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ABSTRACT: A gene coding a novel human RAD23B protein named
RAD23-like protein B, presumably involved in spermatogenesis, was
identified and characterized using a complementary DNA (cDNA)
microarray. In the human testis, its expression was 2.33 times higher
than it was in the embryo testis, with a particularly high expression
in ejaculated human spermatozoa. The full length of this gene is
1548 bp, and the putative protein is 338 amino acids long. This pro-
tein is homologous to RAD23B, which is one of two human homo-
logs of Saccharomyces cerevisiae RAD23, and is involved in both
nucleotide excision repair (NER) and ubiquitin (Ub)-dependent pro-

teolysis. However, RAD23-like protein B lacks the Ub-like (UbL) do-
main that functions as a proteasome localization signal. Multiple-
tissue expression profile of the messenger RNA (mRNA) that en-
codes the RAD23-like protein B also showed that it is highly ex-
pressed in the human testis and in ejaculated spermatozoa. Our
present study indicates that this novel alternative splicing form of
RAD23B is correlated with human spermatogenesis.
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RAD23B is one of two human homologs of the Sac-
charomyces cerevisiae nucleotide excision repair

(NER) gene product RAD23 and a component of a pro-
tein complex that specifically complements the NER de-
fect of xeroderma pigmentosum group C (XP-C) cell ex-
tracts in vitro. Most NER gene difficulties cause a marked
decrease in survival (De Laat et al, 1999). In contrast, the
deletion of the yeast RAD23 gene results in intermediate
sensitivity to UV light (Watkins et al, 1993), suggesting
that its product plays a regulatory role. An amino acid
(aa) sequence comparison of the yeast RAD23 and its
mammalian homologs showed the existence of at least 4
distinct domains that are well conserved among these pro-
teins (van der Spek et al, 1996). First, this class of pro-
teins is predominantly characterized by a ubiquitin-like
(UbL) sequence at the amino terminus. This UbL domain
can bind to the proteasome, and the removal of this do-
main from the yeast RAD23 prevented interaction with
the proteasome and was associated with increased sensi-
tivity to UV light (Watkins et al, 1993; Schauber et al,
1998). The second and fourth domains from the amino
terminus are Ub-associated (UBA) domains, suggesting
the involvement of RAD23 in certain pathways of Ub
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metabolism (Hofmann and Bucher, 1996). By deletion
and truncation analysis of the recombinant RAD23 pro-
tein, the third domain, the stress-induced phosphoprotein
(STI1), has recently been found to be responsible for
binding the XP-C protein (Masutani et al, 1997).

Ubiquitination is likely one of the most versatile cel-
lular regulatory mechanisms controlling physiologic and
pathologic events. A variety of elements involved in the
Ub-dependent proteolysis system have been detected in
the testis, epididymis, and seminal plasma (Baarends et
al, 1999; Bebington et al, 2001). The activity of the Ub
system is relatively high during spermatogenesis. Thus, it
can be implicated in protein degradation/recycling or the
elimination of defective cells as well as apoptosis, not
only during spermatogenesis but also during later epidid-
ymal maturation (Sutovsky et al, 2003).

Using a high-throughput adult testis complementary
DNA (cDNA) microarray that was prepared by our lab-
oratory, a comparison of the genes expressed in the em-
bryo, adult testis, and human ejaculated spermatozoa was
made. We report a novel isoform of RAD23B, named
RAD23-like protein B, which is expressed both in the
adult and embryo testis although much more strongly in
the adult than in the embryo. Compared to RAD23B, the
RAD23-like protein B lacks a UbL domain. Furthermore,
the expression profile of the messenger RNA (mRNA)
that encodes for RAD23-like protein B indicates that it is
highly expressed in the testis and in ejaculated sperma-
tozoa. The present results also suggest that the encoded
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Figure 1. Partial complementary DNA (cDNA) hybridization images showing the differential expression of the gene for the RAD23-like protein B product
in the (left) embryo testis, (center) adult testis, and (right) spermatozoa. White rings indicate RAD23-like protein B cDNA. The intensity in embryo
testis, adult testis, and spermatozoa was 77.46, 180.26, and 190.44, respectively.

protein of the gene for RAD23-like protein B influences
spermatogenesis by a Ub-dependent proteolytic pathway.

Materials and Methods

Samples
Consent forms were signed by all participants, and approval to
conduct this research was granted by the ethics committee of
Nanjing Medical University before sample collection was begun.
Human adult testes were obtained from deceased people. Em-
bryo testes were obtained from accidentally aborted 6-month fe-
tuses. Human ejaculates were obtained from healthy volunteers
of proven fertility and of normal semen quality as assessed by
World Health Organization criteria (1999) (ie, .20 3 106 sper-
matozoa/mL with more than 50% active sperm, more than 25%
sperm moving forcefully in 1 direction [rapid and linearly pro-
gressive], and less than 1 lymphocyte per high-power field [403
magnification]).

Preparation of the Human Testis cDNA Microarray
A total of 9216 positive phage clones were chosen randomly
from the Human Testis Insert phage l cDNA library (clontech,
Hl5503U) and were amplified by polymerase chain reaction
(PCR). Then, the PCR products were spotted on the membrane
to create a human testis cDNA microarray. The detailed methods
were identical to those previously described (Cheng et al, 2002;
Sha et al, 2002).

Screening of Genes Differentially Expressed in Embryo
Testis, Adult Testis, and Human Ejaculated Spermatozoa
The adult testis cDNA microarray was hybridized with 33P-la-
beled cDNA probes from the embryo testis, adult testis, and
human ejaculated spermatozoa. Then, sequence identification
and data analysis were performed (Cheng et al, 2002; Zhou et
al, 2002).

Tissue Distribution of the mRNA That Encodes for
RAD23-Like Protein B
The screening experiments identified a novel gene named
RAD23-like protein B in the human testis. The tissue distribution

of the mRNA that encodes for RAD23-like protein B was de-
termined using PCR. Human testis and ejaculated spermatozoa
total RNAs were isolated using Trizol reagent (GIBCO), and
cDNAs were amplified using reverse transcriptase (RT)-PCR in
our laboratory. Multiple-tissue cDNA panels, including 16 kinds
of human tissue (heart, brain, placenta, lung, liver, skeletal mus-
cle, kidney, pancreas, spleen, thymus, prostate, testis, ovary,
small intestine, colon, and blood leukocytes), were purchased
from Clontech (K1420-1 and K1421-1). The primers of the gene
for the RAD23-like protein B were as follows: F
59TTAGCCGCTTAGTTCCCAG39 and R 59GGTCACCA-
TAACCACCAC39. The PCR product size was 240 bp. G3PDH
(glyceraldehyde 3-phosphate dehydrogenase) and b-actin were
used as positive controls. PCR was performed according to the
manufacturer’s instructions, and conditions were as follows: de-
naturation at 948C for 30 seconds, annealing at 628C for 30 sec-
onds, and extension at 728C for 30 seconds. The first cycle had
a denaturation period of 5 minutes. The last cycle had an exten-
sion period of 7 minutes. Thirty-five cycles were performed, and
the PCR products were analyzed after electrophoresis.

Results

cDNA Microarray Hybridization
After hybridization and data analysis, the genes that were
differentially expressed in human adult and embryo testes
were considered related to testis development and sper-
matogenesis. Altogether, 386 Unigene clusters were iden-
tified. Of these, 68 Unigene clusters were identified as
having novel alternative splicing forms in the microarray
(see http://www.reprod-lab.net/). RAD23-like protein B is
just the novel alternative splicing form of RAD23B. The
hybridization intensity of the mRNA that encodes for
RAD23-like protein B in the adult testis, embryo testis,
and ejaculated spermatozoa was 180.26, 77.46, and
190.44, respectively (Figure 1). Obviously, the mRNA
that encodes for RAD23-like protein B was expressed in
both the adult and embryo testis, but the expression level
in the adult testis was about 2.33-fold higher than that in
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Figure 2. Nucleic acid and deduced amino acid sequences of the com-
plementary DNA (cDNA) for the RAD23-like protein B gene. The initiation
and stop codons are in italic type. The 2 ubiquitin-associated (UBA) do-
mains are boxed, and the stress-induced phosphoprotein (STI1) domain
is underlined.

embryo testis. Furthermore, the mRNA that encodes for
RAD23-like protein B was highly expressed in ejaculated
spermatozoa. On the basis of what has already been de-
scribed, we predicted that the protein encoded by the al-
ternatively spliced mRNA would be related to spermato-
genesis.

Features of cDNA and Its Deduced Protein
The nucleotide acid length of the gene for RAD23-like
protein B was 1548 bp. The putative protein was 338 aa
(Figure 2). A blast search in the human genome database
localized the RAD23-like protein B gene to 9q31–q32.
This gene possessed 10 exons (Figure 3). Analysis of
the aa sequence using SMART software (http://smart.
embl-heidelberg.de/) revealed that the encoded protein
had 2 UBA domains and 1 STI1 domain (Figure 2). The
first UBA domain was located at 118–155 aa, and the
second was located at 294–331 aa. The gene for the
RAD23-like protein B product has GenBank accession
number AY313777.

Homologous Comparison Between RAD23-Like
Protein B and RAD23B
Blast searches showed that the gene for RAD23-like pro-
tein B was highly homologous to the gene for RAD23B
(GenBank accession number NMp002874). The cDNA for
RAD23-like protein B is shorter than that for RAD23B,
indicating that the 2 cDNAs were transcripted from the
same DNA and that they then underwent alternative splic-
ing. A splicing comparison of the 2 cDNAs showed that
both have 8 identical exons in the middle of their cDNAs.
The differences were at the first and last exons (Figure
3). Because the nucleic acids differed, the sequences of
proteins differed. Like RAD23-like protein B, RAD23B
also contains 2 UBA domains and 1 STI1 domain. But
RAD23B has a UbL domain added at its amino-terminal
end (Figure 4).

Tissue Distribution of the mRNA That Encodes for
RAD23-Like Protein B
PCR and electrophoresis showed that the mRNA that en-
codes for RAD23-like protein B was widely expressed in
human tissues, with a high expression level occurring in
the human testis and ejaculated spermatozoa (Figures 5
and 6). Almost no expression signal was detected in the
human ovary, indicating that this alternative splice prod-
uct is involved only in male reproduction.
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Figure 3. A transcript and splicing comparison between the genes for
RAD23-like protein B and RAD23B. The 8 identical exons are shown
with black rectangles. Differences are shown with empty rectangles.

Figure 4. A comparison of the protein domains of RAD23-like protein B
and RAD23B. A black oval indicates the ubiquitin-like (UbL) domain. A
larger black ellipse indicates ubiquitin-associated (UBA) domain. A black
rectangle indicates the stress-induced phosphoprotein (STI1) domain.

Discussion

Recently, a testis cDNA microarray was used to identify
the genes related to testis development and spermatogen-
esis. A RAD23B-like gene, named the RAD23-like pro-
tein B gene, was identified. Our present data showed that
cDNA microarray analysis was an efficient method for
identifying testis gene expression profiles (Sha et al,
2002); additionally, RAD23-like protein B was shown to
be a UbL protein that may influence spermatogenesis by
a Ub-dependent proteolytic pathway.

The RAD23 protein was originally isolated during a
screening for UV-sensitive mutants (Haynes and Kunz,
1981) and was the first UbL protein identified in yeast
(Watkins et al, 1993). Previous studies have shown that
the RAD23 protein inhibits multi-Ub chain formation and
the degradation of proteolytic substrates (Ortolan et al,
2000). Multi-Ub chains are required for the degradation
of most proteolytic substrates and are recognized by spe-
cific subunits in the proteasome. Further research has
been conducted to investigate which domain is responsi-
ble for this action. Chen et al (2001) generated RAD23
mutants that were expressed in yeast as fusions to glu-
tathione S-transferase (GST), and they thereafter carried
out ubiquitination assays in vitro. Both GST-RAD23 and
GST-DubLRad23 (a mutant lacking UbL) could bind Ub
and showed potent inhibitory activity, whereas GST-UbL
(which contained only the UbL domain) had no effect.
Then, they investigated the interaction between Ub and
GST-UBA1 and GST-UBA2 fusion proteins. A significant
interaction was detected with GST-UBA1 in one study,
and a weaker binding was noted with GST-UBA2 in an-
other. All of the above results demonstrated that both
UBA domains contributed to the functioning of RAD23,
and they interacted with ubiquitinated substrates to inhibit
the expansion of a nascent multi-Ub chain. The subse-
quent translocation of the tethered substrates to the pro-
teasome, next to the UbL domain, could facilitate deg-
radation by proteasome-associated E2 and E3 factors (Xie
and Varshavsky, 2000). The UbL domain was not re-
quired for RAD23/Ub binding or for inhibiting multi-Ub
chain formation, and so it may function primarily as a
proteasome localization signal.

Besides the above research, Ng et al (2002) constructed
the mouse homolog of RAD23B-deficient mice. They dis-
covered that a disruption of the mouse RAD23B gene

resulted in severely compromised phenotypes, such as
mice with impaired embryonic development and intra-
uterine death, retarded growth, facial dysmorphology, and
especially male sterility. A knockout of the mouse
RAD23B gene caused defective spermatogenesis, which
resulted in the absence of developing germ cells and a
phenotype similar to that of the Sertoli cell–only syn-
drome. Mouse RAD23B genes are expressed in all mouse
tissues and organs, but they show enhanced mRNA levels
in the testis (van der Spek et al, 1996); thus, this gene
could be crucial to germ cell development, and the loss
of the encoded proteins might have specific gonadal con-
sequences.

RAD23-like protein B is homologous to RAD23B, but
it lacks the UbL domain at its amino terminus. Based on
the previous research by Chen et al (2001), we can spec-
ulate that the RAD23-like protein B has a similar function
to that of RAD23B, because they both have 2 UBA do-
mains that contribute to the functioning of the entire pro-
tein, indicating that the RAD23-like protein B interacts
with a ubiquitinated substrate to inhibit the expansion of
a nascent multi-UbL chain and ultimately inhibits the
degradation of proteolytic substrates. On the other hand,
the mRNA of the RAD23-like protein B was highly ex-
pressed in the human adult testis but not in the human
ovary. This is good evidence that the RAD23-like protein
B is as involved in male germ cell development as is
RAD23B. To further illustrate its function, we explore its
location in the human testis. Although ejaculated sper-
matozoa are terminally differentiated cells, some studies
have suggested that the mRNAs seen in mature sperma-
tozoa are remnants of untranslated stored mRNA and that
they provide a historic record of spermatogenesis (Miller
et al, 1994). The mRNA of RAD23-like protein B is high-
ly expressed in normal ejaculated spermatozoa, and so we
think this is a historic record of the function of RAD23-
like protein B in spermatogenesis (ie, the gene for
RAD23-like protein B may be translated at some time
during spermatogenesis and may play an important role
at that time).

Recent results from the human genome project indicate
that fewer genes than originally thought are necessary to
express the complexity seen in human cells, such as germ
cells. The limited numbers of gene products available in
a cell must therefore perform diversified functions (Bal-
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Figure 5. Tissue distribution of (a) RAD23-like protein B with (b) glyceraldehyde 3-phosphate dehydrogenase (G3PDH) as the control as shown by
electrophoresis. RAD23-like protein B was widely expressed in human tissues, with a high expression level in the human testis. G3PDH was expressed
in all tissues. Ma indicates marker; He, heart; Br, brain; Pl, placenta; Lu, lung; Li, liver; Sk, skeletal muscle; Ki, kidney; Pa, pancreas; Sp, spleen; Th,
thymus; Pr, prostate; Te, testis; Ov, ovary; Si, small intestine; Co, colon; and Pb, P. blood leukocyte.

Figure 6. The expression of RAB23-like protein B in the human adult testis and spermatozoa with b-actin as the control as shown by electrophoresis.
RAD23-like protein B was highly expressed in both tissues as the result of hybridization. Ma indicates marker; R, RAD23-like protein B; and A, b-
actin.

timore, 2001). Ub and UbL proteins are prime examples
of such strategies. They control the degradation of sub-
strates that are as diverse as cyclins, viral envelope pro-
teins, and plasma membrane receptors. Ub-dependent
proteolysis plays a proven role in germ cell differentiation

inside the testicular seminiferous tubules and in cell cycle
control throughout spermatogenesis, such as the dramatic
reduction of cytoplasmic volume and the replacement of
the spermatid’s nuclear histones by transition proteins,
followed by permanent substitution with protamines dur-
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ing spermatid elongation (Chen et al, 1998; Oko and Cler-
mont, 1998). It is well known that our bodies’ mecha-
nisms are balanced by homeostasis. So, although ubiqui-
tination is relatively high in spermatogenesis, proteins
must also exist that inhibit ubiquitination to maintain a
healthy balance (Sakks et al, 1999). The mRNA that en-
codes for RAD23-like protein B is highly expressed in
human adult testis and spermatozoa; hence, perhaps its
purpose is that of a protein inhibitor that competes for
the binding of Ub in order to prevent Ub-dependent pro-
teolysis.

Spermatozoa must be normal and must function nor-
mally to ensure successful fertilization and embryonic de-
velopment; thus, during mammalian spermatozoa matu-
ration, defective sperm must be eliminated (Rajapurohi-
tam et al, 2002; Toshimori, 2003). A series of experiments
showed that both normal and defective sperm carry in-
trinsic, constitutively ubiquitinated substrates; however,
only the defective sperm become surface ubiquitinated
during epididymal passage and subsequently phagocy-
tosed by the epididymal epithelial cells (Sutovsky et al,
2001). Because RAD23-like protein B is expressed in
ejaculated spermatozoa and because normal sperm escape
ubiquitination and maintain their functional structure dur-
ing their maturation in the epididymis, we speculate that
many proteins play a functional role in this process. The
RAD23-like protein B may be only one of these proteins
that maintain normal sperm structure and function by in-
hibiting Ub-dependent proteolysis.

In summary, the encoded protein of RAD23-like pro-
tein B, with the high level of expression of its mRNA in
the human adult testis and spermatozoa, may play an im-
portant role in spermatogenesis and later sperm matura-
tion by inhibiting Ub-dependent proteolysis. Further study
is required for a better understanding about the exact role
that the encoded protein of RAD23-like protein B plays
in the mechanism and regulation of spermatogenesis.
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