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Despite the existence of effective antiandrogen therapy for prostate cancer, the disease often
progresses to castration-resistant states. Elucidation of the molecular mechanisms underlying the
resistance for androgen deprivation in terms of the androgen receptor (AR)-regulated pathways
is a requisite to manage castration-resistant prostate cancer (CRPC). Using a ChIP-cloning strategy,
we identified functional AR binding sites (ARBS) in the genome of prostate cancer cells. We
discovered that a centrosome- and microtubule-interacting gene, transforming acidic coiled-coil
protein 2 (TACC2), is a novel androgen-regulated gene. We identified a functional AR-binding site
(ARBS) including two canonical androgen response elements in the vicinity of TACC2 gene, in
which activated hallmarks of histone modification were observed. Androgen-dependent TACC2
induction is regulated by AR, as confirmed by AR knockdown or its pharmacological inhibitor
bicalutamide. Using long-term androgen-deprived cells as cellular models of CRPC, we demon-
strated that TACC2 is highly expressed and contributes to hormone-refractory proliferation, as
small interfering RNA-mediated knockdown of TACC2 reduced cell growth and cell cycle progres-
sion. By contrast, in TACC2-overexpressing cells, an acceleration of the cell cycle was observed. In
vivo tumor formation study of prostate cancer in castrated immunocompromised mice revealed
that TACC2 is a tumor-promoting factor. Notably, the clinical significance of TACC2 was demon-
strated by a correlation between high TACC2 expression and poor survival rates. Taken together
with the critical roles of TACC2 in the cell cycle and the biology of prostate cancer, we infer that
the molecule is a potential therapeutic target in CRPC as well as hormone-sensitive prostate
cancer. (Molecular Endocrinology 26: 748–761, 2012)

NURSA Molecule Pages†: Nuclear Receptors: AR; Ligands: R1881.

Androgen receptor (AR) is a nuclear hormone receptor
that regulates expression of its target gene in a li-

gand-dependent manner (1) and functions as a key factor
in determining the biology of prostate cancer (2, 3). An-
drogen deprivation therapy is initially effective for inhib-
iting the growth of prostate cancer by suppressing AR

activity (2), although the disease often recurs as castra-
tion-resistant prostate cancer (CRPC). Accumulated evi-
dence reveals that CRPC is often associated with en-
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hanced AR expression and transcriptional activity (4–8).
Nevertheless, the precise mechanisms underlying ac-
quired resistance to androgen deprivation in the context
of the AR-regulated gene network remain to be studied.

Recent advances in chromatin immunoprecipitation
(ChIP) studies have demonstrated that the AR-regulated
gene network involves cooperation of AR with other tran-
scriptional factors and coregulators (9, 10). Global ChIP
analyses using tiled oligonucleotide microarrays (ChIP-
chip) and deep sequencing (ChIP-Seq) have defined vari-
ous androgen-regulated genes in the vicinity of AR-bind-
ing sites (ARBS) and revealed the status of histone
modification status around the ARBS (9, 11–15). In partic-
ular, AR cistrome identified the M-phase check point
UBE2C as a direct AR target in castration-resistant prostate
cancer cells in comparison with hormone-naïve cells (9).
Thus, ChIP-based approaches are useful tools for elucidat-
ing the AR-regulated gene network in studies on androgen-
dependent and castration-resistant prostate cancer.

Our previous approach, which used the ChIP-cloning
technique, identified forkhead box protein P1 as a direct
AR target in androgen-dependent LNCaP cells (16). In
the present study, we describe transforming acidic coiled-
coil protein 2 (TACC2) as a critical AR target. TACC2 is

a centrosomal protein that interacts with microtubules (17–
19). Although the association of TACC2 with cancer biol-
ogy is controversial (20–22), the molecule may play a role in
tumorigenesis with regard to its interaction with nuclear
histone acetyltransferases (23). Our functional study and
clinical data suggest that TACC2 is a prognostic factor of
prostate cancer and a potential therapeutic target for CRPC.

Results

Identification of a strong ARBS in the TACC2 gene
locus

For identification of direct AR target genes, we ex-
plored androgen-dependent ARBS in the genome by em-
ploying a modified strategy involving ChIP-cloning com-
bined with PCR-based subtractive hybridization between
ligand (R1881, 10 nM for 24 h)-treated ChIP DNA and
vehicle-treated ChIP DNA derived from human prostate
cancer LNCaP cells (16). A total of 100 sequences were
obtained by ChIP-cloning and substantial ligand-depen-
dent AR recruitment to the top five ARBS (ARBS nos.
1–5, Supplemental Table 1 published on The Endocrine

Society’s Journals Online web site at
http://mend.endojournals.org) was vali-
dated in a conventional ChIP assay
(Fig. 1A). Surprisingly, AR occupancy
at ARBS 4 was even higher than the
occupancy at the known distal en-
hancer region of prostate-specific anti-
gen (PSA) (�100-fold). To investigate
the function of these ARBS, we con-
structed luciferase reporter vectors
containing the ARBS sequences. The
luciferase assay revealed that ligand-
dependent enhancer activity exists for
all five of the ARBS (Fig. 1B). Among
these, ARBS 4 was found to have the
highest enhancer activity to confer
transcriptional activity on heterolo-
gous promoters in response to R1881.
Using a BLAST search, we found that
ARBS 4 is located in the vicinity of the
TACC2 gene (Fig. 1C). The TACC2
ARBS was found to be located in a
transcriptionally active chromatin re-
gion. The ChIP assay revealed acti-
vated histone modification marks of
H3K4 monomethylation and H3/H4
acetylation, and ligand-dependent re-
cruitment of RNA polymerase (Pol) II
or phosphorylated Pol II (Fig. 1D).

FIG. 1. Characterization of the ARBS in the genomic region of the TACC2 gene. A, AR
binding ability of the top five (ARBSs 1–5) of 100 ARBS determined by the ChIP-cloning
strategy. LNCaP cells were treated with R1881 (10 nM) or vehicle for 24 h. The known distal
ARE in the enhancer region of PSA was used as a positive control. Fold enrichment of AR
binding was quantified by real-time PCR. The data represent the mean � SD, n � 3. B,
Androgen-dependent promoter activity of the top five ARBS evaluated by the luciferase
reporter assay. LNCaP cells were transfected with pGL promoter vectors containing ARBS
sequences 1–5. Empty pGL3 promoter and mouse mammary tumor virus (MMTV) luciferase
vectors were used as negative and positive controls, respectively. Cells were treated with
R1881 (10 nM) or vehicle for 24 h. The data represent the mean � SD, n � 3. C, Location of
ARBS 4 (arrow) in the TACC2 gene mapped by the UCSC Genome Browser (human genome
NCBI Build 35). D, Active histone modification and RNA Pol II-dependent transcription at
TACC2 ARBS. LNCaP cells were treated with R1881 (10 nM) or vehicle for 24 h. ChIP analysis
was performed using nonspecific IgG or specific antibodies targeting histone H3
monomethylated K4 (K4me1), acetylated histone H3 (AcH3), acetylated histone H4 (AcH4),
Pol II, or phosphorylated Pol II (P-pol II). Fold enrichment was quantified by real-time PCR. The
data represent the mean � SD, n � 2. Chr, Chromosome; SV40, simian virus 40.
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TACC2 is a novel androgen-regulated gene
To determine whether the ligand-dependent transcrip-

tional activity of the TACC2 ARBS is directly regulated
by AR, we evaluated the function of androgen response

elements (ARE) involved in the TACC2 ARBS. Two ca-
nonical ARE sequences were identified in the TACC2
ARBS by TRANSFAC. We constructed luciferase vectors
containing mutations of these ARE sequences (MutARE1

and MutARE2) and compared their
transcriptional activities with that of
the luciferase vector including the in-
tact TACC2 ARBS (Fig. 2A). Substan-
tial repression of luciferase activation
was observed in each of the mutated
constructs (Fig. 2B).

Androgen responsiveness of TACC2
expression was examined in LNCaP
cells stimulated by R1881 and dihy-
drotestosterone (DHT) (10 nM each)
(Fig. 2, C–F). The TACC2 mRNA was
induced in a time-dependent manner,
and an approximately 2-fold elevation
was detected 24 h after R1881 treat-
ment (Fig. 2C). With regard to the size
of TACC2 isoforms, the mRNA ex-
pressed in LNCaP cells was found to be
predominantly derived from the short
isoform (NM_206860) as defined by
the design of PCR primers (Fig. 2D). In
addition, we examined androgen re-
sponsiveness of TACC2 protein ex-
pression in LNCaP cells using TACC2-
specific antibody recognizing both
isoforms (Fig. 2E). Androgen-depen-
dent up-regulation of TACC2 protein
was shown after stimulation of the LN-
CaP cells, the molecular size of which
corresponds to the short isoform tran-
siently expressed in 293T cells. DHT
was also found to cause elevation of the
TACC2 mRNA level by more than 2.5-
fold 24 h after treatment, and the in-
duction was significantly inhibited by
the antiandrogen bicalutamide (10 �M)
(Fig. 2F). To further investigate the di-
rect contribution of AR to TACC2 ex-
pression, we performed knockdown of
AR by small interfering RNA (siRNA)
transfection. When the AR siRNA was
transfected at a concentration suffi-
cient for AR protein knockdown (Fig.
2G), the TACC2 mRNA level was re-
duced by about 40%.

We also found that a remarkable ex-
tent of AR recruitment at the TACC2
ARBS is detected in VCaP cells, an-

FIG. 2. AR- and ligand-dependent transcription of TACC2. A, Schematic view of luciferase
reporter constructs of TACC2 ARBS 4 (TACC2 ARBS-LUC: containing intact ARE, mutARE1-
LUC: mutated ARE1 with intact ARE2, and mutARE2-LUC: intact ARE1 with mutated ARE2).
Mutated bases in ARE are underlined. B, Luciferase activity of TACC2 ARBS luciferase vectors
transfected into LNCaP cells. The pGL3 promoter and mouse mammary tumor virus (MMTV)-
LUC vectors were used as negative and positive controls, respectively. Cells were treated with
R1881 (10 nM) or vehicle for 24 h. The data represent the mean � SD, n � 3. C, Androgen-
dependent induction of TACC2 mRNA in LNCaP cells. Cells were stimulated with R1881 (10
nM) or vehicle and subjected to total RNA extraction for 6–72 h. The TACC2 mRNA level was
analyzed by real-time PCR. The data represent the mean � SD, n � 2. D, Isoform-specific
regulation of TACC2 by androgen in prostate cancer cell lines. LNCaP cells or DU145 cells
were stimulated with R1881 (10 nM) or vehicle and subjected to total RNA extraction for 24 h.
TACC2 short or long isoform mRNA levels were analyzed by real-time PCR using specific
primers. The data represent the mean � SD, n � 2. E, Androgen-dependent TACC2 protein
induction in LNCaP cells. Cells were treated with DHT (10 nM) or vehicle for 24 and 48 h.
Whole-cell lysates were immunoblotted by anti-TACC2 and anti-�-actin. 293T cell lysates
transfected with the expression vector for a short form of TACC2 (NM_206860) or empty
vector were used as positive or negative controls, respectively. F, Modulation of TACC2 mRNA
levels by DHT and antiandrogen bicalutamide. LNCaP cells were treated with vehicle, DHT (10
nM), DHT (10 nM) plus bicalutamide (1 or 10 �M), or bicalutamide (1 or 10 �M) alone for 24 h,
and subjected to total RNA extraction. The TACC2 mRNA level was analyzed by real-time
PCR. The data represent the mean � SD, n � 3. *, P � 0.05 from DHT alone. G, Knockdown
of AR represses TACC2 transcription. LNCaP cells were transfected with siControl (5 nM) or
siAR (1 nM or 5 nM). G (left panel), Whole-cell lysates were immunoblotted with anti-AR 48 h
after transfection. Anti-�-actin was used as a loading control. G (right panel), LNCaP cells
were transfected with siControl (5 nM) or siAR (5 nM). The TACC2 mRNA level was analyzed
by real-time PCR. The data represent the mean � SD, n � 3. **, P � 0.01 from siControl. IB,
Immunoblotting; mut, mutant; qRT-PCR, quantitative RT-PCR..
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other AR-positive prostate cancer cell line (30) and met-
astatic tissue of advanced prostate cancer in recent pub-
lished ChIP-Seq data (15) (Supplemental Fig. 1). We also
validated TACC2 induction in VCaP cells. Taken to-
gether, these results indicate that AR regulates TACC2
gene expression in a ligand-dependent manner in prostate
cancer.

TACC2 promotes cell cycle progression for
androgen-dependent prostate cancer cell
proliferation

To investigate the function of TACC2 function in pros-
tate cancer, we reduced the endogenous TACC2 expres-
sion by siRNA treatment. We used two siRNA sequences
targeting different regions of TACC2 and confirmed that
each siRNA transfection effectively represses the TACC2
mRNA level (Fig. 3A) as well as the TACC2 protein level
in LNCaP cells (Fig. 3B). TACC2 knockdown was found
to reduce the proliferation of cultured LNCaP cells in
both basal and hormone-activated stages (Fig. 3, C and
D). Next to determine the function of TACC2 in regulat-
ing the cell cycle, we performed cell cycle analysis using

fluorescence-activated cell sorting (FACS). After a 96-h
siRNA treatment, FACS analysis revealed that TACC2
silencing leads to G2/M accumulation (Fig. 3E). Immuno-
fluorescence analysis showed that TACC2 expression is
primarily observed in the cytoplasm during interphase in
LNCaP cells (Supplemental Fig. 2A). During mitosis,
TACC2 expression is compacted in centrosomes or colo-
calizes with microtubules (Supplemental Fig. 2, A and B).
In addition, siRNA-mediated silencing of TACC2 in-
creases the proportion of cells at prometaphase during the
M-phase (Supplemental Fig. 2C). These data suggest that
TACC2 plays a modulatory role in the G2/M cell cycle
regulation in prostate cancer cells. Taken together, these
results indicate that TACC2 is a critical factor for cell
proliferation and cell cycle progression in androgen-de-
pendent prostate cancer cells.

TACC2 is overexpressed in a castrate-resistant
prostate cancer cell model

It has been previously reported that LNCaP cells will
change to acquire the ability to mimic CRPC under long-
term androgen-deprived (LTAD) conditions (25). Previ-

ous studies have shown that prostate
cancer cells under LTAD conditions of-
ten acquire the ability to proliferate
during periods of hormone deprivation
and also gain insensitivity to bicaluta-
mide (24–26). To analyze the molecu-
lar mechanism of developing castra-
tion-resistant prostate cancer, we
generated two independent LTAD cell
lines derived from parental LNCaP
cells. We confirmed that LTAD cells
proliferate during periods of hormone
depletion as fast as LNCaP cells treated
with androgen by performing an 3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl-2H-
tetrazolium) (MTS) assay (Supplemen-
tal Fig. 3A). In addition, AR protein
was found to be remarkably up-regu-
lated in these LTAD cells, (Fig. 4A) al-
though PSA induction by androgen is
repressed in LTAD cells as reported
previously (Supplemental Fig. 3B) (11,
26). However, several androgen-re-
sponsive genes such as APP (13) or AR-
FGAP3 (31) are more sensitive to DHT
at low concentrations (Supplemental
Fig. 3C).

Interestingly, the expression of
TACC2 mRNA and protein was found

FIG. 3. TACC2 is associated with hormone-dependent prostate cancer cell proliferation by
accelerating the M-phase transition. A, Silencing of TACC2 mRNA by siRNA. LNCaP cells were
transfected with siControl 1 and 2 or siTACC2 1 and 2 (5 nM each). TACC2 mRNA levels were
analyzed by real-time PCR. The data represent the mean � SD, n � 2. B, siRNA-mediated
knockdown of TACC2 protein. LNCaP cells were transfected with siControl 1 or siTACC2 1
and treated with R1881 (10 nM) for 48 h. Whole-cell lysates were immunoblotted with anti-
TACC2 and anti-�-actin. C, TACC2 knockdown retards LNCaP cell proliferation. LNCaP cells
were transfected with siControl or siTACC2 (5 nM each). The MTS assay was performed 1–3 d
after transfection. The data represent the mean � SD, n � 4. *, P � 0.05 from siControl 1. D,
TACC2 knockdown suppresses androgen-dependent growth of LNCaP cells. The MTS assay
was performed 1–5 d after treatment with vehicle or DHT (10 nM) (siRNA transfection was
performed 48 h before ligand treatment). The data represent the mean � SD., n � 4. *, P �
0.01 from siControl transfection with DHT treatment. E, TACC2 knockdown increases G2/M
phase cells. LNCaP cells were transfected with siControl or siTACC2 and subjected to cell
cycle analysis by FACS, 96 h after transfection. Each percentage of G2/M phase cells is
described in the graph. Representative result of repeated three experiments is shown.
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to be up-regulated in these LTAD cells as compared with
parental cells under hormone-depleted conditions (Fig. 4,
A and B). To investigate the contribution of AR to
TACC2 overexpression, we performed AR knockdown
(Fig. 4C). We observed that AR knockdown in LTAD
cells reduces TACC2 mRNA levels and androgen-medi-
ated up-regulation of TACC2 (Fig. 4D). This suggests
that up-regulation of TACC2 in LTAD cells will be de-
rived, in part, from the overexpression of AR. AR over-
expression will exert greater occupancy of AR binding at
the TACC2 ARBS in LTAD cells relative to parental LN-
CaP cells compared with other ARBS, either with or with-
out DHT treatment (Fig. 4, E and F, and Supplemental
Fig. 4). Furthermore, TACC2 up-regulation compared
with LNCaP cells could be observed in the presence of
DHT (Fig. 4G). We also examined the androgen sensitiv-
ity of TACC2 induction in LTAD cells (Fig. 4H). Com-
pared with LNCaP cells, TACC2 induction at a low level
of DHT concentration was observed.

TACC2 regulates castration-resistant cell
proliferation by promoting the cell cycle under
hormone-deprived conditions

We further investigated whether TACC2 is involved in
cell cycle regulation under long-term androgen-deprived
conditions. We showed that the siRNA targeting TACC2
effectively reduces the TACC2 expression level in LTAD
cells (Fig. 5A). By cell proliferation assay, we demon-
strated that TACC2 silencing itself can be an inhibitory
factor for proliferation of LTAD cells under hormone-
depleted conditions (Fig. 5B). Furthermore, we also ana-
lyzed AR and TACC2 cell proliferative function in the
absence and presence of androgen using LTAD cells (Fig.
5C). Reduction of AR inhibited LTAD cell proliferation
in both hormone-depleted and DHT-treated condition,
suggesting AR involvement in castration-resistant cell
proliferation as described in the past publication (11).
Interestingly, siTACC2 treatment inhibited LTAD cell
proliferation more effectively than siAR. TACC2 growth

FIG. 4. Androgen hypersensitivity increases TACC2 transcription during long-term androgen deprivation. A, Up-regulation of TACC2 and AR
proteins in LNCaP-derived LTAD cells. Whole-cell lysates from parental LNCaP cells incubated under hormone-depleted conditions for 72 h and
LTAD 1 and 2 cells were immunoblotted with anti-TACC2, anti-AR, and anti-�-actin antibodies. B, Up-regulation of TACC2 mRNA in LTAD cells
compared with LNCaP cells under hormone-depleted conditions. TACC2 mRNA levels were evaluated by real-time RT-PCR. The data represent the
mean � SD, n � 3. C, siRNA-mediated knockdown of AR protein in LTAD 2 cells 48 h after transfection. D, AR knockdown represses TACC2
mRNA expression and induction 24 h after DHT 10 nM treatment in LTAD cells. LTAD 1 and 2 was treated 48 h after siAR 10 nM transfection with
vehicle and DHT 10 nM. The data represent the mean � SD, n � 3. *, P � 0.05; **, P � 0.01 from siControl transfection, respectively. E and F,
Enhanced AR recruitment at TACC2 ARBS in LTAD cells. After hormone depletion, parental LNCaP and LTAD 1and 2 cells were treated with
vehicle or with 10 nM DHT for 24 h. Cells were subjected to ChIP analysis, and AR binding activity was evaluated and quantified by real-time PCR.
E, Significant AR binding at TACC2 ARBS in LTAD cells treated with vehicle. F, Robust AR binding at TACC2 ARBS in LTAD cells treated with DHT
(10 nM, 24 h). The data represent the mean � SD, n � 2. G, Up-regulation of TACC2 proteins in LTAD cells treated with vehicle and DHT. Whole-
cell lysates from parental LNCaP cells and LTAD 2 cells treated with vehicle and 10 nM DHT for 48 h after incubation under hormone-depleted
conditions for 72 h were immunoblotted with anti-TACC2 and anti-�-actin antibodies. H, AR hypersensitivity was observed with TACC2 mRNA
induction. LNCaP cells or LTAD cells were treated with DHT (0.1, 1, 10 nM) for 24 h. TACC2 mRNA levels were evaluated by real-time RT-PCR. Fold
induction upon treatment with DHT over vehicle control is shown. The data represent the mean � SD, n � 3. *, P � 0.05; **, P � 0.01,
respectively, from LTAD cells. IB, Immunoblotting.
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inhibition was more evident in hormone-depleted condi-
tion. In addition, addition of siAR to siTACC2-treated
cells could not significantly inhibit castration-resistant
cell proliferation (Fig. 5D).

To analyze the role of TACC2 in cell cycle progression,
we synchronized the cells at G0/G1 phase and at G2/M
phase. We performed FACS analysis after release from
cell cycle arrest. We observed significant G2/M accumu-
lation and a decrease in the proportion of cells at S-phase
in LTAD cells transfected with siTACC2, 24 h after the
release from synchronization at G0/G1 phase. This sug-
gests that cell cycle inhibition occurs at G2/M (Fig. 5E).
We further demonstrated that a robust decrease of the
proportion of cells in S-phase could be caused by TACC2
knockdown after G2/M synchronization (Fig. 5F). More-
over, we also demonstrated that TACC2 knockdown in-

hibits cell proliferation of DU145 cells, AR-independent
prostate cancer cell line (Supplemental Fig. 5). Thus,
TACC2 is required for cell proliferation in both AR-pos-
itive hormone-sensitive and AR-negative hormone refrac-
tory prostate cancer cell lines.

To further analyze the mitotic features of LTAD cells
treated with siTACC2, we did immunofluorescence anal-
ysis of these cells using anti-TACC2 and anti-�-tubulin,
centrosome marker (Supplemental Fig. 6). TACC2
knockdown reduces �-tubulin staining of centrosomes in
most cells or cells in mitosis exhibited abnormal mitotic
spindles with more than two centrosomes or single,
whereas in control cells two clear centrosomes were de-
tected in mitotic cells (Supplemental Fig. 6, A and B).
Furthermore in LTAD cells incubated with siTACC2 for

FIG. 5. TACC2 silencing modulates the cell cycle profile and represses LTAD cell growth under hormone-depleted conditions. A, LTAD cells (LTAD
#2) were transfected with siControl (50 nM) or siTACC2 (20 nM or 50 nM) for 48 h. Cell lysates were immunoblotted with anti-TACC2 and anti-�-
actin antibodies. B, Retardation of LTAD cell proliferation by siTACC2 transfection. LTAD cells (3000 cells per well) were transfected with siRNA
and subjected to the MTS assay 1–5 d after transfection. The data represent the mean � SD, n � 4. *, P � 0.05; **, P � 0.01 from siControl. C,
Inhibition of vehicle and DHT treated-LTAD cell proliferation by siAR (10 nM) and siTACC2 (50 nM) transfection. LTAD cells were transfected with
siRNAs 48 h before vehicle and DHT (1 or 10 nM) treatment and subjected to the MTS assay 5 d after vehicle or DHT stimulation. The data
represent the mean � SD, n � 5. *, P � 0.05; **, P � 0.01; ***, P � 0.001 siAR: from siControl, siTACC2: from siAR. D, LTAD cells were
transfected with siRNAs (30 nM siControl, 20 nM siTACC2 � 10 nM siControl or 20 nM siTACC2 � 10 nM siAR) 48 h before vehicle and DHT (10
nM) treatment and subjected to the MTS assay 3 d after vehicle or DHT stimulation. The data represent the mean � SD, n � 4. *, P � 0.05; **,
P � 0.01; ***, P � 0.001 siTACC2: from siControl, siTACC2 �siAR: from siTACC2. N.S, not significant. E and F, Alteration of the cell cycle profile
in LTAD cells. E, LTAD cells were transfected with siControl or siTACC2 (50 nM each) for 72 h. After serum starvation for 24 h, cells were treated
with 20% FCS for 24 h after which cell cycle analysis was performed. The data represent the mean � SD, n � 2. *, P � 0.05 from siControl. F,
LTAD cells were transfected with siControl or siTACC2 (50 nM each) for 72 h. LNCaP cells were transfected with siControl (50 nM) for 72 h. The
cells were then treated with nocodazole (0.5 �g/ml) for 14 h. Plates were washed with PBS and cells were cultured in fresh hormone-depleted
medium. Cell cycle analysis was performed after 24 h incubation. The data represent the mean � SD, n � 2. *, P � 0.05; **, P � 0.001 from
siControl. N.S, not significant. IB, Immunoblotting.
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a long time (�5 d), we observed chromatin instability
during mitosis (Supplemental Fig. 6, C and D).

Overexpression of TACC2 promotes the cell cycle
at G2/M phase

Furthermore, we examined whether the overexpres-
sion of TACC2 plays an oncogenic role in prostate cancer.

We generated LNCaP cells stably expressing TACC2 and
confirmed exogenous TACC2 expression by Western blot
analysis (Fig. 6A). These TACC2-overexpressing cells
proliferated faster than parental LNCaP cells (Fig. 6B).
We further observed androgen responsiveness of cell pro-
liferation in TACC2 overexpressing LNCaP cells by MTS

assay (Fig. 6C). This result implied that
AR functions almost normally to en-
hance cell proliferation even in the
TACC2-overexpressing LNCaP cells.

To investigate the effect of the in-
creased level of TACC2 expression on
the cell cycle, we synchronized the
cells, and a cell cycle analysis was per-
formed. No significant differences
were observed in cyclin D1 induction,
which is important for the G1/S transi-
tion after release from G0/G1 arrest by
fetal bovine serum (FBS) treatment, be-
tween vector-expressing and TACC2-
overexpressing cells (Fig. 6D). In addi-
tion, the FACS analysis did not reveal
any significant alterations after syn-
chronization at G0/G1 (data not
shown). However, after G2/M syn-
chronization we observed rapid induc-
tion of cyclin D1 in TACC2-overex-
pressing cells relative to vector-
expressing cells (Fig. 6E). Moreover,
by FACS analysis 24 h after release
from G2/M arrest, we identified a sig-
nificant decrease of cells at G2/M-
phase and accumulation of cells at S-
phase (Fig. 6F). These data suggest that
TACC2 plays an important role in
G2/M cell cycle progression.

TACC2 is a novel prostate cancer
prognostic factor associated with
castration-resistant tumor
proliferation

We investigated whether TACC2
overexpression is critical for castration
resistance of prostate cancer cells by
using immunocompromised mice. We
sc injected LNCaP cells stably express-
ing TACC2 and performed castration
when the initial tumor volume reached
approximately 100 mm3. Even under
hormone-depletedconditions,TACC2-
expressing cells were found to express
a substantial amount of TACC2 pro-

FIG. 6. TACC2 overexpression accelerates the cell cycle at G2/M phase for prostate cancer
cell proliferation. A, Generation of LNCaP cells stably expressing TACC2. Expression of
exogenous FLAG-tagged TACC2 was confirmed by Western blotting using anti-FLAG and
anti-TACC2 antibodies. �-Actin antibody was used as a loading control. Arrow indicates the
bands of endogenous TACC2 protein. B, Ectopic TACC2 expression promotes cultured LNCaP
cell growth. Cell viability was measured by the MTS assay. The data represent the mean � SD,
n � 4. **, P � 0.0001 from vector-expressing cells (Vector 1 and 2). C, Androgen-dependent
cell proliferation in TACC2 overexpressing LNCaP cells. Vector-expressing and TACC2-
expressing LNCaP cells were treated with 10 nM DHT or vehicle. Cell viability was measured
3 d after treatment by the MTS assay. The data represent the mean � SD, n � 4. **, P �
0.001; ***, P � 0.0001 from vehicle-treated cells. D and E, TACC2 overexpression
accelerates cell cycle progression after G2/M synchronization. D, After serum starvation for
24 h, vector-expressing or TACC2-overexpressing cells were treated with 20% FCS for 0, 6,
12, and 24 h, after which cell lysates were immunoblotted with anti-cyclin D1 and �-actin
antibodies. E, After treatment with nocodazole (0.5 �g/ml) for 14 h, plates were washed and
cells were incubated in fresh medium. Cell lysates after 0-, 6-, and 24-h incubation were
immunoblotted with anticyclin D1 and anti-�-actin antibodies. F, TACC2 overexpression
promotes the cell cycle of LNCaP cells after G2/M synchronization. After cells were treated
with nocodazole (0.5 �g/ml) for 14 h, the medium was changed to fresh medium. Cell cycle
analysis was performed after a 24-h incubation period. Representative result of repeated
three experiments (two clones for each group) is shown. Percentage of G2/M phase cells for
each clone is described in the graph. IB, Immunoblotting;
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tein relative to androgen-treated LN-
CaP cells (Fig. 7A). Tumor growth
was found to be robustly repressed in
castrated mice implanted with paren-
tal cells, whereas substantial tumor
growth was demonstrated in cas-
trated mice implanted with TACC2-
overexpressing cells (Fig. 7B). Taken
together, our results show that
TACC2 is a growth-promoting factor
in a castration-resistant phase of
prostate cancer.

We further evaluated TACC2 im-
munoreactivity in clinical samples. Im-
munohistochemical analysis was per-
formed using breast cancer tissue as
positive control (Fig. 7C), whereas we
observed no staining when normal IgG
was used as primary antibody (Fig.
7D). TACC2 immunoreactivity in nor-
mal prostate tissues was found to be
usually weak and focused in the cyto-
plasm of prostate epithelial cells (Fig.
7E). In contrast, intense and diffuse
TACC2 immunoreactivity was de-
tected in the cytoplasm of prostate car-
cinoma cells (Fig. 7F). Positive status of
TACC2 immunoreactivity was defined
as complete cytoplasmic staining in
more than 10% of the tumor cell pop-
ulation. Of 103 prostate cancer speci-
mens, 24 samples were classified as
TACC2-positive prostate carcinomas.
Kaplan-Meier analysis revealed that
TACC2-positive status is significantly
correlated with poor cancer-specific
survival (P � 0.01) (Fig. 7G) and PSA
failure-free survival (P � 0.0002)
(Fig. 7H) in this tumor population. In
terms of associations between
TACC2 immunoreactivity and clini-
copathological parameters in 103
prostate carcinomas, the Gleason
score was found to be positively cor-
related with the positive status of
TACC2 (Supplemental Table 2; P �
0.047). Multivariate analysis re-
vealed that the positive status of
TACC2 is an independent prognostic
factor for PSA failure (Supplemental
Table 3; P � 0.01; relative risk, 2.2;
95% confidence intervals, 1.2– 4.1).

FIG. 7. TACC2 overexpression is associated with castration-resistant tumor proliferation and
can be a poor prognostic factor in prostate cancer cases. A, Expression levels of TACC2 in
vector-expressing and TACC2-overexpressing LNCaP cells under hormone-depleted
conditions. Cell lysates of vector-expressing and TACC2-overexpressing LNCaP cells and
parental LNCaP cells treated with vehicle or 10 nM DHT for 48 h were harvested. Immunoblots
were performed using anti-TACC2 and anti-�-actin antibodies. B, TACC2 overexpression
substantially promotes in vivo tumor formation in male nude mice after castration. Data
represent a 95% confidence interval of tumor volumes (n � 6 for each group; three per each
clone). *, P � 0.01 from vector-expressing cells. C–F, Immunohistochemistry of TACC2 in
prostate cancer tissues. TACC2 staining in breast cancer tissues (C) was used as positive
control and staining with normal IgG (D) was used as negative control. Representative
immunohistochemistry of TACC2 in normal prostate tissue with focal staining (E), and a
prostate cancer tissue with intense and diffuse cytoplasmic staining (F). Scale bar, 100 �m. G
and H, TACC2 immunoreactivity is positively correlated with a poor prognosis of
postoperative prostate cancer patients. Kaplan-Meier analysis reveals lower cancer-specific
survival (G) and PSA failure-free survival (H) in patients with positive TACC2 staining
compared with those with negative staining. IB, Immunoblotting; Veh, vehicle.
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Discussion

The present study showed that TACC2 is a critical andro-
gen-regulated gene that promotes cell proliferation as
well as in vivo tumor progression in prostate cancer by
regulating cell cycle at mitosis. The ChIP-cloning strategy
revealed functional ARBS capable of robust ligand-de-
pendent AR recruitment in the vicinity of TACC2, which
is associated with the androgen-dependent activated hall-
marks of histone modification. Androgen-dependent
TACC2 induction is directly regulated by AR, as con-
firmed by siRNA-mediated AR knockdown or the anti-
androgen bicalutamide. In LTAD cells generated as a
CRPC cell model, we demonstrated that TACC2 is abun-
dantly expressed and contributes to hormone-refractory
proliferation with siRNA-mediated knockdown of
TACC2-reduced cell growth and suppressed cell cycle
progression. An in vivo tumor formation study of pros-
tate cancer in castrated immunocompromised mice re-
vealed that TACC2 is a primary tumor-promoting factor.
A clinicopathological study revealed a significant corre-
lation between high TACC2 immunoreactivity and poor
patient prognosis. Taken together, our data show that
TACC2 is a primary AR downstream gene that modulates
prostate cancer progression.

The members of the TACC family of proteins contain
C-terminal coiled-coil domains (18) and are implicated in
cancers via their function in the formation of the mitotic
spindle during mitosis. With regard to the TACC func-
tions, TACC1 and TACC3 have been shown to exert
oncogenic roles in tumors: TACC1 promotes transforma-
tion and mammary tumorigenesis in a mouse model (32),
and TACC3 is up-regulated in various cancer cells (33).
TACC3 aberrations have also been described in patients
with ovarian and non-small-cell lung cancer (34, 35).
TACC2 has been initially identified as a potential tumor
suppressor in breast cancer cells (20, 36), although its
biological role in tumor formation remains controversial,
because a recent report revealed that TACC2 correlates
with poor prognosis in patients with breast cancer (22).
Our findings revealed that TACC2 plays an oncogenic
role in clinical prostate cancer tissues. The molecule is an
independent prognostic factor in the prostate cancer pop-
ulation that we examined in the present study.

Resistance to hormonal therapies continues to be a
major clinical problem in prostate cancer. Growing evi-
dence suggests that AR plays an essential role in the tran-
sition to castration-resistant proliferation (3). For exam-
ple, AR amplification (37), hypersensitivity to low levels
of androgen in prostate tissues (8, 38), bidirectional signal
cross talk between growth factor receptor pathway and
AR (39), and AR variant (40) are major mechanisms that

have been proposed previously. In the present study, we
established a castration-resistant prostate cancer model
by long-term androgen deprivation. In LTAD cells, we
confirmed that AR expression is significantly up-regu-
lated. Although the DHT-dependent up-regulation of
TMPRSS2 mRNA was not substantial in LTAD cells
compared with parental LNCaP cells, DHT up-regulated
the mRNA expressions of other androgen target genes
even at a low concentration, as exemplified by APP (13)
and ARFGAP3 (31), which we previously identified as
androgen-responsive growth-promoting factors. These
data will suggest that the androgen sensitivity is enhanced
at least in the transcriptional regulation of several gene
promoters in LTAD cells compared with parental LNCaP
cells. Therefore, we assume that our LTAD cell model is a
suitable system for investigating the molecular mecha-
nisms underlying the development of CRPC. We showed
increased TACC2 expression in both the absence and
presence of DHT and hypersensitivity of TACC2 induc-
tion in LTAD cells. Because the AR occupancy at the
TACC2 ARBS was found to be increased in LTAD cells at
both basal and hormone-stimulated states, AR regulation
of TACC2 in LTAD cells was shown by AR-depleted
LTAD cells. In addition, siTACC2 treatment inhibited
cell proliferation more evidently than siAR, and addition
of siAR to siTACC2-treated cells did not change cell pro-
liferation significantly. These data suggests that TACC2
may play an important role in the amplified AR signaling
for castration resistance. Published ChIP-Seq data sup-
port this proposal because the enrichment of AR binding
at the TACC2 ARBS is also shown in metastatic prostate
cancer tissues as well as in androgen-sensitive prostate
cancer cell lines. Acceleration of tumor formation by
TACC2 overexpression in castrated nude mice provides
further evidence that the molecule will directly contribute
to the development of CRPC.

We further characterized the involvement of TACC2
in cell cycle regulation. In unsynchronized LNCaP cells,
we observed TACC2 knockdown leads to G2/M accumu-
lation. This suggests that TACC2 plays a role in G2/M
progression. On the contrary, overexpression of TACC2
increases S-phase entry after release from G2/M synchro-
nization. Therefore, our results indicate that TACC2
functions in cell cycle progression at G2/M. We further
investigated the role of TACC2 in cell cycle progression
for castration-resistant cell proliferation. In our FACS
analysis, we demonstrated that TACC2 silencing leads to
G2/M accumulation, whereas there is a decrease in the cell
population at S-phase in LTAD cells after the release from
G0/G1 synchronization. Moreover, we observed that
there is a more evident decrease of cell population in the
S-phase after the G2/M synchronization rather than
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G0/G1 synchronization. In addition to the role in hor-
mone-dependent cell cycle regulation, TACC2 plays an
important role in castration-resistant cell proliferation by
controlling G2/M progression. The cell cycle-regulatory
function of TACC2 in LTAD cells will be important to
investigate, because cell cycle progression at G2/M phase
is a key regulatory signal of AR in CRPC (11).

To further investigate the molecular basis for TACC2
involvement in cell cycle regulation necessary for castra-
tion-resistant proliferation, we observed centrosomes by
immunofluorescence analysis in mitotic LTAD cells. In
our analysis, TACC2-depleted cells exhibited abnormal
cell mitosis with multipolar, monopolar, or no staining of
centrosomes. Moreover, chromosome instability with no
centrosome in mitosis was observed. Taken together,
these data indicated that TACC2 is necessary to promote
cell division by forming centrosomes and maintain chro-
matin stability in mitosis.

According to the recent review (41), several markers
such as AMACR, EZH2, or fusion genes have been tested
for assigning patients to prognostic groups. However, no
immunochemical marker is currently used for this pur-
pose. In this study, we found TACC2 overexpression is an
independent prognostic marker of PSA-free survival, sug-
gesting that TACC2 may be a prognostic biomarker to
predict aggressive tumor. Moreover, because TACC2 ex-
pression is significantly correlated with Gleason score and
TACC2 functions for the progression of G2/M, we as-
sume that TACC2 expression can be a novel marker of
tumor proliferation rate.

Our findings indicate that TACC2-dependent mitotic
spindle assembly and chromosomal stability are required
for proliferation of hormone-naive prostate cancer cells
as well as CRPC cells with the amplification of AR sig-
naling. The cell cycle-promoting effect of TACC2 will be
aberrantly modulated by exogenous factors such as viral
large T antigen, because the interaction of T antigen with
TACC2 induces microtubule dysfunction, leading to dis-
organized mitotic spindles, slow progression of mitosis,
and chromosome missegregation (17). Furthermore, the
cell cycle-related nature of the TACC family has also been
reported in TACC3, which is highly expressed during the
G2/M phase where it localizes to the centrosome and spin-
dle apparatus (43). Because TACC3 silencing in NIH3T3
cells causes a p53-dependent induction of p21WAF and
subsequent cell cycle arrest and leads to the sensitization
of cells for paclitaxel treatment (44), TACC2 knockdown
will potentiate the chemoresistance of CRPC cells by
modulating the functions of cell cycle checkpoints. Be-
cause we observed nuclear staining of TACC2 during in-
terphase and the TACC protein family is known to inter-
act with the histone acetylation transferase family (23),

we consider that TACC2 will also be involved in the ac-
tivation of transcriptional machinery and chromatin re-
modeling in prostate cancer at both the androgen-depen-
dent and hormone-refractory stages.

In summary, we here propose that TACC2 is a critical
factor for the progression of androgen-dependent and -in-
dependent prostate cancers in the AR-regulated gene net-
work. Considering its modulating functions of transcrip-
tion activation and cell cycle progression, TACC2 will be
a potential therapeutic target in prostate cancer, espe-
cially in CRPC.

Materials and Methods

Cell lines, plasmid constructs, and reagents
LNCaP and DU145 cells, which are human prostate cancer

cells, were grown in RPMI 1640 supplemented with 10% FBS,
50 U/ml penicillin, and 50 �g/ml streptomycin. Before androgen
treatment, the cells were cultured in phenol red-free medium
containing 5% charcoal-stripped FBS for 48–72 h. VCaP and
293T cells were maintained in DMEM supplemented with 10%
FBS. Subline LTAD cells were established by maintaining LN-
CaP cells in phenol-red free RPMI 1640 supplemented with
10% charcoal-stripped FBS for more than 9 months as de-
scribed elsewhere (24–26). For construction of ARBS-contain-
ing luciferase vectors, ARBS sequences were amplified from
Bluescript vectors containing AR ChIP DNA prepared for se-
quence analysis (16). Amplified PCR products were inserted
into pGL3-promoter vectors (Mlu �–Xho �). The full-length
TACC2 gene was amplified by PCR from TACC2
(NM_206860) cDNA (IMAGE: 5295870) purchased from In-
vitrogen (Carlsbad, CA). The PCR product was inserted into
pcDNA3-Flag tagged at N-terminus (Not �–Xho �) in frame.
LNCaP cells were transfected with expression vectors using FU-
GEN 6 reagent (Roche Applied Science, Indianapolis, IN). For
generating stable cell lines of pcDNA3-Flag-TACC2 or empty
vectors, cells were selected in 0.5 mg/ml G418 (Wako, Saitama,
Japan). Antibodies for �-tubulin, Flag, AR, AcH3, AcH4, phos-
pho-RNA Pol II, and RNA Pol II were used as described previ-
ously (12, 16, 29). Antibodies for H3K4mono-methyl (antibody
8895) and �-tubulin (antibody 11316) were purchased from
Abcam (Cambridge, UK). Antibody for TACC2 (07-228) was
purchased from Upstate Biotechnology, Inc. (Lake Placid, NY).
Antibody for CyclinD1 (HD11) was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). R1881 was purchased
from PerkinElmer (Waltham, MA). Dihydrotestosterone (DHT)
was purchased from Wako. Bicalutamide and Nocodazole were
purchased from Sigma (St. Louis, MO).

ChIP and ChIP cloning
ChIP was performed as described previously (12–14). LN-

CaP cells or LTAD cells were fixed with 1% formaldehyde for 5
min at room temperature. Chromatin was sheared to an average
size of 500 bp by sonication using Bioruptor ultrasonicator
(Cosmo-bio, Tokyo, Japan). Lysates were rotated at 4 C over-
night with anti-AR, AcH3, AcH4, AcH4, H3K4mono-methyl,
phospho-RNA Pol II, and RNA Pol II antibody. Protein A-aga-
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rose was added and rotated for 1 h. Washing and reversal of
cross-linking at 65 C were performed. DNA fragments were
obtained by ethanol precipitation.

For ChIP-cloning, representational difference subtractive hy-
bridization between ChIP DNA from R1881-treated LNCaP
cells and ChIP DNA from vehicle-treated LNCaP cells was per-
formed using GeneFisher PCR Subtraction System (TaKaRa
Bio, Kyoto, Japan) with some modification (16). In brief, ChIP
DNA from vehicle-treated LNCaP cells was blunted, ligated to
linkers with BamH� site, and amplified by PCR followed by
treatment with BamH� for removing linkers. ChIP DNA from
R1881-treated LNCaP cells was also blunted, ligated to another
set of linkers with BamH� site, and mixed with amplified ChIP
DNA from vehicle-treated cells for subtractive hybridization.
After hybridization, not hybridized DNA was amplified by
PCR. The linkers were removed by BamH� digestion. This pro-
cedure was repeated twice for enhancing the specificity of AR
binding ChIP DNA. DNA fragments were cloned to Bluescript
vector and sequenced. We performed sequence analysis of in-
serted DNA in more than 100 clones. By determining their
genomic location by BLAST searching, we identified 69 frag-
ments that are distributed within 50 kb apart from transcrip-
tional start sites of Refseq genes or within Refseq genes. Se-
quences for human RefSeq transcripts (hg 15) were retrieved
from the UCSC Genome Browser (28). Enrichment analysis of
androgen response elements (ARE) was performed based on a
position-weighted matrix method, using position-weighted ma-
trices retrieved from TRANSFAC (12). The threshold score of
the ARE motif was 1e-4 against the background. Among them,
we set 30 ChIP primers targeting genomic regions of putative
ARBS (including ARE-like sequences) for validation by per-
forming conventional ChIP analysis. We observed ligand-de-
pendent increase of AR binding at least on 12 AR-binding sites
(�2-fold). We selected the top five ARBS for further study.

Quantitative RT-PCR
Total RNA was isolated using ISOGEN reagent (NIPPON

Gene, Tokyo, Japan). First-strand cDNA was synthesized using
the Primescript RT reagent kit (TaKaRa Bio) according to man-
ufacturer’s protocol. The primer sequences for AR and TACC2
are listed in Supplemental Table 4. mRNA was quantified by
real-time-PCR using SYBR green PCR mix (Applied Biosystems,
Foster City, CA) and ABI Prism 7000 system (Applied Biosys-
tems) based on SYBR Green fluorescence. The evaluation of
relative differences of PCR product amounts among the treat-
ment groups was carried out by the comparative cycle threshold
(Ct) method, using glyceraldehyde-3-phosphate dehydrogenase
as an internal control (12).

Quantitative ChIP-PCR
Fold enrichments relative to IgG or vehicle control were

quantified by real-time PCR. Relative differences in the amounts
of PCR products among the treatment groups were evaluated by
the comparative cycle threshold (Ct) method, using glyceralde-
hyde-3-phosphate dehydrogenase as an internal control (12).
The primer sequences for ARBS 1–5 are listed in Supplemental
Table 4. The primer sequences for ARBS 3 (UGT1A) and posi-
tive control PSA enhancer were described previously (12).

Patients and tissue samples
Surgical samples (103) of prostate cancer were obtained

from Tokyo University Hospital (Tokyo, Japan) after informed
consent was obtained from the patients. The study was ap-
proved by the Tokyo University Ethics Committee. Clinicopath-
ological data of the patients are listed in Supplemental Table 2.

Immunohistochemistry
Formalin-fixed tissues were embedded in paraffin and sec-

tioned. A Histofine Kit (Nichirei, Tokyo, Japan), which employs
the streptavidin-biotin amplification method, was used for im-
munohistochemical analysis of TACC2. Antigen retrieval was
performed by heating the slides in an autoclave at 120 C for 5
min in citric acid buffer [2 mM citric acid and 9 mM trisodium
citrate dehydrate (pH 6.0)]. The antigen-antibody complex was
visualized with 3,3�-diaminobenzidine solution [1 mmol/liter
3,3�-diaminobenzidine, 50 mmol/liter Tris-HCl buffer (pH 7.6),
and 0.006% H2O2] and counterstained with hematoxylin (29).
As a negative control, normal rabbit IgG was used instead of the
primary antibodies.

TACC2 immunoreactivity was detected in the cytoplasm,
and the immunoreactivity was evaluated in more than 1000
carcinoma cells for each case. Subsequently, the percentage of
immunoreactivity was determined by two pathologists. Cases
with more than 10% of TACC2 immunoreactivity were consid-
ered TACC2-positive prostate cancers in this study. An associ-
ation between TACC2 immunoreactivity and clinicopathologi-
cal factors was evaluated using a Student’s t test, a cross-table
using the �2 test, or a correlation coefficient (r) and regression
equation. Cancer-specific survival and PSA failure-free survival
curves were generated according to the Kaplan-Meier method,
and the statistical significance was calculated using the log-rank
test. Uni- and multivariate analyses were evaluated using Cox’s
proportional hazard model with PROC PHREG in SAS soft-
ware (version 9.2; SAS Institute, Inc.).

Immunocytochemistry
For synchronizing LNCaP cells, cells were stimulated by

10% serum after serum starvation for 24 h. After 24-h incuba-
tion, cells were washed three times with PBS and fixed in 4%
formaldehyde in PBS for 15 min at room temperature. After
another washing step with PBS and blocking in 5% normal goat
serum/PBS for 30 min, cells were first incubated with mouse
antitubulin monoclonal and rabbit anti-TACC2 polyclonal an-
tibodies in 5% normal goat serum/PBS overnight, washed three
times with PBS, and then incubated with fluorescein isothiocya-
nate-conjugated antirabbit IgG and rhodamine-conjugated an-
timouse IgG antibodies for 1 h. Nuclei were stained with 4�,6-
diamidino-2-phenylindole. Cover glasses were mounted in
glycerol and visualized. We compared the proportion of mitosis
(premetaphase and postmetaphase) in control siRNA-trans-
fected LNCaP cells with siTACC2-transfected cells using the
two-sided �2 test. We randomly surveyed five fields and deter-
mined whether cells in mitosis are in premetaphase or
postmetaphase.

Cell cycle analysis
For unsynchronized cell cycle analysis, cells were harvested

after 96-h incubation after transfection of siControl and
siTACC2. For synchronization at G0/G1, serum starvation for
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24 h was performed using phenol-red free RPMI 1640 after
which cells were treated with 20% fetal calf serum (FCS). For
synchronization at G2/M, we added Nocodazole (0.5 �g/ml) for
14 h after which medium was changed. After 24-h incubation,
cells were centrifuged, washed in PBS, and then fixed by slow
addition of 3 ml of ice-cold 70% ethanol with mild shaking.
They were stored at 4 C until use. On the day of cycle analysis,
the cells were centrifuged, washed in PBS, resuspended in 1 ml
of PBS containing 100 �g/ml ribonuclease (TaKaRa Bio) per
106 cells, and incubated at 37 C for 30 min. To determine
DNA content, 30,000 cells were analyzed by FACS Calibur
flow cytometry using Cell Quest software (BD Biosciences,
San Diego, CA).

Western blot analysis
Whole-cell lysates were prepared using lysis buffer [50 mM

Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% TritonX-100, 1.5 mM

MgCl2, 10 �g/ml aprotinin, 10 �g/ml leupeptin, and 1 mM phe-
nylmethylsulfonylfluoride]. Lysates were resolved by 8% SDS-
PAGE and electroblotted onto Immobilon-P Transfer Mem-
brane (Millipore Corp., Billerica, MA). Membranes were first
incubated with primary antibody [anti-TACC2 (1:1000), anti-
Flag (1:1000), anti-CyclinD1 (1:500), anti-�-actin (1:5000)]
and then with peroxidase-conjugated antirabbit or antimouse
IgG antibody for 1 h. After extensive washing, the antibody-
antigens were detected using enhanced chemiluminescence plus
Western blotting detector system (GE Healthcare, Buckingham-
shire, UK).

Cell proliferation assay
Cells were plated at 3000 cells per well on 96-well plates. For

stable cell lines of pcDNA3-Flag-TACC2, cells were seeded in
RPMI 40 containing 1% FBS. For RNA interference (RNAi)
experiments, cells were transfected with siRNA 24 h after cell
plating. MTS assay was carried out using cell titer reagent (Pro-
mega Corp., Madison, WI) according to the manufacturer’s
protocol. The experiments were performed in quintuplicate.

RNAi
Stealth RNAi (used in Fig. 5 and Supplemental Fig. 4) tar-

geting TACC2 (HSS116289) and negative control RNAi were
purchased from Invitrogen (Carlsbad, CA). Silencer Select
siRNA targeting AR (s1539), TACC2 (s20765, s20767: used in
Fig. 3), and negative controls 1 and 2 were purchased from
Ambion (Austin, TX). Cells were transfected with RNA using
Lipofectamine RNAi Max reagent (Invitrogen) for stealth RNAi
or siPort NeoFX transfection reagent (Ambion) for Silencer Se-
lect siRNA 48–72 h before experiments.

Prostate cancer xenograft model
Five million cells (two clones of LNCaP cells expressing

TACC2 or two vector control clones) in 100 �l medium with
100 �l of Matrigel (BD Biosciences, San Jose, CA) were injected
sc into each side of 5-wk-old male nude mice (Nihon Crea,
Tokyo, Japan). These mice were untreated until tumors could be
observed. Tumors were measured with calipers two times per
wk. When the volume of tumors reached approximately 100
mm3 (i.e. in 3–4 wk after injection) castration was performed
(n � 6 for each group; three per each clone). Tumor volume was
determined using the formula 0.5 � r1 � r2 � r3 (r1 � r2 � r3:

three axes of tumor). Mice were killed by cervical dislocation
30 d after castration. Animal care was maintained in accordance
with institutional guidelines.

Luciferase assay
LNCaP cells were plated at a density of 30,000 cells per well

in a 24-well culture plate and cultured for 48 h in phenol red-free
RPMI 1640 containing 5% charcoal-stripped FBS. Cells were
transfected with plasmids using the transfection reagent Fu-
GENE 6 and, 24 h later, were treated with R1881 (10 nM) or
vehicle (0.1% ethanol) for 24 h. Luciferase activity of cell lysates
was determined by the Dual Luciferase Assay Kit (Promega
Corp.) according to standard procedures. A Renilla Luciferase
Reporter Tk-pRL was cotransfected as a control for evaluating
transfection efficiency.

Statistical analyses
For examining statistical analysis, each experiment was an-

alyzed in duplicate or in triplicate. For the cell proliferation
assay, we analyzed four wells. For the growth assay in vitro and
in vivo of TACC2 stable cell lines, we performed two-way
ANOVA at each time point. For other cell line experiments,
statistical differences (P values) among groups were obtained
using a two-sided Student’s t test. All experiments were per-
formed at least twice and similar results were obtained. P � 0.05
was considered to be statistically significant. Statistical proce-
dures were performed using GraphPad Prism 5 software
(GraphPad Software, San Diego, CA) or Excel.
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