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Abstract
The testis specific protein Y encoded (TSPY) gene is a tandemly repeated gene on the mammalian
Y chromosome. It encodes several slightly variant proteins that harbor a conserved domain of ~170
amino acids, termed TSPY/SET/NAP1 domain, capable of binding to cyclin B. The human TSPY
is preferentially expressed in spermatogonia and to lesser extent the spermatids. Although rat harbors
a single functional Tspy gene on its Y-chromosome, the human and rat genes differ in their expression
patterns, suggesting that they might serve different or variant functions in the testis. Transcripts of
rTspy were first detected in the testis of 28 days old rats, at which time the first wave of meiotic
division was occurring. The rTspy protein was initially detected in stage-9 elongating spermatids
and peaked at stage-13 spermatids in adult testis, but not in spermatogonia, unlike the expression
pattern of the human TSPY gene. Using a GST pull-down assay, we demonstrated that rTspy could
bind to the core histones H2A, H2B, H3 and H4. Rat Tspy co-localized with the histones in the
cytoplasm of selected elongated spermatids. Our results suggest that the rTspy may play critical roles
as a histone chaperone during maturation of the elongating spermatids in the rat testis.

Keywords
TSPY; spermatid; histone H2A; H2B; NAP/SET; Y-chromosome

Introduction
The testis specific protein Y-encoded (TSPY) is an evolutionarily conserved gene on the Y
chromosome of mammals, including humans, primates, bovines and rodents [1–6]. The human
TSPY (hTSPY) and bovine TSPY (bTSPY) genes are expressed primarily in the spermatogonia
of adult testis. TSPY has been postulated to serve a vital function in spermatogonial
proliferation and early meiotic division [1,7,8]. Significantly, the human TSPY is tandemly
repeated 23–64 times and is principally located in the critical region of a cancer predisposition
locus, gonadoblastoma on the Y chromosome (GBY) that is associated with gonadoblastoma
development in the dysgenetic gonads of XY females and intersex patients [7,9–11]. Indeed
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TSPY is strongly expressed in gonadoblastoma tissues and is considered to be the putative
gene for GBY [12–14].

In rodents, the mouse harbors an apparently nonfunctional Tspy gene on its Y chromosome
with multiple in-frame nonsense mutations in its open reading frame [15,16]. These nonsense
mutations seem to be results of recent evolutionary events since numerous related species, such
as Apodemus sylvaticus [6], do possess a functional Tspy gene on their Y chromosome that is
capable of encoding sizable proteins with the conserved TSPY/SET/NAP1 domain. The
apparent inactivation of the mouse Tspy gene suggests that the autosomal Tspy-like (Tspyl) or
other Y-located gene(s) would have assumed its function(s) in germ cell biology. Indeed, there
are some examples in the mouse in which autosomal gene has substituted for its homologous
human Y-chromosomal gene. One such example is the human heat shock transcription factor
on Y-chromosome (HSFY) gene whose mouse homologue, the HSFY-like gene, is located on
an autosome, and both genes seem to have an evolutionarily conserved function(s) in
spermatogenesis [17]. The rat harbors a functional Tspy (rTspy) gene that encodes a 334 amino
acid protein with the TSPY/SET/NAP1 domain [5,6]. To gain some insights in the function(s)
of the rodent Tspy in testis, we had characterized the postnatal expression of the rat Tspy gene
in the maturing testis using reverse transcription polymerase chain reaction (RT-PCR) and
immunohistochemistry analyses. Our results showed that the expression pattern for the rat
Tspy is distinctly different from that of the human TSPY [7,18]. The rTspy is specifically
expressed in elongating spermatids at late stages of spermatogenesis while the hTSPY is
expressed preferentially in spermatogonial cells. Cytologically, the rTspy protein was
primarily localized in the cytoplasm while the hTSPY shows both cytoplasmic and nuclear
locations [18]. Since the expression of the rTspy coincides with the chromatin remodeling
stages in which the nuclear histones are being replaced by protamines and exported to the
cytoplasm and several members of the SET/NAP proteins are capable of binding to histones
in the nucleus involved in gene regulation, we explored the possibility that rTspy might interact
with the displaced histones in the cytoplasm. To evaluate this possibility, we had performed
additional GST pull-down assays, and demonstrated that the rTspy could interact with the core
histones H2A, H2B, H3 and H4, and was co-localized with histone H2B in the cytoplasm of
selected elongating spermatids, suggesting that the rTspy may serve a role in spermiogenesis
in the rat.

Materials and Methods
Animals

Wistar rats and CD1 mice were purchased from the Charles River Laboratories, Inc.
(Wilmington, MA). The Institutional Animal Care and Use Committee of the Veterans Affairs
Medical Center, San Francisco approved all experimental procedures in accordance with the
NIH Guide for Care and Use of Laboratory Animals.

RT-PCR
Total RNAs were isolated from dissected tissues using the TRIZOL reagent (Invitrogen,
Carlsbad, CA) and purified by RQ1-DNase treatment (Promega, Madison, WI) to remove any
contaminant DNA. Total RNA (0.36 μg) was reverse-transcribed in a volume of 21 μl using
the SuperScript II reverse transcriptase kit (Invitrogen, Carlsbad, CA). One μl of reverse
transcribed product was subjected to PCR using a touchdown procedure [18] and specific
primer sets for respective genes (Table 1). The PCR products were analyzed by 1.2% agarose
gel electrophoresis and visualized with ethidium bromide staining.
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Generation of rTspy antiserum
The full-length rat Tspy cDNA was initially isolated from adult testis by RT-PCR with primers
rTSPY4F and rTSPY4R, and cloned into the pGEM-T Easy Vector System (Promega,
Madison, WI). After verification of its sequence, the rTspy cDNA was inserted into the
BamHI site of pGEX-4T-3 vector (Amersham Biosciences Corp., Piscataway, NJ). GST-rTspy
fusion protein was expressed in bacterial host, BL21DE3, and purified with affinity
chromatography using glutathione-Sepharose 4B (Amersham Biosciences Corp, Piscataway,
NJ). One mg of GST-rTspy protein per animal was used to immunize two New Zealand white
rabbits at multiple time points to generate polyclonal antibodies using the service of a
commercial facility (Sigma-Genosys, Woodlands, TX). The anti-rTspy and pre-immune
antisera were further purified by absorbing with GST-Sepharose resins and total mouse testis
extracts as described by Conlon and Rossant [19]. The resulting supernatants were used as
primary antibodies for immunohistochemistry studies. The respective antisera were confirmed
by Western-blot with recombinant rTspy protein, as described below.

Western blot analysis
The rTspy cDNA was inserted into the BamHI site of mammalian expression vector,
pCS2plus [20,21], and transfected to COS7 cells using FuGENE6 (Roche, Indianapolis, IN),
according to the manufacturer’s instructions. The cells were harvested 48 h after the
transfection, washed with PBS and lysed with 100 μl of TNBT buffer containing 50 mM Tris-
HCl (pH 7.0), 150 mM NaCl, 1% NP-40, and 0.25% deoxycholic acid. Five μl of cell lysates
or 50 μg of rat testis extracts were subjected to SDS-PAGE on 12% (w/v) polyacrylamide gel
and processed for Western blot using a semi-dry transfer method [22] and the purified rTspy
antiserum. The binding of the primary antibody was detected with a peroxidase-conjugated
anti-rabbit IgG antibody and visualized by the ECL-plus chemiluminescence system
(Amersham Biosciences Corp, Piscataway, NJ) or diaminobenzine (DAB) (Vector
Laboratories, Burlingame, CA).

Histology and immunohistochemistry
Rat tissues were fixed for 12 h in Bouin’s fluid (Sigma-Aldrich, St. Louis, MO) or
paraformaldehyde-PB solution, 4% (w/v) paraformaldehyde, 100 mM phosphate buffer (pH
7.4) at 4 °C, dehydrated in ethanol series and embedded in paraffin wax. Five μm sections were
dewaxed and rehydrated through alcohol series and finally in distilled water. Antigen retrieval
was performed in 100 mM Tris-HCl (pH 10) at 95 °C for 30 min. The sections were incubated
in 3% hydrogen peroxide, washed in PBS, and nonspecific protein binding was blocked using
3% BSA–PBS solution. Sections were incubated overnight in a humid chamber at 4 °C with
anti-rTspy (1:400) or anti-histone H2B (1:200, Upstate, Charlottesville, VA) antibody. The
immunoreactive sites were detected with the SuperPicTure Polymer Detection kit (ZYMED/
Invitrogen, Carlsbad, CA) and sections were counterstained with hematoxylin (Fisher
Scientific, Hampton, NH). For identification of rTspy-positive germ cells, the Tyramide Signal
Amplification Kit (with biotin-XX; Molecular Probes/Invitrogen, Carlsbad, CA) was used to
amplify the immunoreacting signals following the incubation with the SuperPicTure Polymer
Detection kit.

Immunofluorescence was performed with paraformaldehyde-fixed sections and processed
similarly, as described above. The signals were visualized by Alexa488 conjugated anti-rabbit
IgG (Molecular Probes/Invitrogen). For double immunofluorescence, the anti-rTspy and anti-
H2B antibodies were directly labeled in red and green respectively by Zenon Rabbit IgG
Labeling Kit (Molecular Probes/Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. DNA was stained with DAPI (Roche, Indianapolis, IN).
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GST pull-down assay
Various rat Tspy cDNAs harboring different lengths of its coding sequences were initially
generated by PCR with the full-length rTspy cDNA and primers (Table 1), and cloned into the
pGEM-T Easy Vector System (Promega, Madison, WI). After verification of their sequences,
the cDNAs were individually inserted between BamHI and XhoI sites of the expression vector,
pGEX-4T-3. The hTSPY cDNA [3] was inserted in the plasmid pGEX-4T-3 and processed
similarly for fusion protein production in bacterial host. Approximately 250 μg of GST, GST-
rTspy or GST-hTSPY proteins were bound separately to glutathione-Sepharose 4B (Amersham
Biosciences Corp, Piscataway, NJ) and reacted independently with 5 μg of histone H2A or
H2B (Upstate Biochemicals, Waltham, MA) in 100 μl of buffer A (PBS, 20% glycerol, 0.1%
NP40, 5 mM DTT, proteinase inhibitors with EDTA [Roche]) overnight at 4 °C. The GST
pull-down assays with histones H3 and H4 (Upstate, Waltham, MA) were performed similarly
with modified buffer A, containing additional 1% NP40 and 250 mM NaCl to reduce non-
specific binding of GST. Protein complexes bound to the Sepharose beads were precipitated
by centrifugation and washed with 500 μl of buffer A for 10 min. Proteins were eluted with 40
μl of SDS sample buffer, analyzed by SDS-PAGE on 10% to 20 % (w/v) polyacrylamide
gradient gels (Bio-Rad Laboratories, Hercules, CA), and visualized by Coomassie blue staining
or Western-blot with appropriate antibodies (Upstate, Waltham, MA). The relative amounts
of bound and unbound histones were estimated by the NIH Imager Program (http://
rsb.info.nih.gov/nih-image/index.html).

Immunocytochemical analysis
The C-terminal truncated rat Tspy cDNAs, rTspy(1–96) and rTspy(1–162), were individually
inserted between BamHI and XhoI sites of the mammalian expression vector, pCS2plus. The
testis type histone H2B (TH2B) cDNA was initially isolated from adult testis by RT-PCR with
primers TH2BF and TH2BR (Table 1), and cloned into the pGEM-T Easy Vector System. After
sequence verification, the cDNA was inserted between EcoRI and BamHI sites of the green
fluorescence protein expression vector pEGFP-C1 (Clonthech Laboratories, Mountain View,
CA) to express EGFP-TH2B fusion protein. The resultant pCS2-rTspy variants and/or pEGFP-
TH2B plasmid were transiently transfected to COS7 cell using FuGENE6. Forty eight hours
after the transfection, the cells were fixed by 10% formalin-PBS solution for 5 min, and
processed for immunofluorescence with the anti-rTspy antiserum and anti-EGFP mouse IgG
(Clontech Laboratories, Mountain View, CA). The immunoreactive signals were detected by
Alexa594 conjugated anti-rabbit IgG and Alexa488 conjugated anti-mouse IgG (Molecular
Probes/Invitrogen, Carlsbad, CA) and analyzed by fluorescence microscopy.

Results
Developmental expression of rTspy in postnatal testes

The tissue-specific and developmental expression of the rTspy was analyzed by RT-PCR. The
open reading frame of the rTspy transcript encodes a protein with 334 amino acids spanning
from exon 1 to exon 5 (Genbank accession no. AF074880) [5]. In adult animals, rTspy
transcripts were detected abundantly in testis, but not in other tissues examined (Fig. 1A),
consistent with the results of Dechend and coworker [5]. To determine the overall time course
of rTspy expression in developing testis, similar studies were conducted with total RNAs
derived from 2 male rats each at ages 4, 12, 20, 28, 36, and 44 days. Our results showed that
rTspy expression was initially detected in testes of rats at 28 days of age, when the first wave
of meiotic division occurred. The level of rTspy expression increased with age of the animals
(Fig. 1B, rTspy). As references, expression of the Y-located Ssty1 and Eif2s3y genes was
analyzed similarly. In the mouse, Ssty1 is expressed specifically in spermatids [23,24] while
Eif2s3y is primarily expressed in spermatogonial cells and germ cells through the meiotic
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prophase [25]. Similar to rTspy, transcript or the rat Ssty1 was detected only at or after 28 days
of age while Eif2s3y transcript was more ubiquitous among testes of different ages (Fig. 1B,
Ssty1 and Eif2s3y), reflecting their spermatid and spermatogonia/early germ cell expression
patterns, respectively. The authenticity of the amplified products was confirmed to be those of
Ssty1 and Eif2s3y respectively by DNA sequencing analysis of the RT-PCR products (data not
shown). Our results suggested that rTspy mRNA was expressed specifically in haploid germ
cells.

The developmental expression of rTspy protein was analyzed by Western-blot with testicular
protein extracts from 12, 20, 28, 36, and 44 days old rats. The result showed that rTspy protein
was initially detected in the testis of 36-day old rats (Fig. 1C, anti-rTspy), while the rTspy
mRNA was detected in those at 28 days and later (Fig. 1B, rTspy). The most differentiated
type of germ cells was spermatocytes, round spermatids and elongating spermatids of 20, 28,
and 36 days old rats respectively. Our results, taken together, suggested that rTspy is initially
transcribed in round spermatids and translated in elongated spermatids.

The rTspy is specifically located in the elongated spermatids in adult testis
To confirm the results obtained from Western-blot of developmental testes, we had performed
an immunochemical staining study on adult rat testis using a polyclonal antiserum against the
rTspy protein. The specificity of this antiserum was initially demonstrated by Western-blot of
total protein lysates derived from COS7 cells transfected with rTspy expression vector (Fig.
2I, lane 2, arrowhead). The respective rTspy band could be abolished when the antiserum was
pre-absorbed with excess GST-rTspy recombinant protein (Fig. 2I, lane 4). Although the
conserved TSPY/SET/NAP1 domain is also present in the products of other members of the
TSPY/TSPY-like/SET/NAP-1 (TTSN) superfamily (e.g. Tspy-like protein 1 [26] and DENTT/
Tspy-like 2 protein [27]), no cross reactivity with hTSPY on Western-blot was observed (data
not shown), suggesting that our anti-rTspy antiserum was specific for the rTspy protein.

Immunohistochemical analysis was performed on sections of rat testes fixed in Bouin’s fluid.
To minimize any non-specific reactivity, we treated the antiserum with total mouse testis
protein extract before using it in the immunostaining procedure. Although the mouse Tspy gene
was transcribed, its transcripts were incapable of coding for the full-length or any protein of
significant size. Hence, we did not anticipate any depletion of the rTspy antibodies in antiserum
with this pre-absorption procedure. Using this processed rTspy antiserum, we observed specific
immunostaining in the elongating spermatids at spermatogenic stages XIII to XIV (Fig. 2A,
arrowheads in stage XIII–XIV, and Fig. 2J [28]). Again, the immunostaining was significantly
decreased by pre-absorption with GST-rTspy (Fig. 2B, blue arrowheads). The Sertoli cells and
germ cells from spermatogonia to stage 7 round spermatids did not react with this antiserum
(Fig. 2D–G; Sg, Zc, Pc, Di, Rd, and Se; Fig. 2J). The immunostaining signals were detected
faintly in stage 8 spermatids that were in the process of nuclear elongation (Fig. 2E, blue
arrowheads; Fig. 2J). They reached maximal levels in stage 12 elongating spermatids (Fig. 2D,
blue arrowheads), but rapidly decreased and became minimally detectable at stage 16–18
spermatids (Fig. 2G, blue arrowheads; Fig. 2J). The interstitial cells including Leydig cells
showed some non-specific staining (Fig. 2A, black arrows) that did not diminish even after a
pre-absorption with GST-rTspy (Fig. 2B, black arrows). Our results, taken together, suggested
that the rTspy protein initially expressed in spermatids at approximately stage 8, peaked at in
stage 12–14 elongating spermatids, and decreased during spermatogenic stage II to V elongated
spermatids (Fig. 2J, blue lines; modified from Russell et al. [28]).
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rTspy and hTSPY bind directly to core histones H2A, H2B, H3 and H4
The human TSPY and rat Tspy proteins harbor a conserved ~170 amino acids domain, known
as the TSPY/SET/NAP1 domain, shared by numerous members of this protein superfamily,
represented by TSPY, SET oncoprotein and nucleosome assembly protein 1 (NAP1) (NCBI
Conserved Domain Search #pfam00956 [29]) [26,30]. This conserved domain is located at
residues #150–328 of the rTspy and residues #110–288 of the hTSPY (Fig. 3A). Numerous
studies suggested that the proteins containing the TSPY/SET/NAP1 domain are capable of
binding to either the mitotic cyclin B [31,32] or core histones [33–35], and are involved in cell
cycle regulation and the nucleosome assembly and/or chromatin remodeling respectively. In
particular, SET/TAFI-β can serve as a subunit of the inhibitor of acetyltransferases (INHAT).
It binds to the core histones H2B, H3 and H4 in the nucleus and either inhibits enzymatic
activities of acetyltransferases or facilitates transcription of target genes [36–38]. Since
transcriptional activities of the elongating spermatids are drastically reduced as their chromatin
is undergoing compaction, it is uncertain if the rTspy is involved in any transcription
modulation. However, chromatin compaction is usually accompanied by replacement of
histones by protamines in the nucleus and exportation of the replaced histones to the cytoplasm
of maturing spermatids. Although the cytoplasmic location of the rTspy protein would have
excluded it as an active participant of any transcriptional processes, it raises the possibility that
rTspy might interact with the displaced histones in the cytoplasm.

To evaluate this possibility, we performed a GST pull-down study between the rTspy/hTSPY
and various purified core histones. This initial study demonstrated that core histones H2A,
H2B, H3 and H4 was preferentially bound to GST-rTspy or -hTSPY fusion proteins, as
compared to binding with GST alone (Fig. 3B–3E). Western blot analysis using anti-histone
H2B antibody confirmed our observations that this histone was preferentially pulled down by
both GST-rTspy and GST-hTSPY baits (Fig. 3C, α-H2B). These results suggest that both rTspy
and hTSPY are capable of binding directly with the core histones H2A, H2B, H3 and H4.

It was reported that SET/TAF-Iβ interacts with histones through its C-terminal acidic tail
[39,40]. Although neither rTspy nor hTSPY has such a long acidic tail, as in SET/TAF-Iβ,
rTspy as a whole is highly acidic (with a predicted pI of 4.39). Rat Tspy contains abundant
aspartic acid and glutamic acid residues, within its N-terminal region (Fig. 4A). Hence, we
tested the histone binding ability for the N-terminal region and the acidic region of NAP-
domain by GST-pull down assay using histone H2B as a probe. The N-terminal region of rTspy
bound strongly to histone H2B at the similar level as that for the full-length rTspy (Fig. 4B,
lanes 3 and 7). The acidic region in the NAP-domain (#213–232) also bound histone H2B, but
at a weaker level than that of the full-length rTspy (Fig. 4B, lane 6). Non-acidic region of NAP-
domain (#187–206), however, did not bind histone H2B with similar assay (Fig. 4B, lane 5).
Based on these results, we postulate that rTspy preferentially interacts with the core histones
at the N-terminal portion of its protein.

Rat Tspy co-localizes with histone H2B in the cytoplasm of elongating spermatids
We further explored the possibility that both rTspy and displaced histones were co-localized
in the cytoplasm of the spermatids using immunofluorescence and individually labeled primary
antibodies. Our results showed that positive signals for H2B was detected in the nuclei of
elongated spermatids at spermatogenic stage XI–XII (Fig. 5A and 5C, arrowheads), but not
detectable in the nuclei of elongated spermatids at spermatogenic stage XIII–XIV (Fig. 5B and
5D, arrowheads). Under high magnification, histone H2B was exclusively localized in the
cytoplasm and co-localized with rTspy in the elongated spermatids at spermatogenic stage XII–
XIII (Fig. 5E–G, arrowheads). Immunohistochemical staining of adjacent sections of the rat
testis independently with anti-rTspy and anti-H2B antibodies confirmed that H2B and rTspy

Kido and Lau Page 6

Biochem Biophys Res Commun. Author manuscript; available in PMC 2007 June 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were indeed co-localized in the cytoplasm of the elongating spermatids at stage XIII–XIV (Fig.
5H and 5I, arrowheads). The cytoplasmic localization of histone H2B was initially detected in
stage 11 elongating spermatids, and reached a maximal level at stage 13–14 elongating
spermatids in which rTspy protein was also at its maximal level (Fig. 5K). These observations
suggested that rTspy was expressed at a period of spermatogenesis in which the core histones
were being replaced by protamines and exported to the cytoplasm of maturing spermatids. The
interaction between the rTspy and core histones (Fig. 3) raised the possibility that it might serve
a role in the processing of the discarded core histones during spermiogenesis. Although the
hTSPY is primarily located in the spermatogonia [7], our recent study showed that it could
also be expressed in spermatids of adult testis [18]. The fact that it also interacts with core
histones suggests that it might serve similar function(s) as that of the rat Tspy protein in
spermiogenesis.

The TSPY/SET/NAP1 domain of rTspy regulated/restricted the intracellular localization of
rTspy in COS7 cells

To further explore the interaction between rTspy and histones, rTspy of various lengths and/
or EGFP-testis type H2B fusion protein (EGFP-TH2B) were either singly or doubly transfected
to COS7 cells, and analyzed for the subcellular locations of their respective proteins by
immunofluorescence. The full-length rTspy was preferentially localized in cytoplasm
consisting with the location of the endogenous rTspy protein in elongating spermatids (Fig.
6C). Interestingly, the rTspy(1–96), harboring the histone H2B binding site but not the TSPY/
SET/NAP1 domain (Fig. 4), was distributed evenly in both nucleus and cytoplasm of
transfected cells (Fig. 6A). In cells co-transfected with rTspy(1–96) and EGFP-TH2B, we
found that rTspy(1–96) was well co-localized with the EGFP-TH2B on selected areas within
the nuclei (Fig. 6D–6F and Supplemental Fig. S2 for control). Although some cells transfected
with a slightly longer construct expressing the rTspy(1–162) including 12 amino acid of TSPY/
SET/NAP1 domain, might show some cytoplasmic locations of the gene products, most of the
rTspy(1–162) still remained in nuclei, as compared with the full-length rTspy (Fig. 6B and
6H). Hence, the TSPY/SET/NAP1 domain of rTspy could be important on restricting/
regulating the cytoplasmic localization of the full-length rTspy. These observations support
the hypothesis that rTspy interacts with the displaced histones in the cytoplasm of elongating
spermatids.

Discussion
The Tspy gene is evolutionarily conserved and located on the Y chromosome of all mammalian
species examined [1,2,4,5]. However, beside the TSPY/SET/NAP1 domain, it diverges
considerably along the evolutionary tree. The human TSPY gene is tandemly repeated in 20.4-
kb repeat units that encompass ~0.7 MB DNA on the short arm of the Y chromosome and
constitute the largest block of functional repeated genes in the human genome [41]. Such
repetitiveness of the gene has been conserved among some mammalian species, such as bovine
and equine genomes [1]. However, in the rodents, including species of the Apodemus, Mus and
Rattus, the functional Tspy gene is a single-copy gene [42]. In particular, the presence of
nonsense mutations along its putative coding sequence in the laboratory mice, i.e. Mus
musculus and Mus musculus domesticus, suggests that this gene might be undergoing a
decaying process(es) on the Y chromosome [6,15]. The rodent Tspy gene, in addition to its
sequence divergence with the human TSPY gene, exhibits an expression pattern, as reported
here, different from that of the human TSPY or bovine Tspy genes. The preferential expression
of the human TSPY in embryonic germ cells and spermatogonia in adult testis suggests that it
might exert a critical effect(s) on germ cell proliferation and meiotic division [1,7]. On the
other hand, the preferential spermatid expression of the rat Tspy in adult testis suggests that
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the rodent Tspy gene might play an important role in the spermiogenesis process. Our recent
demonstration of detectable expression of the human TSPY in spermatids of adult testis [18]
indicates that it might also play similar role as the rodent Tspy in spermatozoa maturation.
Hence, it is reasonable to assume that the human TSPY may play a variety of roles in germ
cell proliferation, meiotic division, and spermiogenesis. The rodent, i.e. the rat, Tspy could
have lost its role in germ cell proliferation and meiotic division, but retains that in
spermiogenesis.

Currently the exact mechanism(s) of such differential expression between the human TSPY
and the rat Tspy gene is uncertain. Preliminary sequence analysis of the putative rat Tspy
promoter region revealed that it is significantly different from that of the human TSPY gene.
The rat Tspy promoter contains a CRE element located at 50-bp upstream of the transcription
start site (Supplemental Fig. S1). Such element is absent in the human TSPY gene promoter.
The transcription factor, CREM, binds to the CRE element and mediates postmeiotic
transcription of many spermatid-specific genes [43], including protamine 2, TP1 and the Y-
located Ssty1 [43–46]. The promoters of many of these spermatid-specific genes, including the
rat Tspy, do not harbor any TATA box, but contains the CRE element (Supplemental Fig. S1).
Mice homozygous for a CREM null allele showed an arrest of their spermatogenesis at the
haploid germ cell stage [47]. The promoter for the human TSPY gene is also TATA-less, but
is rich in CpG sequences. The human TSPY promoter is subjected to methylation that regulates
its expression in certain cancer cells [48]. Despite such differences between the promoters of
the rat Tspy and human TSPY, the exact mechanism(s) of their differential expression patterns
cannot be unambiguously defined since various transgenic mouse studies showed variation of
transgene expression patterns by the human TSPY promoter [18,49,50]. Transgenic mice
harboring a human 2.4-kb TSPY promoter directed reporter gene showed a preferential
transgene-expression in spermatids of the testis, similar to the rTspy expression pattern in the
present study [18]. Another study suggested that the SV40 large T antigen oncogene directed
by a 1.3-kb human TSPY promoter was capable of inducing tumor formation in the pituitary
gland of the host [49]. Other transgenic mice harboring multiple copies of a 8.2-kb human
TSPY DNA showed a spermatogonia/spermatocytes specific expression of the transgene,
similar to the human TSPY expression pattern [50]. Although the respective transgene
expression could be influenced by the length of the promoter, integration sites and genetic
background of the hosts, it is conceivable that a combination of species-specific cis and
trans-elements are important for the differential expression of the endogenous hTSPY and
rTspy in respective types of germ cells.

During mammalian spermiogenesis, dynamic chromatin remodeling occurs in germ cell nuclei.
Histones are replaced by protamines, and the chromatin is packed into highly condensed sperm
nucleus [45,51]. Various studies suggest that certain factors (e.g. histone chaperones tNASP
and CIA-II) are involved in the replacement of histones during spermiogenesis [51–53]. The
general role of histone chaperones has been postulated to associate with histones and facilitate
their interactions with other molecules without being components of the final reaction product
and regulating histone metabolism [54]. NAP1, another histone chaperone, shares the TSPY/
SET/NAP1 domain with rTspy, binds to the core histones H2A and H2B, and assembles
nucleosome or modulates chromatin structure [33–35]. Further, SET/TAFIβ has been
demonstrated to interact with sperm basic proteins, and decondenses the sperm chromatin in
the fertilized egg [55]. In the present study, we demonstrated that the rTspy protein was capable
of binding core histones, H2A, H2B, H3 and H4, but preferentially in the cytoplasm of
elongating spermatids (Fig. 2). Although its cytoplasmic location precludes it to have any role
in nucleosome assembly, as ascribed for SET/TAF1β, its interactions with the core histones at
the period of spermiogenesis when the core histones are being replaced by protamines suggest
that the rTspy could be an important chaperone for these sequestered core histones. We
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hypothesize that rTspy is involved in the metabolism of core histones, i.e. sequestrating the
exported histones from nucleus and targeting them for degradation, in elongating spermatids.

The apparent decay of the rodent Tspy gene on their Y chromosome, i.e. gene inactivation in
the laboratory mouse and spermatid-restricted expression in others, suggests that functions
assigned to those of higher organisms, e.g. human and bovine, in germ cell proliferation and
meiotic division will most likely be performed by other genes in the rodent genomes, as
illustrated in the human Y-located HSFY and autosomal HSFY-like system, discussed above.
Conceivably, the autosomal Tspy-like (Tspyl) or other Y-located gene(s) would have assumed
function(s) of TSPY in the rodent germ cell biology. Alternatively, other genes on the Y
chromosome, e.g. Sry and Eif2s3y, have been postulated to serve vital function for
spermatogenesis and are expressed as late as the round spermatid stage [23,25]. The Eif2s3y
(also termed as Eif2γ) gene encodes a translation initiation factor and is essential for
spermatogenic cells to proceed to the round spermatid stage in the mouse. The human
homologous gene, EIF2γ, however, is not located on the Y-chromosome [25,41], suggesting
the reverse situation in which Y-located gene on the rodents is being replaced by an autosomal
gene in humans. These, as well as numerous Tspy-like genes identified on the X chromosome
and autosomes of the mouse, rat and human [26,27], might be capable of substituting the
prescribed function(s) of TSPY in germ cells at different developmental stages. Interestingly,
mutations of the human TSPY-L1 gene on chromosome 6 have been demonstrated to be
responsible for to a certain sudden infant death syndrome that is also associated with dysgenesis
of the testes (SIDDT) [56]. The mutation introduced a stop codon upstream of the coding
sequence for the TSPY/SET/NAP1 domain, thereby truncating an essential interactive domain
common among members of this protein family. Patients with SIDDT show various
abnormalities in the nervous system as well as testicular development, suggesting a likely role
for TSPY-L1 in testicular function. Further studies on the relationship between the Y-located
TSPY/Tspy and numerous autosomal and X-located Tspy-like genes will be significant in
providing insights on this family of proteins, whose members are associated with each other
primarily by their conserved cyclin B binding TSPY/SET/NAP1 domain.
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Figure 1.
The tissue specific expression in rat Tspy in developmental and adult testes. (A) Tissue
specificity was analyzed by RT-PCR. Tspy was detected only in adult rat testes. (B) Tspy
mRNA expression in rat postnatal testes. Total RNAs from testes of 2 rats at 4, 12, 20, 28, 36,
and 44 days of age were individually analyzed by RT-PCR with a primer set derived from exon
1 of the rat Tspy gene. Significant signals were detected in the testes of 28 days and older rats.
The expression of rat Ssty1 and Eif2s3y were analyzed in parallel with rTspy. In the case of the
mouse, Ssty1 is expressed in elongated spermatids while Eif2s3y is expressed in spermatogonia
and prophase spermatocytes. The similar patterns between the rTspy and Ssty1 suggest that
they are expressed in similar manner in the postnatal rat testes. (C) Tspy protein expression in
postnatal rat testes. Total proteins from testes of 2 rats at 12, 20, 28, 36, and 44 days of age
were analyzed by Western-blot by using anti-rTspy and anti-actin antibodies, respectively.
Significant signals were detected in the testes of 36 days and older rats. Abbreviations; Cx,
cerebral cortex; Ce, cerebellum; Th, thymus; Lu, lung; He, heart; Li, liver; Sp, spleen; Ki,
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kidney; Sv, seminal vesicle; Pr, prostate; Te, testis; +RT, with reverse transcription;-RT,
without reverse transcription. β-actin was used as a positive control for all samples.
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Figure 2.
Detection of spermatid-specific expression of rat Tspy using immunohistochemistry. (A) Only
elongating spermatids at various spermatogenic stages were stained positive for the anti-rTspy
antiserum (arrowheads). Roman numbers indicate spermatogenic stages as described in J.
(B) Image of an adjacent section immunostained similarly by a control antiserum preabsorbed
with GST-rTspy. The staining of elongating spermatids was significantly reduced
(arrowheads). (C) Image of an adjacent section immunostained by a preimmune serum as a
negative control. (D) Elongating spermatids at stage XIII are positively stained (blue
arrowheads), but spermatids of stage II–III were negative (red arrowheads). No other cells,
including somatic cells, were positive for the antiserum (Sg, Zc, Pc and Di). (E–H) Sections
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of seminiferous tubules at spermatogenic stage VIII (E and F) and II–IV (G and H)
immunostained by the anti-rTspy antiserum (E and G), and control antiserum preabsorbed with
GST-rTspy (F and H). Only elongating seprmatids are faintly positive (blue arrowheads).
Abbreviations; Di, diplotene spermatocytes; Ed, elongating spermatids; Mi, meiotic dividing
cells; Pc, pachytene spermatocytes; Rd, round spermatids; Se, Sertoli cells; Sg, spermatogonia;
Zc, zygotene spermatocytes. Scale bars = 50 μm in A–C and D–H, respectively. (I) Western-
blot of COS7 cells transfected with a rat Tspy expression vector using the anti-rTspy antiserum
pre-absorbed with GST alone (lanes 1 and 2; GST-abs) and with GST-rTspy fusion protein
(lanes 3 and 4; rTspy-abs). Positive band for rat Tspy protein was detected in COS7 cells
transfected with rat Tspy expression vector (lane 2), but not in non-transfected cells (lanes 1,
3) or those reacted with the same antiserum subtracted with GST-rTspy protein (lane 3, 4).
Anti-rTspy serum detected recombinant rTspy (lane 2). (J) Spermatogenic stages of the rat
testis. Blue lines indicate the immuno-positive cells in steps 8–18 of spermatid development.
Romanic numbers indicate stages of spermatogenesis. Dotted lines represent sections showing
faint staining of spermatids in these stages. Modified from review by Russell et al. [28].
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Figure 3.
Interactions of rTspy and hTSPY with histones H2A, H2B, H3 and H4. (A) Alignment of
hTSPY and rTspy proteins showing the homologous region encompassing the TSPY/SET/
NAP1 domain. Gray lines on the hTSPY indicate positions with identical amino acid as the
rTspy. The ~170 amino acid TSPY/SET/NAP1 domain is located between residue #110–288
of the hTSPY and residue #150–328 of the rTspy. The TSPY/SET/NAP1 domain is indicated
by arrow (NAP domain). (B) GST pull-down assay of histone H2A using GST or GST-fusion
proteins as indicated. Pulled-down proteins (pulled-down) and proteins of supernatant
(supernatant) were subjected to SDS-PAGE, and visualized by Coomassie blue staining.
Histone H2A was preferentially retained by Sepharose 4B resins conjugated with either GST-
rTspy (lane 3) or GST-hTSPY (lane 4) but not by those conjugated with GST alone (lane 2).
The numbers on bottom column indicate the approximate percentage of pulled-down H2A to
total amount of H2A. Input represents equivalent material used for each GST pull-down assay.
(C) GST pull-down assays of histone H2B using GST-fusion proteins. The experiment was
performed similarly as described in B. Both GST-rTspy and GST-hTSPY fusion proteins (lane
3 and 4, respectively) showed significant affinity to histone H2B than GST alone (lane 2). The
input represents the material used for GST pull-down assay. The authenticity of the pulled-
down material as H2B was confirmed by Western-blot with anti-H2B antibody (bottom row,
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α-H2B). (D and E) GST pull-down assay of histones H3 (D) and H4 (E) performed similarly
as described in B. Abbreviations; CBB, Coomassie blue stained band; α-H2B, Western-blot
with anti-H2B antibody.
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Figure 4.
Analysis of the histone H2B binding region in rTspy. (A) Simplified structure of GST-fusion
proteins used in GST pull-down assay. Top panel indicates the positions of aspartic acid and
glutamic acid in rTspy. The positions of acidic amino acid are indicated by black lines. NAP-
domain is shadowed by gray. In lower panel, bold lines indicate the GST-fused region analyzed
in B. (B) GST pull-down assay of histone H2B using GST or GST-fusion proteins as indicated.
Pulled-down proteins (pulled-down) and proteins of supernatant (supernatant) were subjected
to SDS-PAGE, and visualized by Coomassie blue staining. The input represents the material
used for GST pull-down assay.
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Figure 5.
Co-localization of histone H2B and rTspy on elongated spermatids of adult rat testis. (A–D)
Immunofluorescence of seminiferous tubules at stage XI–XII (A and C) and stage XIII–XIV
(B and D) using anti-H2B antibody. DNA was stained with DAPI. C and D represented the
merged images of H2B (green) and DNA (blue). Histone H2B was excluded from nuclei of
elongated spermatids at stage XII–XIV. (E–G) Immunofluorescence of seminiferous tubules
at stage XII–XIII doubly immunostained with individually labeled H2B and rTspy antibodies.
The merged images of H2B (green) and DNA (blue) (E), rTspy (red) and DNA (blue) (F), and
H2B (green) and rTspy (red) (G), respectively. The cytoplasm of elongating spermatids was
positive for both H2B and rTspy, and was represented as yellow/orange fluorescent signals in

Kido and Lau Page 20

Biochem Biophys Res Commun. Author manuscript; available in PMC 2007 June 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the merged image (arrowheads in G). Abbreviations are same as in Figure 2. (H) Rat testis
immunostained by anti-rTspy antiserum. Cytoplasm of elongated spermatids was positively
stained (arrowheads). (I) Adjacent section of H that was immunostained by anti-H2B antibody.
The cytoplasm of elongating spermatids (arrowheads), and the nuclei of other cells were
stained. Arrowheads indicate the identical cells between H and I. (J) Image of the rat testis
processed with the secondary antibody alone for negative control. Scale bars = 50 μm in A–
D; 25 μm in E–G; 50 μm in H–J. (K) Immunstaining of histone H2B in various stages of
spermatids. Arabic numbers indicate the stages of respective differentiating spermatids.
Orange arrowheads point to the immuno-reactive cytoplasm of various spermatids. (L) A
diagram illustrating the expression and localization of rTspy (red dots) and histone H2B (green
dots) in adult rat testis. Arabic numbers indicate the stages of spermatids. The locations of
DNA/nuclear were represented by blue color.
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Figure 6.
Intracellular localization of rTspy proteins of various lengths in COS7 cells. (A–C)
Immunofluorescent images of COS7 cells singly transfected with pCS-rTspy(1–96) (A), pCS-
rTspy(1–162) (B) or pCS-rTspy(full-length) (C) using anti-rTspy antiserum (red). Arrows
indicate less fluorescence at the nuclei than the cytoplasm of transfected cells. Scale bar=
50μm. (D–G) Immunofluorescent images showing intranuclear localization of rTspy(1–96)
(D) and EGFP-TH2B fusion protein (E) in the COS7 cell co-transfected with pCS-rTspy(1–
96) and pEGFP-TH2B. The signal of EGFP-TH2B was enhanced by anti-EGFP antibody. The
dots of rTpsy(1–96) (red) co-localized well with those of EGFP-TH2B (green), as represented
in yellowish color in the merged image (F). DNA was visualized by DAPI staining (G). (H)
Percentage of COS7 cells that displayed whole cell distribution (equal intensity between nuclei
and cytoplasm) and preferentially cytoplasmic distribution of respective rTspy variants. For
each construct, ~ 300 cells were randomly counted.
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Table 1
Sequences of primer sets used in RT-PCR analysis and construction of cDNA.

Name Gene Direction Sequence (5′ −> 3′)

rTSPY1F rTspy (exon 1) forward ATGGAGAATTCTGAGGAGGAGAGTGTGG
rTSPY1R rTspy (exon 1) reverse GCATTCACAAAGCTGAGCTCCAGTTG
rTSPY4F rTspy (1–334) forward GGATCCATGGAGACTCTAGAGGAGGAGAGTGT
rTSPY4R rTspy (1–334) reverse CGGTGGATCCCGTGAGTGGTCTTCCTTAGGGTAGTAGT
rTSPY5R rTspy (1–96) reverse GCCTCGAGTTAATTCTTGACATCTACCACCTCTGT
rTSPY6R rTspy (1–162) reverse GCCTCGAGTTACACAAAGCTGAGCTCCAGTTG
rTSPY7R rTspy (1–184) reverse GCCTCGAGTTAAAAGTGAGGTCTGCGCATTTT
rTSPY8F rTspy (187–

206)
forward GATCCCGCAGAAAGACCATAATCCAGGGCATTCCAGGC–

TTCTGGGCTAAAGCTATGATGAACCATC
rTSPY8R rTspy (187–

206)
reverse TCGAGATGGTTCATCATAGCTTTAGCCCAGAAGCCTGG-

AATGCCCTGGATTATGGTCTTTCTGCGG
rTSPY9F rTspy (213–

232)
forward GATCCATCAGCAACCAAGATGAAGACTTACTGAGCTAC-

ATGTTGAGCTTGGAGGTGGAGGAGTACC
rTSPY9R rTspy (213–

232)
reverse TCGAGGTACTCCTCCACCTCCAAGCTCAACATGTAGCTC-

AGTAAGTCTTCATCTTGGTTGCTGATG
Ssty1F Ssty1 forward AAAGGCAAGCCAGCTCCTGAACTCCA
Ssty1R Ssty1 reverse TTCCATTGGGTGACAGGCTCATTACC
Eif2s3yF Eif2s3y forward AGCCGCATCTTTCTCGTCAGGATCTT
Eif2s3yR Eif2s3y reverse TTCAATGGCAGCCAGGTGTTCAGAAG
TH2BF testis H2B forward GCGAATTCTATGCCGGAGGTGTCGGCAAAGGGG
TH2BR testis H2B reverse GCGGATCCTCACTTGGAGCTGGTGTACTTGGT
β–actin5 β–actin forward TCACCCACACTGTGCCCATCTACGA
β–actin2R β–actin reverse CCACGTCACACTTCATGATGGA
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