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Abstract

Background

Prostate cancer initially develops in an androgen-dependent manner but, during its progres-

sion, transitions to being androgen-independent in the advanced stage. Pin1, one of the

peptidyl-prolyl cis/trans isomerases, is reportedly overexpressed in prostate cancers and is

considered to contribute to accelerated cell growth, which may be one of the major factors

contributing to their androgen-independent growth. Thus, we investigated how Pin1 modu-

lates the gene expressions in both androgen-dependent and androgen-independent pros-

tate cancer cell lines using microarray analysis. In addition, the effects of Juglone, a

commercially available Pin1 inhibitor were also examined.

Methods

Two prostate cancer cell-lines, LNCaP (androgen-dependent) and DU145 (androgen-

independent), were treated with Pin1 siRNA and its effects on gene expressions were ana-

lyzed by microarray. Individual gene regulations induced by Pin1 siRNA or the Pin1 inhibitor

Juglone were examined using RT-PCR. In addition, the effects of Juglone on the growth of

LNCaP and DU145 transplanted into mice were investigated.

Results

Microarray analysis revealed that transcriptional factors regulated by Pin1 differed markedly

between LNCaP and DU145 cells, the only exception being that Nrf was regulated in the

same way by Pin1 siRNA in both cell lines. Despite this marked difference in gene
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regulations, Pin1 siRNA and Juglone exert a strong inhibitory effect on both the LNCaP and

the DU145 cell line, suppressing in vitro cell proliferation as well as tumor enlargement

when transplanted into mice.

Conclusions

Despite Pin1-regulated gene expressions differing between these two prostate cancer cell-

lines, LNCaP (androgen-dependent) and DU145 (androgen-independent), Pin1 inhibition

suppresses proliferation of both cell-lines. These findings suggest the potential effective-

ness of Pin1 inhibitors as therapeutic agents for prostate cancers, regardless of their

androgen sensitivity.

Introduction
Peptidyl-prolyl cis/trans isomerase Pin1 is an enzyme that specifically binds to the motifs con-
taining phosphorylated serine or threonine, immediately preceding proline, in numerous pro-
teins. The association with Pin1 promotes cis/trans isomerization of the peptide bond [1–3],
and thereby alters their functions [4], stability and/or subcellular localization [5]. Consequent-
ly, Pin1 has been shown to be involved in the regulation of many cellular events, including pro-
liferation [6], survival of neurons [7], differentiation [8], metabolism [9–11] and so on. While
the expression of Pin1 is ubiquitous, previous reports have shown high levels of Pin1 expres-
sion in a number of human malignancies, including lung, breast, colon and prostate cancers
[12–15]. Indeed, Pin1 activates numerous oncogenes or growth enhancers and also inactivates
a large number of tumor suppressors or growth inhibitors [16]. Thus, ablation of Pin1 report-
edly prevents cell growth, or affects various properties including drug sensitivity, motility and
metastasis [17].

Prostate cancer is one of the most common male tumors and its incidence has been steadily
increasing worldwide [18]. Most prostate cancers have the characteristics of androgen-
dependent cell growth [19] and androgen-deprivation therapy in advanced prostate cancer is
currently used in clinical practice. However the majority of patients eventually develop resis-
tance and progress to castration-resistant prostate cancer (CRPC) [20,21]. Therefore, it is likely
that gene alterations leading to androgen independence and cellular growth gradually accumu-
late during the progression of prostate cancers [22].

On the other hand, Pin1 reportedly plays an important role not only in tumorigenesis but
also in maintenance of the transformed phenotype in prostate cancer cells [23]. However,
genes of which the expressions are regulated by Pin1 have not yet been identified in prostate
cancers. In this study, we used two prostate cancer cell line types, LNCaP which has an andro-
gen dependent growth property, and DU145 which shows androgen independent growth, and
compared the genes regulated by Pin1 between these two cell lines.

In addition, we investigated the effects of Juglone, an inhibitor of Pin1, on the proliferations
of LNCaP and DU145 cells in vitro as well as when inoculated into mice. Juglone is an inhibitor
of Pin1 isolated from walnut skin, by screening a collection of pure secondary metabolites
against the PPIase activity of E. coli parvulin [24]. In some human malignancies including
breast cancer, leukemia and gastric cancer, Juglone has been reported to inhibit cell growth
[25–28]. However, it should be noted that Juglone is likely to inhibit molecules other than
Pin1, as Juglone reportedly causes tubulin aggregation or the disappearance of BubR1 immu-
noreactivity [29]. Thus, there are undoubtedly differences between Pin1 siRNA and Juglone
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treatments. We herein show Pin1-regulated gene expressions to differ between these cell lines,
though Juglone still exerts an anti-oncogenic effect on both, which raises the possibility of Pin1
as a therapeutic target in prostate cancers.

Materials and Methods

Cell Lines and Culture Conditions
The prostate cancer cell lines LNCaP and DU145, purchased from American Type Culture
Collection (Manassas, VA), were maintained in RPMI 1640 (Nissui Pharmaceutical, Tokyo,
Japan) and DMEM, respectively, containing 10% (vol/vol) fetal calf serum at 37°C in 5% CO2

in air. The Pin1 inhibitor Juglone was purchased from EMD Chemicals Inc. (San Diego, CA).
All other reagents were of analytical grade.

Small interfering RNA transfection
For the knockdown of human Pin1, the siRNAs against Pin1 (Pin1 shRNA-1: 5’-CGGCAACA
GCAGCAGUGGUGGCAAA-3’ and Pin1 shRNA-2: 5’-GCCCUGGAGCUGAUCAACGGCUACA-
3’) and control siRNA were purchased from Invitrogen (Stealth/siRNA duplex oligoribonu-
cleotides), and transfected into LNCaP or DU145 cells using Lipofectamine RNAi Max (Invi-
trogen, CA), according to the manufacturer’s instructions.

Western Blot Analysis
The anti-ß-actin (1:2000) antibody was purchased from Sigma (St. Louis, MO), the anti-Pin1
(1:1000) antibody from Santa Cruz Biotechnology (Santa Cruz, CA), and the anti-rabbit/
mouse horseradish peroxidase (HRP) secondary antibody (1:2000) from GE Healthcare (Little
Chalfont, UK). The cells were solubilized with Laemmli buffer (0.2 M Tris�HCl, 4% SDS, 10%
glycerol, 5% 2-mercaptoethanol and 0.1% bromophenol blue). Equal amounts of protein from
whole cell lysates were resolved by SDS-PAGE. The proteins were then transferred to polyviny-
lidene difluoride membranes (Millipore, MA). The membranes were blocked with 3% nonfat
dry milk or 5% bovine serum albumin in Tris-buffered saline with 0.1% Tween 20 and incubat-
ed with specific antibodies, followed by incubation with HRP-conjugated secondary antibodies.
The antigen-antibody interactions were visualized by incubation with ECL chemiluminescence
reagent (GE Healthcare).

Microarray analysis
At 48 h after the transfection of Pin1 or control siRNAs, total RNA was isolated from LNCap
and DU145 cells using Trizol, followed by the RNAeasy kit (Quiagen, Crawley, UK). The quan-
tity and quality of the extracted RNA were checked with a 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA) using an Agilent RNA 6000 Nanokit. Cells treated with the control were
compared to those with knockdown of Pin1.

Human gene 1.0 ST arrays were used to identify genes expressed differently in LNCap and
DU145 in response to Pin1 knockdown. The arrays were scanned using the Affymetrix Gene-
Chip Scanner 3000 7G controlled by GeneChip Operating Software, 1.3 (Affymetrix, CA). The
significant gene expression changes were extracted by deleting genes with low expression levels
or low reliability. The resultant gene expressions were normalized employing the RMA16 algo-
rithm in GeneSpring 12 (Agilent Technology). Gene lists were formatted and uploaded to Inge-
nuityR Pathway Analysis (IPA, TOMY digital biology, Inc., Tokyo, Japan), and genes with gene
ontology (GO) such as positive and negative cell proliferation, angiogenesis, cell cycling and
apoptosis were identified. Genes of which expression levels were altered by both Pin1 shRNA-1

Pin1-Mediated Gene Expressions in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0127467 June 3, 2015 3 / 14



and -2, i.e. showed a more than 1.5-fold change (FC), were identified. Probe sequences and
other details on the microarray platform can be found in the GEO database (http://www.ncbi.
nlm.nih.gov/geo/) under accession number GSE67457.

Analysis of gene expression changes
The transcription factors regulating genes which were changed by Pin1 knockdown were ana-
lyzed using KeyMolnet Lite ver. 5.4 (KM data Co., Japan). The gene lists normalized by Gene-
Spring 12 were imported to the software, and scores(p) were calculated employing the
following equations, from probability based on a hypergeometric distribution [30]

scoreðpÞ ¼
XMinðC;VÞ

x ¼ 0

f ðxÞ

f xð Þ ¼ CCx�T� CCV� x=TCV

O, T, C and V were as follows:
O was the number of overlaps between molecules regulated by the transcriptional factor

and resultant items, indicating altered expression, i.e. exceeding 1.5-FC. T was the total number
of molecules in KeyMolnet Lite. C was the number of molecules regulated by the transcription-
al factor. V was the number of resultant items. Resultant transcriptional factors were listed by
ascending order based on their scores(p), and the top 8 transcriptional systems were taken to
be arbitrary.

Quantitative PCR
RNA extraction was performed using Sepasol (Nakalai Tesque, Tokyo, Japan) according to the
manufacturer's protocol. Briefly, cells were homogenized in Sepasol, and chloroform was
added. After being vortexed, the tubes were centrifuged at 15,000 rpm for 10 min. Upper
phases were transferred to new tubes, and total RNA was obtained by ethanol precipitation.
cDNA was obtained using total RNA employing a Verso cDNA synthesis kit (Thermo Scientif-
ic, Yokohama, Japan). Reaction solutions contained 5× cDNA synthesis buffer, dNTP mix,
oligo(dT) primer, RT enhancer, Verso enzyme mix, and 1 μg of total RNA. The program for
the reverse transcription cycle was 42°C for 30 min and 95°C for 2 min. Real time quantitative
PCR was carried out using a CFX96 real time PCR system (Bio-Rad, CA) with SYBR mix
(Takara Bio, Inc, Shiga, Japan), according to the manufacturer's protocol. Reaction solutions
were 20 μl and contained SYBR premix EX taq, primers, and template. PCR was carried out in
two steps, at 95°C for 5 s and 60°C for 30 s, repeated 40 times. Relative mRNA genes were nor-
malized to the GAPDHmRNA level and relative expression levels determined by the compara-
tive Ct method.

MTT assay for the cells treated with Pin1 siRNA or Juglone
LNCaP or DU145 cells were seeded in a 96-well plate (100 μl/well) for 24 h. Then, the cells
were treated with Pin1 siRNA or various concentrations of Juglone (5, 10, 15 and 20 μM) for
48 h. The viability of the cells treated with Pin1 siRNA or Juglone was evaluated by MTT assay
using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide; thiazolyl blue).
Briefly, 0.5mg/ml MTT was added to each well for 3 h at 37°C in 5% CO2. After the medium
had been removed to a 96-well plate (100 μl/well), absorbance at 490 nm was recorded using a
GloMax-Multi Microplate Multimode Reader (Promega, WI).
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Mouse xenograft model
The animal protocol was approved by the Institutional Animal Care Committee of Hiroshima
University. Male athymic nu/nu mice (6 weeks old, NCI-Frederick) were housed under cli-
mate-controlled conditions with a 12:12-h light/dark cycle and were provided standard food
and water ad libitum. All protocols were approved by the Institutional Review Board of Hiro-
shima University.

The nu/nu male mice were used for tumor inoculation. Briefly, prostate cancer cells of the
DU145 line were inoculated subcutaneously into the backs of the mice (2x106 cells in 200 μl
PBS/site). Three weeks after tumor inoculation, the mice were divided into 2 groups (8 mice
per group). Those in the treatment group were intraperitoneally injected with Juglone once a
week for 4 weeks (40 μg/mouse), while mice in the control group were injected with 0.9% sodi-
um chloride. Tumor size was determined twice a week by measuring tumor length and width
with calipers and volumes were determined using the formula volume = length x width 2 /2.
The mice were also weighed twice a week.

Statistical Analysis
The data are expressed as means ± standard deviation (SD). The differences between the two
groups were assessed using unpaired Student’s t-tests. Values of p< 0.05 were considered to
indicate statistically significant differences. Analyses were carried out using JMP software (ver-
sion 10.0; SAS Institute, Cary, NC, USA) and Microsoft Excel 2013.

Results

Gene expressions regulated by Pin1 in LNCap and DU145 cells
Pin1 protein expressions in LNCap and DU145 cells were reduced by approximately 90% by
treatment with either Pin1 siRNA-1 or siRNA-2 (Fig 1). The mRNAs prepared from LNCap
and DU145 treated with either one of the two Pin1 siRNAs or control siRNA were subjected to
microarray analysis. The genes with more than 1.5-FC in their expressions induced by Pin1
siRNAs were identified. There were 3092 genes showing increased expression and 2369 show-
ing decreased expression, in total in the two cell lines. IPA software was used to categorize the
cancer related genes of which expressions were significantly changed (≧1.5-FC) by Pin1
knockdown in the IPA database. Table 1 summarizes the results for the genes belonging to the

Fig 1. A. Western blotting using anti-Pin1 antibody and anti- ß-actin antibody as internal controls. LNCap and
DU145 cells are transduced with control-siRNA or Pin1 siRNA for 48hr. B. Quantification of bands in Fig 1A.
Bars indicate means±S.E. for the ratio of the band intensity of Pin1 to that of ß-actin.

doi:10.1371/journal.pone.0127467.g001
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GO categories of cell proliferation, angiogenesis, cell cycling and apoptosis. The genes of which
expression levels were altered in both LNCap and DU145 were revealed to be GRB2, HEATR1,
IFT57, and SGMS2.

Fig 2 summarizes the results focusing on the genes belonging to the category of cell prolifer-
ation, among those with increased and decreased expressions. While the number of genes
changed in DU145 by Pin1 siRNAs is obviously less than that in LNCap, there is little overlap
in these genes (Fig 2A). A heat map, indicating genes expressed differently in LNCap and

Table 1. The genes belonging to the GO categories of cell proliferation, angiogenesis, cell cycling and apoptosis; FC: fold change.

LNCap DU145 LNCap & DU145

Positive regulation of cell
proliferation FC<0.67

TOMM40L|NR1I3,CAMK2N1,KIF20B,ACSL5,EFNB2,FNTB,MT1E,
GIT1,KLK3,SIRT2,KLK4,IL1RN,PAX1,FERMT1,HMGA1,HIP1,
EXTL3

TACSTD2,PγGO2,CLCF1,
RPS6KA5,CLCF1,ADA,
CSNL1G3,IGF2BP3

0

Negative regulation of cell
proliferation FC>1.5

DNAJB4,CSF1,PTPN14,ESRRG,TNKS2,BLNK,FGFR2,ITGA5,
FLT3,PPM1A,SPRED1,NDN,DCUN1D3|LYRM1,GRB2,TCF4,
GRB14,IGFBP5,RHOH,HPGD,F2RL1,SESN1,PARK2,AHR,GLI3,
CDK6,CD274,DAPK1,TGFBR1,RLN2,HLA-DRB3

GRB2,MAP3K1 GRB2

Positive regulation of
angiogenesis FC<0.67

EFNB2,TM4SF1 0 0

Negative regulation of
angiogenesis FC>1.5

FGFR2,AHR,TGFBR1 0 0

Positive regulation of cell
cycling FC<0.67

KIF20B,FNTB,SIRT2,TM4SF1,HMGA1 0 0

Negative regulation of cell
cycling FC>1.5

DNAJB4,PBX1,FGFR2,PTPRB,DCUN1D3|LYRM1,IGFBP5,
PLAC8,HPGD,F2RL1,AHR,CDK6,CD274,TGFBR1,CDC14B

0 0

Negative regulation of
apoptosis FC<0.67

TOMM40L|NR1I3,EFNB2,MT1E,KLK3,SIRT2,IL1RN,RND3,
GALNT3,PAX1,MME,HMGA1,HIP1

CLCF1 0

Positive regulation of
apoptosis FC>1.5

S100PBP|YARS,SH3GLB1,CSF1,PPP2R5A,MCOLN3,HEATR1|
LGALS8,TNKS2,BLNK,FGFR2,GAS2,DRAM1,ITGA5,FLT3,
PPM1A,SERPINA3,DCUN1D3|LYRM1,GRB2,TCF4,GCG,IGFBP5,
FAM162A,RHOH,ALB,SGMS2,ANTXR2,PLAC8,SLC7A11,F2RL1,
STK38,PARK2,AHR,GLI3,CDK6,SDC2,CD274,DAPK1,TGFBR1

HEATR1,GRB2,IFT57,SGMS2,
MAP3K1

HEATR1,GRB2,
IFT57,SGMS2

doi:10.1371/journal.pone.0127467.t001

Fig 2. A. Venn diagram showing the number of genes positively or negatively regulated, as reflected by cell
proliferation being down- or up-regulated (1.5<FC), respectively, by Pin1 knock-down in LNCap and DU145
cells. B and C. Heat map presentation of genes expressed differently in LNCap and DU145 cells. In terms of
cell proliferation, 25 positively regulated and 31 negatively regulated genes show the same expressions in
response to the two different siRNAs.

doi:10.1371/journal.pone.0127467.g002
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DU145 cells, revealed approximately 25 genes to be upregulated (Fig 2B) and 31 to be downre-
gulated (Fig 2C), during cell proliferation.

The expression levels of many cancer related genes localized in the extracellular space, plas-
ma membrane, cytoplasm or nucleus were shown to be significantly changed in LNCap cells,
while fewer such genes were detected in DU145 (Fig 3A), when mapped employing IPA soft-
ware. For example, KLK3 encoding prostate-specific antigen (PSA), TM4SF1 known to be a
tumor-associated antigen, FGFR2 known to be related to growth and tumorigenicity, IFT57
among the apoptosis related genes, HIP1 as a cellular survival factor in prostate cancer, and the
like, were altered by Pin1 knockdown. Furthermore, IPA revealed numerous genes, including
these prostate cancer related genes, to form a complex network in LNCap cells. On the other
hand, fewer genes involved in cancer related pathways were detected in DU145 cells.

Difference in transcriptional regulation by Pin1 between LNCap and
DU145 cells
KeyMolnet Lite was employed for the analysis of transcription factors, activities of which were
estimated to be altered by inhibition of Pin1 expression. Table 2 shows the top 8 transcription

Fig 3. Ingenuity Pathway Analysis network depicting relationships among cancer related genes
expressed differently in LNCap (3A) or DU145 (3B) cells. Intensity of the red color indicates the degree of
upregulation. Intensity of the green color indicates the degree of downregulation. Nodes are displayed using
various shapes that represent the functional class of the gene product. Edges are displayed with various
labels that describe the nature of the relationship between the nodes: a continuous line indicates a direct
relationship; broken lines represent indirect relationships; an arrow indicates that one gene product acts
on another.

doi:10.1371/journal.pone.0127467.g003

Table 2. Analysis of transcription regulation using KeyMolnet Lite; The top 8 transcription factors are
located downstream from Pin1 in LNCap.

Transcriptional factor p-value

Ets-domain family 5.48E-03

E2A/EBF/PAX2 3.69E-02

Myc 6.07E-02

FXR 6.12E-02

DBP 6.63E-02

Nrf 6.74E-02

p53 8.11E-02

Androgen Receptor 1.06E-01

doi:10.1371/journal.pone.0127467.t002
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factors located downstream from Pin1 in LNCap and DU145, respectively. The transcription
factors with scores(p)< 0.05 belonged to the Ets-domain family and E2A/EBF/PAX2 in
LNCap, and were Nrf, MRF, TR, CPEB, KLF, C/EBP, MEF and HIF in DU145 (Table 2). The
score(p) was higher for LNCap than DU145, according to the KeyMolnet algorithm, because
more genes were changed in LNCap than in DU145.

Subsequently, we investigated regulations of the genes downstream from the transcription
factors identified in Table 2, using the RT-PCR method. As shown in Fig 4A, in LNCap cells,
the downstream genes of the Ets-domain family, E2A/EBF/PAX2, DBP, Nrf and p53 were sig-
nificantly upregulated by Pin1 shRNA-1 knockdown, while those of Myc, FXR and the Andro-
gen Receptor were downregulated. On the other hand, in DU145 cells, as shown in Fig 4B, the
downstream genes, i.e. Nrf, MRF, TR, CPEB, C/EBP and MEF2, were upregulated by Pin1
knockdown, while KLF and HIF were downregulated.

Furthermore, we investigated whether the gene expressions altered by the Pin1 inhibitor
Juglone were similar to those induced by Pin1 siRNA. Fig 5A and 5B show the gene expression
alterations when cells were incubated with 10μM Juglone for 48 hours, for the same genes as
presented in Fig 4. Although there were some differences, the alterations in the expression lev-
els of the genes downstream from the Ets-domain family, DBP, Nrf, p53 and the androgen re-
ceptor were similar with Pin1 siRNA and Juglone treatments, in the LNCap cell line (Fig 5A).
In DU145 cells, the regulations of the MRF, TR, CPEB, KLF and HIF genes were shown to be
similar with Pin1 siRNA and Juglone treatments (Fig 5B).

Knockdown of Pin1 by siRNA or treatment with Juglone inhibits the
growth of LNCap and DU145 cells, in vitro and in vivo
Treatment with Pin1 siRNA significantly inhibited cell proliferation, as judged by the MTT
assay, in both LNCap and DU145 cells (Fig 6A). Similarly, the viability of LNCap and DU145
cells was suppressed by Juglone treatment (Fig 6B), and the Juglone effect was concentration-
dependent. LNCap was slightly resistant to Juglone, at a lower concentration, as compared
with DU145.

Furthermore, to investigate the effect of Juglone on cell proliferation in vivo, we examined
its effects in a mouse xenograft model. As shown in Fig 6C, the tumors derived by LNCap cell

Fig 4. Real-time PCR is applied and relative gene expression levels are determined by the
comparative Ct method. Bars indicate the means±S.E. of ratios of the relative expressions of the target
mRNA to that of GAPDH. The mean of the control is arbitrarily set at 1. Statistical significance is indicated by
* (p<0.05) or ** (p<0.01). A. LNCap cells were transduced with control-siRNA (C) or Pin1 siRNA (P) for 48hr.
B. DU145 cells were transduced with control-siRNA (C) or Pin1 siRNA (P) for 48hr.

doi:10.1371/journal.pone.0127467.g004
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inoculation in the control group showed rapid and massive growth while intraperitoneal
Juglone administration essentially inhibited tumor growth from the beginning through day 10.
The tumors comprised of DU145 cells in the control group showed slow increases within the
initial 7-day observation period, and after day 11, a rapid acceleration was observed in the con-
trol group, with the size increasing from 157 mm3 on day 1 to reach 1508 cm3 in 28 days
(9.6-fold increase). The Juglone treatment did not affect tumor sizes during the first 7 days, but
after day 7 and up to day 28, cell growth was significantly suppressed as compared with the
control. The body weights of mice were not changed by Juglone treatment.

Fig 5. Real-time PCR is applied and relative gene expression levels are determined by the
comparative Ct method. Bars indicate the means±S.E. of the ratios of the relative expressions of the target
mRNAs to that of GAPDH. The mean of the control is arbitrarily set at 1. Statistical significance is indicated by
* (p<0.05) or ** (p<0.01). A. LNCap cells were incubated with control solvent (C) or 10 μM Juglone (J) for
48hr. B. DU145 cells were incubated with control solvent (C) or 10 μM Juglone (J) for 48hr.

doi:10.1371/journal.pone.0127467.g005

Fig 6. Pin1 inhibition suppresses cell growth in LNCap and DU145 cells. A. LNCap and DU145 cells
were transduced with control-siRNA or Pin1 siRNA for 48hr. The in vitro cell proliferation inhibitory potential of
Pin1 knockdown in the two cell lines was assessed employing the MTT assay. B. The in vitro cell proliferation
inhibitory potential of 10 μM Juglone administration for 48 hour in the two cell lines was assessed employing
the MTT assay. C. Effect of Juglone on tumor growth in mice inoculated with LNCap cells. Three weeks after
tumor inoculation, the mice were divided into 2 groups (8 mice per group). Those in the treatment group were
intraperitoneally injected with Juglone once a week for 4 weeks (40μg/mice), while mice in the control group
were injected with solvent (0.9% NaCl).

doi:10.1371/journal.pone.0127467.g006
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Discussion
Over the past few decades, a considerable number of studies have established the important
role of Pin1 in oncogenesis [31–34]. Pin1 inhibition reportedly blocks the cell growth of pros-
tate cancer cell lines [35], and Pin1 expression in prostate cancer is regarded as an independent
prognostic marker [14]. Furthermore, Pin1 depletion in athymic mice inhibits both tumor
growth and angiogenesis [23].

We identified the genes of which expressions are regulated by Pin1, and classified them into
the four categories (cell proliferation, angiogenesis, cell cycling and apoptosis) according to the
IPA database (Table 1). More genes were regulated by Pin1 in LNCap than in DU145 and the
patterns of gene regulation differed markedly between these two cell lines (Fig 2). In the
LNCap cells, gene expressions are related to growth and/or changes in cellular phenotype in-
cluding androgen dependency [36–42], as exemplified by KLK3, HMGA1, FGFR2, PPM1A,
HPGD, TM4SF1 and SH3GLB1. For example, loss of FGFR2 is reportedly involved in the mo-
lecular mechanism underlying androgen insensitivity [43]. One possibility is that Pin1 inhibi-
tion may block switching to an androgen independent phenotype via FGFR2 maintenance.
The commonly observed genes, such as GRB2, HEATR1, IFT57 and SGMS2, are known to be
related to apoptosis [44–47]. Downregulation of TACSTD2 reportedly stimulates tumor
growth [48].

The KeyMolnet database and probability statistics, based on a hypergeometric distribution,
were used to profile our data from the viewpoint of transcriptional factors (Tables 2 and 3).
From the database, it is apparent that most of the genes presented in Fig 4 are upregulated via
their regulating transcriptional factors. The exceptions are FXR, which inhibits the transcrip-
tion of EDN1, Myc which inhibits the transcription of Alb and p21CIP1, and KLF which inhib-
its the transcription of CCND1, CYP1A1 and CCNB1. Thus, Nrf is the only transcriptional
factor regulated by Pin1 in both LNCap and DU145. Nrf2 mediates detoxification of reactive
oxygen species [49] and is involved in sensitivity to chemical carcinogenesis induced in
FGFR2b knockout mice. Moreover, p53 and the Androgen Receptor in LNCap, as well as HIF
in DU145, might be involved in cell growth. For example, Pin1 is known to be a critical regula-
tor of the tumor suppressor p53 during the DNA damage response [23]. The role of the andro-
gen receptor is pivotal, and androgen receptor serine 81 mediates Pin1 interaction and defines
tumor grade by modulating androgen receptor function [50]. Juglone reportedly induces apo-
ptosis in LNCap via down-regulation of androgen receptor expression [51].

Finally, we confirmed the cytostatic activity that occurs with Pin1 inhibition in LNCap and
DU145 both in vivo and in vitro (Fig 6). The in vitro effects of Pin1 siRNA and Juglone on the

Table 3. Analysis of transcription regulation using KeyMolnet Lite; The top 8 transcription factors are
located downstream from Pin1 in DU145.

Transcriptional factor p-value

Nrf 2.00E-05

MRF 1.34E-03

TR 1.34E-03

CPEB 1.97E-03

KLF 2.76E-03

C/EBP 9.22E-03

MEF2 1.25E-02

HIF 1.38E-02

doi:10.1371/journal.pone.0127467.t003
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MTT assay results were similar. The effects of Juglone in androgen-independent prostate can-
cer cells have not as yet been studied and proof of its effects is thus lacking. In a xenograft
model, LNCap inoculated cells grew rapidly and Juglone almost completely inhibited tumor
growth. DU145 cells grew slowly at first, with a gradual acceleration of growth from day 11 on-
ward, and Juglone affected only the latter, more rapid, phase of this growth. We can speculate
that the difference between the periods during which Juglone exerted its effects may involve
Pin1 regulating systems being critical for more rapid proliferation of tumors. However, it is
noteworthy that inoculated DU145 cells still do not grow in Pin1 regulated systems when
Juglone administration begins.

In general, there were considerable differences in gene regulation between LNCap and
DU145. Although the mechanism of transition to androgen-independent prostate cancer has
yet to be clarified, several molecular mechanisms underlie the growth of androgen-indepen-
dent prostate cancer. For example, the activations leading to the hypersensitive pathway (An-
drogen Receptor amplification, increased Androgen Receptor sensitivity), the promiscuous
pathway (Androgen Receptor mutations, Co-regulator alterations), the outlaw pathway
(Growth-factor-activated outlaw pathways, receptor-tyrosine-kinase-activated outlaw path-
ways, the AKT pathway), the bypass pathway, the lurker cell pathway and so on are all possible
contributors to the mechanisms of transition to androgen independence [50]. It can reasonably
be speculated that these pathways are involved in the changes in phosphorylation states of sev-
eral proteins which are targets of Pin1. Moreover representative differences between LNCap
and DU145 reportedly include the presence or absence of Androgen Receptor, PTEN, or mu-
tant of p53 [50–52]. Expression of the Androgen Receptor especially is reportedly down-
regulated by Pin1 siRNA or Juglone in LNCap [53,54], but DU145 is an Androgen Receptor
negative cell-line [55–57]. In addition, the expression of AR genes directly regulates c-Myc
transcription [58] and functions as a coactivator of the Ets domain family [59]. These differ-
ences in regulations are assumed to be responsible for the differing microarray results, but fur-
ther studies are necessary to resolve this issue.

We focused mainly on comparative studies employing microarray analysis. One of the
major limitations of our study is the possibility that an unknown system beyond the scope of
our database is involved in Pin1 regulated oncogenesis. Another limitation is that expressions
were based only on mRNA levels as determined by microarray. These results need to be exam-
ined in greater detail in the future. However, our system, by detecting statistically significant
transcriptional changes, is potentially useful for comprehensively understanding the contribu-
tions of specific genes and pathways involved in oncogenesis and cancer treatment.

Conclusion
Numerous variations in mechanisms and factors, such as androgen receptor mutations, are in-
volved in the transition from an androgen-dependent to an independent state. Despite Pin1-
regulated gene expressions differing between these two prostate cancer cell-lines, LNCaP (an-
drogen-dependent) and DU145 (androgen-independent), Pin1 inhibition suppresses the pro-
liferation of both. These findings suggest the potential effectiveness of Pin1 inhibitors as
therapeutic agents for prostate cancers, regardless of their androgen sensitivity.

Acknowledgments
This work was supported by a Grant-in-Aid for Scientific Research (26293219, 23117523; T.
A.) from the Japan Society for the Promotion of Science.

Pin1-Mediated Gene Expressions in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0127467 June 3, 2015 11 / 14



Author Contributions
Conceived and designed the experiments: TF YT HSMF TY HK AM TA. Performed the exper-
iments: RK AK YS YN YM. Analyzed the data: RK AK TA. Contributed reagents/materials/
analysis tools: AK HS AM. Wrote the paper: RK AK TA.

References
1. Lu KP Pinning down cell signaling, cancer and Alzheimer's disease. Trends Biochem Sci 2004; 29:

200–209. PMID: 15082314

2. Joseph JD, Yeh ES, Swenson KI, Means AR, Winkler The peptidyl-prolyl isomerase Pin1. Prog Cell
Cycle Res 2003; 5: 477–487. PMID: 14593743

3. Lu KP, Liou YC, Zhou XZ Pinning down proline-directed phosphorylation signaling. Trends Cell Biol
2002; 12: 164–172. PMID: 11978535

4. Ueberham U, Rohn S, Ueberham E, Wodischeck S, Hilbrich I, Holzer M, et al. Pin1 promotes degrada-
tion of Smad proteins and their interaction with phosphorylated tau in Alzheimer's disease. Neuropathol
Appl Neurobiol 2014; doi: 10.1111/nan.12163

5. Ryo A, Nakamura M, Wulf G, Liou YC, Lu KP Pin1 regulates turnover and subcellular localization of
beta-catenin by inhibiting its interaction with APC. Nat Cell Biol 2001; 3: 793–801. PMID: 11533658

6. Uchida T, Takamiya M, Takahashi M, Miyashita H, Ikeda H, Terada T, et al. Pin1 and Par14 peptidyl
prolyl isomerase inhibitors block cell proliferation. Chem Biol 2003; 10: 15–24. PMID: 12573694

7. Wang HY, Fu JC, Lee YC, Lu PJ Hyperthermia stress activates heat shock protein expression via pro-
pyl isomerase 1 regulation with heat shock factor 1. Mol Cell Biol 2013; 33: 4889–4899. doi: 10.1128/
MCB.00475-13 PMID: 24126052

8. Atchison FW, Means AR Spermatogonial depletion in adult Pin1-deficient mice. Biol Reprod 2003; 69:
1989–1997. PMID: 12930711

9. Nakatsu Y, Sakoda H, Kushiyama A, Ono H, Fujishiro M, Horike N, et al. Pin1 associates with and in-
duces translocation of CRTC2 to the cytosol, thereby suppressing cAMP-responsive element transcrip-
tional activity. J Biol Chem 2010; 285: 33018–33027. doi: 10.1074/jbc.M110.137836 PMID: 20675384

10. Nakatsu Y, Sakoda H, Kushiyama A, Zhang J, Ono H, Fujishiro M, et al. Peptidyl-prolyl cis/trans isom-
erase NIMA-interacting 1 associates with insulin receptor substrate-1 and enhances insulin actions and
adipogenesis. J Biol Chem 2011; 286: 20812–20822. doi: 10.1074/jbc.M110.206904 PMID: 21454638

11. Nakatsu Y, Otani Y, Sakoda H, Zhang J, Guo Y, Okubo H, et al. Role of Pin1 protein in the pathogene-
sis of nonalcoholic steatohepatitis in a rodent model. J Biol Chem 2012; 287: 44526–44535. doi: 10.
1074/jbc.M112.397133 PMID: 23112047

12. Bao L, Kimzey A, Sauter G, Sowadski JM, Lu KP, Wang DG Prevalent overexpression of prolyl isomer-
ase Pin1 in human cancers. Am J Pathol 2004; 164: 1727–1737. PMID: 15111319

13. Wulf GM, Ryo A, Wulf GG, Lee SW, Niu T, Petkova V, et al. Pin1 is overexpressed in breast cancer and
cooperates with Ras signaling in increasing the transcriptional activity of c-Jun towards cyclin D1.
EMBO J 2001; 20: 3459–3472. PMID: 11432833

14. Ayala G, Wang D, Wulf G, Frolov A, Li R, Sowadski J, et al. The prolyl isomerase Pin1 is a novel prog-
nostic marker in human prostate cancer. Cancer Res 2003; 63: 6244–6251. PMID: 14559810

15. Ryo A, Liou YC, Lu KP, Wulf G Prolyl isomerase Pin1: a catalyst for oncogenesis and a potential thera-
peutic target in cancer. J Cell Sci 2003; 116: 773–783. PMID: 12571275

16. Hwang YC, Yang CH, Lin CH, Ch'ang HJ, Chang VH, YuWCDestabilization of KLF10, a tumor sup-
pressor, relies on thr93 phosphorylation and isomerase association. Biochim Biophys Acta 2013;
1833: 3035–3045. doi: 10.1016/j.bbamcr.2013.08.010 PMID: 23994618

17. He J, Zhou F, Shao K, Hang J, Wang H, Rayburn E, et al. Overexpression of Pin1 in non-small cell lung
cancer (NSCLC) and its correlation with lymph node metastases. Lung Cancer 2007; 56: 51–58.
PMID: 17275947

18. Margel D, Fleshner NE Oral contraceptive use is associated with prostate cancer: an ecological study.
BMJ Open 2011; 1: e000311. doi: 10.1136/bmjopen-2011-000311 PMID: 22102643

19. Huggins C The Hormone-Dependent Cancers. JAMA 1963; 186: 481–483. PMID: 14053350

20. Kan SF, Yu CH, Pu HF, Hsu JM, Chen MJ, Wang PS Anti-proliferative effects of evodiamine on human
prostate cancer cell lines DU145 and PC3. J Cell Biochem 2007; 101: 44–56. PMID: 17340628

21. Mahler C, Denis L Management of relapsing disease in prostate cancer. Cancer 1992; 70: 329–334.
PMID: 1376200

Pin1-Mediated Gene Expressions in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0127467 June 3, 2015 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/15082314
http://www.ncbi.nlm.nih.gov/pubmed/14593743
http://www.ncbi.nlm.nih.gov/pubmed/11978535
http://dx.doi.org/10.1111/nan.12163
http://www.ncbi.nlm.nih.gov/pubmed/11533658
http://www.ncbi.nlm.nih.gov/pubmed/12573694
http://dx.doi.org/10.1128/MCB.00475-13
http://dx.doi.org/10.1128/MCB.00475-13
http://www.ncbi.nlm.nih.gov/pubmed/24126052
http://www.ncbi.nlm.nih.gov/pubmed/12930711
http://dx.doi.org/10.1074/jbc.M110.137836
http://www.ncbi.nlm.nih.gov/pubmed/20675384
http://dx.doi.org/10.1074/jbc.M110.206904
http://www.ncbi.nlm.nih.gov/pubmed/21454638
http://dx.doi.org/10.1074/jbc.M112.397133
http://dx.doi.org/10.1074/jbc.M112.397133
http://www.ncbi.nlm.nih.gov/pubmed/23112047
http://www.ncbi.nlm.nih.gov/pubmed/15111319
http://www.ncbi.nlm.nih.gov/pubmed/11432833
http://www.ncbi.nlm.nih.gov/pubmed/14559810
http://www.ncbi.nlm.nih.gov/pubmed/12571275
http://dx.doi.org/10.1016/j.bbamcr.2013.08.010
http://www.ncbi.nlm.nih.gov/pubmed/23994618
http://www.ncbi.nlm.nih.gov/pubmed/17275947
http://dx.doi.org/10.1136/bmjopen-2011-000311
http://www.ncbi.nlm.nih.gov/pubmed/22102643
http://www.ncbi.nlm.nih.gov/pubmed/14053350
http://www.ncbi.nlm.nih.gov/pubmed/17340628
http://www.ncbi.nlm.nih.gov/pubmed/1376200


22. Green SM, Mostaghel EA, Nelson PS Androgen action and metabolism in prostate cancer. Mol Cell
Endocrinol 2012; 360: 3–13. doi: 10.1016/j.mce.2011.09.046 PMID: 22453214

23. Ryo A, Uemura H, Ishiguro H, Saitoh T, Yamaguchi A, Perrem K, et al. Stable suppression of tumorige-
nicity by Pin1-targeted RNA interference in prostate cancer. Clin Cancer Res 2005; 11: 7523–7531.
PMID: 16243827

24. Hennig L,Christner C, Kipping M, Schelbert B, Rucknagel KP, Grabley S, et al. Selective inactivation of
parvulin-like peptidyl-prolyl cis/trans isomerases by juglone. Biochem 1998; 37: 5953–5960.

25. Wang X Etzkorn FA, Peptidyl-prolyl isomerase inhibitors. Pept. Sci 2006; 84: 125–146

26. Gwang MN, Prem K, Hae-Guk C, Sung-Chul L, Yoon KO, Bong SK, et al. The Prolyl Isomerase Pin1 In-
duces LC-3 Expression and Mediates Tamoxifen Resistance in Breast Cancer. J Biol Chem 2010;
285:23829–23841. doi: 10.1074/jbc.M109.092874 PMID: 20479004

27. Hua LX, Xiao FY, Shao CQ, Xiang RQ, YanFJ, Da YS Juglone, from Juglans mandshruica Maxim, in-
hibits growth and induces apoptosis in human leukemia cell HL-60 through a reactive oxygen species-
dependent mechanism. F Chem Toxicol 2012; 50:590–596. doi: 10.1016/j.fct.2012.01.002 PMID:
22266044

28. Ji YB, Qu ZY, Zou X Juglone-induced apoptosis in human gastric cancer SGC-7901 cells via the mito-
chondrial pathway. Exp Toxicol Pathol 2011 Jan; 63(1–2): 69–78.

29. Fila C, Metz C, van der Sluijs P Juglone inactivates cysteine-rich proteins required for progression
through mitosis. J Biol Chem 2008 Aug 1; 283(31):21714–24. doi: 10.1074/jbc.M710264200 PMID:
18539601

30. Kumamoto S, Kushiyama A, Nakatsu Y, Sakoda H, Fujishiro M, Iwashita M, et al. Angiotensin receptor
1 blocker valsartan normalizes gene expression profiles of 3T3-L1 adipocytes altered by co-culture with
LPS-treated RAW264.7 macrophages. Obes Res Clin Pract 2012; 6: e263–346. doi: 10.1016/j.orcp.
2011.08.155 PMID: 24331595

31. Cheng CW, Chow AK, Pang R, Fok EW, Kwong YL, Tse E PIN1 inhibits apoptosis in hepatocellular car-
cinoma through modulation of the antiapoptotic function of survivin. Am J Pathol 2013; 182: 765–775.
doi: 10.1016/j.ajpath.2012.11.034 PMID: 23333752

32. Fan G, Fan Y, Gupta N, Matsuura I, Liu F, Zhou XZ, et al. Peptidyl-prolyl isomerase Pin1 markedly en-
hances the oncogenic activity of the rel proteins in the nuclear factor-kappaB family. Cancer Res 2009;
69: 4589–4597. doi: 10.1158/0008-5472.CAN-08-4117 PMID: 19458071

33. Farrell AS, Pelz C, Wang X, Daniel CJ, Wang Z, Su Y, et al. Pin1 regulates the dynamics of c-Myc DNA
binding to facilitate target gene regulation and oncogenesis. Mol Cell Biol 2013; 33: 2930–2949. doi:
10.1128/MCB.01455-12 PMID: 23716601

34. Khanal P, Namgoong GM, Kang BS, Woo ER, Choi HS The prolyl isomerase Pin1 enhances HER-2 ex-
pression and cellular transformation via its interaction with mitogen-activated protein kinase/extracellu-
lar signal-regulated kinase kinase 1. Mol Cancer Ther 2010; 9: 606–616. doi: 10.1158/1535-7163.
MCT-09-0560 PMID: 20179161

35. Lee KH, Lin FC, Hsu TI, Lin JT, Guo JH, Tsai CH, et al. MicroRNA-296-5p (miR-296-5p) functions as a
tumor suppressor in prostate cancer by directly targeting Pin1. Biochim Biophys Acta 2014; 1843:
2055–2066. doi: 10.1016/j.bbamcr.2014.06.001 PMID: 24915000

36. Pampalakis G, Sotiropoulou G Tissue kallikrein proteolytic cascade pathways in normal physiology and
cancer. Biochim Biophys Acta 2007; 1776: 22–31. PMID: 17629406

37. Takeuchi I, Takaha N, Nakamura T, Hongo F, Mikami K, Kamoi K, et al. High mobility group protein AT-
hook 1 (HMGA1) is associated with the development of androgen independence in prostate cancer
cells. Prostate 2012; 72: 1124–1132. doi: 10.1002/pros.22460 PMID: 22213442

38. Oltean S, Sorg BS, Albrecht T, Bonano VI, Brazas RM, Dewhirst MW, et al. Alternative inclusion of fi-
broblast growth factor receptor 2 exon IIIc in Dunning prostate tumors reveals unexpected epithelial
mesenchymal plasticity. Proc Natl Acad Sci U S A 2006; 103: 14116–14121. PMID: 16963563

39. Lu X, An H, Jin R, Zou M, Guo Y, Su PF, et al. PPM1A is a RelA phosphatase with tumor suppressor-
like activity. Oncogene 2014; 33: 2918–2927. doi: 10.1038/onc.2013.246 PMID: 23812431

40. Vainio P, Gupta S, Ketola K, Mirtti T, Mpindi JP, Kohonen P, et al. Arachidonic acid pathway members
PLA2G7, HPGD, EPHX2, and CYP4F8 identified as putative novel therapeutic targets in prostate can-
cer. Am J Pathol 2011; 178: 525–536. doi: 10.1016/j.ajpath.2010.10.002 PMID: 21281786

41. Allioli N, Vincent S, Vlaeminck-Guillem V, Decaussin-Petrucci M, Ragage F, Ruffion A, et al. TM4SF1,
a novel primary androgen receptor target gene over-expressed in human prostate cancer and involved
in cell migration. Prostate 2011; 71: 1239–1250. doi: 10.1002/pros.21340 PMID: 21656834

42. Coppola D, Oliveri C, Sayegh Z, Boulware D, Takahashi Y, Pow-Sang J, et al. Bax-interacting factor-1
expression in prostate cancer. Clin Genitourin Cancer 2008; 6: 117–121. doi: 10.3816/CGC.2008.n.
018 PMID: 18824435

Pin1-Mediated Gene Expressions in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0127467 June 3, 2015 13 / 14

http://dx.doi.org/10.1016/j.mce.2011.09.046
http://www.ncbi.nlm.nih.gov/pubmed/22453214
http://www.ncbi.nlm.nih.gov/pubmed/16243827
http://dx.doi.org/10.1074/jbc.M109.092874
http://www.ncbi.nlm.nih.gov/pubmed/20479004
http://dx.doi.org/10.1016/j.fct.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/22266044
http://dx.doi.org/10.1074/jbc.M710264200
http://www.ncbi.nlm.nih.gov/pubmed/18539601
http://dx.doi.org/10.1016/j.orcp.2011.08.155
http://dx.doi.org/10.1016/j.orcp.2011.08.155
http://www.ncbi.nlm.nih.gov/pubmed/24331595
http://dx.doi.org/10.1016/j.ajpath.2012.11.034
http://www.ncbi.nlm.nih.gov/pubmed/23333752
http://dx.doi.org/10.1158/0008-5472.CAN-08-4117
http://www.ncbi.nlm.nih.gov/pubmed/19458071
http://dx.doi.org/10.1128/MCB.01455-12
http://www.ncbi.nlm.nih.gov/pubmed/23716601
http://dx.doi.org/10.1158/1535-7163.MCT-09-0560
http://dx.doi.org/10.1158/1535-7163.MCT-09-0560
http://www.ncbi.nlm.nih.gov/pubmed/20179161
http://dx.doi.org/10.1016/j.bbamcr.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24915000
http://www.ncbi.nlm.nih.gov/pubmed/17629406
http://dx.doi.org/10.1002/pros.22460
http://www.ncbi.nlm.nih.gov/pubmed/22213442
http://www.ncbi.nlm.nih.gov/pubmed/16963563
http://dx.doi.org/10.1038/onc.2013.246
http://www.ncbi.nlm.nih.gov/pubmed/23812431
http://dx.doi.org/10.1016/j.ajpath.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/21281786
http://dx.doi.org/10.1002/pros.21340
http://www.ncbi.nlm.nih.gov/pubmed/21656834
http://dx.doi.org/10.3816/CGC.2008.n.018
http://dx.doi.org/10.3816/CGC.2008.n.018
http://www.ncbi.nlm.nih.gov/pubmed/18824435


43. Carstens RP, Eaton JV, Krigman HR, Walther PJ, Garcia-Blanco MA Alternative splicing of fibroblast
growth factor receptor 2 (FGF-R2) in human prostate cancer. Oncogene 1997; 15: 3059–3065. PMID:
9444954

44. Gresham J, Margiotta P, Palad AJ, Somers KD, Blackmore PF, Wright GL Jr., et al. Involvement of Shc
in the signaling response of human prostate tumor cell lines to epidermal growth factor. Int J Cancer
1998; 77: 923–927. PMID: 9714065

45. Wu ZB, Qiu C, Zhang AL, Cai L, Lin SJ, Yao Y, et al. Glioma-associated antigen HEATR1 induces func-
tional cytotoxic T lymphocytes in patients with glioma. J Immunol Res 2014; 2014: 131494. doi: 10.
1155/2014/131494 PMID: 25126583

46. Wanker EE Hip1 and Hippi participate in a novel cell death-signaling pathway. Dev Cell 2002; 2:
126–128. PMID: 11832235

47. Ding T, Li Z, Hailemariam T, Mukherjee S, Maxfield FR, WuMP, et al. SMS overexpression and knock-
down: impact on cellular sphingomyelin and diacylglycerol metabolism, and cell apoptosis. J Lipid Res
2008; 49: 376–385. PMID: 17982138

48. Stoyanova T, Goldstein AS, Cai H, Drake JM, Huang J, Witte ON Regulated proteolysis of Trop2 drives
epithelial hyperplasia and stem cell self-renewal via beta-catenin signaling. Genes Dev 2012; 26:
2271–2285. doi: 10.1101/gad.196451.112 PMID: 23070813

49. Katoh Y, Katoh M FGFR2-related pathogenesis and FGFR2-targeted therapeutics (Review). Int J Mol
Med 2009; 23: 307–311. PMID: 19212647

50. Attar RM, Takimoto CH, Gottardis MMCastration-resistant prostate cancer: locking up the molecular
escape routes. Clin Cancer Res; 2009: 15: 3251–5. doi: 10.1158/1078-0432.CCR-08-1171 PMID:
19447877

51. ChetramMA, Odero-Marah V, Hinton CV Loss of PTEN permits CXCR4-mediated tumorigenesis
through ERK1/2 in prostate cancer cells. Mol Cancer Res; 2011 Jan: 9(1): 90–102. doi: 10.1158/1541-
7786.MCR-10-0235 PMID: 21076047

52. Bajgelman MC, Strauss BE The DU145 human prostate carcinoma cell line harbors a temperature-
sensitive allele of p53 Prostate; 2006 Sep 15; 66(13): 1455–62. PMID: 16741917

53. La Montagna R, Caligiuri I, Maranta P, Lucchetti C, Esposito L, Paggi MG, et al. Androgen receptor ser-
ine 81 mediates Pin1 interaction and activity. Cell Cycle 2012; 11: 3415–3420. doi: 10.4161/cc.21730
PMID: 22894932

54. Xu H, Yu X, Qu S, Sui D Juglone, isolated from Juglans mandshurica Maxim, induces apoptosis via
down-regulation of AR expression in human prostate cancer LNCaP cells. Bioorg Med Chem Lett
2013; 23: 3631–3634. doi: 10.1016/j.bmcl.2013.04.007 PMID: 23643730

55. Mitchell S., Abel P., Ware M., Stamp G., Lalani E.N. Phenotypic and genotypic characterization of com-
monly used human prostatic cell lines. BJU Int; 2000 85: 932–944. PMID: 10792179

56. Chlenski A., Nakashiro K., Ketels K.V., Korovaitseva G.I., Oyasu R. Androgen receptor expression in
androgen-independent prostate cancer cell lines. Prostate; 2001 47: 66–75 PMID: 11304731

57. van Bokhoven A., Varella-Garcia M., Korch C., JohannesW.U., Smith E.E., Miller H.L., Nordeen S.K.,
Miller G.J., Lucia M.S. Molecular characterization of human prostate carcinoma cell lines. Prostate;
2003 57: 205–225 PMID: 14518029

58. Gao L, Schwartzman J, Gibbs A, Lisac R, Kleinschmidt R, Wilmot B, et al. Androgen receptor promotes
ligand-independent prostate cancer progression through c-Myc upregulation PLoS One; 2013 May 21:
8(5): e63563. doi: 10.1371/journal.pone.0063563 PMID: 23704919

59. Patki M, Chari V, Sivakumaran S, Gonit M, Trumbly R, RatnamM The ETS domain transcription factor
ELK1 directs a critical component of growth signaling by the androgen receptor in prostate cancer cells.
J Biol Chem; 2013 Apr 19: 288(16): 11047–65. doi: 10.1074/jbc.M112.438473 PMID: 23426362

Pin1-Mediated Gene Expressions in Prostate Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0127467 June 3, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/9444954
http://www.ncbi.nlm.nih.gov/pubmed/9714065
http://dx.doi.org/10.1155/2014/131494
http://dx.doi.org/10.1155/2014/131494
http://www.ncbi.nlm.nih.gov/pubmed/25126583
http://www.ncbi.nlm.nih.gov/pubmed/11832235
http://www.ncbi.nlm.nih.gov/pubmed/17982138
http://dx.doi.org/10.1101/gad.196451.112
http://www.ncbi.nlm.nih.gov/pubmed/23070813
http://www.ncbi.nlm.nih.gov/pubmed/19212647
http://dx.doi.org/10.1158/1078-0432.CCR-08-1171
http://www.ncbi.nlm.nih.gov/pubmed/19447877
http://dx.doi.org/10.1158/1541-7786.MCR-10-0235
http://dx.doi.org/10.1158/1541-7786.MCR-10-0235
http://www.ncbi.nlm.nih.gov/pubmed/21076047
http://www.ncbi.nlm.nih.gov/pubmed/16741917
http://dx.doi.org/10.4161/cc.21730
http://www.ncbi.nlm.nih.gov/pubmed/22894932
http://dx.doi.org/10.1016/j.bmcl.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23643730
http://www.ncbi.nlm.nih.gov/pubmed/10792179
http://www.ncbi.nlm.nih.gov/pubmed/11304731
http://www.ncbi.nlm.nih.gov/pubmed/14518029
http://dx.doi.org/10.1371/journal.pone.0063563
http://www.ncbi.nlm.nih.gov/pubmed/23704919
http://dx.doi.org/10.1074/jbc.M112.438473
http://www.ncbi.nlm.nih.gov/pubmed/23426362

