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Abstract. PIN1 was recently identified as a peptidyl-prolyl 
cis-trans isomerase (PPIase). It binds to and isomerizes specific 
pSer/Thr-Pro motifs and catalytically induces conformational 
changes after phosphorylation. PIN1 plays an important role 
in several cellular events, such as cell cycle progression, 
transcriptional regulation, RNA processing, cell prolifera-
tion and differentiation. The relationship between PIN1 and 
osteosarcoma has not been previously studied. In the present 
study, we investigated the expression pattern of PIN1 in human 
osteosarcoma tissues and the role of PIN1 in osteosarcoma 
generation and development. The expression levels of PIN1 
were detected by immunohistochemistry and western blotting. 
Results demonstrated that the expression of PIN1, cyclin D1 
and β-catenin were significantly higher in human osteosarcoma 
tissues compared to normal tissues. The in vitro effects of PIN1 
overexpression were studied in human osteosarcoma cell lines. 
Adenovirus-mediated PIN1 overexpression significantly stimu-
lated the proliferation of MG-63 and U2-OS osteosarcoma cells 
by 148±10.5 and 187±21.5%, respectively. In FACS analysis, 
U2-OS cells displayed significant levels of arrest in cell cycle 
progression at the G0/G1 phase. Consistent with increased cell 
growth, levels of cyclin D1 and cyclin E and their associated 
cyclin-dependent kinases, CDK4 and CDK6, were enhanced 
in PIN1-overexpressed cells compared with the control virus-
transfected cells. When the PIN1 inhibitor juglone was added 
to the cells, the proliferative effects of PIN1 were abolished. 
These results suggest that PIN1 may play an important role 
in tumorigenesis and tumor progression of osteosarcoma and 
therefore, provide a new target for gene therapy.

Introduction

Osteosarcoma is the most common primary bone tumor that 
occurs mainly in children and adolescents. Twenty percent of 
osteosarcoma patients succumb to this disease as a result of 
tumor metastasis or an unresectable tumor. The remaining 
80% of patients generally present with small metastases when 
diagnosed; a number of these patients develop pulmonary 
metastasis within a year and the 5-year survival rate is only 
15% (1,2). Recently, various chemotherapies and new diag-
nostic techniques have been developed. These developments 
have dramatically improved the 5-year survival rate for osteo-
sarcoma patients up to 55-70% (1). Chemotherapeutic regimens 
used in the treatment of osteosarcoma, such as adriamycin, 
methotrexate and/or cisplatin, result in significant morbidity, 
including cardiac toxicity, infertility and renal dysfunction. In 
order to improve the long-term survival rate of this type of 
cancer, it is crucial for research efforts to identify new targets 
and techniques, especially for gene therapy. 

It has been suggested that protein phosphorylation is a 
critical step in protein structural change. PIN1 is composed 
of 2 functional domains, an amino-terminal WW domain 
(amino acids 1-39) involved in protein-protein interaction 
which mediates PIN1 binding to phosphorylated protein and a 
COOH-terminal peptidyl-prolyl cis-trans isomerase (PPIase) 
domain (amino acids 45-163) that functions in catalysis (3). 
Phosphorylation of Ser/Thr-Pro residues plays an important 
role in several cellular events. An anomalous change in the 
protein during the process of signal transduction usually leads 
to unwanted cell proliferation and culminates in the develop-
ment of cancer (4,5). 

PIN1 was originally identified by a yeast 2-hybrid screen as 
a protein that interacts with NIMA (never in mitosis gene A). It 
consists of 163 amino acid residues and is located at 19p13 (6,7). 
It has been reported that PIN1 is involved in several aspects of 
signal transduction, such as cell growth, proliferation, differ-
entiation and apoptosis and is upregulated in various types 
of tumor tissues. Currently, approximately 20 types of PIN1 
targets are known, such as p53, β-catenin and cyclin D1, and 
most are related to the development of tumors (8,9). PIN1 has 
important effects in a number of carcinogenic signaling path-
ways. It catalyzes the composite of a carcinogenic substance 
and prevents the degradation of the carcinogenic substance. 
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Thus, PIN1 as an amplifier of carcinogenic signals, plays a 
crucial role in the process of transforming an oncogene to a 
signal of cell proliferation and differentiation.

Cyclin D1 is one of the important targets of PIN1. PIN1 
affects not only the Ras/JNK pathway to accelerate the synthesis 
of cyclin D1 during transcription (10), but also prevents the 
degradation of cyclin D1 by changing the structure of cyclin D1 
to block its movement from the nucleolus to the cytoplasm 
(11). β-catenin is a crucial downstream transcriptional factor 
of the Wnt signaling pathway, and also improves cyclin D1 
synthesis. PIN1 specifically binds to the phosphorylated motif 
of β-catenin, altering its configuration and thus inhibiting the 
combination of β-catenin and APC. PIN1 also improves the 
expression of cyclin D1 by increasing the stability of β-catenin 
and its accumulation in the nucleolus (9). Cyclin D1 is a member 
of the cyclin family, and is known to catalyze the G1-S phase 
transition. Cyclin D1 phosphorylates Rb protein by activating 
CDK4 and CDK6. The phosphorylated Rb protein releases E2F, 
which initiates DNA transcription and induces the transition 
from the G1 to S phase. The overexpression of cyclin D1 leads 
mammary glandular cells to transform into inocytes (12,13) and 
promotes breast cancer formation (14). Together, these reports 
strongly suggest that PIN1 and cyclin D1 play an important role 
in the occurrence and development of tumors.

The expression of PIN1 in human breast and oral cancers is 
closely correlated with the cyclin D1 level (15,16). However, the 
relationship between PIN1 and osteosarcoma has not been previ-
ously studied. Therefore, we studied the expression patterns of 
PIN1 in human osteosarcoma tissues. We further investigated 
the effect of the overexpression of PIN1 in osteosarcoma cells 
on cell proliferation and cycle. Our data demonstrated that 
PIN1 traverses the G0-G1 and/or G1-S transitions through a 
coordinated mechanism involving the upregulation of cyclins 
and CDKs and the downregulation of p21.

Materials and methods

Cell culture and reagents. Human osteosarcoma MG-63 and 
U2-OS cells were purchased from the American Type Culture 
Collection (ATCC, Rockville, MD, USA) and HEK293T cells 
were maintained in our laboratory. The cells were grown 
at 37˚C in a humidified atmosphere of 5% CO2 in DMEM 
medium supplemented with 10% fetal bovine serum and 2 mM 
glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin and 
2.5 µg/ml amphotericin B. All reagents were purchased from 
Sigma (St. Louis, MO, USA) unless otherwise noted.

Tissue preparation. Eight paraffin samples of human osteo-
sarcoma and normal tissues were obtained from Chonbuk 
National University Hospital after Ethics Committee approval 
of the use of human tissue. Tissues were fixed in a 4% formalin 
solution and embedded in wax blocks. Each block was cut into 
5-µm sections and stained with specific antibodies. Eight cases 
of fresh human osteosarcoma and normal tissues (5-8 mm3) 
were acquired during surgery and stored at -80˚C until use.

Transfection of cells. Preparation and amplification of the 
adenovirus were performed as previously described (17). 
Adenoviruses encoding PIN1 were created using the Virapower 
Adenoviral Expression System according to the manufacturer's 

instructions (Invitrogen, Carlsbad, CA, USA). Site-specific 
recombination between entry vectors (PIN1-pENTR) and the 
adenoviral destination vector (pAd/PL-DEST) were estab-
lished with LR Clonase II (Invitrogen). The control adenovirus 
(Ad-LacZ, S36A) was obtained from R.H. Unger (University 
of Texas Southwestern Medical Center, Dallas, TX, USA). The 
virus (100 MOI) was added to the cells and incubated for 4 h 
at 37˚C. After conventional culturing of the cells for 48 h, the 
cells were collected to perform the experiment.

MTT assay for cell proliferation. The viability of cultured cells 
was determined by assaying the reduction of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to 
formazan. After transfection with the PIN adenovirus (Ad-PIN1) 
or control adenovirus (Ad-LacZ), the cells were washed twice 
in 96-well plates with phosphate-buffered saline (PBS), and 
MTT (100 µg/100 µl of PBS) was added to each well. The 
cells were then incubated at 37˚C for 2 h and DMSO (100 µl) 
was added to dissolve the formazan crystals. Absorbance was 
measured at 570 nm with a Spectra Max Plus model (Molecular 
Devices, Sunnyvale, CA, USA). In the juglone treatment group, 
cells were incubated with different doses of juglone (1, 10, 20 or 
50 µM) for 6, 12 or 24 h after virus treatment. Other processes 
were the same as the ones described above.

Cell cycle analysis. Cells (1-5x105) in 6-well plates were incu-
bated with Ad-PIN1 or AD-LacZ for 4 h. Cells were treated 
with or without juglone for 48 h. After trypsinization and 
collection, cells were washed 3 times with PBS and fixed in 
70% ethanol overnight at 4˚C. Cells were then washed 3 times 
in PBS with 0.1% BSA. Cells were incubated with 5 mg/ml 
of RNase A (DNase free) and 50 mg/ml of PI for 90 min at 
4˚C. The percentages of cells in different phases of the cell 
cycle were measured with a FACStar flow cytometer (Becton-
Dickinson, San Jose, CA, USA).

Histology and immunohistochemistry. Tissue sections (5 µm) 
were stained with hematoxylin and eosin (H&E) for analysis 
under a light microscopy. Immunohistochemical staining was 
performed with the Dako Envision system (Dako, Carpinteria, 
CA, USA), which uses dextran polymers conjugated with horse-
radish peroxidase to avoid contamination with endogenous 
biotin. The paraffin samples were warmed at 55˚C for 30 min. 
After deparaffinization, tissue sections were treated using a 
microwave antigen retrieval procedure in 0.01 M sodium citrate 
buffer (pH 6.0) and immunostained with antibody against PIN1.

Western blot analysis. After collection, cells were placed in lysis 
buffer (M-PER; Thermo Scientific) for 30 min and then centri-
fuged at 13,200 x g for 30 min at 4˚C. The supernatant was stored 
at -80˚C until use. The fresh osteosarcoma tissues (200 mg) were 
cut into small pieces and put in lysis buffer (M-PER), homog-
enized, then centrifuged at 13,200 x g for 15 min at 4°C. The 
supernatant was stored at -80˚C until use. Protein concentration 
was determined using the Bradford method. The lysates (20 µg/
lane) were resolved in a 10% SDS-PAGE gel depending on the 
target protein sizes and the resolved proteins were transferred 
onto Immobilon-PVDF membranes (Millipore, Billerica, MA, 
USA) by electroblotting. Immunoblotting was performed using a 
primary antibody directed specifically against PIN1 (Santa Cruz 
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Biotechnology, Santa Cruz, CA, USA) at a dilution of 1:2,000. 
A β-actin monoclonal antibody (Santa Cruz Biotechnology) 
was used as a control to demonstrate equal loading and transfer. 
The membranes were incubated with secondary antibodies at a 
dilution of 1:2,000. The membrane blots were developed using 
an Amersham ECL™ Advance Western Blotting Detection kit 
(Amersham, Arlington Heights, IL, USA).

Statistical analysis. Statistical analysis of the data was 
performed using ANOVA and Duncan's test. P-value <0.05 
was considered to indicate a statistically significant difference.

Results

PIN1 is overexpressed in human osteosarcoma tissues. To 
assess the effect of PIN1 on osteosarcoma formation and devel-
opment, PIN1 expression was assessed in human osteosarcoma 
and normal tissues by immunohistochemistry and western blot-
ting. In the western blotting study, the expression levels of PIN1 
protein were 4-fold higher in osteosarcoma tissues compared 
with normal tissues (Fig. 1A and B). The cyclin D1 level was 
also significantly increased in osteosarcoma tissues (Fig. 1A). 
Meanwhile, the expression of proteins upstream of cyclin D1, 
including β-catenin and cyclin E were also significantly 
increased in osteosarcoma tissues (Fig. 1A). In the immuno-
histochemical study, the PIN1 expression was observed in the 
nucleus and cytoplasm of human osteosarcoma tissues (Fig. 1C). 

PIN1 induces cell proliferation in human osteosarcoma cells. 
After transfection of the PIN1 adenovirus for 24 h, cellular 
proliferation was assessed using human osteosarcoma cells, 

U2-OS and MG63. MTT analysis found that PIN1 overex-
pression increased the cellular proliferation by ~118±5.5% in 
12 h and 121±7.5% in 24 h (Fig. 2A and B). When the PIN1 
inhibitor juglone was added, the effects of PIN1 overexpres-
sion were abolished (Fig. 2A and B). Juglone also induced cell 
death of the U2-OS and MG63 cells in a concentration- and 
time-dependent manner (Fig. 2C-F).

PIN1 induces the transition of the G0/G1 to the G2/M phase 
in human osteosarcoma cells. Following the overexpression 
of PIN1, cell cycle distribution was determined by FACS 
analysis (Fig. 3A). PIN1 overexpression decreased the distri-
bution of G0/G1 phase cells to 35.26±3.41%, whereas G0/G1 
phase cells of the control group accounted for 50.36±3.27% 
of the total population. The percentages of cells at the S and 
G2/M phases were 18.52±2.52 and 32.44±3.83%, respectively, 
in PIN1-overexpressed cells, while the same cell populations 
comprised 12.17±2.31 and 18.33±1.96%, respectively, in 
the control cells. There was no change in the control virus-
transfected cells: G0/G1 (41.81±3.75%), S (13.22±3.09%) and 
G2/M (25.35±3.18%). Juglone treatment abolished all effects 
of PIN1 overexpression.

PIN1 modulates the protein levels of G2/M phase regulators. 
Consistent with increased cell growth, PIN1 induced the tran-
sition from G0/G1 to G2/M in the U2-OS cells. We assessed 
the effect of PIN1 on cell cycle regulatory molecules that 
play important roles in the cell cycle transition. The levels of 
cyclins D1 and E and their associated cyclin-dependent kinases, 
CDK4 and CDK6, were increased in PIN1-overexpressed cells 
(Fig. 4). However, the expression of the cell cycle inhibitor, 

Figure 1. Expression of PIN1 in human osteosarcoma tissues. (A) Expression of PIN1, β-catenin, cyclin D1 and E proteins in normal or osteosarcoma tissues 
(OSA) and (B) densitometric analysis of each protein. (C) Expression of PIN1 in (a and b) normal or (c and d) osteosarcoma tissues by H&E and immunohis-
tochemical staining. *Significantly different from the normal tissue, P<0.05.
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p21, was decreased in PIN1 overexpressed cells. Juglone abol-
ished PIN1-mediated changes in cell cycle protein expression.

Discussion

PIN1, a peptidyl-prolyl cis-trans isomerase (PPIase), binds to 
phosphorylated Ser/Thr-Pro motifs and catalyzes a conforma-
tional change in its target, thereby altering the conformation 
of its substrates (2). At the molecular level, protein-protein 
interactions are mediated by specialized molecules consisting 
of dedicated signaling domains and their cognate binding part-
ners. By interacting with these domains, PIN1 has the ability to 
modify protein function. For this reason, PIN1 has been impli-
cated as a key regulator in a number of cell events, including cell 
cycle progression, transcription, cell proliferation and apoptosis 
(10,11). PIN1 was originally identified as a binding partner for 
cell cycle proteins, several transcriptional factors and cell cycle 
regulatory proteins. Given its ability to regulate these proteins, 
PIN1 is suggested to act as a ‘timer’ in cell cycle progression (4).

Previous studies indicated that PIN1 is overexpressed in 
a number of diseases. Subsequent studies confirmed that the 
expression levels of PIN1 are increased in tissues of various 
carcinoma and cancer cell lines (9,18-24). A study using 

60 different types of human tumors indicated that tumor tissues 
have higher PIN1 protein levels compared with corresponding 
normal tissues (19). PIN1 overexpression has been considered 
an indicator of prognosis in several types of cancers, including 
lung (25) and colon cancers (24). In some cases, the overex-
pression of PIN1 indicates a short tumor recurrence period 
following treatment (18). In the current study, we performed 
immunohistochemistry to examine PIN1 expression in normal 
and osteosarcoma human tissues. In 8 human tissue samples, 
PIN1 expression was very low in the normal tissues, whereas 
high levels of PIN1 were observed in osteosarcoma tissues. 
Consistent with this finding, western blot data demonstrated 
that PIN1 levels were 4-fold higher in osteosarcoma tissues 
compared to the normal tissues. 

PIN1 expression is closely correlated with cyclin D1, 
β-catenin and cyclin E levels, which are intrinsically involved 
in oncogenesis (16,21). The correlation between PIN1 and 
cyclin D1 expression suggests that PIN1 expression is not 
only highly regulated, but that it also plays specific roles 
in oncogenesis. To examine this possibility, we transiently 
overexpressed PIN1 in 2 osteosarcoma cell lines, MG-63 and 
U2-OS and then examined its effects on cell proliferation. 
Results demonstrated that PIN1 overexpression increased cell 

Figure 2. Effects of PIN1 and inhibitor on cell proliferation in human osteosarcoma U2-OS and MG63 cells. Cells were infected with Ad-PIN1 or Ad-LacZ for 24 h 
and then treated with 10 µM juglone for (A) 12 h or (B) 24 h. Concentration- and time-dependent effects of juglone on cell viability. Cells were treated with different 
concentrations of juglone (1, 10, 20 or 50 µM) for (C) 6 h, (D) 12 h or (E) 24 h and (F) time-dependent effects of juglone on cell viability are displayed. Cell viability 
was determined by the MTT assay and is presented as a calculated percentage of viable cells. Each point represents the mean ± SEM of 3 determinations. *P<0.05; 
**P<0.01 vs. Ad-LacZ-treated group; #P<0.05 vs. Ad-PIN1-treated group; $P<0.05 vs. control group. Ctl, control; P + J, PIN1 + juglone; L + J, Ad-LacZ + juglone; J, 
juglone.
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proliferation and that juglone decreased cell proliferation. 
These results revealed that PIN1 causes cell cycle progression. 
This conclusion is further supported by our observation of 
increased cell numbers in the G2/M phase of the cell cycle.

Cell proliferation is strictly governed by a family of protein 
kinase complexes that are controlled, in part, by CDKs and their 
binding partners, the cyclins (26,27). Normally, these complexes 
are activated by the passage of a specific checkpoint and then 
cells progress through the phases of the cell cycle. Any defect in 
this machinery causes an alteration in cell cycle regulation that 
may result in unwanted cellular proliferation culminating in the 
development of cancer (28,29). Mechanistically, PIN1 increases 
cyclin D1 gene expression by activating β-catenin/T-cell tran-
scription factor (TCF) (9) and directly binds to cyclin D1 to 
increase its stability (8). Furthermore, PIN1 regulates Ki67, 
cyclin E and c-MYC (30,31). Cyclins D1 and E, along with CDKs 
2, 4 and 6, are the driving forces behind the G1-S transition in 
the cell cycle, whereas p21 induces the G1 and G2/M phase cell 

Figure 3. Effects of PIN1 on the cell cycle patterns of U2-OS cells detected by flow cytometry. U2-OS cells were infected with Ad-PIN1 or Ad-LacZ for 
24 h. Cells were collected and processed for an analysis of cell cycle regulation. (A) Representative histograms of cell cycle distribution in all groups are 
demonstrated. (B) The data points in the graph are the means ± SEM of 3 independent experiments in U2-OS cells. *P<0.05, **P<0.01 vs. Ad-LacZ-treated 
group; #P<0.05 vs. Ad-PIN1 treated group.

Figure 4. Effects of PIN1 on cell cycle-related proteins. U2-OS cells (1x106) 
were treated with PIN1 adenovirus or 10 µM juglone for 24 h and cyclins D1 
and E, CDKs 2, 4 and 6 and p21 were examined by western blotting. A rep-
resentative result is presented for each from at least 3 separate experiments 
yielding similar results.
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cycle arrest (32). In our study, significant increases in the expres-
sion of cyclins D1 and E and CDKs 2, 4 and 6 were observed 
in the PIN1-transfected U2-OS cells. Increases in these check-
point proteins lead to uncontrolled cell growth and aberrant 
cell function, with the cells quickly traversing the G0-G1 and/
or G1-S transitions. Thus, PIN1, by regulating the expression 
of cyclin D1, cyclin E and CDKs, has the ability to promote 
tumor growth. Recently, PIN1 has been suggested to promote 
the epithelial-mesenchymal transition (33), often regarded as 
the initiation of a metastatic and aggressive cancer. However, 
more detailed studies are required to elucidate the mechanism 
underlying PIN1-induced metastasis in osteosarcoma cell lines. 

Osteosarcoma continues to be the leading cause of bone 
cancer that mainly occurs in adolescent and young adults. 
Delayed diagnosis and lack of effective therapeutics cause 
osteosarcoma to recur and spread to distant sites (17). Although 
surgery offers the best treatment option, this cancer is often not 
detected early enough for surgery to be effective. The possibility 
of reducing the incidence and the burden of this cancer is what 
makes the search for promising advances in diagnosis and treat-
ment of the utmost importance. The present study focused on 
the prognostic marker that contributes to osteosarcoma carci-
nogenesis and the effects of PIN1 on tumorigenesis. This study 
demonstrates that PIN1 may be a suitable prognostic marker 
for osteosarcoma and that it markedly induces cell proliferation 
through the upregulation of the CDK/cyclin complex and the 
downregulation of p21 expression. Taken together, these results 
suggest the possible application of PIN1 as a target for cancer 
prevention or therapy in osteosarcoma.
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