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Gonadoblastoma Locus and the TSPY Gene on

the Human Y Chromosome

Yun-Fai Chris Lau,* Yunmin Li, and Tatsuo Kido

The gonadoblastoma (GBY) locus is the only oncogenic locus on the
human Y chromosome. It is postulated to serve a normal function in the
testis, but could exert oncogenic effects in dysgenetic gonads of individu-
als with intersex and/or dysfunctional testicular phenotypes. Recent
studies establish the testis-specific protein Y-encoded (TSPY) gene to be
the putative gene for GBY. TSPY serves normal functions in male stem
germ cell proliferation and differentiation, but is ectopically expressed in
early and late stages of gonadoblastomas, testicular carcinoma in situ
(the premalignant precursor for all testicular germ cell tumors), semino-
mas, and selected nonseminomas. Aberrant TSPY expression stimulates
protein synthetic activities, accelerates cell proliferation, and promotes
tumorigenicity in athymic mice. TSPY binds to type B cyclins, enhances
an activated cyclin B-CDK1 kinase activity, and propels a rapid Gy/M
transition in the cell cycle. TSPY also counteracts the normal functions of
its X-homologue, TSPX, which also binds to cyclin B and modulates the
cyclin B-CDK1 activity to insure a proper G>/M transition in the cell cycle.
Hence, ectopic expression and actions of the Y-located TSPY gene in in-
compatible germ cells, such as those in dysgenetic or ovarian environ-
ments and dysfunctional testis, disrupt the normal cell cycle regulation
and predispose the host cells to tumorigenesis. The contrasting proper-
ties of TSPY and TSPX suggest that somatic cancers, such as intracranial
germ cell tumors, melanoma, and hepatocellular carcinoma, with detect-
able TSPY expression could exhibit sexual dimorphisms in the initiation
and/or progression of the respective oncogenesis. Birth Defects
Research (Part C) 87:114-122, 2009. o 2009 Wiley-Liss, Inc.

Key words: TSPY; TSPX; gonadoblastoma gene; Y chromosome; cell
cycle regulation; sexual dimorphism

Y CHROMOSOME AND
HUMAN ONCOGENESIS

The Y chromosome is a male-spe-
cific chromosome in the human
genome. It contains genes that
serve vital functions in sex deter-
mination and physiology of male-
specific organs, such as the testis

and prostate (Skaletsky et al.,
2003). The involvement of this
chromosome in oncogenesis has
long been observed among inter-
sex patients, including 46,XY sex-
reversed females, 46,XY pseudo-
hermaphrodites, mixed gonadal
dysgenesis (45,X/46,XY mosaic),
and a subpopulation of 45,X0

Turner patients (Verp and Simp-
son, 1987; Bianco et al., 2006;
Looijenga et al., 2007; Schoe-
maker et al., 2008). These individ-
uals harbor a whole or part of the
Y chromosome, but either lack a
functional sex determining gene,
SRY, in their genome or suffer
from mutations affecting other
genes in the sex determination
pathway. There is a prevalence of
gonadoblastoma among these
patients with a frequency as high
as 30%-66% (Scully, 1953, 1970;
Verp and Simpson, 1987). About
80% of these gonadoblastoma
patients are phenotypic females
while the remainder are males.
Gonadoblastomas are premalig-
nant forms of germ cell tumors
consisting of aggregates of large,
round germ cells, and immature
Sertoli/granulosa cells within an
ovarian type stroma, and if
untreated could develop into more
aggressive germ cell tumors, such
as dysgerminoma in females and
seminoma and nonseminoma in
males. In 1987, David Page
(1987) hypothesized that there is
a locus, termed gonadoblastoma
on the Y chromosome (GBY),
which predisposes the dysgenetic
gonads of the intersex patients to
develop such in situ tumors. He
further predicted that the GBY
gene has a normal function in the
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testis and acts as an oncogene
only in the dysgenetic gonads. De-
letion mapping narrowed the loca-
tion of the GBY locus to a small
region on the short arm and proxi-
mal region on the long arm of the
Y chromosome (Page, 1987; Salo
et al., 1995; Tsuchiya et al,,
1995). Recent studies in our
laboratory and others (Gallagher
et al., 2005; Yin et al., 2005;
Hoei-Hansen et al., 2006) suggest
that the testis-specific protein Y-
encoded (TSPY) repeated gene is
the putative gene for this onco-
genic locus and could potentially
be involved in other human can-
cers, including brain tumors, he-
patocellular carcinoma, and mela-
noma.

PROPERTIES OF TSPY

The TSPY gene is one of the early
genes identified from the human Y
chromosome. Initial studies dem-
onstrated that the predominant
1.3-kb transcripts were derived
from transcriptional units of 2.8-
kb in size consisting of 6 exons
and 5 introns (Arnemann et al.,
1987, 1991; Zhang et al., 1992;
Schnieders et al., 1996). The com-
pletion of the sequencing of the
male-specific region of the human
Y chromosome (MSY) shows that
the TSPY structural gene is em-
bedded in a 20.4-kb unit that is
tandemly repeated ~35 times on
GBY critical region (Skaletsky
et al., 2003). These repeat units
show >98% sequence homology,
both among TSPY transcriptional
units and their flanking sequences,
and constitute the largest and
most homologous protein-coding
tandem array, so far identified in
the human genome. The TSPY
repeat cluster shows copy number
variation (CNV) among the gen-
eral populations, ranging from 23
to 64 repeat units and encompass-
ing 0.47 to 1.3 Mb of DNA, and
ranks top on length changes
among various key segments of
the human Y chromosome
(Repping et al., 2006). Signifi-
cantly, CNVs are also observed
among prostate cancer patients
(Vijayakumar et al., 2006), sug-
gesting that the TSPY repeat

blocks could potentially be hot-
spots of genomic instability under
diseased conditions.

The TSPY gene is located on the
Y chromosome of all placental
mammals, such as the primates
and artiodactyls (Vogel et al.,
1997). Similar to the human situa-
tion, they are repetitive genes on
this male-specific chromosome.
The rat, however, has only one
functional Tspy gene on its Y chro-
mosome (Dechend et al., 1998;
Mazeyrat and Mitchell, 1998). In
the murines, several Apodemus
species and Mus platythrix possess
a functional Tspy gene while other
species in the Mus subgenus,
including the laboratory mouse
(Mus musculus), harbor an appa-
rently nonfunctional (with
in-frame and splice junction muta-
tions) Tspy gene on their Y chro-
mosomes  (Schubert et al.,
2000a,b). Several TSPY-like
(TSPYL) genes have been identi-
fied on the autosomes and X chro-
mosome of human and various
mammalian genomes (Vogel
et al., 1998; Dechend et al,
2000). It is conceivable that some
of these Tspy-like genes might
serve similar functions in place of
the nonfunctional Tspy gene on
the mouse Y chromosome.

The predominant TSPY isoform

is a 38-kDa phosphoprotein
containing 308 amino acids
(Schnieders et al., 1996; Lau

et al., 2003). It harbors a con-
served domain, designated as
SET/NAP domain consisting of
~160 amino acids, initially identi-
fied in the product of the SET
oncogene and nucleosome assem-
bly protein-1 (NAP-1) (von Lindern
et al., 1992; Adachi et al., 1994;
Tsuchiya et al., 1995; Lau, 1999;
Ozbun et al., 2001). TSPY, SET,
and NAP1 are the founding mem-
bers of a protein family designated
as TSPY/SET/NAP (Vogel et al.,
1998; Lau, 1999; Ozbun et al.,
2001). The TSPY transcriptional
units are capable of producing a
variety of transcripts through al-

ternative splicing events (Lau
et al., 2003). All variant TSPY
transcripts are in-frame with

the predominant transcript and
encode a panel of polymorphic

TSPY proteins, which harbor the
conserved SET/NAP domain at
their carboxyl termini. Members of
the TSPY/SET/NAP protein family
serve a diverse spectrum of func-
tions, including DNA replication,
transcription modulation, chroma-
tin modeling, and cell cycle regula-
tion (Chai et al., 2001; Ozbun
et al., 2001; Seo et al., 2001;
Ayyanathan et al., 2003; Canela
et al., 2003; Kandilci et al., 2004;
Vera et al., 2005; Oram et al.,
2006; Muto et al., 2007). Muta-
tions and/or dysregulation of
members of this gene family have
been associated with various
forms of human cancers, such as
leukemia (von Lindern et al.,
1992; Adachi et al., 1994; Nagata
et al., 1995), lung cancer (Ozbun
et al.,, 2001), melanoma (Gal-
lagher et al., 2005), hepatocellular
carcinoma (Yin et al., 2005), intra-
cranial germ cell tumor (Hoei-Han-
sen et al.,, 2006), gonadoblas-
toma, testicular germ cell tumors,
and prostate cancer (Schnieders
et al., 1996; Hildenbrand et al.,
1999; Lau, 1999; Lau and Zhang,
2000; Dasari et al., 2001; Lau
et al., 2003; Li et al., 2007a,b).
Six TSPY-like genes have been
identified among human and vari-
ous mammalian genomes. In
particular, one, called TSPY-Like2
(TSPYL2), is localized on the X
chromosome of all mammals
examined (Lau et al., 2007). It
has been mapped to a syntenic
region of the X chromosome
harboring other Y-homologous
sequences/genes and shares sig-
nificant homology with TSPY
including exon/intron junctions
and gene organization. Based on
these properties, TSPYL2 has
recently been designated as the
TSPY X-homologue (TSPX) gene
(Delbridge et al., 2004; Lau et al.,
2007). The single-copy TSPX gene
is about 6.3-kb in size and con-
sists of 7 exons. It encodes two
protein isoforms of 667 and 693
amino acids, respectively. Both
isoforms harbor the SET/NAP do-
main, but different at their N-ter-
mini due to utilization of different
in-frame initiation codons. TSPX
shares high homology with TSPY
at their SET/NAP and flanking

Birth Defects Research (Part C) 87:114-122, (2009)
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Figure 1. Immunostaining patterns of human TSPY and rat Tspy in testis using spe-
cific antibodies against the respective protein (Kido and Lau, 2005, 2006). (A) Human
TSPY is primarily expressed in the spermatogonia, spermatocytes, and to a lesser
extent, spermatids in the human testis. (B) Rat Tspy is mainly expressed in elongated
spermatids in the rat testis. Spg, spermatogonia; Spc, spermatocytes; Ser, Sertoli
cells; Rsd, round spermatids; Spm, sperm; Mei, meiotic cells, Esd, elongated sperma-

tids. Bar represents 30 and 50 microns in A and B, respectively.

domains, but harbors a N-terminal
proline-rich domain and a carboxyl
bipartite acidic domain, which are
absent in TSPY. We hypothesize
that TSPY and TSPX were derived
from a common ancestral gene.
They diverged from each other
during the evolution of the mam-
malian sex chromosomes, in which
TSPX maintained similar structure
and organization of the primordial
gene while TSPY lost its N-terminal
proline-rich domain and carboxyl
acidic domain before it was ampli-
fied on the Y chromosome. The
autosomal TSPY-like genes are
single-exon genes and could be
derived from retrotransposition
events involving TSPY transcripts
(Delbridge et al., 2004; Lau et al.,
2007). Significantly, mutations of
TSPY-L1 on chromosome 6 result
in truncation of the SET/NAP do-
main and have been demonstrated
to be responsible for the sudden
infant death with dysgenesis of
the testis syndrome (Hering et al.,
2006). Hence, the TSPY-like genes
might have acquired important bi-
ological functions and were evolu-
tionarily retained as functional
genes in the human genome.
TSPY, TSPX, and TSPY-like genes
possess unique gene structures,

genomic organization, and protein
properties, and hence could be
considered as a subfamily of the
TSPY/SET/NAP protein family (Lau
et al., 2007).

FUNCTIONS OF TSPY AND
TSPX GENES

Currently, the exact functions of
TSPY and TSPY-like genes are
uncertain. The human TSPY is pri-
marily expressed in prespermato-
gonia/gonocytes of embryonic tes-
tis and spermatogonia, spermato-
cytes, and to some extent, round
spermatids in adult testis (Hon-
ecker et al., 2004; Kido and Lau,
2005) (Fig. 1A). It is postulated to
serve important functions on the
proliferation of both embryonic
prespermatogonia/gonocytes and
adult spermatogonial cells, the
pluripotent stem cells of the male
reproductive system (Lau, 1999).
It binds both mitotic and meiotic
cyclin Bs and might serve addi-
tional functions in mitotic and mei-
otic divisions (Lau, 1999). Inter-
estingly, the single-copy rat Tspy
gene is primarily expressed in
elongated spermatids, rather than
spermatogonia (Kido and Lau,
2006) (Fig. 1B), suggesting it

Birth Defects Research (Part C) 87:114-122, (2009)

might serve separate function(s)
apart from those ascribed to the
human TSPY. Indeed, additional
studies showed that the rat Tspy
is capable of binding to histones in
the cytoplasm of spermatids.
These observations suggest that
Tspy could serve as a chaperone
for histones that are being dis-
placed by protamines during
spermiogenesis (Mezquita, 1985;
Ivanovska and Orr-Weaver, 2006)
and are sequestered by Tspy in
the cytoplasm of elongated sper-
matids (Kido and Lau, 2006). The
human TSPY is potentially capable
of similar chaperone function,
because its protein could also be
localized in spermatids, albeit at
reduced levels (Kido and Lau,
2005). Hence, if the human TSPY
serves multiple functions in both
the propagation and differentiation
of the stem germ cells of the male
reproductive system, these obser-
vations suggest that some of
these TSPY functions have been
replaced by other genes, probably
the Tspy-like genes, in the
rodents.

TSPX is an evolutionarily con-
served gene on the X chromo-
somes of most mammals (Lau
et al., 2007). It has been isolated
by several laboratories using vari-
ous strategies, and has been des-
ignated with different names,
including cell division autoantigen
1 (CDA1) (Chai et al., 2001), dif-
ferentially expressed nucleolar
TGF-p1 target (DENTT) (Ozbun
et al., 2001), and CASK interact-
ing nucleosome assembly protein
(CINAP) (Wang et al., 2004) by
three laboratories that studied this
gene in detail. Collectively, these
studies supported the notation
that TSPX is an important and
broadly expressed gene that
serves vital and multiple functions
in modulating cell cycle progres-
sion and transcriptional regulation.
Tspx/Dentt is expressed early in
the heart and the primitive brain
in the mouse E8 embryos, particu-
larly in the choroids plexus, spinal
cord, and dorsal root ganglia
(Ozbun et al., 2003). Such expres-
sion is later extended to other
embryonic organs. In adult, Tspx/
Dentt is expressed intensely in the
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pituitary gland; islets of Langer-
hans in the pancreas; choroids
plexus, cortical motoneurons, and
Purkinje cells in the brain; Leydig
and Sertoli cells and spermato-
cytes in the testis; and oocytes,
thecal cells, and corpora lutea in
the ovary, among other tissues

(Martinez et al., 2002). Signifi-
cantly, Tspx/Cinap is widely
expressed in various regions of

the mouse brain, including cere-
bral cortex, hippocampus, stria-
tum, hypothalamus, cerebellum,
and the ventricular and subven-
tricular zones, two regions with
actively dividing neuronal progeni-
tor cells (Lin et al., 2006). The
mouse Tspx/Cinap protein is asso-
ciated with the synapse and is
capable of translocating to the
nucleus, where it modulates gene
regulation by interacting with
CASK, a coactivator for Tbr-1, an
essential transcription factor in
cerebral development. Tspx/Cinap
binds with CASK, forms a tran-
scriptional complex with Tbr-1,
and participates in the chromatin
dynamics involved in the regula-
tion of Tbr-1 target genes (Wang
et al., 2004).

Overexpression of TSPX/CDA1 in
Hela cells retards cell cycle pro-
gression, primarily arresting cells
at the G,/M stage (Chai et al.,
2001). TSPX induces p53- and
MEK/ERK1/2 MAPK-dependent
expression of the growth inhibitor
gene, p21Wafl/cipl — py acting
through the p53 response element
on the promoter of the p21Waf/cipl
gene, thereby exerting its inhibi-
tory effects on cell proliferation
(Tu et al., 2007). Ectopic expres-
sion of TSPX/DENTT in human
lung and breast cancer cells dimin-
ishes cell growth, migratory
potential, and capacity to form
colonies under anchorage-inde-
pendent culture conditions (Kan-
dalaft et al., 2008). Hence, TSPX/
DENTT has been postulated to be
a tumor suppressor gene (Kanda-
laft et al., 2008). Together with its
expression patterns in normal tis-
sues, these observations suggest
that TSPX could play normal and
multi-functional roles in modulat-
ing an orderly progression of the
cell cycle in proliferating cells,

maintaining the nonproliferative
states of terminally differentiated
cells, and participating in gene
regulatory mechanisms through
partnering with other transcription
factors and cofactors.

TSPY AS THE GENE
FOR GBY

As predicted by Page (1987), the
GBY gene(s) serves a normal func-
tion in the testis, but acts as an
oncogene only when it is present
and expressed in dysgenetic
gonads. Recent studies in our lab-
oratory and those of others have
clearly established the candidacy
of TSPY as the gene for GBY. First,
it is expressed in fetal presperma-
togonia/gonocytes and adult sper-
matogonia, and is likely to serve
vital normal functions in male
stem germ cell proliferation and
meiotic division (Schnieders et al.,
1996; Honecker et al., 2004; Kido
and Lau, 2005). This fulfills the
normal function requirement, as
suggested for GBY. Second, it is
mapped to the critical region for
GBY on the short arm of the Y
chromosome (Salo et al., 1995;
Tsuchiya et al., 1995). This critical
region harbors primarily the tan-
dem and functional repeat units of
the TSPY gene (Skaletsky et al.,
2003). Third, it is ectopically and
abundantly expressed not only in
gonadoblastoma tissues, but also
testicular germ cell tumors
(TGCTs), including the premalig-
nant precursor (CIS), seminoma,
and selected nonseminomas (Ker-
semaekers et al., 2005a; Li et al.,
2007a,b). These observations sug-
gest that TSPY could play a key
role(s) in the early development of
germ cell tumors. Indeed, various
stages of gonadoblastoma devel-
opment could be reconstituted
morphologically from some gona-
doblastoma specimens, which
paint a picture of TSPY-positive tu-
mor germ cells arising from the
periphery of follicular structures in
a dysgenetic gonad (Li et al.,
2007b). The TSPY-positive cells
take on a proliferative growth that
eventually fills up the entire follic-
ular structures and forms nests of
tumor germ cells, characteristic of

a gonadoblastoma. Fourth, TSPY
expression is tightly correlated
with those of established tumor
germ cell markers, such as placen-
tal alkaline phosphatase, OCT3/4
and c-KIT, in gonadoblastomas,
CIS, and seminomas (Kerse-
maekers et al., 2005b; Li et al.,
2007a,b). As CIS is the premalig-
nant precursor for all TGCTs (Raj-
pert-de Meyts and Hoei-Hansen,
2007; Hersmus et al., 2008; Kris-
tensen et al., 2008), the abundant
expression of TSPY in CIS sug-
gests that it could also play a key
role(s) in early stages of the
tumorigenesis of these types of
germ cell tumors.

TRANSGENIC MOUSE
STUDIES OF TSPY

As gonadoblastoma occurs mostly
in the dysgenetic gonads of phe-
notypic females and, as the GBY
gene, TSPY must be functional in
germ cells in female environments
at or before tumorigenesis occurs
in order to exert its oncogenic
actions in the process(es). Estab-
lishing a transgenic model of
gonadoblastoma in mice with TSPY
transgene has been a difficult, if
not daunting, task. Despite
repeated efforts by us and others,
only one transgenic mouse line
has been successfully established
in the laboratory of Stephanie
Schubert and J6rg Schmidtke
(Schubert et al., 2003), in which
~50 copies of an 8.5-kb human
genomic DNA consisting of a func-
tional TSPY gene were integrated
in the Y chromosome of the host
animal. This transgenic mouse line
resembles the human TSPY gene
cluster on the Y chromosome. The
TSPY transgenes are properly
regulated and primarily expressed
in the spermatogonial cells in adult
testis. The transgenic mice, how-
ever, are phenotypically normal
and do not develop any tumors at
high incidence (Schubert et al.,
2003, 2008). Currently, it s
uncertain why transgenic mouse
lines harboring the human struc-
tural gene (promoter, gene and
flanking sequences) are difficult to
establish using the conventional
microinjection of fertilized mouse

Birth Defects Research (Part C) 87:114-122, (2009)
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eggs. It is conceivable that TSPY
transgene integrated in the non-Y
chromosomes could be dysregu-
lated in the host and ectopic TSPY
expression might be detrimental
to normal development. Neverthe-
less, limited success has been
achieved to support the notion
that TSPY is the GBY gene.

To address the issue on whether
TSPY is capable of expression in
ovary, we had established a Cre-
LoxP transgene activation system
and demonstrated that a 2.4-kb
promoter of human TSPY was ca-
pable of directing the expression
of a reporter transgene in the
ovarian follicular oocytes and tes-
ticular germ cells of transgenic
mice (Kido and Lau, 2005), con-
firming the functionality of its pro-
moter in testicular and ovarian
environments. In addition, we had
also generated 8 founding trans-
genic mice (5 males and 2
females) harboring a 12.5-kb
region of human Y-DNA containing
the 2.8-kb TSPY structural gene.
All founders were fertile, but could
not pass on their transgene to
their offspring, despite analysis of
~200 pups from various crosses.
On the other hand, transgenic
mice harboring a modular TSPY
gene directed by the human kallik-
rein 2 (HK2) promoter (Xie et al.,
2001; Seethammagari et al.,
2006) are capable of transmitting
the transgenes to their offspring
and expressing their transgenes
specifically in the epithelial cells of
their prostates (Kido and Lau,
unpublished observations). Stud-
ies of our founders harboring the
12.5-kb TSPY transgene demon-
strated that the human gene was
expressed in spermatogonia and
spermatocytes in the testes of
males. Selected areas showed
signs of atrophy or vacuolarization
morphology of their testes. Signifi-
cantly, one female founder (~1.5
yr old) showed aggregates or
nests of abnormal cells in her ova-
ries, many of which expressed the
TSPY transgene at high levels (Fig.
2A-D), similar in morphology and
TSPY expression to tumor cells in
gonadoblastoma of human
patients (Fig. 2E-F). To the best
of our knowledge, gonadoblasto-

Figure 2. Gonadoblastoma-like structures in ovaries of a female transgenic mouse
harboring a 12.5-kb human TSPY transgene. Nested structures that expressed human
TSPY transgene products (A,B) could be detected with immunostaining (A) and immu-
nofluorescence (B) with human TSPY antibodies, resembling the immunostaining pat-
tern of a gonadoblastoma specimen (E) (Lau et al., 2000). Another follicular structure
showed TSPY expression along the periphery (C,D), resembling the expression pattern
of TSPY in another gonadoblastoma specimen (F) (Li et al., 2007b). Boxed area in C is
enlarged in D. Bar represents 200 microns in A-C, and E,F; 100 microns in D.

mas or type II germ cell tumors
have never been reported for the
laboratory mouse (Oosterhuis and
Looijenga, 2005; Looijenga and
Oosterhuis, 2007). Most mouse
testicular cancers are of teratoma
and/or embryonal carcinoma ori-

gins (Matin et al., 1998; Cools
et al., 2005; Youngren et al,,
2005). The present results,

although preliminary in nature,
are significant. First, they confirm
that the human TSPY promoter
and the structural TSPY gene are
functional in ovarian germ cells.
This is a new finding because the
Y-located transgenes in the Schu-
bert-Schimdtke line transmits
only paternally; the transgene
never transmits to females (Schu-
bert et al., 2003). Second, the
human TSPY transgene in one of

Birth Defects Research (Part C) 87:114-122, (2009)

our founders could be epigeneti-
cally dysregulated specifically in
ovarian cells and develop struc-
tures resembling gonadoblas-
toma. These observations, there-
fore, support the hypothesis that
ectopic expression of TSPY in
ovaries promotes germ cell tu-
morigenesis and gonadoblastoma
development.

POSSIBLE MECHANISMS
OF TSPY ONCOGENIC
FUNCTIONS

We hypothesize that TSPY and
TSPX are evolved from the same
ancestral gene, but have diverged
substantially in their respective
functions (Lau et al., 2007). TSPX
serves essential and normal func-
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tions in modulating cell cycle pro-
gression and transcription regula-
tion while TSPY has acquired spe-
cialized functions in male stem
germ cell proliferation and meiotic
division, among others. Because
of their structural differences,
apart from their conserved SET/
NAP domain, ectopic expression of
TSPY in incompatible cells, such as
susceptible germ cells in dysge-
netic/female gonad and/or dys-
functional testis, could counteract
TSPX functions, thereby exerting
proliferative and oncogenic actions
on these germ cells. Alternatively,
TSPY could act independently and
induces proliferation of susceptible
cells.

To support this hypothesis, we
have demonstrated that TSPY
interacts with the eukaryotic
translation elongation factor 1A,
eEF1A, and enhances protein syn-
thesis in the host cells (Kido and
Lau, 2008). Since elevated levels
of protein synthesis are character-
istics of actively growing and/or
replicating cells, such TSPY
enhancement of protein synthesis
could exacerbate the proliferative
properties and predispose host
cells to oncogenic actions. Further,
we have shown that overexpres-
sion of TSPY accelerates cell cycle
progression and shortens the G,/
M phase in transfected cells (Oram
et al., 2006). This is in contrast to
the observations on TSPX, where
overexpression of TSPX retards
cell cycle progression at the G,/M
stage (Chai et al., 2001; Kandalaft
et al., 2008). Microarray analysis
of gene expression between cells
overexpressing and repressing
TSPY shows that various onco-
genes and progrowth genes,
including some of those located on
chromosome 12p, are up-regu-
lated in TSPY overexpressing cells
(Oram et al., 2006; Li et al.,
2007a). As selected genes on
chromosome 12p are either ampli-
fied or wup-regulated in some
TGCTs, particularly on seminomas
(Looijenga et al., 2003; Ooster-
huis and Looijenga, 2005), such
up-regulation of progrowth genes
by TSPY supports the postulation
that ectopic expression of TSPY
could contribute to germ cell tu-

D

Mataphase
chromasomes

H TSPX

Figure 3. Distribution of TSPY and TSPX in interphase and metaphase cells. COS7
cells were cotransfected with constitutively expressed TSPY and FLAG-tagged TSPX
constructs, and analyzed by immunofluorescence with specific antibodies against TSPY
(A, red) and FLAG-TSPX (B, green). TSPY was localized in both cytoplasm and nucleus
while TSPX was primarily localized in the nucleus of interphase cells. Other studies
suggested that TSPX could be distributed in both cytoplasm and nucleus in some cells
and tissues (Chai et al., 2001; Martinez et al., 2002; Ozbun et al., 2003; Lin et al.,
2006). During metaphase, TSPY (E) and TSPX (F) were mainly distributed around the
metaphase plate. TSPX seemed to occupy a more extensive location. The merged
image (G) showed that both proteins overlapped extensively around the metaphase
plate. Previously, we demonstrated that TSPY was co-localized with tubulin on the mi-
totic spindles (Li and Lau, 2008); its overlapping distribution with TSPX suggested that
these two proteins might exert yet-to-be defined effects on this organelle during mito-
sis. C, merged image of A and B; D, DAPI staining; H, diagrammatic illustration of

TSPY and TSPX distribution in the metaphase cell in E-G.

morigenesis. Indeed, cells overex-
pressing TSPY are capable of
forming tumors in nude mice at
accelerated rates than those with-
out TSPY expression (Oram et al.,
2006). Therefore, these results
support the notation that ectopic
expression of TSPY favors cell pro-
liferation and growth, and predis-
position to carcinogenesis.

The contrasting effects of TSPY
and TSPX on the G,/M stage of the
cell cycle are intriguing. As SET
has been demonstrated to interact
with cyclin Bs (Canela et al.,,
2003), we have conducted a series
of studies designed to evaluate if
TSPY and/or TSPX indeed could
interact with this type of cyclins
and what effects such interactions
might have on the functions of
cyclin B-cyclin dependent kinase
1. Our results demonstrated that
both TSPY and TSPX are capable
of binding to cyclin B1, B2, and
B3, but not cyclin A, via their SET/
NAP domain in vitro and in vivo (Li
and Lau, 2008). TSPY enhances
while TSPX represses the phos-
phorylation activities of an acti-
vated cyclin B1-CDK1 complex in

cultured cells in vitro. The inhibi-
tory domain of TSPX has been
mapped to its carboxyl acidic do-
main, which is absent in TSPY.
Retrofitting this acidic domain to
the carboxyl terminus of TSPY ren-
ders the chimera molecule to be
inhibitory on cyclin B1-CDK1 activ-
ities (Li and Lau, 2008). Immuno-
fluorescence shows that TSPY is
preferentially localized to the mi-
totic spindles of the metaphase
cells (Li and Lau, 2008). While
TSPX takes on a similar, but rela-
tively more disperse, location
around the metaphase plate (see
Fig. 3). Currently, we are uncer-
tain on what functions TSPY and
TSPX might have on the mitotic
spindles. Their contrasting effects
on the cyclin B1-CDK1 kinase
activities suggest that TSPY and
TSPX might exert opposite func-
tions on this mitotic organelle,
such as phosphorylation of the
spindle or kinetochore compo-
nents, resulting in accelerating
and retarding the G,/M transition,
respectively, in the cell cycle when
they are ectopically expressed in
the host cells (see Fig. 4). We
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Figure 4. Postulated functions of TSPY on cell growth and proliferation. TSPY interacts
with the eukaryotic elongation factor 1A (eEF1A) and enhances the protein synthetic
activities, thereby promoting cell growth and cell replication (Top). During mitosis,
TSPX regulates the proper cell cycle progression through metaphase by binding to
cyclin B and modulating/inhibiting the Cdk1 phosphorylation of components of the mi-
totic spindle and kinetochore (Bottom). Ectopically expressed TSPY competitively binds
to cyclin B and enhances the Cdk1 kinase activities, thereby accelerating a rapid tran-
sition of the G,/M phase and shortening the duration of the cell cycle.

surmise that TSPX could be impor-
tant in modulating an orderly tran-
sition of the G,/M stage by properly
regulating the checkpoints, while
TSPY could abolish or circumvent
the same checkpoints, thereby
accelerating a quick transition in
this phase of the cell cycle. Since
G,/M checkpoints are critical for
the cells to properly prepare for mi-
totic division after DNA replication
in the S phase, any abolishment of
G>/M checkpoint(s) could result in
chromosome nondisjunction in the
subsequent mitosis, thereby
increasing the potential for chro-
mosome  rearrangements  and

genomic instability, and tumori-
genesis (Smits and Medema, 2001;
Pietenpol and Stewart, 2002;
Kastan and Bartek, 2004; Hout-
graaf et al., 2006; Knauf et al.,
2006; Lobrich and Jeggo, 2007;
Schmit and Ahmad, 2007; Decor-
dier etal., 2008).

Y CHROMOSOME GENES
AND SEXUAL
DIMORPHISMS IN HEALTH
AND DISEASES

The contrasting properties of TSPY
and TSPX have raised an interest-

Birth Defects Research (Part C) 87:114-122, (2009)

ing question on the roles of Y chro-
mosome genes in human physiol-
ogy and diseases (McBride et al.,
2002; Fairbairn and Roff, 2006;
Gutierrez-Adan et al., 2006; Lleo
et al., 2008). TSPY, like many of
the genes residing on the male-
specific region on the Y chromo-
some (MSY), plays important roles
for male germ cell development
and differentiation. Ectopic or even
normal expression of MSY genes
(Skaletsky et al., 2003) could exert
sexually dimorphic effects on the
host cells or tissues in both spatial
and temporal manners during em-
bryonic development and postnatal
life. The peculiar structural arr-
angement of the TSPY gene array
(Skaletsky et al., 2003) has greatly
exaggerated its potential in con-
tributing to such sexual dimor-
phisms in human diseases. Indeed,
TSPY had been demonstrated to
express in not only male-specific
cancers, i.e., TGCTs and prostate
cancer (Lau et al., 2000, 2003; Li
et al., 2007a,b), but also intracra-
nial germ cell tumors, melanoma,
and hepatocellular carcinoma (Gal-
lagher et al., 2005; Yin et al.,
2005; Hoei-Hansen et al., 2006).
These studies showed that TSPY
expression was most frequently
observed among cancer samples at
early stages than those at late
stages of the respective oncogenic
processes (Gallagher et al., 2005;
Yin et al., 2005). Since TSPY exerts
contrasting effects on TSPX, an
essential housekeeping gene (Li
and Lau, 2008), such ectopic TSPY
expression could bring about cer-
tain aspects of sexual dimorphisms
on respective tumorigenesis of
these somatic cancers. Similarly,
epigenetic dysregulation of any of
the MSY genes could potentially
disrupt the normal functions of
respective autosomal or X-located
homologues/analogues, thereby
contributing to a diverse spectrum
of sexual dimorphic and quantita-
tive traits in health and diseases.
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