout mice
appeared normal (Table 1). Therefore, testes were analyzed
for more specific defects. Overall, masses of the testes were
similar between adult wild-type and homozygous (—/—) mice.
The testes were subjected to histological analyses. Both sper-
matogenesis and spermiogenesis appeared to be normal in the
mice lacking UBC4-testis (Fig. 2).

To evaluate this further and to detect possible defects in
testis development, testes were analyzed at early time points
after birth during the first wave of spermatogenesis (Fig. 3).
The weights of the testes increased normally from day 15 to
day 30. However, at days 35, 40, and 45, the mean combined
testis weights from knockout mice were 9, 10, and 8% less,

FIG. 2. Inactivation of the UBC4-testis gene does not affect spermatogenesis in adult testis. Shown are representative sections of the testis
stained with hematoxylin-eosin at stages VII and XII from wild-type (WT) and homozygous (KO) mice.
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FIG. 3. Inactivation of the UBC4-testis gene results in a delay in
the postnatal development of the testis. Testes weight is significantly
decreased at days 40 and 45 in homozygous mice compared to wild-
type mice. At the indicated days after birth, testes were removed and
weighed. The means * the standard error (SE) of 5 to 13 mice are
given. Significant differences were identified by two-way analysis of
variance. [J, P < 0.01. KO, homozygous; WT, wild type.

respectively, than the testis weights from wild-type animals,
with the difference being of borderline statistical significance at
35 days (P = 0.06) and clearly significant at days 40 and 45
(P < 0.01). Subsequently, the differences disappeared as testes
from 65-day-old mature mice (and 105-day-old mice [data not
shown]) were similar in weight between wild-type and knock-
out mice. To explore whether the differences in testis weights
were due to a delay in spermatid maturation in the knockout
mice, histologic sections of the testis during development were
analyzed. No reproducible differences were observed in sec-
tions from wild-type or knockout mice at 40 days of age (Fig.
4A) or at 35 and 45 days of age (data not shown). To explore
whether the differences might be due to increased apoptosis
during spermatogenesis in the knockout mice, testis sections
were subjected to analysis by TUNEL staining. The numbers of
apoptotic cells were similar in knockout and wild-type mice at
both 35 and 40 days of age (Fig. 4B).

Effects of loss of UBC4-testis on ubiquitination in the testis.
Since a major function of ubiquitination is the targeting of
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proteins for degradation, we assessed protein content in the
testis as well as overall rates of ubiquitination. Protein content
was similar in testes from wild-type and knockout mice (Table
1). Previously, we had observed that UBC4 isoforms together
are responsible for the major part of the ubiquitination activity
in testis extracts (20). Therefore, to evaluate whether UBC4-
testis contributes a significant part to this ubiquitination activ-
ity, we measured rates of ubiquitination in extracts prepared
from testes of wild-type and homozygous (—/—) mice. Rates
were similar in both strains (Fig. 5A). Since proteins suscepti-
ble to ubiquitination in these extracts may not reflect exactly
the ubiquitinated substrates found in the steady state in vivo,
we measured levels of endogenous ubiquitinated proteins by
using anti-ubiquitin antibodies. Since ubiquitination of pro-
teins is now recognized to occur in membrane compartments,
we analyzed samples from both soluble proteins and from
solubilized pellets from centrifugations of the extracts at
10,000 X g and 100,000 X g. The levels of ubiquitinated pro-
teins were similar between the two strains (Fig. 5b). We there-
fore measured UBC4 protein levels in the testis. Because of
the identical size and high degree of sequence similarity be-
tween the many isoforms, only the total levels of the UBC4
isoforms together can be obtained from one-dimensional im-
munoblotting. Such analysis revealed that the total UBC4 lev-
els were similar between wild-type and knockout mice (data
not shown). This is not surprising since UBC4-testis only ac-
counts for ~10% of the total UBC4 immunoreactivity (Fig.
1D), and such a difference is within the error of such measure-
ments. Nevertheless, to evaluate for possible induction of other
isoforms of UBC4, samples were analyzed by two-dimensional
gel electrophoresis, followed by immunoblotting to resolve the
various UBC4 isoforms. As expected UBC4-testis expression
was absent from knockout animals (Fig. 1D). Levels of the
remaining isoforms appeared similar (Fig. 1D), and their quan-
titation did not reveal any significant differences between wild-
type and knockout animals (data not shown). Similarly, North-
ern blot analyses with probes specific for several other UBC4
gene transcripts (27, 28) did not reveal any induction in testis
of knockout mice (data not shown).

Sperm number and motility. Although the size and devel-
opmental morphology in the adult testis appeared normal, it is
possible that defects were present at a physiological level that
would be obvious only by examining closely more mature germ
cells, including those from the epididymis. First, we tested for
any differences in the number of spermatids as determined by
counting the number of sonication-resistant spermatids in tes-
tis (Table 2). The numbers of spermatids were similar between
the two groups. We then assessed for possible defects in mo-
tility. The percentages of motile sperm, as well as their move-
ment characteristics—path velocity, progressive velocity, or
curvilinear velocity, and lateral amplitude movements—were
similar in sperm from wild-type or UBC4-testis knockout mice.

Response of the testis to heat stress of cryptorchidism. Our
analyses to this point of mice lacking UBC4-testis only identi-
fied a developmental delay and did not reveal any defects in
the adult testis under normal healthy conditions. However, it
remains possible that the response to a stress in the testis may
be defective. A frequently used model of stress of the testis is
that of cryptorchidism. When placed in the higher-temperature
environment of the abdominal cavity, all germ cell types except
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Post-natal
day number

Frequency of apoptotic
cells (avg. #/tubule + SE)

WT KO

35

0.88+0.11 | 1.13+0.14

40

0.76 +0.16 | 0.64+0.14

FIG. 4. (A) Morphology of spermatogenesis appears normal in the testis of wild-type and UBC4-testis homozygous mice at day 40 of life.
Shown are representative sections of the testis stained with hematoxylin-eosin at stages VII and XII. (B) Rates of apoptosis in the testis are similar
in wild-type and UBC4-testis homozygous mice at days 35 and 40. Testis sections were subjected to TUNEL staining, and the numbers of apoptotic
cells per tubule were determined (n = 5 for each group at day 40, n = 9 for each group at day 35.). KO, homozygous; WT, wild type.

spermatogonia become depleted in the testis largely through
death by apoptosis. Since different cell types have different
sensitivity to heat stress, a certain temporal profile for deple-
tion occurs. We therefore implanted one of the two testes in
the abdominal cavity in both wild-type and mutant mice. An-

imals were killed at various time points, and the size and
morphology of the cryptorchid testis were compared to that of
the testis in the scrotum. Initially, the cryptorchid testis gains
weight relative to the normal testis, and this is likely due to the
acute inflammation that takes place in the heat-stressed testis.
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FIG. 5. Overall ubiquitination of testis proteins is similar in wild-
type (WT) and UBC4-testis homozygous (KO) mice. (A) Rates of in
vitro ubiquitination were measured by incubation of testis extracts with
125T.]abeled ubiquitin. Reaction products were resolved of free ubig-
uitin by SDS-polyacrylamide gel electrophoresis. Coomassie blue-
stained gels were dried and exposed to film, and then the lanes of the
gels were cut and counted in a gamma counter to quantitate the
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TABLE 2. Comparison of UBC4 +/+ and —/— animals®

Mean = SEM
Parameter
UBC4 (+/+) UBC4 (—/-)

Testis sperm count (10%testis) 27.8 £ 2.1 27.7*13
% Motility 88+ 4 872
Motility (path velocity [mm/s]) 176 + 16 169 =9
Motility (progressive velocity or 146 = 14 138 £ 8

straight-line velocity [mm/s])
Motility (track speed or 284 =24 263 = 14

curvilinear velocity [mm/s])
Motility (lateral amplitude [mm]) 7.7+0.9 7.1+0.5

“ Testis sperm counts were determined as the number of sonication-resistant
spermatids. For motility studies, sperm were isolated from the cauda epididymus
and analyzed in a Hamilton-Thorn analyzer. Values are the means of four +/+
and five —/— animals.

The testis mass then diminishes steadily in the cryptorchid
testis as the germ cells disintegrate. Both wild-type and mutant
mice displayed similar time courses for the disappearance of
testis mass (Fig. 6).

DISCUSSION

We have reported here the creation and extensive morpho-
logical, biochemical, and functional characterization of mice
lacking a spermatid-specific ubiquitin-conjugating enzyme.
Adult knockout mice were fertile and showed normal testes
weights, spermatid number, protein content, and rates of ubiq-
uitination. In vitro analyses of sperm showed no evident de-
fects in motility compared to sperm from wild-type mice. Even
when subjected to the heat stress of cryptorchidism, the tem-
poral profile of loss of germ cells was not significantly different
from wild-type mice.

However, the knockout mice did manifest a subtle delay in
postnatal development during the first wave of spermatogen-
esis. This developmental defect was apparent at days 40 and 45
of life but resolved by day 65. Although this defect was subtle,
it appears to be a real finding. Large numbers of mice derived
from crosses of different heterozygous parents over a period of
2 years were analyzed at these time points to render it very
unlikely that these findings were spurious. Furthermore, het-
erozygous mice showed a defect intermediate between wild-
type and mutant mice, a finding consistent with a gene dosage
effect. Although differences were statistically significant only at
days 40 and 45, it should be noted that at day 35 the mean of
the knockout group was also less than the mean of the wild-
type group, but the P value of the difference was borderline
(0.06). The likelihood that differences would occur by chance
in three consecutive time points when UBC4-testis is normally
expressed in wild-type mice would be very remote.

These findings indicate a role for UBC4-testis in regulating
testis maturation. This is consistent with our previous finding
that UBC4-testis is induced in round spermatids beginning at
day 25 of life (27). However, in the adult testis, there was no

radioactivity incorporated into proteins. (B) Endogenous ubiquiti-
nated proteins were detected by immunoblotting with anti-ubiquitin
antibodies. Detection was by use of '*’I-labeled secondary antibody,
and quantitation was done by phosphorimager analysis.
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FIG. 6. Inactivation of UBC4-testis does not affect the rate of tes-
ticular involution in response to cryptorchidism. Wild-type (WT) or
knockout (KO) mice were subjected to unilateral surgical cryptorchid-
ism in which one of the testes was sutured to a lower rib. At the
indicated times, mice were killed, and the cryptorchid and normal
testis were isolated and weighed. The ratios of cryptorchid to normal
testis weights = the SE were plotted. There were no significant differ-
ences between the wild-type and knockout animals.

evidence of abnormal distribution of germ cell types and in
particular no prolongation of duration in the evolution of
round into elongating spermatids, as might be revealed by a
loss of the normal pattern of cells seen at each stage of sper-
matogenesis (Fig. 4). This shows that UBC4-testis is not re-
quired per se for spermatogenesis. Instead, it may have a
specific role in promoting the evolution of the first wave of
spermatogenesis. Due to the small differences between the
testes of wild-type and knockout mice, it has been very difficult
to explore further the cellular and biochemical bases for the
differences.

Alternatively, UBC4-testis may play a role in regulating the
postnatal growth of the testis. Possibly, during the first wave of
spermatogenesis, UBC4-testis positively regulates the function
of a specific factor that promotes the growth of the testis or it
negatively regulates an inhibitor of such evolution. Presum-
ably, UBC4-testis does so by interacting with specific ubiquitin
protein ligases that preferably interacts with it as opposed to
other UBC4 isoforms. The catch up to the normal size with
time suggests that other UBC4 isoforms may interact weakly
with this ubiquitin protein ligase(s) and therefore be less ef-
fective at mediating ubiquitination with these putative li-
gase(s). However, over time, an equivalent amount of ubiquiti-
nation is completed and a catch up in maturation occurs. Up to
now we have not been able to identify any such UBC4-testis
specific ligases. We have only identified some ligases, such as
ARNIP/Pirh2 (3) and SCF®* ™8P (Y. Ben-Neriah and S. S.
Wing, unpublished observations), which function with the
ubiquitous UBC4-1 but not UBC4-testis. Therefore, we cannot
rule out at this time that these differences are due to a gene
dosage effect occurring in isoforms with redundant functions.
Overall, UBC4 levels do increase during the elongation of
spermatids (20) and so by mass action could increase ability to
bind and support weaker interacting ligases or simply replace
the loss of the UBC4-testis isoform. These other UBC4 iso-
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forms are highly similar to UBC4-testis with 91 to 93% amino
acid identity so such overlapping or replacement function
would not be surprising.

Taken together, our biochemical and genetic data support
the concept that highly similar isoforms are not necessarily
redundant. For example, markedly reduced expression of
UBCM4 (the mouse ortholog of human UBCH?7), an isoform
more distantly related to UBC4/UBCS, leads to a defect in
implantation of the embryo (9). Similarly, there are two iso-
forms of UBC2 (HHR6A and HHR6B) that are 96% amino
acid identical (14). They show ubiquitous expression in all cells
studied to date, and there is no evidence of any differences in
biochemical function between these two isoforms. However,
when HHR6B is inactivated in the mouse, it leads to male
infertility due to incomplete spermatogenesis (22). The mutant
mice manifest a heterogeneous population of abnormal sper-
matids. Interestingly, inactivation of the HHR6A isoform in
the mouse does not lead to male infertility but female infer-
tility due to an apparent defect in progression of embryos past
the two cell stage (21). Although these results could be due to
gene dosage effects due to relatively high expression of
HHRG6A in oocytes and HHR6B in spermatids, these findings
could also be due to specific functions of the two isoforms. In
support of this latter possibility, the putative ligase cyclophilin
CYC4/hCyP-60 requires HHR6B but not HHR6A (10),
whereas another RING ligase, Rfpl4, interacts with HHR6A
but apparently not HHR6B in a yeast two-hybrid screen (26).

With the availability of sequences of various genomes, it is
clear now that for several of the yeast ubiquitin-conjugating
enzymes such as UBC2 and UBC4/UBCS, there are multiple
orthologous genes in the mammalian genomes. Our data sug-
gest that these isoforms can serve redundant complementary
functions but, in addition, may also have specific roles that help
meet the more complex functional requirements of higher or-
ganisms.
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