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Pituitary tumor transforming gene binding factor (PBF) is required for 
androgen-induced prostate cancer proliferation and invasion 
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Pituitary tumor transforming gene binding factor (PBF) is a proto-oncogene that has a role in many cancers. However, its 
involvement in prostate cancer (PCa) remains unclear. Herein, we examined PBF expression in clinical specimens and inves-
tigated its regulation and function in human PCa cell lines. Immunohistochemical staining of patient tissues revealed higher 
PBF expression in PCa than in benign prostatic hyperplasia or adjacent normal prostate specimens. In LNCaP and 22Rv1 
cells, PBF expression was upregulated by androgen treatment in a manner partially blocked by the androgen receptor (AR) 
antagonist bicalutamide. We identified a novel androgen response element in the PBF gene promoter and demonstrated 
its functional relevance using luciferase reporter assays. Androgen treatment of LNCaP cells induced binding between the 
endogenous AR and the androgen response element in PBF, as measured by chromatin immunoprecipitation assays. Finally, 
RNA interference of PBF expression significantly reduced androgen-induced LNCaP cell growth and invasion. Thus, PBF is 
a novel AR target gene and has a role in androgen-induced proliferation and metastatic functions in PCa cells. 
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Androgens play an important role in maintaining normal 
function of the prostate [1] and also play a key role in the 
development of prostate cancer (PCa) [2]. Androgens 
exert their molecular and cellular effects by binding to the 
androgen receptor (AR), which induces translocation of the 
AR to the nucleus, dimerization, formation of a complex 
with co-activators or co-repressors, and binding to specific 
DNA sequences known as androgen response elements 
(AREs). AREs are located in the promoter region of target 
genes and regulate expression of the androgen-responsive 
genes [3, 4]. The growth, proliferation, and differentiation of 
PCa cells are affected by various androgen-responsive genes 
and the overall balance between the growth inhibitory and 
stimulatory effects of the genes determines the development 
and progression of PCa [5–7]. Therefore, identification and 
characterization of AR target genes is critical to advance our 
understanding of the role of androgens in PCa and to find 
novel therapeutic targets for this disease.

Pituitary tumor transforming gene binding factor (PBF) 
is a poorly characterized proto-oncogene that was originally 
identified through its ability to interact with PTTG1 and is 

also known as securin. PBF comprises six exons spanning 
24 kb located on chromosome 21q22.3. The 180-amino 
acid peptide sequence of PBF has a predicted molecular 
mass of 22 kDa and shares no significant homology with 
other human proteins, suggesting both unique functionality 
and significant evolutionary importance [8]. PBF is highly 
expressed in many tumors [9, 10]. In breast cancer, PBF 
expression correlates with estrogen receptor positivity and its 
mRNA and protein levels are regulated by diethylstilbestrol 
and 17β-estradiol. In the breast cancer cell line MCF7, PBF 
upregulation significantly increases cell invasion in vitro, 
which is highly dependent on PBF secretion. In addition, 
repression of PBF expression prevents estrogen-induced 
MCF7 cell invasion [11]. PBF mRNA levels are higher in 
thyroid carcinomas than in normal thyroid tissues, and its 
expression can be used to both predict prognosis and identify 
high-risk patients for more aggressive treatment [12]. PBF 
is also overexpressed in colorectal cancer, particularly in 
invasive wild-type p53 and mutant p53 tumors, where it acts 
as a novel interacting partner of p53 and modulates its trans-
activation capabilities by altering p53 stability and disrupting 
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promoter binding. This implies that PBF could be a novel 
etiological marker in colorectal tumorigenesis [13]. Despite 
these observations, there have been no reports of a relation-
ship between PBF and PCa.

In the present study, we compared the expression of PBF in 
human normal prostate, benign prostate hyperplasia (BPH) 
and PCa specimens. Using the androgen-dependent human 
prostate cell lines LNCaP and 22Rv1, we also examined the 
effects of androgen treatment and AR activity on PBF expres-
sion. Finally, we determined how RNA interference-mediated 
knockdown (KD) of PBF affected PCa growth and invasion.

Materials and methods

Cell culture. Human LNCaP and 22Rv1 PCa cells were 
obtained from American Type Culture Collection (Manassas, 
VA, USA). Cells were maintained in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin (both from Gibco-Life Technolo-
gies, USA) at 37 °C in 5% CO2 in air. For experiments with 
dihydrotestosterone (DHT) or bicalutamide, LNCaP and 
22Rv1 cells were cultured in phenol red-free RPMI 1640 
supplemented with 5% steroid-depleted FBS for 48 h to 
ensure ligand-free conditions.

Knockdown of PBF. To obtain a stable PBF KD cell line, 
LNCaP cells were infected with recombinant lentivirus 
expressing PBF-specific shRNA sequence (Genema, China) 
together with luciferase and green fluorescent protein (GFP) 
under the control of CMV promoter. LNCaP control cells 
were infected with lentivirus expressing luciferase and GFP 
alone. Stable cell lines were selected as GFP+ cells by flow 
cytometry and KD of PBF protein expression was confirmed 
by western blotting of the resulting LNCaP/shPBF and 
LNCaP/Control cell lines.

Clinical samples and immunohistochemical (IHC) 
staining. Matched specimens of PCa and adjacent normal 
and BPH tissue were collected from 12 patients at the 
Department of Urology & Nephrology, The Third Affiliated 
Hospital, Chongqing Medical University, China. The study 
was approved by the Institutional Review Board of Chongqing 
Medical University, China and was performed in accordance 
with the provisions of the Declaration of Helsinki [14]. 
Written informed consent was obtained from all patients. 
IHC staining of PBF and calculation of an immunoreactivity 
score to quantify protein expression were both performed as 
previously described [15]. The primary anti-PBF antibody 
(sc-134414; Santa Cruz Biotechnology, USA) was used at a 
dilution of 1:200.

Western blot analysis. Cells were lysed in RIPA buffer 
and equal amounts of protein were separated by SDS-PAGE 
and then transferred to PVDF membranes (Merck Millipore, 
Germany). After blocking for 2 h at room temperature in 5% 
milk in phosphate-buffered saline (PBS)/0.1% Tween 20, the 
membranes were incubated overnight at 4 °C with anti-PBF 
antibody (sc-134414; Santa Cruz Biotechnology) or anti-α-

tubulin antibody (Beyotime, China). The membranes were 
then washed, incubated with the appropriate horseradish 
peroxidase-conjugated secondary antibodies and washed 
again. Finally, immunoreactive proteins were visualized with 
an Image Quant LAS-4000 BioImaging System (GE Health-
care, Sweden).

Quantitative RT-PCR. Total RNA was extracted using 
TRIzol reagent (Takara, China) and reverse transcribed to 
cDNA using a PrimeScript™ RT Reagent Kit (Takara) according 
to the manufacturer’s protocols. The primers used were:  
PBF forward 5’-CTCTTCTCAGTTTGTGAAACGCTAA-3’, 
PBF reverse 5’-CTGCCCTGGGAGAATGACA-3’; glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) forward 
5’-CGCTGAGTACGTCGTGGAGTC-3’,  GAPDH  reverse 
5’-GCTGATGATCTTGAGGCTGTTGTC-3’.  Quantitative 
RT-PCR was performed with SYBR Green Realtime PCR 
Master Mix (Toyobo, Osaka, Japan) using a StepOnePlus 
Real-Time PCR System (Life Technologies, USA). The 
thermocycling conditions were: 95 °C for 1 min, 95 °C for 
15 s, 60 °C for 15 s, and 72 °C for 45 s (40 cycles). GAPDH 
expression levels were used to normalize RNA input differ-
ences.

Luciferase assays. For the luciferase reporter assays, three 
PBF promoter fragments (–2000/+1, –1500/+1, –1000/+1) 
were amplified using the primers 5’-GAAGATCTAGAGC-
CAGCGTTTTCCAATTGAGC-3’, 5’-GAAGATCTGAAA-
TAACAAACGAAACTCTTGCCTT-3’, and 5’-GAAGATC-
TACGGTTTCCCGTCTTCTGGTCTA-3’, respectively as 
forward primers and 5’-GGTCGGCCGGTCGCTCTAT-3’ 
as reverse primer. The fragments were cloned into the Pmir-
GLO-P luciferase reporter vector (Promega, USA) to give 
plasmids Pmir/–2000, Pmir/–1500 and Pmir/–1000. The 
mutated promoter plasmid (Mut-Pmir/–1000) was gener-
ated using 5’-ACGTAAAAAACTAGGATCGTGTAAT-3’ 
(forward)  and  5’-TTTTTACGTGCCACAAAGTTTG-
CAAG-3’ (reverse) primers. Cells were plated in 24-well 
plates, grown to 70–80% confluence and then transfected 
with plasmids (0.5 μg) using Lipofectamine 2000 transfection 
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. After 24 h incubation, whole-cell lysates were prepared 
for detection of luciferase activity using the Dual Luciferase 
Reporter System (Promega).

Chromatin immunoprecipitation (ChIP) assays. LNCaP 
and 22Rv1 cells were treated with 1 nM DHT or ethanol 
vehicle for 48 h. The cells (107/sample) were collected, cross-
linked and lysed using a ChIP-IT Express Kit (Active Motif, 
USA). Chromatin was sonicated to 200–800 bp fragments 
with eight rounds of 10-s pulses using 25% power. Normal-
ized inputs of sheared chromatin DNA were incubated with 
4 mg of IgG (negative control) or anti-AR antibody (ab74272, 
Abcam, UK) overnight at 4 °C. The immunocomplexes were 
collected and subjected to Q-PCR using the following primers: 
PBF forward 5’-TTAGCAGGACCGCGGCGTCCTT-3’ 
and reverse 5’-CGGTGCCGGGGACAGAAACCT-3’, and 
prostate-specific antigen (PSA) forward 5’-CTGCCTTT-
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GTCCCCTAGATG-3’ and reverse 5’-TATGCTGGAGGCT-
GGACAAC-3’.

Clonogenic assays. LNCaP/shPBF and LNCaP/Control 
cells were plated in 6-well plates at 103 cells/dish and cultured 
for 14 days. The medium was changed after 7 days. On day 14, 
colonies were stained with 0.5% crystal violet in 4% formal-
dehyde for 30 min and the number of colonies was counted 
under a microscope.

Transwell invasion assay. Aliquots of 1x105 cells in phenol 
red-free medium were seeded into the upper chambers of a 
Transwell insert (Costar, USA) pre-coated with Matrigel (BD 
Biosciences, USA). Phenol red-free RPMI 1640 medium 
supplemented with 5% steroid-depleted FBS with or without 
1 nM DHT was placed in the lower chambers. The cells were 
cultured for 48 h, and invaded cells on the lower surface of 
the insert were then stained with 0.1% crystal violet and 
counted under a microscope.

Cell proliferation assay. Proliferation was assessed using 
the MTT-based CellTiter 96 Non-Radioactive Cell Prolifera-
tion Assay Kit (Promega) according to the manufacturer’s 
protocol. LNCaP/shPBF and LNCaP/Control cells were 
re-suspended in phenol red-free RPMI 1640 containing 5% 
steroid-depleted FBS with or without 1 nM DHT, plated in 
96-well plates at 2×103 cells/well and incubated at 37 °C. Cell 
viability was measured each day for 7 days. In this assay, absor-
bance at 490 nm is proportional to the number of living cells.

Statistical analysis. All analyses were conducted using 
SPSS 13.0 software. Data are expressed as the mean ± 
standard deviation (SD). Expression of PBF in clinical speci-
mens was evaluated using the Mann-Whitney test. For all 

other experiments, differences were analyzed by ANOVA or 
Student’s t-test. A p-value of <0.05 was considered statisti-
cally significant.

Results

Identification of PBF expression in prostate cancer 
tissues. PBF expression in 12 matched samples of PCa, BPH 
and adjacent normal tissue was examined by IHC. We found 
that PBF expression was higher in PCa than in the adjacent 
normal and BPH tissues (Figure 1).

Androgens regulate PBF expression in PCa cells. To 
determine whether PBF expression is directly regulated by 
androgens, we treated androgen-sensitive human PCa cell 
lines LNCaP and 22Rv1 with DHT in presence or absence 
of the AR antagonist bicalutamide. Western blotting and 
Q-RT-PCR analysis revealed that DHT significantly increased 
PBF protein and mRNA expression, respectively, and this 
was significantly attenuated by bicalutamide (Figures 2A, 
2B, and 2E). Similar results were obtained using 22Rv1 cells 
(Figure 2C–E). These results indicate that PBF expression 
is upregulated by androgen and suggest that it occurs in an 
AR-dependent manner.

Androgen increased PBF expression by activating the 
AR. To verify the involvement of the AR in DHT-induced 
PBF upregulation, we performed luciferase reporter assays. 
Luciferase plasmids containing fragments of the PBF 
promoter (–2000/+1, –1500/+1, and –1000/+1) were trans-
fected into LNCaP and 22Rv1 cells, which were then treated 
with vehicle or DHT for 24 h. High levels of luciferase 

Figure 1. PBF expression in prostate cancer specimens. Immunohistochemical analysis of 12 matched clinical samples of PCa and adjacent normal and 
BPH tissues. Data are mean ± SD. *p<0.05, **p<0.01.
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DHT-induced luciferase activity was significantly suppressed 
in cells expressing the mutated promoter compared to the 
wild-type construct (Figures 3D, 3E). To verify AR-ARE 
binding in PCa cells, we performed ChIP assays in which 
cross-linked chromatin from LNCaP and 22Rv1 cells was 
immunoprecipitated with an anti-AR antibody, after which 
the immunocomplexed material was analyzed for the PBF 
promoter –1500 to –1000 sequence by PCR. As shown in 
Figure 3 (F–H), the putative ARE in the PBF promoter from 
DHT-stimulated LNCaP and 22Rv1 cells prostate cells was 
immunoprecipitated by an anti-AR antibody, but not control 
IgG. These data indicate that DHT treatment induces binding 
of the endogenous AR to the PBF promoter in PCa cells.

activity were detected in DHT-stimulated cells transfected 
with the –2000/+1 and –1500/+1 plasmids, but not with the 
–1000/+1 plasmid (Figure 3A, 3B). These data indicate that 
at least one ARE is localized between –1500 and –1000 of the 
PBF promoter.

We then analyzed the regulatory regions of the PBF 
gene using the web-based tool ConSite, which enables the 
discovery of cis-regulatory elements in genomic sequences. 
ConSite analysis identified one putative AR-binding site in 
the –1500 to –1000 sequence of the promoter (Figure 3C). 
To confirm the presence of an ARE, we repeated the lucif-
erase reporter assay using a construct in which we mutated 
the putative ARE in the –1500 to –1000 region. As expected, 

Figure 2. PBF regulation by androgen in prostate cancer LNCaP and 22Rv1 cells is dependent on the androgen receptor. Western blot analysis of PBF 
expression in LNCaP cells (A, B) and 22Rv1 cells (C, D). E) Quantitative RT-PCR analysis of PBF mRNA expression in LNCaP cells and 22Rv1 cells. 
Data are mean ± SD. *p<0.05, **p<0.01.
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PBF is required for androgen-induced PCa cell growth 
and invasion. To explore the effects of PBF on androgen-
induced PCa cell growth, we examined the viability of 
LNCaP/shPBF and LNCaP/Control cells cultured with or 
without DHT each day for 7 days using the MTT assay. As 

shown in Figure 4B, PBF KD did not affect the growth of 
unstimulated cells; however, it dramatically reduced it in cells 
exposed to DHT, and a significant difference was detected 
after 5 days of growth. Similar results were obtained when 
the proliferative capacity of PCa cells was examined using a 

Figure 3. Identification of an androgen response element in the PBF gene promoter. A, B) Luciferase reporter assays driven by PBF promoter constructs 
of various lengths in LNCaP and 22Rv1 cells. C) Schematic representation of potential AR-binding sites in the PBF promoter. D, E) Quantitation of lu-
ciferase activity driven by wild-type and ARE-mutant PBF promoters in LNCaP cells and 22Rv1 cells. F, G) ChIP analysis of a putative AR-binding site 
in the PBF promoter. Extracts from LNCaP cells and 22Rv1 cells were immunoprecipitated with control IgG or anti-AR antibody, and PBF promoter 
sequences in the immunoprecipitates were detected by PCR. H) ChIP analysis of the AR-binding site in the PSA promoter (positive control). Data are 
mean ± SD. *p<0.05, **p<0.01.
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Figure 4. Effects of PBF knock-down on LNCaP cell growth and invasiveness. A) Western blot analysis of PBF in LNCaP cells expressing empty vector 
(control) or PBF-specific shRNA. B) cell viability measured by MTT assay in the presence of DHT. C) Representative results of a clonogenic assay of 
LNCaP/Control and LNCaP/shPBF cells and quantification of colonies (D) per low-power field. E) Transwell invasion assays of LNCaP/Control and 
LNCaP/shPBF cells and quantification of invaded cells (F). Data are the mean ± SD. *p<0.05, **p<0.01.
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colony-forming assay (Figures 4C, 4D). To analyze PCa cell 
invasion, we performed a Transwell assay in which FBS was 
added to the lower wells as a chemoattractant. As shown 
in Figure 4 (E and F), there was no significant difference 
in invasion of LNCaP/shPBF and LNCaP/Control cells in 
the absence of DHT. Notably, although DHT significantly 
increased the number of migrating LNCaP/Control cells, KD 
of PBF significantly reduced this DHT-stimulated response. 
Taken together, these data suggest that PBF expression 
contributes to the stimulatory effects of androgen on PCa cell 
growth and invasion.

Discussion

Although PBF has been studied in other cancers, little 
is known about its expression and function in PCa. In the 
present study, we found that PBF is highly expressed in 
clinical PCa specimens, suggesting its possible involvement 
in disease pathogenesis. Using androgen-dependent PCa 
cell lines, we verified the upregulation of PBF by androgen, 
demonstrated the existence of an ARE in the promoter 
region of the PBF gene, and verified that endogenous AR 
binds to the PBF ARE in PCa cells, thereby establishing the 
molecular mechanism underlying androgen-dependent 
transcriptional upregulation of PBF in PCa. Furthermore, 
we demonstrated the functional relevance of these obser-
vations by showing that PBF KD attenuated androgen-
induced proliferation and invasion by PCa cells. Collec-
tively, these results suggest not only that PBF is a direct 
target gene of AR but also that it plays a key role in androgen- 
dependent PCa.

Studies on the genesis and progression of PCa have mainly 
focused on the activation and expression of oncogenes [16, 
17]. PBF is a multifunctional glycoprotein that is overex-
pressed in a wide range of tumors and is significantly associ-
ated with poorer oncological outcomes, such as early tumor 
recurrence, distant metastasis, extramural vascular invasion 
and decreased disease-specific survival [18]. Our study 
found that PBF is expressed at higher levels in PCa tissues 
compared with adjacent normal and BPH tissues, implying 
that it may play a crucial role in human PCa.

Androgens have a well-known role in maintaining 
prostate morphology and function and additionally in 
the development of PCa [19]. We explored the effects of 
DHT on PBF and found that it upregulates PBF expres-
sion in LNCaP and 22Rv1 cells, and this effect was attenu-
ated by the AR antagonist bicalutamide. Like many steroid 
hormone receptors, AR is a cytoplasmic protein which 
translocates to the nucleus upon ligand binding and then 
binds to AREs to modulate gene transcription [20, 21]. A 
variety of ARE consensus sequences have been identified 
in multiple AR-regulated genes, typically containing a core 
sequence of GGTACAnnnTGTTCT and requiring at least 
three guanines [22]. Using the web-based tool ConSite, 
we identified a putative cis-regulatory element in the PBF 

promoter at –1073 to –1094 that had sequence homology 
to typical AREs. Indeed, we demonstrated that the –1500 to 
–1000 sequence of PBF, which contained the putative ARE, 
responded strongly to DHT in a luciferase reporter assay. 
We confirmed by ChIP assays that endogenous AR protein 
in PCa cells binds to the PBF promoter in the presence 
of androgen. These data clearly demonstrate that PBF is 
an androgen-regulated gene in LNCaP and 22Rv1 cells. 
Because bicalutamide did not completely block androgen-
induced PBF expression, it is probable that other unknown 
factors also take part in the androgen-induced regulation 
of PBF expression in PCa cells. A number of AR co-regula-
tors can play auxiliary activating, inhibiting, or dual roles 
in AR-mediated transcription [23], and some may affect 
androgen-regulated expression of PBF. This will be investi-
gated in a future study.

As an established proto-oncogene, PBF plays important 
roles in the growth of several tumors. For example, PBF 
promotes proliferation and invasion of colorectal cancer cells 
[13], while its expression in normal thyroid cells can lead to 
hyperplasia and adenoma formation. In thyroid cancer, PBF 
promotes growth and invasive ability of tumor cells, and its 
expression appears to be associated with tumor stage and 
metastasis [24–26]. Estrogen treatment of post-menopausal 
women with breast cancer may upregulate the expression 
and secretion of PBF, leading to increased cell invasion [11]. 
In our study, we performed shRNA-mediated KD of PBF to 
investigate its contribution to PCa growth and found that it 
is necessary for androgen-induced growth and invasion of 
LNCaP cells. Although the mechanism by which this may 
occur is not clear, one possibility is that PBF promotes the 
nuclear localization of PTTG1; indeed, PBF was identified 
through its interaction with this protein [27]. In our previous 
study we found that PTTG1 is highly expressed in PCa and 
can promote cell proliferation and invasion [28, 29]. Thus, 
PBF may facilitate the function of PTTG1 in promoting PCa 
proliferation and metastasis. However, some studies suggest 
that PBF can act independently of PTTG1. In colorectal 
and thyroid cancers, PBF promotes tumor development and 
metastasis by regulating p53 activity [13, 30]. Further work 
will be required to understand the precise mechanism by 
which PBF contributes to the androgen effects on cancer cell 
growth and invasion.

In conclusion, our results shed light on the mechanisms of 
androgen-induced PBF expression and its functional conse-
quences for PCa progression. In addition, we have demon-
strated the pattern of PBF expression in normal prostate, 
BPH and PCa tissues in humans.
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