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Phosphorylation of proteins on serine or threonine
residues preceding proline (pSer/Thr-Pro) is a major
regulatory mechanism in cell proliferation and trans-
formation. Interestingly, the pSer/Thr-Pro motifs in
proteins exist in two distinct cis and trans conforma-
tions, whose conversion rate is normally reduced on
phosphorylation, but is catalyzed specifically by the
prolyl isomerase Pin1. Pin1 can catalytically induce
conformational changes in proteins after phosphor-
ylation, thereby having profound effects on catalytic
activity, dephosphorylation, protein-protein interac-
tions, subcellular location, and/or turnover of certain
phosphorylated proteins. Recently, it has been
shown that Pin1 is overexpressed in human breast
cancer cell lines and cancer tissues and plays a critical
role in the transformation of mammary epithelial
cells by activating multiple oncogenic pathways. Fur-
thermore, Pin1 expression is an excellent indepen-
dent prognostic marker in prostate cancer. However,
little is known about Pin1 expression in other human
normal and cancerous tissues. In the present study,
we quantified Pin1 expression in 2041 human tumor
samples and 609 normal tissue samples as well as
normal and transformed human cell lines. We found
that Pin1 was usually expressed at very low levels in
most normal tissues and its expression was normally
associated with cell proliferation, with high Pin1 lev-
els being found only in a few cell types. However,
Pin1 was strikingly overexpressed in many different
human cancers. Most tumors (38 of 60 tumor types)
have Pin1 overexpression in more than 10% of the
cases, as compared with the corresponding normal
controls, which included prostate, lung, ovary, cer-
vical, brain tumors, and melanoma. Consistent with
these findings, Pin1 expression in human cancer cell
lines was also higher than that in the normal cell lines
examined. These results indicate that Pin1 overex-
pression is a prevalent and specific event in human

cancers. Given previous findings that Pin1 expression

is an excellent prognostic marker in prostate cancer

and that inhibition of Pin1 can suppress transformed

phenotypes and inhibit tumor cell growth, these find-

ings may have important implications for the patho-

genesis, diagnosis, and treatment of human cancers.

(Am J Pathol 2004, 164:1727–1737)

Oncogenesis is a multistep and multifactorial process,

both at the genetic and epi-genetic levels, that results in

uncontrolled cell proliferation, transformation, and cell

death. One major regulatory mechanism in cell prolifera-

tion and transformation is phosphorylation of proteins on

serine or threonine residues preceding proline (pSer/Thr-

Pro) by various prodirected protein kinases, such as MAP

kinases, cyclin-dependent kinases, JNK, and GSK3�.1–3

Interestingly, the pSer/Thr-Pro motifs in proteins exist in

two completely distinct cis and trans conformations,

whose conversion is normally restrained by phosphory-

lation, but catalyzed specifically by the essential prolyl

isomerase Pin1.3–6 By isomerizing specific pSer/Thr-Pro

bonds, Pin1 has been shown to catalytically induce con-

formational changes in proteins after phosphorylation,

thereby having profound effects on their catalytic activity,

dephosphorylation, protein-protein interactions, subcel-

lular location, and/or turnover.4,5,7–18 Thus, phosphoryla-

tion-dependent prolyl isomerization is a critical postphos-

phorylation regulatory mechanism in phosphorylation

signaling.3

Recently, it has been reported that Pin1 is overex-

pressed in human breast cancer cell lines and breast

cancer tissues, and its expression closely correlates with

the level of cyclin D1 in tumors.15 Furthermore, Pin1 pos-

itively regulates cyclin D1 function at the transcriptional

level by activating �-catenin/TCF transcription factors

and c-jun/AP-1 transcriptional factors, and also through

posttranslational stabilization.15–17 Moreover, Pin1 is an

E2F downstream target gene, whose expression is acti-

vated by various oncogenic proteins such as Neu and/or

Ras.18 In addition, the transient conformational change of

BclII because of association with peptidyl prolyl isomer-

ase might contribute to apoptotic signaling,19,20 and the

transcription factor nuclear factor-�B signaling is also
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regulated by Pin1.21 Overexpression of Pin1 not only

confers transforming properties on normal mammary ep-

ithelial cells, but also enhances transformed phenotypes

of Neu/Ras-transformed mammary epithelial cells.18 In

contrast, inhibition of Pin1 suppresses the Neu- and Ras-

induced transformed phenotypes or induces tumor cells

into mitotic arrest and apoptosis.18 Consistent with a role

of Pin1 in cell growth regulation, Pin1 knockout mice

displayed a range of cell proliferative abnormalities, in-

cluding decreased body size, testicular atrophy, retinal

degeneration, and neurological abnormality.14 Moreover,

in Pin1�/� adult female mice the breast epithelial com-

partment failed to undergo the massive proliferative

changes associated with pregnancy,17 indicating that

Pin1 is critical for cell proliferation in vivo. Finally, we have

recently shown that Pin1 expression is positively corre-

lated with clinical stage in human prostate cancer.22 Of

580 prostate cancer patients analyzed, patients with a

higher level of Pin1 expression have a significantly higher

probability of recurrence than their counterparts with low

Pin1 expression after radical prostatectomy, even when

patients with Gleason score 6 or 7 are analyzed sepa-

rately. Together, these results strongly suggest that over-

expression of Pin1 may promote tumor cell growth and

contribute to the malignancy of cancer cells.

Despite the evidence that Pin1 protein is overex-

pressed in human breast cancers and its significant

prognostic role in prostate cancer, there have been no

previous reports that have addressed Pin1 protein levels

in other human cancerous tissues. In the present study

we conducted a quantitative investigation on 2041 hu-

man tumor samples and 609 normal tissue samples as

well as 10 human transformed cell lines and three human

normal cell lines to investigate the levels of Pin1 protein in

various tumor tissues and compared that with corre-

sponding normal tissues. Consideration of whether Pin1

protein is overexpressed in cancer versus normal tissues

will provide valuable insights into the significance of Pin1

in oncogenesis and eventually this may be useful for

development and application of more effective and po-

tentially curative treatment strategies in which the inhibi-

tion of Pin1protein is an integral component.

Materials and Methods

Human Cell Lines

Thirteen human cell lines (HUV-EC-C, WI 38, MCF10a,

RPMI 7951, SW620, SW1271, DU145, PC-3, T98G,

DBTRG-05MG, MDA-MB-435, and MCF7) were obtained

from the American Type Culture Collection (Manassas,

VA) and T47D was obtained from the Arizona Cancer

Center (Tucson, AZ). Cells were cultured according to

the instructions provided by the agency and provider.

Immunocytochemistry

Immunocytochemitry on cultured cells was performed as

described previously,23 with the following modifications.

Cells were cultured on cover slides and fixed with 3%

formaldehyde for 5 minutes at room temperature. Cells

were permeabilized with 0.4% Triton X-100, followed by

immersion in 3% H2O2/methanol for 15 minutes to block

endogenous peroxidase. Cells then were incubated with

anti-Pin1 antibodies overnight at 4°C and then biotinyl-

ated secondary antibodies (Vector Laboratories, Burlin-

game, CA). Immunoreactivity was detected using a Vec-

tastain Elite ABC kit (Vector Laboratories) according to

the manufacturer’s instructions.

Immunoblotting Analysis

To detect Pin1 levels using immunoblotting analysis, cell

lysates were obtained by sonication of cell pellets in 50

mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl, 0.5% Triton

X-100, 10 �g/ml phenylmethyl sulfonyl fluoride, and 20

�g/ml leupeptin, as described.15 Lysates were clarified

by centrifugation 16,000 � g for 2 minutes. Tissue lysates

were obtained from Ardais Co. (Lexington, MA). Proteins

were resolved by 15% sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis (BioWhittaker, Rockland, ME),

then were transferred at 4°C in 1� Tris-glycine-sodium

dodecyl sulfate (Biorad, Hercules, CA) containing 20%

methanol onto nitrocellulose. Immunoblotting was per-

formed with anti-Pin1or anti-actin antibodies, as de-

scribed.15 Bound antibodies were detected by ECL (Am-

ersham-Pharmacia, Piscataway, NJ). Levels of Pin1 and

actin were quantified by densitometry using Imagequant

software (Amersham-Pharmacia), followed by expressing

Pin1 levels as Pin1:actin ratios, as described.15 Ratios

given are an average from multiple gels.

Human Tissue Sources

We used two different human tissue sources, conven-

tional tissue sections and tissue microarrays. Large con-

ventional sections of formalin-fixed, paraffin-embedded

human tumor tissue were provided by the Cooperative

Human Tissue Network, which included 18 bladder can-

cer, 10 breast cancer, 19 colon cancer, 18 lung cancer,

30 ovary cancer, 11 lymphoma, and 3 prostate cancer

samples. The tissue microarrays were provided by the

Institute of Pathology, University of Basel (Basel, Switzer-

land), as described previously.24,25 The normal tissue

arrays included 609 samples from 50 different organs,

whereas the multitumor arrays included 2041 patients’

tumor samples representing 60 different tumor types. All

tissue samples were formalin-fixed and paraffin-embed-

ded. Each tissue dot in the microarrays had a diameter of

0.6 mm.

Anti-Pin1 Antibodies

Polyclonal anti-Pin1 antibodies (catalog no. PC270; On-

cogene, Cambridge, MA) and a monoclonal anti-Pin1

antibody that we generated ourselves were used in this

study. To ensure the specificity of Pin1 immunostaining,

Pin1 polyclonal antibodies were affinity-purified and the

specificity of the antibody was tested by Western blotting

(data not shown). Moreover, preabsorbed polyclonal an-
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tibodies and monoclonal antibody by GST-Pin1 protein

did not reveal any specific reactivity in the immunostain-

ing on cells and tissues (data not shown).

Immunohistochemistry on Human Tissues

Immunohistochemistry was performed as described.15,22

Briefly, the sections were deparaffinized in xylene twice

for 10 minutes each, and rehydrated in graded ethanols

(100%, 95%, and 75%) for 5 minutes each, followed by

immersion in 3% H2O2/methanol for 15 minutes to block

endogenous peroxidase. For antigen retrieval, the sec-

tions were microwaved in citrate buffer (pH 6.0) (Bio-

Genex) gently boiling for 15 minutes. The sections were

then blocked in 10% normal goat serum in Tris-buffered

saline, followed by incubation with polyclonal (0.4 �g/ml)

or monoclonal (0.1 �g/ml) Pin1 antibodies overnight at

4°C in a humidity container. Then the sections were in-

cubated with biotinylated goat anti-rabbit or mouse IgG

(Vectastain Elite ABC kit, Vector Laboratories) diluted at

1:400 in 5% normal goat or horse serum for 30 minutes at

room temperature. The standard ABC process was then

followed, according to the manufacturer’s instructions.

Diaminobenzidine was used as a chromogen, followed

by counterstaining with hematoxylin.

Analysis and Quantification of Pin1

Immunostaining

After immunostaining, slides were evaluated by two dif-

ferent methods, as described previously.22 Briefly, nor-

mal and tumor tissues were evaluated manually under the

microscope by a single pathologist (GS) and automati-

cally using the Automated Cellular Imaging System

(ACIS; ChromaVision Medical Systems, Inc., San Juan

Capistrano, CA). For manual analysis, in normal tissues, a

cell type-specific distribution of Pin1 expression was re-

corded. For tumor tissues the percentage of positive cells

was estimated and the staining intensity was semiquan-

titatively recorded as 1�, 2�, or 3�.24,25 For ACIS, entire

immunostained tissue sections were scanned using the

�4 objective and then images were captured using the

�10 objective by ACIS. ACIS combines automated mi-

croscopy and computerized image processing to ana-

lyze multiple tissues on a single slide. In this study, ACIS

was used to analyze microarray tissue sections on glass

slides stained using a diaminobenzidine chromagen, with

hematoxylin counterstain. Positive staining (brown) as

viewed by a light microscope indicates the presence of

the protein, and the intensity of the color correlated di-

rectly with the amount of the protein. The ACIS was able

to quantify immunohistochemical staining intensity for the

selected individual areas. However, the base limit on the

threshold for the generic diaminobenzidine is preset at 50

by the manufacturer because of the high sensitivity of the

system. Therefore, any intensity below 50 was treated as

0 in this study, as suggested by the manufacturer.22

Results

Pin1 Levels in Normal and Transformed Human

Cell Lines

In the previous report,15 higher Pin1 levels were shown in

human breast carcinoma-derived cell lines in comparison

with normal human mammary epithelial cell lines or a

spontaneously immortalized normal human mammary

epithelial cell line. To determine Pin1 expression in other

tumor cell lines, we first determined Pin1 levels in the

following six human cell lines by immunocytochemistry: a

normal endothelial (HUV-EC-C) cell line, a normal fibro-

blast cell line (WI38), a melanoma cell line (RPMI7951), a

colon cancer cell line (SW620), and two prostate cancer

cell lines (PC3 and DU145). When immunostained with

anti-Pin1 polyclonal antibodies and monoclonal antibody,

all cell lines had Pin1 staining predominantly in the nu-

cleus, which is consistent with previous findings that Pin1

is primarily located in the nucleus of cultured cells.4

However, the concentration of Pin1 protein varied be-

tween cell types with normal fibroblast (WI38) and endo-

thelial (HUV-EC-C) cells showing the lowest Pin1 concen-

trations and the SW620 (colon cancer) and PC-3

(prostate cancer) cell lines showing highest concentra-

tions of Pin1 (Figure 1).

To verify and confirm these immunostaining results by

an independent method, we then screened human tumor

cell lines from multiple tumor types for Pin1 levels by

Western blotting. Western blotting showed a clear single

band for both Pin1 (poly and mono) antibodies. The

results were semiquantitatively evaluated and internally

controlled by actin, with the final results were shown as a

relative Pin1 concentration as determined by the Pin

1:actin ratio for each cell line examined (Figure 2 and

Table 1), as described previously.15 Pin1 protein levels

were determined for 13 human cell lines: a normal fibro-

blast cell line (WI-38), a normal endothelial cell line (HUV-

EC-C), a spontaneously immortalized normal breast cell

line (MCF10a), breast tumor cell lines (MDA-MB-435,

T47D, MCF-7), glioblastoma cell lines (T98G, DBTRG-

05MG), prostate tumor cell lines (PC-3, DU 145), a colon

tumor cell line (SW620), a small cell lung cancer cell line

(SW1271), and a melanoma cell line (RPMI7951). Aver-

age Pin1 levels for these cell lines are shown in Table 1.

A representative Western blot of the six of the cell lines

examined by immunohistochemistry (above) is shown in

Figure 1. All cell lines examined had detectable Pin1

protein by anti-Pin1 monoclonal or polyclonal antibodies

(Table 1). Consistent with above immunocytochemistry

results, the lowest levels of Pin1were obtained from the

normal cell lines, WI-38, HUV-EC-C, and MCF10a. All

tumor cell lines contained higher levels of Pin1 than the

normal cell lines with two of the tumor cell lines, SW620

(colon cancer) and PC-3 (prostate cancer) containing the

highest levels of Pin1 (Figure 2 and Table 1). These

results obtained from immunoblotting and immunostain-

ing analysis have not only confirmed but also expanded

previous findings that Pin1 levels are higher in tumor cell

lines than those in normal cells.15

Overexpression of Pin1 in Human Cancers 1729
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Pin1 Levels in Human Normal Tissues

Before examining the Pin1 levels in human cancer tis-

sues, we first examined its levels in a large number (609

tissue samples) of the normal tissues provided by the

Institute of Pathology, University of Basel (Switzerland).

Because cancer is typically derived from an individual

cell type within normal tissue, all samples were examined

in detail and Pin1 levels were evaluated by each individ-

ual cell type. Pin1 levels were undetectable or very low

(with the score of 0 to 1�) in 49 cell types present in most

normal human tissues examined (data not shown). Mod-

erate to medium Pin1-positive staining (with the score of

2�) was observed in 29 cell types (Table 2). High Pin1

Figure 1. Immunocytochemical staining of Pin1 in cultured cells. Cells were incubated with anti-Pin1 antibodies, followed by secondary biotinylated antibody
and ABC (avidin and biotinylated horseradish peroxidase complex)-diaminobenzidine reaction. A: WI38 (normal fibroblast) cell line; B: HUV-EC-C (normal
epithelial) cell line; C: DU 145 (prostate cancer) cell line; D: RPMI 7951 (melanoma) cell line; E: SW620 (colon cancer) cell line; F: PC3 (prostate cancer) cell line.
Original magnifications, �40.

Figure 2. Immunoblotting analysis of Pin1 expression of cell extracts. Total
cell lysates prepared from different cell lines were subjected to immunoblot-
ting analysis with monoclonal Pin1 and actin antibodies. The locations of
Pin1 and actin are indicated. The average Pin1concentrations as determined
from the Pin1:actin ratio from a minimum of three Western blots in cell lines
is shown in Table 1. Purified protein standards were used to determine the
linear range for both proteins. Immunohistochemistry of these cell lines is
shown in Figure 1.

Table 1. The Pin1 Concentration Relative to WI38

Cell line Cell type
Relative Pin1 concentration

(polyclonal)
Relative Pin1 concentration

(monoclonal)

WI 38 Fibroblast 1.0 � 0.0 1.0 � 0.2
HUV-EC-C Endothelial Not tested 1.2 � 0.1
MCF 10A Breast 1.2 � 0.0 1.2 � 0.4
DBTRG 05MG Glioma 1.8 � 0.1 1.6 � 0.3
RPMI 7951 Melanoma 1.9 � 0.2 1.9 � 0.4
SW 1271 Lung (small cell) 1.6 � 0.3 1.9 � 0.2
MCF 7 Breast 1.9 � 0.1 2.0 � 0.5
T98G Glioma 2.1 � 0.5 2.0 � 0.2
DU 145 Prostate 1.9 � 0.2 2.1 � 0.4
MDA-MB-435 Breast 2.1 � 0.3 2.3 � 0.4
T47D Breast 2.4 � 0.3 2.1 � 0.2
SW 620 Colon 3.0 � 0.4 2.9 � 0.4
PC 3 Prostate 3.2 � 0.4 3.5 � 0.6

WI 38, HUV-EC-C, and MCF10a are cell lines derived from human normal tissues. SW 620, PC-3, DU 145, RPMI 7951, T47D, MDA-MB-435, MCF7,
T98G, DBTRG 05MG, and SW1271 are cell lines derived from human tumor tissues. Pin1 concentrations as determined from Pin1:actin ratios are
averages from a minimum of three gels.
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level (with the score of 3�) was found only in four cell

types, which were ciliated cells in fallopian tube, lung

bronchi and nose paranasal sinus, granulose cell layer in

ovary and cytotrophoblast, endothelial cells in fetal cap-

illaries, and mesenchymal cells in placenta (Table 2).

These results indicate that Pin1 is normally expressed at

very low levels in most normal tissues, although signifi-

cant levels of Pin1 are often found in cell types that

normally undergo active cell division.

Pin1 Levels in Human Cancer Tissues

Study on Conventional Human Tissue Sections

As an initial step to evaluate Pin1 expression in differ-

ent human cancer tissues, we obtained 109 large con-

ventional tissue sections of human tumor samples from

the Cooperative Human Tissue Network. When immuno-

stained with anti-Pin1 antibodies and evaluated under the

microscope, Pin1-positive staining was readily identified

in both the nucleus and cytoplasm in 10 of 18 bladder, 10

of 10 breast, 9 of 19 colon, 12 of 18 lung, 2 of 3 prostate,

10 of 11 lymphoma, and 5 of 30 ovary cancer samples

(Figure 3). Both polyclonal and monoclonal anti-Pin1 an-

tibodies gave a similar staining pattern and results. Al-

though these results were not directly compared with the

corresponding normal tissues, they suggested that Pin1

might be overexpressed in many different tumors at

rather high incidences.

To further verify and confirm these immunocytochem-

istry results, we performed anti-Pin1 Western blotting

analyses on six normal and six prostate cancer tissues

(Figure 4 and Table 3). Three prostate tumors were from

Gleason score 8 patients (patient numbers, 722, 874,

910) and the other three were from Gleason score 9

patients (patient numbers, 959, 913, 855). Four of the

normal prostate tissues were obtained from normal pa-

tients (patient numbers, 014, 941, 610, 041). The remain-

ing two were obtained from normal tissue of cancer pa-

tients (patient numbers, 874, 910). In agreement with

data typically seen by immunohistochemistry, some pa-

tients overexpressed Pin1 whereas others did not. Of the

tumors examined, one of the Gleason score 8 and two of

the Gleason score 9 patients overexpressed Pin1 to a

level more than twofold greater than normal. A direct

comparison of tumor versus normal tissue is possible for

patients 874 and 910 because we had both tumor and

normal tissues from the same patients. The tumor from

patient 874 shows substantial Pin1 overexpression rela-

Table 2. Pin1 Expression in Human Normal Tissues

Organ Cell type

Respiratory tract
Lung bronchi Ciliated cell���, (glandsa) serous cell��

Nose, paranasal sinus Ciliated cell���

Urogenital tract
Kidney pelvis, muscular wall Lymphocyte��, Schwann cell��, endothelial cell��

Kidney, cortex Tubule cell��, endothelial cell��

Penis, glans, corpus spongiosum Endothelial cell��

Prostate Columnar secretory cell��, basal cell��

Testis Primary spermatocyte��, secondary spermatocyte��

Epididymis Tall slender cell (�apical cell)��

Female genital tract
Endometrium, proliferation Glandular cell��, endometrial stromal cell��

Endometrium, secretion Glandular cell��, endometrial stromal cell��

Fallopian tube Ciliated cell���

Ovary, follicular cyst Theca interna cell (�theca-lutein cell)��, granulosa cell layer���

Placenta, early, decidua Decidual cell��

Placenta, first trimenon Cytotrophoblast���, mesenchymal cell���, endothelial cell fetal capillaries���

Gastrointestinal tract
Esophagus, muscular wall Lymphocyte��, Schwann cell��

Ileum, muscular wall Endothelial cell��, Schwann cell��

Oral cavity Lymphocyte��, endothelial cell��

Colon descendens, muscular wall Schwann cell��, endothelial cell��, endothelial cell��

Stomach, antrum Mucous-secreting cell��

Stomach, fundus and corpus Parietal cell��, chief cell��

Gallbladder Columnar cell (surface epithelium)��

Anal canal, skin Basal cell��, intraep lymphocytes��, suprabasal cell��

Endocrine system
Adrenal gland Cortical cell��, pheochromocyte��

Pancreas Islet cell (�-cell (insulin)��, alpha-cell (glucagon)��, �-cell (somatostatin)��, PP-
cell (pancreatic polypeptide)��

Other systems
Cerebellum, cortex Neuron��

Aorta, intima Fibroblast��

Skin, surface Lymphocyte��, endothelial cell��

Thymus Thymocyte (small lymphocyte)��

Tonsil, surface Basal cell��, squamous cell��, intraep lymphocytes��

��, Moderate, ���, strong.

Overexpression of Pin1 in Human Cancers 1731
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tive to the surrounding normal tissue. Moreover, six

above prostate samples have the corresponding forma-

lin-fixed, paraffin-embedded tissue slides (normal sam-

ples, 041, 610, 941; tumor samples, 722, 855, 959) and

were subject to immunostaining with anti-Pin1 antibodies

(Figure 4). A significant correlation was found between

immunohistochemistry and Western blotting by Pearson’s

coefficient of correlation, r � 0.81, P � 0.05 (date not

shown). These results indicate that there is a good cor-

relation between immunohistochemistry and Western

blotting analysis in determining Pin1 expression in human

normal and cancer tissues.

Large-Scale Quantitative Study on Human Tissue

Microarrays

To confirm the above initial observation that Pin1 is

overexpressed in many different human cancers, we per-

formed a large-scale study using human tissue microar-

rays to examine Pin1 protein levels in many different

human cancer tissues as well as the corresponding nor-

mal tissues. Microarray technology is currently a critical

new technology that allows for rapid analysis of several

hundred tumor samples in expedited experimental ap-

proaches. This relatively new technology has recently

shown potential in rapidly identifying and characterizing

genes and markers involved in the pathogenesis of hu-

man cancers.24–26 Our human tissue microarrays in-

cluded 2041 tumor samples from 60 different tumor types

and 609 normal samples from 50 different organ and/or

tissues/cell types.

After immunostaining with Pin1 antibodies, Pin1 levels

were independently scored manually by a pathologist

(GS) using a conventional microscope and automatically

by ACIS. For manual evaluation, all immunostained sam-

ples were evaluated in 1 day to maximize the internal

consistency. The staining intensity was scored in a four-

step scale (0, 1�, 2�, 3�).24,25 For the automatic anal-

ysis, we first selected three small circles on each sample

that contain tumors and then measured the average of

the Pin1 intensity and percentage of Pin1-positive tumor

cells (selected brown area was divided by total selected

area) (Figure 5A). The final Pin1 score was calculated

based on the formulation (Pin1 score � intensity � per-

Figure 3. Immunohistochemistry of Pin1 in cancer tissues on conventional tissue sections. Sections from paraffin-embedded tissues were subjected to
immunostaining with anti-Pin1 antibodies. A: Breast cancer; B: lung cancer; C: ovary cancer; D: lymphoma. Original magnifications: �20; �40 (insets).
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cent positive staining). This score was arbitrarily de-

signed based on our observations that after subtracting

the background of 50, the maximal intensity was �100,

which was similar to maximal percentage of Pin1-positive

cells. Therefore, the two parameters are equally

weighed.22

To determine the correlation between manual and au-

tomated analyses, we analyzed the correlation between

the scores obtained from both method procedures in

selected tumors with various levels of Pin1 expression.

When manual evaluation was compared with automated

analysis, we found a significant correlation between

these two methods. For example, in 104 brain tumors in

which Pin1 is highly overexpressed, the Pearson’s coef-

ficient of correlation was 0.84 (P � 0.001) (Figure 5B).

Similar results were also obtained in kidney tumors (n �

114; the Pearson’s coefficient of correlation (r), 0.86; P �

0.001), lung tumors (n � 183; r � 0.85; P � 0.001), in

breast tumors (n � 149; r � 0.67; P � 0.001), prostate

tumors (n � 91; r � 0.7; P � 0.001) and ovarian tumors

(n � 116; r � 0.76; P � 0.001) (data not shown). These

results indicate that both manual and automatic proce-

dures produce similar results in evaluating Pin1 expres-

sion in human tissues arrays.

Pin1 Levels in Human Tumor Tissues

Given that the automatic evaluation procedure can be

used to quantify Pin1 expression in a large number of

samples and in a less subjective manner, we used this

method to compare Pin1 staining in 2041 samples from a

total of 60 different tumor types with the corresponding

normal tissue (Figure 6). Of note, Pin1 levels in carcinoid

and paraganglioma were found to be high, but were not

shown because of the difficulty in finding corresponding

Table 3. Comparison of Pin1 Levels in Prostate Cancer
Tissues Relative to Normal Tissue

Patient
number Gleason score

Relative Pin1
concentration

910 Normal* 1.8 � 0.2
874 Normal* 1.0 � 0.2
041 Normal 1.3 � 0.2
610 Normal 1.0 � 0.0
941 Normal 1.1 � 0.2
014 Normal 0.9 � 0.2
855 9 2.1 � 0.2
913 9 1.1 � 0.2
959 9 2.7 � 0.5
910 8 1.7 � 0.3
874 8 4.1 � 1.3
722 8 1.4 � 0.5

Normal(*) indicates that the normal tissues were obtained from
cancer patients. Tumor lysates are identified by patient number. Both
normal and cancer tissue were obtained from patients 874 and 910.
Pin1 concentrations, as determined by immunoblotting analysis with the
anti-Pin1 monoclonal antibody, were expressed as average Pin1:actin
ratios from multiple Western blots.

Figure 4. Immunoblotting and immunohistochemistry analyses of Pin1 ex-
pression in normal and cancerous prostate tissues. Prostate tissue lysates
were subjected to immunoblotting analysis with monoclonal Pin1 and actin
antibodies. Tumor lysates are identified by patient number. Lysates 722, 874,
and 910 are Gleason score 8. Lysates 959, 913, and 855 are Gleason score 9.
Both normal and cancer tissue were obtained from patients 874 and 910. The
locations of Pin1 and actin are indicated. The average Pin1concentration as
determined from the Pin1:actin ratio from multiple Western blots in cell lines
is shown in Table 3. Tissue samples from 041 and 941 (normal) and 855 and
959 (cancer) were also subjected to immunostaining with monoclonal Pin1
antibody. Original magnifications, �20.

Figure 5. Evaluation of Pin1 immunostaining by ACIS and its correlation with manual evaluation. A: An example of quantitative evaluation for Pin1
immunostaining on tissue microarrays using ACIS. Three small circles were used to selectively measure tumor cell area and obtained the mean of the intensity
and percentage of positive tumor cells. B: Correlation between manual evaluation and automated analysis in brain tumors (n � 104).
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normal tissues. From our quantitatively evaluated results,

we have identified three major groups based on the Pin1

score.

In the first group, we have identified 38 of 60 tumor

types that showed more than 10% of cases with elevated

Pin1 levels relative to the corresponding normal tissue

(Figure 7). Among these cancers, some of the common

cancers demonstrated high Pin1 levels in high incidence,

including prostate, cervical, brain, lung, breast, colon,

liver cancer, and melanoma (Figure 8, A and B). Interest-

ingly, cancers such as small cell lung cancer and lipo-

sarcoma, which come from the same cell type origin,

both demonstrated high Pin1 levels at high incidence

(Figure 7). In the second group, we identified some types

of tumors in which Pin1 levels were similar to those

present in the corresponding normal tissues. These tu-

mors included skin squamous cell cancer, gall bladder

adenocarcinoma, esophagus adenocarcinoma, thyroid

papillary carcinoma, breast tubular cancer, and colon

adenocarcinoma (Figure 8C). Finally, in third group we

found that Pin1 levels in some tumors were even lower

than those present in the corresponding normal tissues.

These tumors included kidney, testis, adrenal gland, and

stomach tumors (Figure 8D). These results indicate that

Pin1 overexpression is a specific and prevalent event in

human cancers.

Discussion

In this study we performed a large scale analysis to

examine Pin1 expression in normal and cancerous hu-

man tissues as well as cell lines. Of 84 cell types in 50

different normal organs in the human body examined,

Pin1 was usually expressed at very low levels in most

normal tissues, with high Pin1 levels being found only in

a few cell types. However, Pin1 was strikingly overex-

pressed in many different human cancers. Of 60 human

Figure 6. Comparison of Pin1 expression in tumor
tissues and corresponding normal tissues on tissue
microarrays. Tissue microarray sections were sub-
jected to immunostaining with anti-Pin1 antibodies.
A: Normal prostate tissue; B: prostate cancer; C:
normal lung tissue; D: lung cancer; E: lung cancer
staining negative for Pin1; F: normal ovary tissue;
and G: ovary cancer. Original magnifications, �10.
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cancer types, Pin1 overexpression was found in 38 types

that showed more than 10% of cases with elevated Pin1

levels relative to the corresponding normal tissue includ-

ing most common human cancers such as prostate, cer-

vical, brain, lung, breast, liver cancer, and melanoma.

Consistent with these findings, Pin1 levels in all human

cancer cell lines examined were also higher than that in

normal cell lines examined. These results indicate that

Pin1 overexpression is prevalent and specific in a large

subset of human cancers. Given that inhibition of Pin1

can suppress transformed phenotypes and inhibit tumor

cell growth as described previously,4,18,27,28 and that

Pin1 expression is an excellent prognostic marker in

prostate cancer,22 these findings may have important

implications for the pathogenesis, diagnosis, and treat-

ment of human cancers.

One important and surprising finding of our study is the

prevalence of Pin1 overexpression in a large subset of

human cancers. These findings are consistent with the

previous findings that Pin1 expression is not only highly

regulated but also plays specific roles in oncogenesis.

We have shown that Pin1 is an E2F downstream target

gene, whose expression is regulated during the cell cycle

in normal cells.18 However, in cancer cells, Pin1 levels

are elevated and do not change during the cell cycle.8

Given prevalent deregulation of E2F/Rb pathways in

many human cancers,29–32 it may play a critical role in

the up-regulation of Pin1 in human cancers. Importantly,

Pin1 overexpression can activate multiple oncogenic

pathways and contribute to cell transformation. For ex-

ample, in breast cancer, Pin1 positively regulates cyclin

D1 function at the transcriptional level in collaboration

Figure 7. Overexpression of Pin1 in human cancers. Pin1 immunostaining was evaluated quantitatively using ACIS, with the Pin1 score � staining intensity �

percentage of positive immunostaining. The percentage of total cases showing elevated levels of Pin1 � the numbers of tumor samples with score larger than
the score of the highest normal case divided by the total number of tumor samples.
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with Ras and Wnt/�-catenin oncogenic signaling path-

ways and also through posttranslational stabiliza-

tion.16,17,28 Furthermore, overexpression of Pin1 can con-

fer anchorage-independent cell growth to normal

mammary epithelial cells.18 Moreover, Pin1 overexpres-

sion greatly enhances and facilitates transformation in-

duced by oncogenic Neu and Ras in mammary epithelial

cells.18 In contrast, inhibition of Pin1 suppresses both cell

proliferation and the transformed phenotypes induced by

Neu/Ras ontogenesis.18 These results indicate that Pin1

is essential for the Neu/Ras-induced transformation of

mammary epithelial cells. Although the biological signif-

icance of Pin1 overexpression in many other cancers

remains to be elucidated, Pin1 levels are an excellent

prognostic marker in prostate cancer.22 Given that Pin1

specifically isomerizes many critical phosphorylated Ser/

Thr-Pro motifs, the most common phosphorylation sites in

oncogenic pathways,1–3 it is conceivable that Pin1 is an

indispensable translator and amplifier of oncogenic sig-

nal transduction that responds to and translates onco-

genic signaling into cell proliferation and transformation.

The prevalent overexpression of Pin1 in human can-

cers and correlation of overexpression with poor clinical

outcomes in prostate cancer patients are consistent with

the previous findings that Pin1 expression is not only

highly regulated but also plays specific roles in oncogen-

esis. Furthermore, they also strongly suggest that Pin1

may be an attractive therapeutic target. Indeed, several

lines of evidence also suggest that inhibition of Pin1 can

suppress oncogenesis, offering a new option for anti-

cancer therapy. First, Pin1 is an enzyme with extraordi-

narily high-substrate specificity and a well-defined active

site.5,7,10,33 Second, Pin1 can potentiate the function of

many oncogenic pathways.16–18,28 Third, overexpression

of Pin1 can confer transforming properties on mammary

epithelial cells and also enhance transformed pheno-

types of mammary epithelial cells induced by Neu and

Ras.18 Fourth, depletion of Pin1 using anti-sense Pin1 or

dominant-negative Pin1 causes cancer cells into apopto-

sis in transient transfection.4,26,34 Fifth, inhibition of Pin1

via stable expression of dominant-negative Pin1 sup-

presses the transformed phenotypes induced by Ras/

Neu, which can be rescued by constitutively active cyclin

D1 mutant.18 Sixth, the strong relationship between the

Pin1 level and the clinical outcome of prostate cancer,

suggests that Pin1 could become a potential therapeutic

target in patients with biologically aggressive tumors.22

Finally, because Pin1 was normally expressed at very low

levels in most normal tissues and Pin1 knockout mice do

reach adulthood despite some cell proliferative abnor-

malities,17,35 it is reasonable to assume that a specific

anti-Pin1 therapy might not have general toxic effects.

However, the feasibility of therapeutic Pin1 inhibition has

not yet been explored because of the lack of Pin1-spe-

cific inhibitors. Therefore, there is a need for the devel-

opment of Pin1-specific inhibitors. Such Pin1-specific in-

hibitors may themselves be effective anti-cancer drugs or

become valuable adjuncts to established chemothera-

peutic procedures.

In summary, by analyzing Pin1 expression in an usually

large number of both normal and cancerous human tis-

sues, we found that Pin1 expression is usually present at

relatively low levels in the vast majority of human normal

tissues with a few exceptions. More importantly, Pin1 is

overexpressed at a rather high frequency in many differ-

ent tumors, including most common human cancers such

as prostate, lung, ovary, cervical, brain tumors, and mel-

anoma. Together with the previous findings that Pin1

plays a pivotal role in breast cancer and that Pin1 over-

expression is an independent marker for predicting the

probability of recurrence in prostate cancer, these results

suggest that Pin1 may play a critical role in the patho-

genesis, diagnosis, and treatment of many human can-

cers.
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