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Abstract

Post-translational modification by ubiquitin and ubiquitin-related proteins plays critical roles in
protein degradation and in regulation of essential cellular processes. In mammals, transcription grinds
to a halt during late spermiogenesis due to compaction of the spermatid genome, which creates a
special need for robust post-transcriptional regulation. Here we report the finding of a novel mouse
ubiquitin-like protein, UBL4B. Ubl4b is a testis-specific autosomal gene. Ubl4b lacks introns and
evidently arose from an X-linked intron-bearing housekeeping gene, Ubl4a, by retroposition during
mammalian evolution. While Ubl4a is expressed throughout spermatogenesis, Ubl4b is restricted to
post-meiotic germ cells. Ubl4a is highly conserved, but Ubl4b has undergone rapid evolution and
may have evolved new functions. Our data suggest that evolution of Ubl4b is not due to meiotic sex
chromosome inactivation (MSCI). Alternatively, origination of Ubl4b was due to MSCI, but
Ubl4b eventually evolved to be restricted to post-meiotic germ cells.
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1. Results and discussion

Protein modification by ubiquitin regulates diverse cellular processes (Schwartz and
Hochstrasser, 2003). Ubiquitin is a highly conserved 76-amino acid (aa) protein tag. Covalent
modification of proteins by multiple ubiquitin tags usually targets proteins for degradation.
However, mono-ubiquitination often modulates protein functions in a non-proteolytic manner.
In addition, a number of ubiquitin-like proteins (UBLSs), such as SUMO and NEDDS, have
been found to covalently modify other proteins (Schwartz and Hochstrasser, 2003). In contrast
to small protein modifiers such as phosphoryl and acetyl groups, ubiquitin and UBLSs are much
larger and thus can dramatically alter protein conformation and protein-protein interactions.
Ubiquitin is important in the regulation of spermatogenesis, including modifications of histone
and mitochondria (Bebington, et al., 2001). SUMO-1, a ubiquitin-related factor, might be
involved in many aspects of spermatogenesis as well (Vigodner and Morris, 2005). Both
ubiquitin and SUMO-1 are widely expressed. Here we report the identification and
characterization of a novel testis-specific ubiquitin-like protein, UBL4B and its ancestral gene
product, UBL4A.
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1.1 Ubl4b is aretroposed homologue of Ubl4a

Tex15 is a testis- and ovary-specific gene of unknown functions (Wang, etal., 2001). In asearch
for TEX15-interacting proteins, we identified a novel ubiquitin-like protein by yeast two-
hybrid. This new protein is homologous to UBL4A (ubiquitin-like 4A) and thus is referred to
as UBL4B. However, the function of UBL4A is unknown (Toniolo, et al., 1988). Interestingly,
the Ubl4a gene consists of three introns, but Ubl4b lacks introns, suggesting that Ubl4b
originated from Ubl4a by retro(trans)position during evolution (Fig. 1A). While Ubl4a maps
to the X chromosome, Ubl4b is autosomal (on mouse Chr. 3). Both proteins harbor the 72-aa
ubiquitin domain, which is conserved in ubiquitin and ubiquitin-like proteins (Schwartz and
Hochstrasser, 2003). UBL4A and UBL4B consist of 157 aa and 188 aa respectively, and are
44% identical at the protein sequence level (Fig. 1A). However, Ubl4b displays no significant
homology with Ubl4a at the nucleotide level, suggesting that their sequences are highly
diverged.

1.2 Testis-specific expression of Ubl4b

In the mammalian genome, retroposed genes are very common, but most of them are
transcriptionally silent (Lander, et al., 2001, Venter, et al., 2001). To determine whether
Ubl4b is expressed, we performed RT-PCR on mRNAs from multiple mouse tissues including
testis. Our studies show that Ubl4a is ubiquitously expressed but Ubl4b is testis-specific (data
not shown). We raised antibodies against recombinant UBL4A and UBL4B respectively.
Western blot analysis confirmed the ubiquitous pattern of UBL4A and testis-specificity of
UBLA4B (Fig. 1B). The apparent molecular weight of UBL4A is 15 kD and that of UBL4B is
20 kD. In addition, these antibodies were specific to UBL4A or UBL4B and did not show
cross-reactivity (Fig. 1B).

1.3 Ubl4b is specifically expressed in post-meiotic male germ cells

To determine whether transcription of Ubl4a and Ubl4b is developmentally regulated during
spermatogenesis, we examined their expression in juvenile testes by northern blot analysis.
We found that Ubl4a was expressed at a relatively constant level during postnatal development
of testis (Fig. 2A). In contrast, Ubl4b is not expressed in testes of days 14, 16, and 18, when
the most advanced germ cells are spermatocytes, suggesting that Ubl4b is not expressed during
male meiosis. Ubl4b begins to express at day 24, when round spermatids first appear. These
data demonstrate that Ubl4b is transcribed post-meiotically in male germ cells in a manner
similar to that of the Prm1 (protamine 1) gene (Fig. 2A).

We then examined the relative levels of transcripts in different spermatogenic cell populations
by RT-PCR (Fig.2B). The expression level of Ubl4a is comparable in spermatogonia, early
spermatocytes (preleptotene through zygotene) and round spermatids. In contrast, the transcript
level of Ubl4a in pachytene spermatocytes is sharply reduced, suggesting that transcription of
Ubl4a is subject to MSCI. As expected, Ubl4b is only expressed in round spermatids

Furthermore, we examined the relative protein levels of UBL4A and UBL4B in juvenile testes.
Western blot analysis shows that the abundance of UBL4A is relatively constant (Fig. 2C). In
contrast, the UBL4B is first detected in testes of day 28, when round spermatids differentiate
into elongating spermatids, suggesting that UBL4B is restricted to late spermiogenesis.

1.4 Differential localization of UBL4A and UBL4B in male germ cells

To determine the subcellular localization of UBL4A and UBL4B in male germ cells, we
immunostained adult testis sections with anti-UBL4A and anti-UBL4B antibodies.
Immunofluorescence analysis reveals that UBL4A is a cytoplasmic protein. UBL4A is present
in both somatic cells (Leydig cells and Sertoli cells) and germ cells (spermatogonia,
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spermatocytes and spermatids) (Fig. 3A). In contrast to the ubiquitous distribution of UBL4A,
UBLA4B is a germ cell-specific cytoplasmic protein (Fig. 3C). UBL4B is not present in somatic
cells (Leydig cells or Sertoli cells). Furthermore, UBL4B is present in elongated spermatids,
but not in spermatocytes and round spermatids (Fig. 3C), suggesting that UBL4B function is
restricted to late spermiogenesis. In addition, we performed immunostaining of epididymal
sperm (online supplementary data Fig. S1). The anti-UBL4A antibodies appeared to weakly
stain the sperm tail (both middle and principal pieces) and the periphery of the sperm head. By
contrast, anti-UBL4B antibodies gave rise to a strong staining of the middle piece but a weak
staining of the principal piece.

Expression of UBL4B depends on the stages of seminiferous tubules. Spermatogenesis in mice
is divided into 12 stages, each of which consists of a unique association of differentiating germ
cells (Russell, et al., 1990). To precisely determine when UBL4B is translated, we immuno-
stained testis sections with anti-UBL4B antibodies, anti-ACRV1 (acrosomal vesicle protein
1) antibodies, and DAPI. ACRV1 (previously known as SP-10) is an acrosomal component
(Reddi, et al., 1995). According to the morphology of acrosomes and nuclei, the stage of
seminiferous tubules can be determined. Our results show that UBL4B is present in Step 13
spermatids at an extremely low level (Fig. 4A). The abundance of UBL4B dramatically
increases in Step 14 spermatids (Fig. 4B), and the high level of UBL4B persists in elongated
spermatids of Steps 15 and 16 (Fig. 4C, D). At the conclusion of Stage VIII, Step 16 spermatids
are released from the seminiferous epithelium. In the subsequent Stage 1X, UBL4B is not
observed in elongating spermatids of Step 9 (Fig. 4E). A low level of UBL4B is not observed
until in spermatids at Step 12 (Fig. 4F). In summary, UBL4A is present in all types of germ
cells (Fig. 5A). UBL4B is not observed in spermatogonia, spermatocytes, or spermatids of
Steps 1-11. UBL4B is present in spermatids of Steps 12 and 13 at an extremely low level.
However, UBL4B is abundant in spermatids of Steps 14-16 (Fig. 5B).

1.5 Ubl4b retroposition predates the separation of human and marsupial lineages

To determine when the Ubl4b retroposition occurred during evolution, we searched for
Ubl4b orthologues in other mammalian genomes. We identified the human UBL4B gene
(NM_203412). The UBL4B gene maps to the same syntenic region between mouse and human
and, as expected, is flanked by the same genes (ALX3 and SLC6AL17) in both species. We also
found UBL4B orthologues in chimpanzee, dog, cattle, and opossum. These data suggest that
the Ubl4b retroposition probably occurred at least 170 million years ago, prior to the radiation
of therian mammals (Fig. 6A).

To determine whether Ubl4b has undergone rapid evolution, we analyzed the rates of non-
synonymous substitution (Ka) and synonymous substitution (Ks) (Li, 1993). A nucleotide
substitution in protein-coding regions is synonymous or silent if it causes no amino acid change.
Non-synonymous substitutions refer to both missense and nonsense mutations. The Ka/Ks ratio
of the Ubl4b orthologues in most cases is substantially higher than that of the Ubl4a orthologues
(Fig. 6B), suggesting that the Ubl4b gene has evolved more rapidly. In addition, the Ka/Ks
ratio of Ubl4b is consistently < 1, indicating that the UBL4B protein, like UBL4A, has been
subject to purifying selection.

A number of X-derived mammalian retrogenes have been reported (Wang, 2004). A recent
genome-wide survey has identified a large number of putative new X-derived retrogenes in
humans and mice (Emerson, et al., 2004). These studies demonstrate an excess of retroposition
from the X chromosome. It has been hypothesized that the driving force behind preferential
X-originated retroposition is the meiotic sex chromosome inactivation (MSCI) (McCarrey and
Thomas, 1987, Emerson, et al., 2004, Wang, 2004). During male meiosis of mammals, sex
chromosomes are sequestered into a so-called “XY” body and become transcriptionally
inactive. By contrast, autosomes are transcriptionally active. Due to MSCI, some X-linked
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house-keeping genes have evolved autosomal “backup” testis-specific genes by retroposition.
In support of the MSCI hypothesis for the evolution of X-derived retrogenes, most known
testis-specific retrogenes initiate transcription during male meiosis (McCarrey and Thomas,
1987, Dahl, et al., 1990, Sedlacek, et al., 1999, Elliott, et al., 2000, Dass, et al., 2001, Bradley,
et al., 2004, Rohozinski and Bishop, 2004).

However, two lines of evidence suggest that evolution of the Ubl4b retrogene might not be due
to MSCI. First, the UBL4A protein persists throughout spermatogenesis including meiosis.
Despite MSCI, the UBL4A protein level in meiotic germ cells is not decreased, suggesting that
the UBL4A protein has a long half-life. Second, Ubl4b is transcribed post-meiotically and the
UBLA4B protein is detected in elongated spermatids but not in spermatocytes. However, the
Ubl4b expression level or protein level in spermatocytes might be below the detection limit of
our methods (northern blotting, western blotting, and immunofluorescence). Alternatively, the
original evolution of Ubl4b could be due to MSCI. Once established as a functional gene,
Ubl4b subsequently diverged from Ubl4a and became restricted to post-meiotic germ cells.

2. Experimental procedures

2.1 Production of polyclonal antibodies

The entire mouse Ubl4a coding region was cloned in the pQE-30 vector (QIAGEN). The
6xHis-UBL4A (1-157aa) fusion protein was expressed in E. coli and affinity purified with Ni-
NTA resin. The full-length mouse UBL4B (188 aa) was expressed as a GST fusion protein in
E. coli using the pGEX4T-1 vector and affinity purified with glutathione sepharose. The
UBLA4B moiety was released from the fusion protein by enzymatic cleavage with thrombin and
recovered for immunization. Purified 6xHis-UBL4A and UBL4B were used to immunize
rabbits (Cocalico Biologicals, Inc). Antiserum was used for western blot analysis (1:500).

2.2 Northern blot and RT-PCR analysis

Total RNAs were extracted from mouse tissues by using TRIzol reagent (Invitrogen). 20 pg
total RNAs were electrophoresed on a 1% agarose/formaldehyde gel, transferred to a
GeneScreen Plus nylon membrane (PerkinElmer), pre-hybridized in Rapid-hyb Buffer
(Amersham Biosciences) for 1 hour at 65°C, hybridized with 32P-labeled DNA probes for 1-
2 hours at 65°C, and washed. The hybridized blot was exposed to Kodak BioMax MR film
(Eastman Kodak). Probes were labeled with [a-32P]dCTP using Ready-To-Go DNA Labeling
Beads kit (Amersham Biosciences). In Fig. 2A, the same blot was re-used for hybridization.
The blot was stripped of the previous probe, and was hybridized with a different gene probe.

Populations of cells highly enriched for specific spermatogenic cell types were the same as
previously used (Wang, et al., 2005). A semi-quantitative RT-PCR technique was used for
expression analysis as previously described (Wang, et al., 2005). Poly(A)* RNAs were used
for reverse transcription (RT). To avoid saturation of PCR, products were removed after various
cycles of PCR (25-35 cycles) and analyzed by agarose gel electrophoresis. Each RT-PCR was
done twice with similar results. Controls without reverse transcriptase were done in parallel
and were negative (data not shown). The following gene-specific primers were used: Actb,
AGAAGAGCTATGAGCTGCCT and TCATCGTACTCCTGCTTGCT; Pgk2,
AAGTTTGATGAGAATGCTAAAGT and CCTCCTCCTATAATGGTGACA,; Ubelx,
TGTCCACACCCACTTACT and GCACTCTGCAACTCCTGG; Prm1,
ACAAAATTCCACCTGCTCACA and GTTTTTCATCGGCGGTGGC; Ubl4a,
GGAATGTAGCCTACAGGT and CATAGCCTCAGTCACTTCAG,; Ubl4b,
GAAGATGCAGCCTGAAGGTA and CTCGAGTTCCGATGCAACA.
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2.3 Immunofluorescence analysis

Mouse testes were fixed in 4% paraformaldehyde (PFA) for 3 hours at 4°C, dehydrated in 30%
sucrose overnight, submerged in tissue freezing medium, and frozen in dry ice/95% ethanol
bath. 8-um sections were cut using the Reichert-Jung CryoStat at —20°C. For immunostaining
of testis sections, specific anti-UBL4A or anti-UBL4B antibodies were affinity-purified using
the immunoblot method (Harlow and Lane, 1998). Guinea pig anti-ACRV1 antibodies were
used to stain acrosomes (1:500). Texas red or FITC-conjugated secondary antibodies were used
(Vector Laboratories). The care and use of mice were within standard ethical guidelines and
were approved by the Institutional Animal Care and Use Committee at University of
Pennsylvania.

2.4 GenBank accession numbers

Ubl4a sequences: mouse, NM_145405; human, NM_014235; cattle, XM_580675; dog,
XM_538208; opossum, DQ522240. Ubl4b sequences: mouse, NM_026261; human,
NM_203412; cattle, XM_607835; dog, XM_537036; opossum, DQ522241.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ubl4b is a testis-specific retrogene. (A) Comparison of the exon/intron structures of mouse
Ubl4a and Ubl4b. Exons 1 and 4 of Ubl4a are labeled. Introns and exons are drawn to scale.
Coding region is shown in hatch pattern and black. The hatched region indicates the ubiquitin
(UBQ) domain. There is little sequence identity between Ubl4a and Ubl4b at the nucleotide
level. (B) Western blot analysis of UBL4A and UBL4B in mouse tissues. Bacterially expressed
recombinant UBL4A and UBL4B were specifically recognized with respective antibodies
(data not shown). Western blotting with pre-immune sera was negative (data not shown).
Molecular weight markers are shown in kD.
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Fig. 2.

Differential expression of UBL4A and UBL4B during spermatogenesis. Postnatal juvenile
testes were collected. The number of days after birth was indicated. (A) Northern blot analysis.
ATTT serves as a ubiquitous gene control. Prm1 is a post-meiotically expressed germ cell-
specific gene. (B) RT-PCR expression analysis using germ cell preparations. Relative levels
of transcripts among different germ cell types were assayed by RT-PCR. Four control genes
were used as previously described (Wang, et al., 2005). In addition to Actb and Prm1, Pgk2
initiates transcription at the onset of meiosis. Ubelx is a control for undergoing MSCI as
previously documented (Odorisio, et al., 1996). A: type A spermatogonia; B: type B
spermatogonia; PL: preleptotene spermatocytes; LZ: leptotene plus zygotene spermatocytes;
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PS: adult pachytene spermatocytes; RS: round spermatids. (C) Western blot analysis. 30 pg of

testicular protein extracts for each sample was used. Molecular weight standards were marked
in kD.
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Fig. 3.

Subcellular localization of UBL4A and UBL4B in male germ cells. Adult mouse testis sections
were immunostained with anti-UBL4A or anti-UBL4B antibodies (both shown in red). Nuclear
DNA was stained with DAPI. (A) UBL4A is distributed in the cytoplasm of all germ cells. (C)
Localization of UBL4B is restricted to elongating spermatids. Panels B and D are identical to
Panels A and C, respectively, except that nuclei staining alone is shown to distinguish among
different testicular cell types. PS, pachytene spermatocytes; RS, round spermatids; ES,
elongating spermatids. Scale bar, 50 um
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Fig. 4.

Stage-dependent distribution of UBL4B in mouse spermiogenesis. (A-F) Expression of
UBLA4B in representative tubules. Testis sections were immunostained with anti-UBL4B
antibodies (red, indicated by arrow heads), anti-ACRV1 (green, indicated by arrows), and
DAPI (blue). Anti-UBL4B antiserum did not show cross reactivity with UBL4A (Fig. 1C).
The morphology of acrosomes (stained by anti-ACRV1 antibodies) and nuclei (stained by
DAPI) was used to determine the stages of seminiferous tubules. The stage number is shown
in roman numerals. The Arabic number in parenthesis designates the step of most advanced
spermatids. Elongated spermatids are multiple layers of germ cells located in the lumen of
seminiferous tubules. (D, E) Comparison of two adjacent tubules at Stages VIII and IX. As
Step 16 spermatozoa are released from the seminiferous epithelium in Stage VIII, UBL4B is
not observed in the subsequent Stage IX tubules. Scale bar, 50 pm.
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Fig. 5.

Summary of UBL4A and UBL4B protein localization during spermatogenesis. Expression of
UBL4A and UBLA4B protein is shown in red. Stages (I-X11) of spermatogenesis are shown at
the bottom. Representative types of germ cells are indicated. SG, spermatogonia; PL,
preleptotene spermatocytes; L, leptotene; Z, zygotene; P, pachytene; D, diplotene; M,
metaphase spermatocyte; RS, round spermatid; ES, elongating spermatid.
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Fig. 6.

Evolution of the Ubl4b retrogene. (A) Timing of the Ubl4b retroposition. The timescale was
drawn as described previously (mya, million years ago) (Kumar and Hedges, 1998). By
searching the genomic sequence databases, we identified the Ubl4b orthologues in opossum,
mouse, cattle, dog, orangutan, and human. (B) Ka/Ks ratios calculated from pairwise
comparisons in five species. Calculation was performed for Ubl4a and Ubl4b separately. The
cDNA sequences of Ubl4a and Ubl4b orthologues were retrieved from GenBank. The opossum
Ubl4a cDNA sequence was electronically predicted from genomic sequences generated by
Broad Institute (Cambridge, MA, USA). The coding sequences were aligned using CLUSTAL
W (Jeanmougin, et al., 1998). The Ka/Ks ratios were calculated according to Li’s method as
implemented in the GCG software (Li, 1993).
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Supplementary Figure S1.

Localization of UBL4A and UBL4B in epididymal sperm. Sperm from epididymis were fixed
in 4% PFA and were immunostained with affinity-purified anti-UBL4A (green) or anti-UBL4B
antibodies (green) and DAPI (blue). (A) Anti-UBL4A antibodies weakly stained both sperm
tail and periphery of sperm head. (B) Anti-UBL4B antibodies produced a strong staining of
the middle piece and a relatively weak staining of the principal piece. Two sperm were shown
in (B). The arrows demarcate the possible junction between the middle piece and principal
piece.
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