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Temperature-related sequence 4 (Trs4) has been identified as a testis-specific gene with expression sen-
sitive to the abdominal temperature changes induced by artificial cryptorchidism. In murine testes, Trs4
mRNA was detected in round spermatids and its protein was localized mainly in the elongating sperma-
tids as well as in the acrosomes and tails of mature spermatozoa. Using a yeast two-hybrid screening sys-
tem, we identified Rshl-2, Gstmu1, and Ddc8 as putative binding partners of the Trs4 protein in mouse
testes. Their interactions were confirmed by in vivo and in vitro binding assays. Further studies demon-
strated that Ddc8, a newly identified gene with unknown functions, displayed a similar expression pat-
tern with Trs4 in mouse testes. In particular, Trs4, Ddc8, and Rshl-2 proteins were co-localized to the
tails of mature spermatozoa. These results suggested that Trs4 might be involved in diverse processes
of spermiogenesis and/or fertilization through interactions with its multiple binding partners.

� 2009 Published by Elsevier Inc.
T 33
57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76
U
N

C
O

R
R

E
CIntroduction

Spermatogenesis is a complex process involving mitosis in sper-
matogonia, meiosis in spermatocytes and dramatic morphological
changes to spermatids leading to the production of ciliated mature
spermatozoa. This is a highly regulated process in which many tes-
tis-specific genes are involved [1]. It is estimated that about 4% of
the genes in the mouse genome are testis-specific: most are tran-
scribed in round spermatids but are not translated until the pro-
teins are needed in later stages [2]. A number of highly
specialized strategies for gene regulation are adopted during sper-
matogenesis, including a unique chromatin reorganization pro-
gram, the use of distinct promoter elements and specific
transcription factors [3]. Defective spermatogenesis is a major
cause of human male infertility [4], so elucidating the functions
of these testis-specific genes will not only help in understanding
the mechanism of spermatogenesis, but might also allow the
development of novel treatments for male infertility [2].

Spermatocytes and spermatids are very sensitive to many inter-
nal and external stresses. For example, they undergo apoptosis in
response to hyperthermia [5,6]. Spermatogenesis occurs in the tes-
tes at temperature 4–5 �C lower than the body core temperature in
most mammals. Patients with testes in the abdomen cavity (crypt-
Elsevier Inc.

S. Han), +86 10 64807038 (Y.-

x@ioz.ac.cn (Y.-X. Liu).

., Male germ cell-specific protei
orchidism) suffer from spermatogenetic impairments, which can
be restored by bringing the cryptorchid testes surgically back to
the scrotum [7]. We and others have used animal models to study
the effect of artificial cryptorchidism or heat shock on spermato-
genesis [8,9] and two novel heat-sensitive genes from rat sperma-
tids, T6–441 and Afaf were identified [10,11]. Using a cryptorchid
rat model, we have isolated an expressed sequence tag (EST) in
rat testes, named Trs4 (temperature-related sequence 4) [12]. Here
we report the cloning and expression pattern of Trs4 and its inter-
action with proteins including Rshl-2, Ddc8, and Gstmu1 in mouse
testes. We hypothesize that Trs4 might be involved in diverse pro-
cesses of spermiogenesis and/or fertilization through interactions
with its multiple binding partners.
77

78

79

80

81
Methods

Animal experiments. Sprage–Dawley (SD) rats and CD-1 mice
were obtained from the Experimental Animal Center, Chinese
Academy of Sciences. All animals were treated in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and all
protocols were approved by the Committee of Animal Care and
Use of the Institute of Zoology, Chinese Academy of Sciences. The
procedure for artificial cryptorchidism was performed as described
before [12].

Reagents. If not stated otherwise, all reagents for cell culture were
purchased from Invitrogen (Carlsbad, CA) and Sigma–Aldrich (St.
Louis, MO). The Matchmaker library construction and screening
n Trs4 binds to multiple proteins, Biochem. Biophys. Res. Commun. (2009),
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kit, SMART RACE cDNA Amplification Kit and Matchmaker Co-IP kit
were purchased from Clontech (BD Biosciences. San Jose, CA). Anti-
green fluorescent protein (GFP) monoclonal antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
Flag monoclonal antibody was purchased from Sigma–Aldrich.

Rapid amplification of 50- and 30-cDNA ends. Total RNAs from
adult SD rat and CD-1 mice testes were extracted to synthesize
complementary DNA (cDNA). Rapid amplification of 50 and 30 com-
plementary DNA ends (RACE) was performed using SMART RACE
cDNA Amplification Kits. Domain and motif analysis followed the
annotations of the NCBI Conserved Domain Database (http://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). Multiple se-
quence alignment was performed using the EBI ClustalW service
(http://www.ebi.ac.uk/Tools/webservices/services/clustalw).

Recombinant protein expression and polyclonal antibody produc-
tion. The mouse Trs4 cDNA fragment (amino acids 31–101) and
mouse Ddc8 cDNA fragment (amino acids 182–282) were sub-
cloned in-frame into the pET21b(+) vector with the C-terminal
tagged with His6 peptide. His-tagged fusion protein was then ex-
pressed in Escherichia coli strain BL21 and purified using a HisTrap
FF column (Amersham Pharmacia. Piscataway, NJ). The antibodies
were produced and purified as described [11].

Northern blotting, in situ hybridization, and reverse transcription-
polymerase chain reaction (RT-PCR). Total RNAs from multiple adult
rat tissues were extracted for Northern blotting and RT-PCR analysis.
The primer pairs, 50-TTG CTT CCA TCG GGA GAC ATA G-30 and 50-CGT
GTT TAT CCC ACC TGA CCA T-30 were used to synthesize probes for
Northern blotting and in situ hybridization as described [10]. The
same primers were also used to detect mRNA expression in rat testes
by RT-PCR. Sertoli and Leydig cells from adult mice were prepared by
two-step enzymatic digestion and cultured as described [13]. Total
RNAs from mouse testes at different stages of development, the cul-
tured primary testicular cells and the GC2-spd spermatocyte cell
lines were extracted for RT-PCR analysis. The primer pairs 50-aaa
ttg agg ttg gag tgg ga-30 and 50-ATA CGA GCA GCG GAT CTA TG-30,
50-GAC CAC CTT AGG ACA AGA TTG-30 and 50-TCC TGC CAC TCT
GCC TTT AAC-30, were used to detect Trs4 and Ddc8 mRNA expression
in mouse testes by RT-PCR, respectively.

Confocal fluorescence and immunohistochemistry. The whole cod-
ing sequence of mouse Trs4 cDNA was cloned in-frame into pEGFP-
N1 to construct a Trs4-GFP recombinant plasmid. The Trs4-GFP-fu-
sion protein was expressed in HeLa cells using Lipofectamine 2000
transfection reagent. Anti-Trs4 antibody (1:500) and TRITC-conju-
gated anti-rabbit secondary antibody (1:200) were used for indi-
rect immunostaining. To investigate the localization of Trs4 and
Ddc8 proteins in mature spermatozoa, mouse cauda epididymidis
was isolated and incubated in DMEM medium. The dissociated
sperm were collected and smeared on glass slides. After fixing
and blocking, the slides were incubated with anti-Trs4 or anti-
Ddc8 antibodies (1:400) or preimmune rabbit serum (negative
control). Subsequently, the slides were incubated with FITC-conju-
gated anti-rabbit secondary antibody (1:200). The nuclei were
counterstained with 40,6-diamidino-2-phenylindol (DAPI) and the
images were captured using a laser confocal microscope (Zeiss).
Immunohistochemistry was performed as described [11].

Yeast two-hybrid screening. Yeast two-hybrid screening was per-
formed using the Matchmaker library construction and screening
kit with some modifications [14]. Two bait plasmids, T1 encoding
the N-terminal 407 amino acids of mouse Trs4 (22–428) and T2
encoding the C-terminal 500 amino acids of mouse Trs4 (281–
780) were constructed.

Coimmunoprecipitation. To confirm their interactions in vivo,
cDNA fragments of mouse Trs4 bait plasmid T2 and its interacting
proteins were subcloned into pFlag-CMV4 and pEGFP-N1 vectors
to construct Flag and GFP-tagged plasmids, respectively. The
Flag-Trs4 was overexpressed in HEK293T cells with each of its
Please cite this article in press as: Y.-Q. Shi et al., Male germ cell-specific protei
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GFP-tagged interacting proteins using Lipofectamine 2000. Total
protein lysates of the cells were incubated with anti-GFP antibody
or rabbit immunoglobulin (IgG) for 2 h at 4 �C, followed by incuba-
tion with protein A coated agarose beads overnight at 4 �C. The
agarose beads and captured protein complexes were washed six
times and suspended in SDS sample buffer for immunoblotting
with anti-GFP (1:1000) or anti-Flag (1:2000). In vitro binding as-
says were performed using the TNT� Quick Coupled Transcrip-
tion/Translation Systems (Promega, Madison, WI) and
Matchmaker Co-IP kit as described before [14].

Western blot analysis. Equal amount of protein (50–100 lg total
protein/lane) were loaded and separated by SDS–PAGE. After the
proteins were transferred to polyvinylidene fluoride (PVDF) mem-
branes, the membranes were blocked and incubated with primary
antibodies, followed by incubation with HRP-conjugated second-
ary antibody. Proteins were visualized by Enhanced Chemilumi-
nescence kit (Pierce. Rockford, IL).

Statistics. Band intensities were analyzed and normalized with
internal controls. Values are represented as means ± SEM of three
separate experiments. Statistical analysis was performed using
SPSS (version 13.0; SPSS Inc., Chicago, IL) and one-way ANOVA
was used to analyze the data in different groups; P < 0.05 was as-
sumed significant.

Results

Cloning and sequence analysis of Trs4

The sequence of rat Trs4 (GenBank Accession No.: DQ132434)
was obtained by RACE and sequence analysis showed that rat
Trs4 has a full length of 2370 nucleotide acids encoding a putative
protein of 790 amino acids. Multiple sequence alignment indicated
that the proteins are highly conserved across species. Importantly,
a putative IQ calmodulin-binding motif and an ubiquitin-like
structure (DUF2021 in the PFAM database; http://pfam.san-
ger.ac.uk/) were found in all the species tested (Supplementary
Fig. 1).

Expression profile of Trs4 mRNA in murine testes

Trs4 was specifically expressed in the rat testis and no expres-
sion was found in other tissues including the ovary, kidney, heart,
liver, spleen, lung, brain and stomach by RT-PCR (Fig. 1A). This
expression pattern was further confirmed by Northern blotting in
rat tissues (Fig. 1B). A single transcript of about 3000 nucleotides
was visualized on the blot, consistent with the result of RACE anal-
ysis. The developmental profiles of Trs4 transcripts in testes were
examined by Northern blotting in rats (Fig. 1C) and RT-PCR in mice
(Fig. 1D), respectively. Trs4 mRNA was first detected at 28 days
post partum (dpp) in rats and 21 dpp in mice, at the time when
round spermatids are produced in the first wave of spermatogene-
sis [15]. No expression was found in Sertoli cells, Leydig cells or
GC2-spd cells cultured in vitro (Fig. 1D). In situ hybridization re-
sults confirmed that Trs4 mRNA was localized in round spermatids
of stages VII–VIII seminiferous tubules in mouse testes (Fig. 1E).
Furthermore, the Trs4 transcript in rat testis was found to be sen-
sitive to intra-abdominal temperature and was deceased signifi-
cantly after artificial cryptorchidism (Supplementary Fig. 2),
which is consistent with our previous report [12].
Trs4 protein is localized in early elongating spermatids and mature
spermatozoa

HeLa cells were transfected with Trs4-GFP fusion plasmid for
detecting specificity of Trs4 antibody and its subcellular localiza-
n Trs4 binds to multiple proteins, Biochem. Biophys. Res. Commun. (2009),
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Fig. 1. Expression of Trs4 mRNA in rat and mouse testes. (A) Trs4 mRNA was exclusively expressed in rat testes using RT-PCR analysis of multiple tissues. (B) Northern blotting
on multiple tissues detected one transcript of about 3000 nucleotides in rat testes. (C) In postnatal rat testes, Trs4 transcript was first detected at 28 days post partum (dpp)
and thereafter by Northern blotting. (D) In mice, Trs4 expression was first detected at 21 dpp. No expression of Trs4 transcript was detected in the Sertoli cells, Leydig cells or
GC2-spd cells by RT-PCR. (E) Trs4 mRNA was visualized in round spermatids of mouse testes at stages VII–VIII seminiferous tubules using in situ hybridization analysis.
G3PDH RNA and 28S rRNA were used as internal controls for RNA loadings. Scale bars = 50 lm.

Fig. 2. Localization of Trs4 protein in mouse testes. (A) The specificity of Trs4 polyclonal antibody was tested in HeLa cells transfected with a Trs4-GFP fusion plasmid. The
staining signals of Trs4-EGFP (green) and the anti-Trs4 antibody (red) are in complete alignment in the transfected cells. No staining was developed in non-transfected cells.
(B) A single band of 94 KDa was detected in Western blotting, consistent with the predicted size of Trs4. All lanes were loaded with 50 lg protein extracts from mouse testes
(lane 1), rat testes (lane 2), mouse epididymis (lane 3) and rat epididymis (lane 4). (C) Immunohistochemical data indicated that Trs4 protein was mainly localized in the
elongating spermatids of stages VIII–IX seminiferous tubules. (D) Trs4 protein was also detected in the acrosomes and tails of mature spermatozoa prepared from the cauda
epididymidis. Sperm-smeared slides were incubated with anti-Trs4 antibody and FITC-conjugated anti-rabbit IgG (green). The nuclei of HeLa cells and mature spermatozoa
were stained with DAPI (blue) and the images were captured using a laser confocal microscope (Zeiss). Scale = 20 lm. (For interpretation of color mentioned in this figure
legend the reader is referred to the web version of the article.)
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tion. As shown in Fig. 2A, the GFP-fusion protein was exclusively
localized in the cytoplasm of transfected HeLa cells and co-local-
ized with Trs4 immunostaining. Furthermore, no immunostaining
signal of Trs4 was detected in untransfected HeLa cells. Specific-
ity of the Trs4 antibody was also confirmed as a single band of
protein with predicted molecular weight of 94 KDa detected in
murine total testicular lysates using Western blotting (Fig. 2B).
Immunohistochemical data indicated that the Trs4 protein was
localized in the elongating spermatids of stages VIII–IX seminif-
erous tubules (Fig. 2C) and in the acrosomes and tails of mature
spermatozoa prepared from the cauda epididymidis (Fig. 2D). A
similar localization of Trs4 in rat testes was also observed using
immunohistochemistry (data not shown).
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Trs4 protein interacts with Rshl-2, Gstmu1, and Ddc8 proteins

Using a yeast two-hybrid system, putative interacting proteins
including Rshl-2, Ddc8, Gstmu1, and Odf-1 were identified using
the T2 bait plasmid of the Trs4 protein. No interacting protein
was identified when T1 was used as a bait. To eliminate potential
false positives, in vivo and in vitro binding assays were per-
formed subsequently. In vivo binding assays revealed that the
Trs4 protein could coimmunoprecipitate with Rshl-2, Ddc8 and
Gstmu1 but not with Odf-1 from the lysates of HEK293T cells
transfected with Flag-Trs4 and GFP-tagged interacting proteins
(Fig. 3A). The results were further confirmed by the in vitro bind-
ing assays, which demonstrated that 35S-Met-labeled Myc-Trs4
protein could coimmunoprecipitate with Rshl-2, Ddc8, and
Gstmu1 proteins except for Odf-1 (Fig. 3B).
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Spatiotemporal expression of Ddc8

The Ddc8 transcript was uniquely expressed in testes. It was
first detected in the mouse testis at 21 dpp and no expression
was found in Sertoli cells, Leydig cells or GC2-spd cells (Fig. 4A
and B). Ddc8 mRNA was present in round spermatids of the
stages VII–VIII seminiferous tubules (Fig. 4C) as revealed by
in situ hybridization. The protein was also localized in the tails
of elongated spermatids and spermatozoa of stages VII–VIII
seminiferous tubules (Fig. 4D) and mature spermatozoa prepared
from the cauda epididymidis (Fig. 4E) as detected by
immunostaining.
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Fig. 3. Interactions of Trs4 protein with Rshl-2, Gstmu1, and Ddc8 proteins. (A) In vivo
lysates of HEK293T cells transfected with Flag-Trs4 protein and each of its putative intera
and detected with anti-GFP or anti-Flag antibodies. HEK293T cells cotransfected with Fl
confirmed that the Trs4 protein could coimmunoprecipitate with Rshl-2, Ddc8, and Gstm
with the interacting proteins.
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Discussion

We investigated the expression pattern of the testis-specific
gene Trs4 and its protein interactions with other binding partners.
The expression of Trs4 was examined using RT-PCR, Northern blot-
ting, in situ hybridization and immunostaining techniques. The re-
sults of these assays together indicated that Trs4 is a male germ
cell-specific gene whose mRNA is expressed in round spermatids
and whose protein is expressed in elongating spermatids and ma-
ture spermatozoa. In particular, the protein was mainly located in
the acrosomes and tails of mature spermatozoa indicative of its di-
verse functions during spermiogenesis and/or fertilization. Because
the Trs4 protein sequences are evolutionarily conserved and con-
tain an ubiquitin-like domain and an IQ calmodulin-binding motif,
we hypothesize that they might play a role in spermatogenesis
through interactions with other proteins.

Using a yeast two-hybrid system, we demonstrated that the
Trs4 protein interacted with Rshl-2, Gstmu1, and Ddc8 in the
mouse testis. These interactions were further confirmed by
in vitro and in vivo binding assays. Rshl-1 and Rshl-2 (radial spoke-
head-like proteins) are radial spoke proteins that regulate the
activity of axonemal inner arm dynein for maintaining the struc-
tural integrity and movement of spermatozoa through protein
phosphorylation and dephosphorylation [16]. The radial spokes is
a T-shaped structure extending from the A-tubule of each outer
doublet microtubule to the center of the axoneme of motile struc-
tures such as cilia, flagella and the flagella of spermatozoa [17]. In
line with this, Trs4 was localized in the acrosomes and tails of iso-
lated mature epididymal spermatozoa. Therefore, Trs4 protein
might be involved in regulating the movement of sperm by inter-
action with the Rshl-2 protein.

Gstmu1 belongs to the glutathione S-transferase family of en-
zymes that are responsible for metabolizing a broad range of xeno-
biotics and carcinogens. Gstmu1 can convert organic compounds
to thioethers, a reaction that is the first step in a detoxification pro-
cess leading to mercapturic acid formation [18,19]. Furthermore,
Gstmu1 binds to some chemical substances such as steroids, thy-
roxin, bile acids and bilirubin in a noncatalytic manner to facilitate
their transport [18,20]. Gstmu1 modulates stress-mediated signals
by repressing apoptosis signal-regulating kinase 1 (ASK1). This
activity occurs independently of its catalytic activity in intracellu-
lar glutathione metabolism [21]. The expression level of Trs4 de-
creased in the cryptorchid condition or by treatment of the testes
binding assays revealed that Trs4 interacts with Rshl-2, Ddc8, and Gstmu1. Total
cting proteins tagged with GFP were immunoprecipitated with an anti-GFP antibody
ag-Trs4 and GFP plasmids were used as controls. (B) In vitro binding assays further

u1 proteins but not Odf-1 when 35S-Met-labeled Myc-Trs4 protein was incubated

n Trs4 binds to multiple proteins, Biochem. Biophys. Res. Commun. (2009),
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Fig. 4. Expression of Ddc8 in mouse testes. (A) Ddc8 mRNA was exclusively detected in mouse testes by RT-PCR using primers for the testis-specific transcript. (B) In
developing mouse testes, the expression of Ddc8 was first detected in the mouse testes at 21 dpp. (C) Ddc8 mRNA was visualized in round spermatids of stages VII–VIII
seminiferous tubules using in situ hybridization assays. (D) Immunohistochemical results indicated that the Ddc8 protein is localized in the tails of elongated spermatids and
spermatozoa of stages VII–VIII seminiferous tubules. (E) Ddc8 protein was also detected in the tail of mature spermatozoa prepared from epididymis. Scale bars = 50 lm.

Y.-Q. Shi et al. / Biochemical and Biophysical Research Communications xxx (2009) xxx–xxx 5

YBBRC 23556 No. of Pages 6, Model 5G

18 August 2009
ARTICLE IN PRESS
U
N

C
O

R
R

Eat 43 �C in a water bath [12]. These treatments increase the level of
free radicals in mitochondria that might cause germ cell apoptosis
[22]. We hypothesize that Trs4 could participate in regulating the
level of oxidative molecules through interaction with Gstmu1.
However, this interaction might only facilitate Trs4 protein trans-
port in the cell.

Ddc8, a newly discovered gene with unknown function, was
first identified as a testis-specific gene using differential-display
reverse transcription (DDRT)-PCR analysis searching for genes ex-
pressed differentially between prepubertal and adult mouse testes
[23]. Further studies revealed that Ddc8, a gene nested in its host
gene family the tissue inhibitors of metalloproteinase 2 (TIMP-2),
was not testis-specific. Moreover, Ddc8 expression in non-neural
and neural tissues mimicked that of TIMP-2 and was upregulated
in response to traumatic brain injury [24]. Interestingly, a specific
transcript of Ddc8 consisting of exon-1, exon-2, and exon-3 was
found to exist only in mouse testes, while the expression of
exon-3 possessed a character of universal expression by RT-PCR
and in situ hybridization assays [24]. Using primers specifically de-
signed to detect the testis-specific transcript of Ddc8, it was found
specifically expressed and regulated in a development-dependent
manner in mouse testes. In addition, the mRNA of Ddc8 was only
found in round spermatids and its protein was localized in the tails
of elongated spermatids and spermatozoa in stages VII–VII of sem-
iniferous tubules. Ddc8 and Trs4 thus share a similar expression
pattern in testes and in mature spermatozoa. Moreover, the
expression of exon-3 of Ddc8 in other tissues including brain, kid-
ney and lung, was also confirmed by RT-PCR (data not shown). Our
findings are consistent with data reported previously [24]. We sug-
Please cite this article in press as: Y.-Q. Shi et al., Male germ cell-specific protei
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gest that a specific transcript of Ddc8 exists in testes and that its
expression is tightly controlled during spermatogenesis.

In conclusion, Trs4 was specifically expressed in germ cells from
early elongating spermatids to mature spermatozoa and it was
downregulated by hyperthermia. The Trs4 protein interacted with
Rshl-2, Gstmu1, and Ddc8 proteins in mouse testes and co-local-
ized to the tail of mature spermatozoa with Rshl-2 and Ddc8. We
suggest that Trs4 alone or in combination with its interacting pro-
teins could play important roles in the processes of spermiogenesis
and fertilization.
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