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Abstract
The gonadoblastoma gene, testis-specific protein Y-encoded (TSPY), on the Y chromosome and its X-homologue, TSPX, are
cell cycle regulators and function as a proto-oncogene and a tumor suppressor respectively in human oncogenesis. TSPY and
TSPX competitively bind to the androgen receptor (AR) and AR variants, such as AR-V7, at their conserved SET/NAP domain,
and exacerbate and repress the transactivation of the AR/AR-V7 target genes in ligand dependent and independent manners
respectively. The inhibitory domain has been mapped to the carboxyl acidic domain of TSPX, truncation of which renders
TSPX to be stimulatory while its transposition to the C-terminus of TSPY results in an inhibitory hybrid protein. TSPY and
TSPX co-localize with the endogenous AR, in the presence of ligand, on the promoters and differentially regulate the expres-
sion of the endogenous AR target genes in the androgen-responsive LNCaP prostate cancer cells. Transcriptome analysis
shows that TSPY and TSPX expressions differentially affect significant numbers of canonical pathways, upstream regulators
and cellular functions. Significantly, among the common ones, TSPY activates and TSPX inhibits numerous growth-related
and oncogenic canonical pathways and cellular functions in the respective cell populations. Hence, TSPY and TSPX exert op-
posing effects on the transactivation functions of AR and AR-Vs important for various physiological and disease processes
sensitive to male sex hormone actions, thereby not only affecting the pathogenesis of male-specific prostate cancer but also
likely contributing to sex differences in the health and diseases of man.

Introduction
The male sex hormone androgen and its receptor, androgen re-
ceptor (AR), play key roles in various developmental pathways,
physiology and disease processes, such as prostate differentia-
tion and oncogenesis (1,2), and sexually dimorphic physiology

and diseases, such as cardiovascular functions/diseases (3) and
brain development and neural diseases (4,5). At present, the
contributions of genes on the sex chromosomes, i.e. X and Y
chromosome, in sex-specific and sexually dimorphic human
cancers and diseases have not been fully investigated. In the
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case of cancers, abnormal activation of a Y-located proto-
oncogene could have a positive effect(s) on oncogenesis in the
affected cells in males while inactivation of a X-located tumor
suppressor could predispose males to oncogenesis. Indeed, the
testis-specific protein Y-encoded (TSPY) gene on the Y chromo-
some and its X-homologue, TSPX (6), represent such a pair of
homologues on the sex chromosomes that are potentially at the
two extremes of the human oncogenic spectrum.

TSPY is a small gene, tandemly repeated 30–60 times at the
critical region harboring the gonadoblastoma locus (GBY) (7),
the only oncogenic locus on the Y chromosome (8). It is
normally expressed and likely serves normal functions in pre-
spermatogonia of fetal testis (9), and spermatogonia and sper-
matocytes of adult testis (10). Significantly, TSPY is also
abundantly expressed in gonadoblastoma and various testicular
germ cell tumors (11–13), as well as somatic cancers, such as
prostate cancer and hepatocellular carcinoma (14,15). Ectopic
expression of TSPY in incompatible cells, such as female/dys-
functional germ cells and somatic cells incapable of entering
male germ cell lineage, promotes cell proliferation and tumori-
genesis (16). It accelerates G2/M transition by stimulating the
mitotic cyclin B-cyclin dependent kinase 1 (CDK1) activities (17),
and likely affects the G2/M checkpoints (11). Aberrant expres-
sion of TSPY in transgenic mice results in gonadoblastoma-like
structures in the ovaries (18). Hence, TSPY is a male-specific
proto-oncogene for the GBY locus on the Y chromosome, and
likely contributes to various human cancers.

TSPX, also known as TSPYL2, CDA1, CINAP and DENTT, is a
single-copy homologue of TSPY on the X chromosome (6). TSPY
and TSPX originated from the same ancestral gene with similar
exon–intron organization at their conserved SET/NAP domain, ini-
tially identified in the SET oncoprotein and the nucleosome as-
semble protein (NAP), but differ at their flanking sequences, as
results of the evolutionary divergence of the sex chromosomes. In
particular, TSPX harbors a large acidic domain at its carboxyl ter-
minus, which is absent in TSPY. Importantly, it possesses con-
trasting properties in cell cycle regulation, i.e. retardation of cell
proliferation (19) and repression of cyclin B-CDK1 activities (17), to
those of TSPY, and has been considered as a tumor suppressor on
the X chromosome for various human cancers (15,19,20).

In this report, we show that TSPY and TSPX competitively
bind to AR, but stimulate and repress AR transactivation of re-
sponsive genes, respectively. We have identified the respective
binding domains and mapped the TSPX repressor function to its
carboxyl acidic domain, absent in TSPY. Importantly, such in-
teractions and modulations could be extended to constitutively
active AR variants, lacking the carboxyl ligand binding domain,
and endogenous androgen-responsive genes in the androgen-
responsive prostate cancer LNCaP cells. Transcriptome analysis
suggests that this pair of homologues differentially affect vari-
ous pathways and cellular functions in this prostate cancer
cell line. Hence, TSPY and TSPX serve as co-activator and co-
repressor of AR and AR variants, and could function as an onco-
gene and a tumor suppressor respectively in prostate cancer
and other sexually dimorphic tumors and diseases affected by
the actions of androgen and its receptor and receptor variants.

Results
Interactions of TSPY and TSPX with the androgen
receptor

After the initial identification of AR as a TSPY-binding protein in
a yeast two-hybrid study (21), also see Materials and Methods,

co-immunoprecipitation was used to demonstrate the interac-
tions between TSPY and AR, in transfection assays with FLAG-
tagged TSPY and HA-tagged AR constructs in HEK293 cells
(17,21). Our results showed that AR was specifically precipitated
together with TSPY in the presence or absence of the synthetic
ligand, R1881 (Fig. 1A). Similar study showed that TSPX and AR
could also be co-immunoprecipitated as protein complexes
(Fig. 1B), suggesting that both TSPY and TSPX are capable of in-
teracting with AR in similar manners.

To confirm their interactions, GST-TSPY and GST-TSPX
fusion proteins were used in pull-down assays with in vitro 35S-
labeled AR (17,21). Our results showed that GST-TSPY and GST-
TSPX were capable of binding to AR (Fig. 2A, left), which were
confirmed by affinity assays with HA-tagged AR and 35S-lableled
TSPY or TSPX (Fig. 2A, right). To determine the domain(s) in AR
responsible for interacting with TSPY, the N-terminal domain
(NTD), DNA-binding domain (DBD) and the ligand-binding do-
main (LBD) (Fig. 3F) were in vitro labeled, and analyzed similarly
with GST-pull down assays. The results showed that both NTD
and DBD were being retained by GST-TSPY fusion protein
(Fig. 2B), suggesting that they are the interactive domains in AR.

Previous studies showed that TSPY transcriptional units can
produce alternatively spliced transcripts, coding for different iso-
forms with various in-frame deletions/truncations of the full-
length protein (Fig. 2E) (22). To identify the likely domain(s) re-
sponsible for TSPY interaction with AR, co-immunoprecipitation
experiments were performed with FLAG-TSPY isoforms and HA-
AR. Our results showed that AR was co-immunoprecipitated
with all TSPY isoforms (Fig. 2C). Comparison with the encoded
sequences of the various TSPY isoforms showed that the N-ter-
minal portion of the SET/NAP domain, encoded by exon 2 and 3,
was responsible for interacting with AR (Fig. 2E). Alignment of
the SET, TSPY and TSPX protein sequences showed that this re-
gion harbors the most conserved stretch of amino acids among
members of this protein family (Supplementary Material, Fig.
S1A) and encompasses the a4, a5, and b1-3 structures of the SET/
NAP domain in the corresponding crystal structure of the SET
protein (23) (Supplementary Material, Fig. S1B).

TSPY stimulates and TSPX represses AR
transactivation of a target gene

To explore the effects of TSPY and TSPX interactions with AR on
its transcriptional activities, a luciferase reporter directed by the
androgen-responsive ARR2PB rat probasin promoter (24) was
used in transfection assays with various combinations of AR,
TSPY and TSPX expression vectors in the presence or absence of
the synthetic R1881 ligand. Our results showed that AR up regu-
lated the ARR2PB-luciferase reporter only in the presence of the
R1881 ligand (Fig. 3A and B). TSPY exacerbated and TSPX re-
pressed such ligand-dependent AR transactivation in dosage
dependent manners (Fig. 3A). Significantly, the TSPY exacerba-
tion of AR transactivation could be competitively inhibited by
TSPX co-expression in a dosage dependent manner (Fig. 3B).
Interestingly, as demonstrated in co-immunoprecipitation anal-
ysis (Fig. 2C), the TSPY isoforms could interact and co-activate
with AR in its transactivation of the ARR2PB-luciferase reporter
in similar ligand-dependent manner (Fig. 2D).

As discussed above, the major difference between TSPY and
TSPX is the acidic domain at the carboxyl terminus of TSPX, absent
in TSPY (Fig. 3E). To explore the potential function of this acidic do-
main, an abbreviated TSPX gene (TSPXDC) coding for a TSPX pro-
tein with a truncated acidic domain was used in similar reporter
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assays. Our results showed that TSPXDC stimulated the ligand-
dependent AR transactivation. Conversely, transposition of this
acidic domain to the C-terminus of TSPY (TSPY-TSPX) rendered
this fusion protein to be inhibitory, similar to the full-length TSPX
protein (Fig. 3C). These results mapped the inhibitory function of
TSPX to the acidic domain, the absence of which converted it to be
stimulatory as TSPY, in AR transactivation.

TSPY and TSPX interact with AR variants and modulate
their transactivation activities in ligand-independent
manners

The identification of the NTD and DBD as the interactive domains
for AR with TSPY and TSPX suggest that such protein-protein in-
teractions could occur with AR splice variants, lacking the ligand-
binding domain (LBD) (Fig. 3F). These AR variants can bind to the
androgen-responsive elements (ARE) of target genes and regulate
their expression in ligand-independent manners (25,26). They
have been postulated to play key roles in development of drug re-
sistance to androgen deprivation therapy (ADT) and advances to
metastatic and castration resistant prostate cancer (CRPC) (27).
Using the AR-V7 (also known as AR3) and AR-V4 (aka AR5) vari-
ants (26) as examples (Fig. 3F), we had conducted similar studies
in co-immunoprecipitation and reporter assays. Our results
showed that both AR variants were co-immunoprecipitated with
TSPY or TSPX (Fig. 1C and D). Significantly, such TSPY and TSPX
interactions led to exacerbation and repression respectively on
the AR variant-mediated and ligand-independent transactivation
of the probasin-luciferase reporter (Fig. 3D). Our findings suggest
that TSPY and TSPX are co-regulators for not only the full-length
AR but also the constitutively active AR variants lacking the LBD
in ligand dependent and independent manners, respectively.

TSPY and TSPX differentially co-regulate AR targets in
the prostate cancer LNCaP cell line

To determine the TSPY and TSPX effects on androgen-
responsive cells, a doxycycline inducible lentiviral expression

system (28) was used to express the TSPY or TSPX gene and a
control EGFP-containing vector in the androgen-responsive
prostate cancer LNCaP cell line. Under this system, the trans-
gene can be activated with doxycycline in the culture media.
Cell proliferation analysis showed that TSPY stimulated and
TSPX repressed the growth of LNCaP cells, as compared to those
with EGFP vector under doxycycline induction (Fig. 4A). To de-
termine the TSPY and TSPX effects on AR transcriptional func-
tions in LNCaP cells, specific primers were synthesized for five
androgen-responsive genes, i.e. KLK3 (PSA), TMPRSS2, FKBP5,
NKX3.1, and KLK2, and a non-responsive gene, HPRT
(Supplementary Material, Table S1) (29) and used in qRT-PCR
analysis of RNAs isolated from LNCaP cells transduced with
TSPY, TSPX or EGFP, in the presence of doxycycline (activation
of transgene) and the synthetic ligand R1881. Our results
showed that 3 of 5 AR target genes, i.e. KLK3 (PSA), TMPRSS2
and KLK2, were considerably and one (FKBF5) was slightly up
regulated in TSPY-expressing LNCaP, as compared to those ex-
pressing EGFP only (Fig. 4B). The NKX3.1 gene is usually down
regulated in prostate cancer (2), and its expression was lower in
TSPY-expressing LNCaP cells than that for the control cells.
Minimal effects on HPRT were observed in LNCaP cells express-
ing any of these transgenes. Our results suggest that TSPY could
co-activate the AR transcriptional regulation of selected endog-
enous target genes in the androgen-responsive LNCaP cells. On
the other hand, TSPX repressed the AR transcriptional regula-
tion of all five targets (Fig. 4B). To confirm TSPY and TSPX inter-
actions with AR in regulation of these target genes, chromatin
immunoprecipitation analysis was performed with LNCaP cells
expressing either TSPY or TSPX transgene using specific anti-
bodies against AR and the epitopes for TSPY, TSPX
(10,17,20,21,30). Our results showed that TSPY and TSPX co-
localized with AR in the promoter sequences of the respective
target genes (Fig. 4C and D), supporting the notion that TSPY
and TSPX, and perhaps other co-factors, form complexes with
AR, which bind to the promoters of the endogenous androgen-
responsive genes and co-activate and co-repress respectively
their expression in the presence of the R1881 ligand.

Figure 1. (A–B) Co-immunoprecipitation of FLAG-tagged TSPY (A) and TSPX (B) with full length AR in the presence and absence of the ligand R1881; and (C-D) with AR

variants, AR-V7 (C) and AR-V4 (D) in HEK293 cells. Co-immunoprecipitation was performed with FLAG-specific antibody (against TSPY or TSPX), and analyzed with

antibodies against FLAG (TSPY/TSPX) and HA (AR and AR-Vs). Input, total cell lysates before; Co-IP:FLAG, after co-immunoprecipitation. IP, immunoprecipitation; WB,

western blot; HA, anti-HA antibody; FLAG, anti-FLAG antibody.
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TSPY and TSPX differentially affect a variety of signaling
pathways, upstream regulators and cellular functions in
LNCaP cells

To explore the likely global effects of TSPY and TSPX in LNCaP
cells under androgen stimulation, the LNCaP cells ectopically ex-
pressing TSPY, TSPX and EGFP vector alone were analyzed with
RNA-Seq strategies (31–33). The gene expression patterns were
compared between LNCaP cells expressing either TSPY or TSPX
versus those expressing the EGFP vector alone, in the presence
of the synthetic ligand R1881. The differential expression levels
of the genes were calculated and tabulated as log2 fold changes
(33). Preliminary analysis confirmed the up and down regulation
of the five target genes examined previously (Fig. 4) in the re-
spective transcriptomes of TSPY and TSPX expressing cells.

With a false discover rate (FDR)< 0.05 and differential gene ex-
pression level cutoff of 0.8 at log2 scale (i.e. with differential ex-
pression>1.71 or< 0.57 fold changes), there were 2682 and 1423
genes differentially expressed between TSPY- or TSPX-expressing
and EGFP-expressing cells, respectively (Supplementary Material,
Table S2). These gene sets were uploaded to the knowledge base
Ingenuity Pathway Analysis (IPA) system (http://www.ingenuity.
com), and analyzed with the Core Analysis suite, which provides
statistical analyses on the canonical pathways, upstream regula-
tors and diseases or functions likely to be affected by the differen-
tially expressed genes. IPA identified 132 canonical pathways with
P value< 0.05 affected by TSPY over-expression in the LNCaP cells
(Supplementary Material, Table S3A). Forty-two common path-
ways were identified among the canonical pathways with z scores
in TSPX expressing LNCaP cells (Fig. 5A). Most common pathways,
except the PTEN signaling, were activated (z score>þ2.0) among
TSPY-expressing cells while most of the same pathways were ei-
ther inhibited or changed minimally (z scores 6< 2) in TSPX-
expressing cells (Supplementary Material, Table S3B). TSPY inhibi-
tion of the PTEN (phosphatase and tensin homologue deleted on
chromosome 10) signaling pathway in the prostate cancer LNCaP
cells is an interesting observation. PTEN is a phospholipase that
opposes PI3K (phosphoinositol-3-kinase) activity, important for
cell proliferation and oncogenesis (34,35). Inactivation/loss of
PTEN is frequently observed in prostate and other cancers (2,35).
Hence, TSPY inhibition of PTEN signaling pathway and activation
of other oncogenic pathways in the prostate cancer LNCaP cells
under androgen stimulation could be significant observations,
supporting the postulation of TSPY involvement in the prostatic
oncogenic process(es).

Ingenuity Pathway Analysis identified 471 and 222 upstream
regulators with P value<0.05 to be likely associated with the dif-
ferential gene expression patterns in TSPY and TSPX expressing
cells respectively (Supplementary Material, Table S4A and B).
Among them, 40 common upstream regulators showed z scores
of 6>2, likely to be activated or inhibited in respective cell popula-
tions. In addition to differentially activated or inhibited upstream
regulators, e.g. UCP1, PGR, HSF1, PRL, TP73, TGM2, TCR and
BNIP3L, some shared similar activation or inhibition states, e.g.
IFNG, MAPK1, IFNL1, IL1RN, SREBF1/2, INSIG1, IL1B, ATP7B, EBI3
and GAPDH, between TSPY and TSPX expressing cells (Fig. 5B).
Although the proportions of upstream regulators with similar z
scores were relatively small, these observations suggest that TSPY
and TSPX could exert similar effects on gene expression on se-
lected common upstream regulators in LNCaP cells. Interestingly,
only 16 diseases or functions were commonly affected by TSPY
and TSPX expression in LNCaP cells, with P< 0.05 and z scores
of 6>2 (Supplementary Material, Table S5). Among these com-
mon cellular functions, morbidity or mortality, organismal death

Figure 2. Interacting domain mapping and functional analysis of TSPY isoforms

with androgen receptor. (A) GST-TSPY or GST-TSPX pulldown of in vitro synthe-

sized AR (left) and HA-AR affinity pulldown of in vitro synthesized TSPY or TSPX

(right). (B) GST-TSPY pulldown of in vitro synthesized N-terminal domain (NTD),

DNA-binding domain (DBD) and ligand-binding domain (LBD) of AR. NTD and

DBD were retained by GST-TSPY fusion protein, albeit minimal background

binding of NTD to the GST alone. (C) Co-immunoprecipitation of TSPY isoforms

(as illustrated in E) with co-transfected FLAG-TSPY isoform and HA-AR

expression vectors in HEK293 cells. (D) Effects of TSPY isoforms in AR transacti-

vation of ARR2PB-luciferase reporter in HEK293 cells. All isoforms of TSPY are

capable of co-activating the probasin promoter-directed luciferase reporter

in the presence of the R1881 ligand. (E) Schematic illustrations of the structures

of TSPY and TSPY isoforms encoded by alternatively spliced transcripts

(22) and H25 is a new variant TSPY transcript, recently identified in our

laboratory.
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and apoptosis were inhibited while invasion of cells, cell move-
ment and migration of epithelial cells and tumor cell lines were
activated in TSPY expressing cells (Fig. 5C). The same functions
were minimally affected in TSPX expressing cells.

The canonical androgen signaling pathway was moderately
activated (z score¼ 1.89) in TSPY expressing cells, but not in
those expressing TSPX (Fig. 5A, last row). Similarly as an up-
stream regulator, AR was slightly activated (z score¼ 0.622) and
inhibited (z score¼�0.682) in TSPY and TSPX expressing cells,
respectively (Fig. 5B, last row). Since AR plays critical roles in an-
drogen signaling pathway, its expression was also slightly up
regulated in TSPY expressing cells (log2 fold change,þ 0.355),
but was significantly repressed in TSPX expressing cells (log2
fold change, �1.093), respectively. The TSPX inhibition on AR
expression in LNCaP cells could be confirmed by qRT-PCR

analysis (Supplementary Material, Fig. S2 and Table S1). Hence,
these observations suggest that TSPY and TSPX could directly or
indirectly affect AR expression, thereby potentially exerting
their stimulatory and inhibitory effects on AR functions not
only through their protein–protein interactions with AR, but
also likely through differential modulations of AR transcription
in LNCaP cells.

Discussion
TSPY and TSPX act as a proto-oncogene and a tumor
suppressor respectively in androgen-sensitive cancers

Prostate and prostate cancers are greatly dependent on the
male sex hormone and its receptors in development, growth,

Figure 3. TSPY stimulates and TSPX inhibits the transactivation of a probasin promoter-luciferase reporter by AR and AR variants. (A–B) AR up regulates the probasin

promoter-luciferase in the presence of synthetic ligand, R1881, and is stimulated by TSPY but repressed by TSPX in dosage and ligand (R1881) dependent manners.

TSPX competitively counters the TSPY stimulation of AR in a dosage dependent manner (B, right). (C) Identification of the carboxyl acidic domain as the inhibitory do-

main in TSPX, truncation of which (TSPXDC) renders it be stimulatory as TSPY while its transposition to the carboxyl terminus of TSPY (TSPY-TSPX) results in an inhib-

itory protein as the full-length TSPX (illustrated in E). (D) TSPY exacerbation and TSPX repression of AR variant, AR-V7 (left) and AR-V4 (right), transactivation of

probasin promoter-luciferase in ligand-independent manners. (E) Schematic representation of TSPY, TSPX and modular derivatives used in the probasin-reporter as-

says in C. (F) AR variants, AR-V7 and AR-V4, domain structures as compared to full length AR, AR-FL.
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oncogenic initiation and progression (1,2,36). Studies showed
that many men could harbor indolent cancer in their prostates,
but only some will develop symptoms of clinical prostate cancer
(2,36). The mechanism(s) responsible for such selective transi-
tion is still uncertain, although androgen and AR are presumed
to play key parts in the process(es). Once developed, prostate
cancer can be effectively treated and controlled with androgen
deprivation therapy (ADT), especially adjunct to radiotherapy or
prostatectomy (37). ADT targets AR, via antagonist such as
enzalutamide and androgen synthetic pathway inhibitors, such
as abiraterone acetate (38). Most patients respond positively, but
would eventually develop drug resistance and progress into the
lethal and/or metastatic castration resistant prostate cancer
(CRPC) (38). Currently, the molecular mechanisms contributing
to drug resistance and advance to CRPC are uncertain. Various
studies suggest that gene amplification and alternative splicing
with deleted LBD of AR could restore AR signaling in a constitu-
tive manner(s), thereby sustaining AR signaling without the
need of the ligand in the oncogenic processes (39–41). Among
the various AR variants, AR-V7 is closely linked to drug
resistance in patients and prostate cancer cell lines (41–44).
Over-expression of AR-V7 promotes epithelial-to-mesenchymal
transition (EMT), autocrine/paracrine actions and tumor stem
cell development, thereby advancing aggressive tumorigenesis
(45). AR-V7 mRNA has been successfully detected in circulating
tumor cells and/or whole blood of CRPC patients, and is an effec-
tive biomarker in prognosis for drug resistance and treatment
assessment in prostate cancer (42,46,47). Despite these ad-
vances, AR-V7 is also detectable in non-tumor prostate, early
prostate cancer and other human tissues (48,49), suggesting that

additional oncogenic factors or events might be required to fully
realize its oncogenic potential(s) (50). At present, the synergistic
factors and associated molecular mechanisms for AR/AR-V7 on-
cogenic actions in prostate cancer development and aggressive
progression are uncertain (51). As a male-specific proto-onco-
gene on the Y chromosome, TSPY stimulation of both full-length
AR and constitutively active AR-V7 suggests that it could serve
as a promoter and greatly amplify the androgen and AR/AR-V
oncogenic actions. Indeed, we have demonstrated TSPY expres-
sion in indolent (latent) cancers of patients without any clinical
symptoms (14), and in clinical prostate cancer at all Gleason
grades (14,22). Hence, TSPY could be a key factor synergizing and
exacerbating the oncogenic actions of AR and AR variants, im-
portant for initiation of prostatic oncogenesis/transition from in-
dolent to clinical cancer and for aggressive advance to
metastatic CRPC.

As a postulated tumor suppressor, TSPX suppresses lung
cancer cell proliferation (19) and promotes proteosomal degra-
dation of the HBx oncoprotein of the hepatitis B virus (HBV) (20),
an etiological agent for liver cancer. TSPX is an essential compo-
nent of the REST/NRSF transcriptional complex important for
TGFb signaling activation (52), which in turn up-regulates the
cell cycle inhibitor, p21CDKN1A and p53 actions (53). The present
study clearly demonstrated that TSPX is a co-repressor for AR
and its constitutively active variants, thereby minimizing their
corresponding oncogenic actions. Hence, TSPX is likely an X-
linked tumor suppressor for prostate cancer; any mutational/
epigenetic inactivation could predispose males to oncogenesis,
not only in prostate but also other cancers, such as liver and
bladder cancer (54,55). We postulate that TSPY and TSPX could

Figure 4. Effects of TSPY and TSPX expression in prostate cancer LNCaP cells in the presence of the synthetic ligand R1881. (A) TSPY promotes and TSPX inhibits cell

proliferation, as compared to EGFP alone, in LNCaP cells. (B) qRT-PCR analysis of five endogenous androgen-responsive genes (KLK3, TMPRSS2, FKBP5, NKX3.1, KLK2)

and HPRT control in the above transduced LNCaP cells. (C–D) Chromatin immunoprecipitation assays confirm TSPY (C) and TSPX (D) are co-localized with AR in bind-

ings to the promoters of the five androgen-responsive genes in LNCaP cells in the presence of R1881.
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be important biomarkers for prostate cancer; the presence or
absence of each could signify a likely exacerbation or repression
respectively of AR and/or AR-V-mediated oncogenic evolution
of such AR-addictive cancer (2,26,27).

Mechanisms of TSPY and TSPX actions in oncogenesis

In addition to their opposing effects on AR and AR-V functions
in transactivation of AR/AR-V target genes (Fig. 6), TSPY exacer-
bates and TSPX represses the cyclin B-CDK-1 activities (17), re-
sulting in an expedited and retarded G2/M transition in the cell
cycle, respectively (16). TSPY co-localizes with cyclin B at the
mitotic spindles and its stimulation of cyclin B-CDK1 activities
could compromise the spindle assembly checkpoint (SAC),
thereby increasing the potential for chromosome nondisjunc-
tion and genomic instability (11). TSPX, on the other hand, could
also co-localize with cyclin B at the mitotic spindle, but by mod-
ulating the cyclin B-CDK1 activities, it could insure an orderly
G2/M transition of the cell cycle, and maintain the SAC integrity
(Fig. 6). Significantly, its C-terminal acidic domain has been

identified to be responsible for its inhibition on cyclin B-CDK1
activities (17), similar to its repression on AR/AR-V transactiva-
tion (Fig. 3C). Again, truncation of this domain renders TSPX to
be stimulatory as TSPY, and its transposition to the C-terminus
of TSPY results in an inhibitory hybrid protein on the cyclin B-
CDK1 activities (17). Hence, the loss of the acidic domain in
TSPY during the evolution of the sex chromosomes (6) could be
key in its specialized functions in male germ cell biology and
differentiation, distinct from the ancestral gene-like TSPX.
Thus, TSPY and TSPX could contribute to oncogenesis as oppos-
ing cell cycle modulators and co-regulators of AR and AR-V on-
cogenic functions in human cancers.

Importantly, truncation of the carboxyl terminal domain of
TSPX renders the abbreviated protein to possess similar onco-
genic properties as those for TSPY in cyclin B-CDK1 stimulation/
cell cycle regulation (17) and AR transactivation (present study).
Therefore, any genetic mutations or alternative splicing events,
deleting off the carboxyl domain from the TSPX protein, could
potentially convert such a tumor suppressor to a TSPY-like on-
cogenic molecule theoretically capable of promoting cell prolif-
eration, genomic instability and/or exacerbating male sex

Figure 5. TSPY and TSPX differentially affect numerous canonical pathways, upstream regulators and diseases or functions in prostate cancer LNCaP cells in the pres-

ence of R1881 ligand (Supplementary Material, Tables S3–S5, respectively). Among the common ones, TSPY differentially activates most canonical pathways (Y-

zScore>þ2.0) associated with cell growth and proliferation and oncogenesis (A), which are either inhibited or minimally affected by TSPX. Such differences are less ob-

vious among common upstream regulators (B) and diseases or functions (C), postulated to contribute in TSPY- or TSPX-mediated differential gene expression patterns

in LNCaP cells. Notably, invasion of cells, movement and migration of tumor cells are activated, and morbidity or mortality, organismal death and apoptosis are in-

hibited among the cellular functions/diseases in TSPY-expressing cells; while the same functions were minimally affected in TSPX-expressing cells. X-

zScore¼ activation z scores for TSPX-expressing cells; Y-zScore¼activation z scores for TSPY-expressing cells. Ingenuity Pathway Analysis (http://www.Ingenuity.

com/) was performed on July 1, 2016.
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hormone actions in oncogenesis (11,16,17). Indeed, a prostate
cancer susceptibility locus has been identified with GWAS at
Xp11.22, in the proximity of TSPX on the X chromosome (56);
and epigenetic abnormalities and mutations on TSPX gene have
been reported in uterine leiomyomas (57) and serous endome-
trial tumors (58). Although the exact nature of the prostate can-
cer susceptibility locus at Xp11.22 and those for genetic/
epigenetic changes in TSPX in uterine and endometrial tumors
are uncertain, our results raise the possibility of TSPX involve-
ment in the pathogenesis of these and other human cancers.

TSPY and TSPX in sexual dimorphisms in health and
diseases of man

Sex differences are prevalent in normal development and physiol-
ogy, such as brain structures, muscle development, cardiovascular
physiology and nervous functions (3–5), as well as pathogeneses
of sexual dimorphic diseases, such as heart diseases, hyperten-
sion, neurodegenerative diseases, schizophrenia, autism, depres-
sion, diabetes and metabolic syndrome (3–5,59,60). The sex
hormones and their receptors could play crucial roles in these de-
velopmental, physiological and pathogenic processes. As a gene
on the man-only Y chromosome, the TSPY stimulatory actions on
AR transactivation will greatly amplify the male-specific effects,
thereby contributing to the overall male biases in various diseases
affected by the male sex hormone.

In addition to its cell cycle regulation and TGFb activation
(17,19,52), TSPX also serves a variety of functions associated with
quantitative trait diseases, such as diabetes, atherosclerosis and
cognitive disorders (52,61–66). It regulates the expression of the
GluN2A and GluN2B subunits of the N-methyl-D-aspartate (NMDA)
receptor in the hippocampus, and could play an important role(s)
in synaptogenesis and synaptic functions (63). It interacts with the
calcium/calmodulin-dependent serine protein kinase (CASK) and
regulates the expression of various genes important for neurode-
velopment (65). Loss-of-function mutation of Tspx (Tspyl2) results
in neurodevelopmental and behavioral abnormalities in mice (61).
Mutations and micro-deletions involving TSPX have been detected
in patients with attention deficit hyperactivity disorder (ADHD),

schizophrenia and mild intellectual disability (62,64). Since men
have only one X chromosome, mutations/inactivation of TSPX
could preferentially predispose males to such diseases.
Significantly, we have previously demonstrated that an intact hu-
man TSPY transgene and a TSPY promoter-directed reporter trans-
gene could be activated and express in various parts, including the
hippocampus, of the brain in transgenic mice, in similar spatio-
temporal manner as those for the endogenous Tspx (10,18). Hence,
abnormal activation of TSPY could exert a male-specific effect(s)
on the biological and disease process(es) and competitively inter-
fere with the TSPX functions in the brain and other tissues, result-
ing in male-biased physiological phenotypes and/or diseases. Our
studies and those of others on TSPY and TSPX have identified the
opposing multi-functional nature of these sex chromosome homo-
logues, which could play critical roles in various quantitative traits
in the health and diseases of man.

Materials and Methods
Plasmids and antibodies

The rat probasin promoter ARR2PB (67) was inserted immedi-
ately upstream of the coding sequence for luciferase in pGL3-
basic vector (Promega Corp., Madison, WI). Full length, trun-
cated and retrofitted cDNAs for TSPX and TSPY isoforms were
inserted into p3XFLAG-CMV-7 expression vector (Sigma, St.
Louis) for the mammalian expression, as previously described
(17,21). The coding sequences for TSPY and TSPX were inserted
into either pGEX4T3 or pET41b vector (Promega Corp., Madison,
WI) and used for GST fusion proteins synthesis. The pET28b
vector was used for in vitro transcription and translation synthe-
sis of various labeled proteins. The full-length human androgen
receptor cDNA clone, pS6-HA-AR and pS6 vector was provided
by Dr. Keith Yamamoto, UCSF. The cDNAs for AR variants, AR3
(AR-V7) and AR5 (AR-V4) were previously cloned in the labora-
tory of Dr Yun Qiu, University of Maryland (25). The doxycycline
inducible lentiviral vectors, FUW-tetO and FUW-M2rTA (28), and
the lentiviral packaging plasmids, pMD2G and pPAX2 were ob-
tained from the Addgene Repository.

TSPY monoclonal antibodies were originally generated in
our laboratory, as previously reported (10). All antibodies
against respective epitopes were purchased from various ven-
dors and used as previously described (17,20,21). The rabbit
polyclonal anti-AR antibody (sc-816) was purchased from Santa
Cruz Biotechnology.

Yeast two-hybrid screen and analysis

Initially, a bait harboring the SET/NAP domain (residues 151–
308) of TSPY was used in a yeast two-hybrid screen of an ex-
pression cDNA library of E11.5 mouse embryonic gonads (21,68),
resulting in identification of NONO, a component of an AR re-
pressor complex (69), as one of several TSPY interacting pro-
teins (21). Preliminary studies with NONO and AR showed that
TSPY and TSPX could bind directly with AR and affect its trans-
activation functions, independent of their bindings to NONO.
Accordingly, our subsequent studies were focused on character-
ization of the TSPY/TSPX interactions with AR and their effects
on AR transcriptional functions.

GST pull down assay

GST-TSPY and GST-TSPX recombinant proteins were synthe-
sized in E. coli strain BL21(DE3) bacteria and purified with affinity

Figure 6. Diagrammatic illustration of TSPY and TSPX effects in cell cycle regula-

tion via their actions on cyclinB-CDK1 activities at G2/M stage (upper); and dif-

ferential actions in androgen receptor transactivation of responsive genes

(lower). Both opposing functions of TSPY and TSPX could likely be attributed to

their evolutionary divergence, which resulted in the carboxyl terminal acidic do-

main in the protein encoded by their ancestral gene being retained in TSPX but

lost in TSPY.
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chromatograph and glutathione-Sepharose beads. The full-
length AR and subdomains NTD, DBD and LBD were synthe-
sized and labeled using the TnT T7 Quick Coupled
Transcription/Translation System (Promega Corp., Madison) in
the presence of 35S-methionine (Amersham Biosciences,
Piscataway). GST pull down assays were performed with respec-
tive GST fusion proteins and labeled proteins, as previously de-
scribed (17,21). The bound proteins were eluted and analyzed in
10% SDS-PAGE gels and detected by autoradiography.

Co-immunoprecipitation

Human HEK293 cells were transfected with various combina-
tions of p3xFLAG-TSPY, p3xFLAG-TSPX, pS6-HA-AR, pS6-HA-
AR3, pS6-HA-AR4 plasmids using the X-tremeGene 9 reagents
(Roche, Indianapolis), as previously described (17,21).
Transfected cells were harvested at 48 hours after transfection.
Co-immunoprecipitation was performed with EZview Red
ANTI-FLAG M2 Affinity Gel. The immunocomplexes were sepa-
rated by SDS-PAGE electrophoresis and analyzed by Western
blot and anti-FLAG, anti-HA or anti-AR polyclonal antibodies, as
before (17,20,21).

Promoter assay and functional domain identification

The ARR2PB-luciferase was used as a reporter to analyze the ef-
fect of TSPY or TSPX on AR transactivation in HEK293 cells.
Briefly, HEK293 cell were cultured in DMEM containing 10%
charcoal treated medium overnight, and transfected with
ARR2PB-luciferase reporter and TSPY or TSPX expression vec-
tors, as above (17,20). The b-galactosidase reporter, pCMV-LacZ,
was included in the transfection as an internal control. Forty-
eight hours after transfection, the cells were harvested and ana-
lyzed with the luciferase assay system, and b-galactosidase
enzyme assay system (Promega Corp., Madison, WI, USA)
according to the manufacturer’s instructions. The relative lucif-
erase activities were calculated with respect to the b-galactosi-
dase activities in the same cell populations. To identify which
domain of TSPX responsible for the inhibiting activity on AR
transactivation, truncated TSPX and retrofitted TSPY-TSPX ex-
pression vectors were used in the promoter assays, as described
before (17).

Lentiviral transduction, cell proliferation and
expression analysis

Lentiviral particles were generated by transfection of HEK293T
cells with combinations of FUW-tetO-TSPY, FUW-tetO-TSPX,
FUW-tetO-EGFP or FUW-M2rTA and envelope plasmids pMD2G
and packaging plasmid pPAX2, collected from the culture media
at 48 and 72 h after transfection, filtered through a 0.45 mm fil-
ter, and centrifuged at 13,000 rpm for 10 min. The supernatants
contained the respective lentiviral particles.

LNCaP cells were seeded at a density of 1x105/well on a 6-
well plate and cultured overnight with RPMI-1640 containing
10% FBS (tetracycline-free). They were transduced with lentivi-
ral particles containing FUW-tetO-TSPY, FUW-tetO-TSPX and
FUW-tetO-EGFP transgenes and polybrene (final concentration
8 lg/ml). Doxycycline at final concentration of 1 lg/ml was
added to the respective transduced cell populations (28). The
synthetic ligand R1881 at final concentration of 10nM was also
added to the culture media to activate the endogenous AR. The
transduced cells were harvested at 48 h after ligand stimulation;

total RNAs were extracted using TRIzol reagents (Life
Technologies, Inc., San Carlos, CA). One lg of total RNAs were
used to synthesize cDNAs by Transcriptor First Strand cDNA
Synthesis Kit (Roche). Expression levels of selected AR target
genes were analyzed by quantitative RT-PCR (15) with gene-
specific PCR primer pairs (Supplementary Material, Table S1)
(29).

Cell proliferation analysis was performed with the respec-
tively transduced cells, as above, in the presence of 1 lg/ml of
doxycycline and in biological triplicates using the WST-1 Cell
Proliferation Assay Kit from the Clontech Laboratories accord-
ing to the manufacturer’s instruction.

Detection of the bindings of TSPY or TSPX and AR
on endogenous target genes

LNCaP cells transduced with TSPY, TSPX and EGFP transgenes
were cultured in 10cm dish in the presence of 1 lg/ml doxycy-
cline and 10 nM R1881 for 48 h. The cells were harvested and
cross-linked with 1% formaldehyde for 10 min at room tempera-
ture. Chromatin immunoprecipitation was performed with nor-
mal mouse IgG, anti-FLAG and anti-AR antibodies using Magna
ChIPTM A/G Chromatin Immunoprecipitation Kit (EMD
Millipore) (30). ChIPed DNAs were detected by quantitative PCR
with primer pairs of at the promoters of respective AR target
genes (Supplementary Material, Table S1). Fold enrichments
were calculated with reference to EGFP transduced cells.

Transcriptome analysis

Two micrograms of total RNA extracted from LNCaP cells ex-
pressing TSPY, TSPX and EGFP vector alone, as described above,
was used in sequencing library preparations with the KAPA
Stranded RNA-Seq Library Preparation kit for Illumina Platform
(KR0934, KAPA Biosystems). The NEBNext Multiplex Oligos pri-
mer sets (New England Bio Laboratory) were used to bar code
the respective libraries, and sequenced with the High-Output
Kit (75 cycles, FC404-1005, Illumina) using a NextSeq 500
Sequencer (Illumina, Inc.). The sequencing was performed in
technical duplicates, which generated �10 � 106 of 75-nucleo-
tide raw reads per sample. Sequence analyses were performed
with the BaseSpace software suite and the Galaxy Portal (70).
The raw reads were first checked for quality by FastQC program.
Adaptor contaminations and/or low quality reads were trimmed
by FastQ tool kit. They were then aligned to the Human
Reference Genome, GRCH37/hg19, and assigned to specific
genes by FeatureCounts (31,32). Differential gene expression
were identified by DESeq2 (33), which generated the relative fold
changes between two RNA-Seq samples and calculated the P-
values and adjusted P values (as false discovery rates, FDR).

The final differential gene expression patterns between
TSPY and TSPX expressing cells versus EGFP expressing cells
were analyzed with the Excel program. The lists of differentially
expressed genes were selected with two criteria for Ingenuity
Pathway Analysis. First, differentially expressed genes with ad-
justed P-values (FDR)<0.05 were selected as statistically signifi-
cant in their fold change values. Second, a cutoff of their
differential gene expression level was implemented to further
refine the respective gene selections. Initial cutoff values at 0.5-
and 1.0-fold changes at log2 were used to generate differentially
expressed gene lists for the Ingenuity Pathway Analysis. Based
on the preliminary results, a final optimal cutoff value of 60.8 at
log2 (i.e. with differential expression> 1.71- or< 0.57-fold
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changes) was adopted, which resulted in lists of 2682 and 1423
differentially expressed genes in TSPY and TSPX cells respec-
tively. The Core analysis module was used for subsequent anal-
yses, which identified the canonical pathways, likely upstream
regulators, and disease or functions, associated with the differ-
ential gene expression patterns, with statistical significance
(P values from Fisher’s Exact Test) and predicted activation
(6z score corresponding to activation or inhibition) of specific
pathways, upstream regulators and diseases or functions. An
initial cutoff at P< 0.05 was applied to the IPA results, which
were then sorted by the respective z scores. Those with z score
of>þ2 or < �2 were considered to be statistically significant in
activation and inhibition respectively in their predicted states
among the differentially expressed genes in the TSPY or TSPX
versus EGFP expressing LNCaP cells. The common pathways,
upstream regulators and diseases or functions, which have z
scores of>þ2 or<�2 on the activation prediction analysis of ei-
ther TSPY or TSPX expressing cells, were compared with Excel.
The results were sorted in ascending order based on the p val-
ues for TSPY expressing cells and presented in a 3-color graphic
scheme with red, yellow and green as the highest, numerical 0
and lowest z scores, respectively.

Supplementary Material
Supplementary Material is available at HMG online.
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