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Pin1 is overexpressed in breast cancer and
cooperates with Ras signaling in increasing the
transcriptional activity of c-Jun towards cyclin D1
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Phosphorylation on serines or threonines preceding
proline (Ser/Thr-Pro) is a major signaling mechanism.
The conformation of a subset of phosphorylated Ser/
Thr-Pro motifs is regulated by the prolyl isomerase
Pinl. Inhibition of Pinl induces apoptosis and may
also contribute to neuronal death in Alzheimer’s dis-
ease. However, little is known about the role of Pinl in
cancer or in modulating transcription factor activity.
Here we report that Pinl is strikingly overexpressed
in human breast cancers, and that its levels correlate
with cyclin D1 levels in tumors. Overexpression of
Pinl increases cellular cyclin D1 protein and activates
its promoter. Furthermore, Pinl binds c-Jun that is
phosphorylated on Ser63/73-Pro meotifs by activated
JNK or oncogenic Ras. Moreover, Pinl cooperates
with either activated Ras or JNK to increase tran-
scriptional activity of c-Jun towards the cyclin D1 pro-
moter. Thus, Pinl is up-regulated in human tumors
and cooperates with Ras signaling in increasing c-Jun
transcriptional activity towards cyclin D1. Given the
crucial roles of Ras signaling and cyclin D1 over-
expression in oncogenesis, our results suggest that
overexpression of Pinl may promote tumor growth.
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Introduction

The reversible phosphorylation of proteins on serine/
threonine residues preceding proline (pSer/Thr-Pro) is a
key regulatory mechanism for the control of various
cellular processes, including cell division and transcription
(reviewed by Hunter and Karin, 1992; Nurse, 1994; Nigg,
1995; Treisman, 1996; Whitmarsh and Davis, 1996; Karin
et al., 1997). For example, various growth factors and
oncoproteins, such as oncogenic Ras, trigger a signaling
cascade leading to the activation of c-Jun N-terminal
kinases (JNKs), which phosphorylate c-Jun on Ser®73-Pro
and enhance its transcriptional activity towards c-Jun
target genes, including cyclin D1 (Binetruy et al., 1991;
Smeal et al., 1991; Derijard et al., 1994; Hinds et al., 1994;
Albanese et al., 1995, 1999; Fantl et al., 1995; Sicinski
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et al., 1995; Robles et al., 1998; Bakiri et al., 2000).
Overexpression of cyclin D1 often occurs in a variety of
human cancers (Hunter and Pines, 1994), including ~50%
of human breast tumors (Bartkova et al., 1994; Gillett
et al., 1994; Lin et al., 2000). Importantly, cyclin D1 can
act as an oncogene that contributes to cell transformation
by complementing a defective E1 A oncogene (Hinds et al.,
1994). Conversely, inhibition of cyclin D1 expression
causes growth arrest in tumor cells (Schrump et al., 1996;
Arber et al., 1997; Driscoll et al., 1997; Kornmann et al.,
1998). Moreover, knockout of cyclin DI in mice blocks
the proliferation of breast epithelial cells and retina, and
inhibits tumor development in response to Ha-Ras (Fantl
et al., 1995; Sicinski et al., 1995; Robles et al., 1998;
Rodriguez-Puebla et al., 1999). These results indicate that
cyclin D1 plays an important role during oncogenesis,
acting as a downstream mediator of Ras activity during
tumor development, and that phosphorylation of c-Jun on
Ser®%73_Pro motifs is an important mechanism for the Ras-
dependent up-regulation of cyclin D1. However, it is not
clear whether the c-Jun activity is further regulated after
Pro-directed phosphorylation.

Compelling evidence supports an additional and crucial
signaling mechanism, which affects the state of Pro-
directed phosphorylation sites, namely the conformational
change induced by phosphorylation-specific prolyl iso-
merization. Such conformational change can regulate
protein function (Zhou et al., 1999). The phosphorylated
Ser/Thr-Pro moiety exists in two distinct, slowly inter-
converting conformations: cis and trans. This conforma-
tional change introduces kinks into a peptide chain,
thereby determining protein structure and function
(Fischer, 1994; Galat and Metcalfe, 1995; Schmid, 1995;
Hunter, 1998; Zhou et al., 1999). Significantly, phos-
phorylation on Ser/Thr-Pro motifs further restrains the
already slow cis/trans prolyl isomerization of peptide
bonds (Yaffe et al., 1997; Schutkowski et al., 1998),
and also renders them resistant to the catalytic action
of conventional peptidyl-prolyl cis/trans isomerases
(PPIases), including cyclophilins and FKS506-binding
proteins (Yaffe et al., 1997). In contrast, Pinl represents
a new subfamily of highly conserved and phosphorylation-
specific PPlases that isomerize only the phosphorylated
Ser/Thr-Pro bonds, and not their non-phosphorylated
counterparts (Yaffe et al, 1997). Pinl contains an
N-terminal WW domain and a C-terminal PPlase domain
(Lu et al., 1996; Ranganathan et al., 1997). The WW
domain functions as a pSer/Thr-binding module, interact-
ing with specific pSer/Thr-Pro motifs present in a defined
subset of phosphoprotein substrates, including Cdc25C,
tau, Mytl, S6 kinase, Rab4 and the C-terminal domain of
RNA polymerase I (Lu et al., 1999b). At the substrate, the
PPlase domain of Pinl isomerizes specific pSer/Thr-Pro
bonds, and regulates protein function and dephosphoryl-
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Fig. 1. Immunostaining of Pinl in human breast cancer. Sections from paraffin-embedded tissues were subjected to an antigen retrieval treatment,
followed by immunostaining with anti-Pinl antibodies. Non-cancerous tissues (A and B; normal breast with mild fibrocystic changes) show weak,
but detectable, Pinl staining, while invasive ductal carcinomas (C and D) or ductal carcinoma in situ (E) show intense Pinl staining. To show the
specificity of Pinl antibodies, Pinl-specific antibodies were first depleted using GST-Pinl beads and then used to stain the breast sections (F).

ation (Yaffe et al., 1997; Shen et al., 1998; Lu et al.,
1999b; Zhou et al., 1999, 2000). For example, in the case
of Cdc25C, Pinl binds phosphorylated Cdc25C, and
inhibits its activity to dephosphorylate and activate Cdc2
(Shen et al., 1998; Zhou et al., 2000). However, in the case
of tau, Pinl binds Alzheimer’s disease-associated phos-
phorylated tau and restores its biological function to
promote microtubule assembly (Lu et al., 1999a; Zhou
et al., 2000). These results indicate that Pinl plays an
important role in the regulation of a defined subset of
phosphorylated proteins.

Functionally, Pinl is critical for cell proliferation
in vivo. Temperature-sensitive mutations or deletion of
the Essl gene (the Pinl homologue in budding yeast)
result in mitotic arrest and nuclear fragmentation (Hanes
etal., 1989; Hani et al., 1995, 1999; Lu et al., 1996). These
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arrested cells have defective 3’ end formation of pre-
mRNA, and decreased levels of some mRNAs (Hani et al.,
1999; Wu et al., 2000). However, it remains to be
determined whether these defects are primarily due to the
effect of Essl on the general transcription machinery, as
suggested, or secondarily due to the fact that these cells are
arrested in mitosis with fragmented nuclei, or both.
Inhibition of the Pinl function in human tumor cells
using expression of the Pinl antisense RNA or dominant-
negative mutants induces mitotic arrest and apoptosis (Lu
et al., 1996; Rippmann et al., 2000; P.J.Lu, X.Z.Zhou,
Y.-C.Liou, J.P.Noel and K.P.Lu, submitted). Similarly,
depletion of Pinl in Alzheimer’s disease brain may
also contribute to neuronal death (Lu et al., 1999a).
Furthermore, depletion of Pinl in Xenopus extracts
induces premature mitotic entry and disrupts a DNA



replication checkpoint (Winkler et al., 2000). These results
together suggest that the level and function of Pinl are
pivotal for cell proliferation. However, the level and role
of Pinl in human cancer have not yet been described.

Here we show that Pin1 is overexpressed in most human
breast cancer cell lines and many human breast cancer
tissues. Furthermore, the Pinl levels correlate significantly
with the grade of the tumors, according to Bloom
and Richardson’s classification system (Bloom and
Richardson, 1957), and with the level of cyclin D1 in the
tumors. Moreover, Pinl increases levels of cellular
cyclin D1 mRNA and protein, and activates its promoter
through the AP-1 site. Importantly, Pinl binds to phos-
phorylated c-Jun and increases its transcriptional activity
towards the cyclin D1 promoter, in cooperation either with
activated JNK or oncogenic Ras. The effects of Pinl on the
c-Jun transcriptional activity depend on both the isomerase
activity of Pinl and phosphorylation of c-Jun on Ser6373,
In contrast, inhibition of endogenous Pinl reduces the
transcriptional activity of phosphorylated c-Jun. These
results demonstrate that Pinl is up-regulated in human
tumor samples and cooperates with Ras signaling in
increasing c-Jun transcriptional activity towards cyclin D1.
Given the crucial roles of the activated Ras signaling and
cyclin D1 overexpression in the development of cancer,
our results suggest that overexpression of Pinl may
promote tumor growth.

Results

Pin1 is overexpressed in human breast tumors and
its levels correlate with the tumor grade
To examine the role of Pinl in cancer, we examined the
expression of Pinl in normal human breast tissues and
breast tumors by immunohistochemistry and immunoblot-
ting with affinity-purified anti-Pinl antibodies, as de-
scribed earlier (Lu et al., 1999a). Normal breast epithelial
cells showed weak but detectable Pinl staining primarily
in the nucleus (Figure 1A and B). In contrast, carcinoma
cells were strongly positive for the Pinl staining
(Figure 1C-E), while surrounding normal connective
tissue, blood vessels, adipose and stromal cells stained
only weakly for Pinl (Figure 1E). In these tumor cells,
Pinl staining was detected at high levels in the cytoplasm,
in addition to intensive staining in the nucleus
(Figure 1C-E). To ensure that these signals indeed
represent Pinl, the Pinl-specific antibodies were depleted
using glutathione S-transferase (GST)—Pinl beads prior to
immunostaining. Figure 1F shows that the Pinl-depleted
antibodies showed no immunoreactivity, confirming the
specificity of the antibodies, as described (Lu et al.,
1999a). Immunohistochemistry in other cancer types
revealed high Pinl levels in some tumors, including
colon cancer, lymphomas, melanoma, prostate and brain
tumors, but rarely in others, such as sarcoma (data not
shown). Since we had access to a large number of breast
cancer samples, we focused this study on breast cancer.
To evaluate Pinl expression in breast cancer
quantitatively, we ground fresh, normal or tumor breast
tissues in liquid nitrogen and subjected the lysates
directly to immunoblotting analysis with various anti-
bodies, followed by semi-quantification of protein
levels using Imagequant, as described (Lu et al.,
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1999a). Pinl was generally detected as a doublet in
immunoblots, especially in tumor tissues where Pinl
was overexpressed. Upon dephosphorylation with
protein phosphatases PP2A and PP1, or calf intestine
phosphatase (CIP), the intensity of the upper band
decreased, while the lower one increased (Figure 2B).
In addition, Pinl displays a mitosis- and phosphoryl-
ation-specific mobility shift during the cell cycle
(P.J.Lu, X.Z.Zhou, Y.-C.Liou, J.P.Noel and K.P.Lu,
submitted). These results indicate that the Pinl doublet
is likely to be due to the electrophoretic mobility
difference of phosphorylated and dephosphorylated
Pinl. Interestingly, the wupper phosphorylated band
appeared to be predominant in the normal tissues,
whereas the lower dephosphorylated band was more
abundant in the cancerous tissues where Pinl was
overexpressed (Figure 2A), suggesting that there are
more mitotic cells and/or the kinase(s) responsible for
the Pinl phosphorylation might be limited in tumor
cells.

To compare the levels of Pinl in different human
tissues, we used actin as an internal control, and expressed
the Pinl level in each sample as a Pinl:actin ratio. We
defined Pinl overexpression as higher than the mean plus
three times the standard deviation (¥ + 3 SD) of normal
controls (Figure 2C; Table I). In 10 normal and 51 primary
human breast cancer tissues examined, we observed
striking differences in the levels of Pin1 protein expression
(Figure 2A and C). One out of four DCIS tumors, 20 out of
28 (71.4%) grade II tumors and 17 out of 19 (89.5%) grade
III tumors, according to Bloom and Richardson’s classi-
fication system, overexpressed Pinl (Figure 2C). Although
we observed considerable inter-individual variations,
especially in grade II and III tumors (Figure 2C), the
mean expression level of Pinl was ~10 times higher in
cancer samples than in the normal controls (Table I).
Furthermore, Pinl levels positively correlated with the
Bloom and Richardson grade in invasive breast cancer, as
analyzed by the Kruskal-Wallis test (Glantz, 1997)
(Figure 2B; Table II). Similar results were also obtained
using a monoclonal antibody against Pinl for immunos-
taining and immunoblotting analyses (data not shown).
The levels of Pinl in four cell lines derived from human
breast cancers were considerably higher than those in
either normal mammary epithelial cells or two cell lines
established from normal mammary epithelial cells
(Figure 2D). Together, these results indicate that Pinl is
overexpressed in many human breast cancer tissues and
cell lines, and its levels are correlated with the tumor
grade.

Up-regulation of Pin1 correlates with cyclin D1
levels in breast tumor tissues and elevates cellular
cyclin D1 expression in breast cell lines

Amongst other breast cancer tumor markers, Pinl levels
did not appear to correlate with either estrogen receptor or
HER2/neu expression, but did correlate significantly with
cyclin D1 overexpression (Tables I and II). As shown
previously (Bartkova et al., 1994; Gillett et al., 1994),
cyclin D1 was overexpressed in ~50% of the patient
samples (24 out of 51 cases). Importantly, Pinl was
overexpressed in 20 out of 24 cyclin D1-overexpressing
tumors, and Pinl levels in cyclin DIl-overexpressing
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Fig. 2. Pinl overexpression in human breast cancer cell lines and patient tissues, and its correlation with the Bloom and Richardson grade of tumors.
(A) Comparison of Pinl levels and known breast tumor markers in normal and cancerous human breast tissues. Normal breast and cancer tissues
were pulverized in liquid nitrogen, and equal amounts of total protein were separated on SDS-containing gels and transferred to membranes. The
membranes were cut into five pieces and subjected to immunoblotting analysis using antibodies to Pinl, cyclin D1, HER2/neu, phosphorylated
Ser%¥3-c-Jun and actin, respectively. The estrogen receptor status was determined by radioimmunoassay and defined as positive when its levels were
>10 fmol/l. The estrogen receptor status in normal controls was not determined (N.D.). Note that Pinl was detected in immunoblots as a doublet due
to phosphorylation. (B) Phosphatase treatment abolishes the double-band pattern of Pinl in immunoblots. Tumor cell lysates were treated either with a
mixture of PP1 and PP2A (PPases) in the presence (lane 1) or absence (lane 2) of the phosphatase inhibitor okadaic acid (Inh.), or CIP (lane 3).

(C) Pinl levels in 10 normal breast tissues and different stages of 51 human breast cancer samples. Pinl levels were determined by immunoblotting
analysis, as in (A), and semi-quantified using Imagequant. Actin was used as an internal control, and the Pinl level in each sample was expressed as
the Pinl:actin ratio. (D) Comparison of Pinl levels in mammary epithelial cell lines. The same amounts of total lysates prepared from normal human
mammary epithelial cell lines (Normal), spontaneously immortalized normal human mammary epithelial cell lines (Immortalized) and human breast
carcinoma-derived cell lines (Cancer) were subjected to immunoblotting analysis with Pinl or actin antibodies. (E) Correlation of Pinl protein levels
with cyclin D1 mRNA. RNA was isolated from six normal and 16 cancerous tissues, cDNA synthesized and subjected to real-time PCR for the
quantitative analysis of cyclin DI mRNA expression. The Pearson correlation coefficient was 0.47 (p <0.05).

tumors were on average about twice as high as those in
cyclin D1-negative tumors (Figure 2A; Table II). In order
to establish a link between Pinl overexpression and
cyclin D1 transcription, we performed quantitative
real-time PCR to detect cyclin D1 mRNA expression in
6 out of the 10 normal tissues and 16 out of the 51 breast

high Pinl but low cyclin D1 mRNA levels, all but one
patient with high cyclin D1 mRNA levels also displayed
high Pinl levels, which is consistent with the results on
cyclin DI protein levels (Table II). Statistical analysis
revealed that there was again a positive correlation
between Pinl protein levels and cyclin DI mRNA

cancer tissues, from which we were able to isolate total
RNA. Figure 2E shows relative cyclin D1 mRNA levels as
a function of Pinl protein levels. While a few patients had
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expression (r = 0.47, p <0.05).
The correlation between Pinl and cyclin D1 expression
suggested that overexpression of Pinl might increase the
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Table I. Clinical and pathological characteristics of breast tissues

Normal Carcinoma
Total In situ Grade 2 Grade 3

Pinl positive 0/102 38/51 (75%) 1/4 (25%) 20/28 (71%) 17/19 (89%)
X *= SD 0.114 = 0.106 1.072 £ 0.719 0.564 * 0.948 0.924 * 0.609 1.399 = 0.717
Cyclin D1 0/10 24/51 (47%) 2/4 (50%) 10/28 (36%) 12/19 (63%)
HER2/neu 0/10 8/51 (16%) 0/4 (0%) 4/28 (14%) 4/19 (21%)
Estrogen receptor N.D.b 34/50¢ (68%) 3/4 (75%) 20728 (71%) 11/18 (61%)
Age median (range) 57 (22-91) 65 (28-90) 72 (43-80) 65 (31-90) 60 (28-78)

Tumors were pathologically classified into ductal carcinoma in situ (in situ) and invasive grade 2 and 3 carcinoma, according to the criteria of Bloom
and Richardson. Levels of Pinl in tissues were determined by immunoblotting analysis and semi-quantified using Imagequant, with the results being
expressed as Pinl/actin ratio. Pinl was defined positive when the Pinl/actin ratio was higher than the mean plus three times the standard deviation

(¥ = 3 SD) of normal controls. Cyclin D1 and HER2/neu were determined by immunoblotting and categorized as either positive or negative by the
presence or absence of the respective proteins. Estrogen receptor was defined positive when its levels were >10 fmol/l, as determined by

radioimmunoassay.

aNumber of cases examined.

YEstrogen receptors in controls not determined.

¢Estrogen receptor determination on one patient not available.

Table II. Correlation of the Pinl level with clinical and pathological
characteristics

No. of cases  Pinl level (x = SD) p

Normal 10 0.114 = 0.106 <0.0001°

Tumor 51 1.072 = 0.716

Tumor grade
grade 2 28 0.924 = 0.609 0.02°
grade 3 19 1.399 = 0.717

Cyclin D12
positive 24 1.364 + 0.715 0.01°
negative 27 0.824 * 0.631

HER2/neu?
positive 8 1.317 £ 0.732 0.10
negative 43 1.027 = 0.713

Estrogen receptor®
positive 34 1.011 = 0.718 0.32
negative 16 1.238 = 0.720

The significance of the differences in Pinl levels between various
clinical and pathological categories was analyzed by the
Kruskal-Wallis test.

2Analyses performed only on tumors.

"The differences are statistically significant when p <0.05 and highly
significant when p <0.01.

expression of endogenous cyclin D1. To examine this
possibility, we transiently transfected a Pinl expression
construct into two breast cancer-derived cell lines, MCF7
and T47D cells, and then examined the effects on
endogenous cyclin D1 levels. Pinl overexpression led to
2- to 3-fold increases in cyclin D1 protein levels in both
cell lines, while the expression of actin remained constant
(Figure 3A). To examine whether the depletion of Pinl
affected cyclin D1 expression, we used MCF7 and HeLa
cells because their Pinl levels can be increased or
decreased by expressing a sense or antisense Pinl
construct, respectively (Figure 3B), as described previ-
ously (Lu et al., 1996). Overexpression of Pinl signifi-
cantly increased the levels of cyclin D1 protein and mRNA
in both cells (Figure 3B and C and data not shown). In
contrast, depletion of Pinl significantly reduced the levels
of cyclin D1 protein and mRNA in MCF7 cells (Figure 3B
and C). Since these experiments were performed between

24 and 36 h after transfection, and since manipulation of
Pinl levels affects the cell cycle only after 48—72 h post-
transfection (Lu et al., 1996), the observed effects of Pinl
on cyclin D1 are unlikely to be related to cell cycle arrest.
These results indicate that high levels of Pinl correlate
with the overexpression of cyclin D1 on both RNA and
protein levels in human breast cancer tissues, and that
overexpression of Pinl increases cellular cyclin Dl
mRNA and protein levels in cell lines.

Pin1 activates the cyclin D1 promoter

Although cyclin D1 overexpression is found in ~50% of
breast cancer patients (Bartkova et al., 1994; Gillett et al.,
1994), gene amplification accounts for only 10% of these
cases (Fantl et al., 1993). Therefore, other mechanisms,
such as up-regulation of gene transcription, must play a
substantial role in the overexpression of cyclin D1. To
determine whether Pinl regulates the transcription of
cyclin D1, we measured the effects of Pinl on the
cyclin D1 promoter using cyclin D1-luciferase reporter
constructs. Two cyclin D1-reporter constructs were tested:
one (—1745CD1) corresponds to the original fragment of
cyclin D1 5" sequence cloned from the PRAD1 breakpoint
(Motokura and Arnold, 1993), and the other (-964CD1) is
the minimum 5’ sequence that retains the responsiveness
to activated Ras (Albanese et al., 1995). Both —1745CD1
and -964CD1 reporters were strongly activated in
response to expression of Pinl both in MCF7 and HeLa
cells (Figure 3D and E). These results indicate that Pinl
activates the cyclin D1 promoter and that the “964CD1
promoter fragment retains the complete responsiveness to
Pinl.

It has recently been shown that Pinl/Esslp binds the
phosphorylated C-terminal domain of RNA polymerase II
and may regulate the general transcription machinery in
yeast (Wu et al., 2000). To determine whether activation
of the cyclin D1 promoter by Pinl is due to its effect on the
general transcription machinery, we examined the effect of
Pinl on several other unrelated promoters. To detect the
maximal effect of Pinl on various promoters, we used
500 ng of Pinl cDNA per transfection. In contrast, out of
many other promoters examined, including thymidine
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kinase (TK), c-fms (M-CSF receptor) and MMTYV pro-
moters, Pinl either had no effect or had minor transacti-
vating effects (Figure 3D and E), indicating that activation
of the general transcription machinery by Pinl is very low,
which is consistent with a recent report (Chao et al., 2001).
Therefore, the above results indicate that Pinl specifically
activates the cyclin D1 promoter.

To further confirm the specificity of the Pinl action on
the cyclin D1 promoter, we identified the element in the
cyclin D1 promoter that is responsible for Pinl activation.

The —964CD1 promoter fragment contains binding sites
for various transcription factors, including a CREB site,
four TCEF sites, three Ets sites and one AP-1 site (Albanese
et al., 1995; Tetsu and McCormick, 1999) (Figure 3F). To
determine which promoter is necessary for Pinl respon-
siveness, we used two deletion constructs containing either
22 bp (-22CD1) or 163 bp (-163CD1) of the cyclin D1
promoter as reporters. Low concentrations (50-200 ng) of
Pinl did not have any significant transactivating effect
either on the —22CD1 or the —163CD1 reporter (Figure 3F
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and G), while at high concentrations (>200 ng per
transfection) Pinl could also transactivate the —163CD1
promoter containing the TCF sites (Ryo et al., 2001). At
low concentrations, i.e. <200 ng, Pinl significantly
transactivated both the —1745CD1 and -964CDI1 pro-
moters (Figure 3F and G). These results confirm that Pinl
does not affect the cyclin D1 promoter activity via the
general transcriptional machinery but through specific
sequences such as the AP-1 and/or Ets sites. To examine
the importance of the AP-1 site, we used a mutant
promoter, “964CD1AP-1mt, containing only two base-
pair substitutions at the consensus AP-1 site, as described
(Albanese et al., 1995). Elimination of the AP-1 site
almost completely abolished the ability of Pinl to activate
the cyclin D1 promoter (Figure 3F and G). These results
indicate that the AP-1 site is essential for activation of the
cyclin D1 promoter by Pinl.

Pin1 binds c-Jun phosphorylated on Ser63/73-Pro
motifs
The AP-1 site mutation in the cyclin D1 promoter that
disrupts the Pinl transactivating activity also abolishes
cyclin D1 expression induced by the activation of Ras or
c-Jun (Albanese et al., 1995), suggesting that Pinl might
affect the same pathway as that regulated by Ras or c-Jun.
Activation of Ras triggers a signaling cascade, leading to
activation of the c-Jun N-terminal kinase JNK, which
phosphorylates c-Jun on Ser®’3-Pro to increase its
transcriptional activity towards its target genes, including
cyclin D1 (Binetruy et al., 1991; Smeal et al., 1991;
Derijard et al., 1994; Hinds et al., 1994; Albanese et al.,
1995, 1999; Fantl et al., 1995; Sicinski et al., 1995; Robles
et al., 1998; Bakiri et al., 2000). In fact, Ras-mediated
tumorigenesis depends on signaling pathways with
cyclin DI as an important intermediary protein (Robles
et al., 1998). Since Pinl binds and regulates the function of
a defined subset of proteins phosphorylated on certain Ser/
Thr-Pro motifs (Shen et al., 1998; Lu et al., 1999a), it is
possible that Pinl might activate the cyclin D1 promoter
via modulation of the the activity of phosphorylated c-Jun.
A well established and successful procedure to identify
Pinl substrates has been the use of GST—Pinl pulldown
experiments to determine whether Pinl binds to c-Jun, and
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whether the binding depends on phosphorylation of c-Jun
on specific Ser-Pro motifs, as demonstrated for many other
Pinl substrates (Yaffe et al., 1997; Crenshaw et al.,
1998; Shen et al., 1998; Lu et al., 1999b). To increase
phosphorylation of c-Jun on Ser®73-Pro, we co-trans-
fected c-Jun with a constitutively activated form of JNK
(Derijard et al., 1994). Alternatively, we co-transfected
c-Jun with a further upstream activator, the oncogenic
Harvey-Ras (Ha-Ras or RasL61), which activates a MAK
kinase pathway, leading to activation of INK (Smeal et al.,
1991; Derijard et al., 1994). To reduce phosphorylation of
c-Jun on Ser%73-Pro, we co-transfected c-Jun with the
dominant-negative Ras (DN-Ras or RasN17) (Smeal et al.,
1991; Derijard et al., 1994). As expected, phosphorylation
of c-Jun on Ser®3-Pro was increased to similar extents by
either activated JNK or Ha-Ras, but significantly
decreased by DN-Ras, as detected by antibodies specif-
ically recognizing phosphorylated Ser¥73 in c-Jun
(Figure 4A and B). Notably, following activation of
JNKs by UV radiation or serum stimulation, c-Jun has
been shown to be phosphorylated on several Ser-Thr sites,
which resulted in a considerable shift in electrophoretic
mobility of the protein, migrating as multiple bands in
SDS gels (Ui et al., 1998). Furthermore, mutation of c-Jun
on Ser63 and Ser73 abolishes the mobility shift (Ui ef al.,
1998). We observed a similar mobility shift for wild-type
c-Jun, but not c-JunS6¥73A  after co-transfection either with
Ha-Ras or activated JNK (Figure 4A-D). Importantly,
although there was no binding between GST and c-Jun,
weak binding between GST-Pinl and c-Jun was detec-
ted when only c-Jun was transfected (Figure 4C).
Furthermore, the binding was significantly increased by
co-transfection either with activated JNK or oncogenic
Ha-Ras, but not with DN-Ras (Figure 4C). Moreover,
c-Jun bound by Pinl was also phosphorylated on
Ser®¥73_Pro, as indicated by phosphorylated Ser®73-spe-
cific antibodies (Figure 4D). To examine further the
importance of phosphorylation on Ser®”3 for Pinl bind-
ing, we used a c-Jun mutant, c-JunS¢3¥73A_ which contains
double Ala substitutions at Ser63 and Ser73 (Smeal et al.,
1991). In contrast to wild-type c-Jun, the mutant protein
did not display a significant mobility shift and was not
recognized by phosphorylated Ser®73-specific antibodies
(Figure 4A and B), as shown previously (Ui et al., 1998).

Fig. 3. Pinl elevates cyclin D1 protein and activates the cyclin D1 promoter via the AP-1 site. (A) Increase in cellular cyclin D1 protein by Pinl.
MCF7 or T47D cells were transfected with Pinl or control vector, followed by immunoblotting analysis of the cell lysates with antibodies against
Pinl and cyclin D1, with actin as a control. Cyclin D1 levels were semi-quantified using Imagequant and are presented below the image; the level

in the vector control was defined as 1. (B) Manipulation of Pinl levels in cells causes changes in cyclin D1 levels. MCF7 cells were transiently
transfected with the control vector or a construct expressing HA-Pinl or antisense Pinl (Pin145), followed by immunoblotting analysis with anti-
cyclin D1, -Pinl or -actin antibodies. (C) Overexpression and depletion of Pinl increase and decrease levels of cyclin DI mRNA. MCF7 or HeLa
cells were transfected with constructs encoding for Pinl sense, antisense or vector control as indicated in the figure. After 24 h, mRNA was isolated,
c¢DNA synthesized and subjected to real-time PCR to obtain relative cyclin D1 mRNA levels. (D and E) Activation of cyclin D1, but not TK, c-fms or
MMTYV promoter by Pinl. MCF7 (D) or HeLa (E) cells were transiently transfected with Pinl or the vector and various reporter constructs, followed
by assaying the luciferase activity. pRL-TK Renilla luciferase reporter construct was co-transfected in each sample to normalize for transfection
efficiency. The activity of the reporter luciferase was expressed relative to that in control vector-transfected cells, which is defined as 1. All results are
expressed as ¥ * SD of independent duplicate cultures. Note that to detect the maximal effect of Pinl on various promoters, we used 0.5 pg of Pinl
cDNA per transfection in this experiment, which was higher than in other experiments described here. (F) Schematic representation of cyclin D1
(CD1) pA3LUC basic reporter constructs and its mutants. Possible transcription factor-binding sites are indicated. -964CD1AP-1mt was same as the
wild-type —-964CD1construct except for two base-pair substitutions at the consensus AP-1 site. (G) Activation of the cyclin D1 promoter by Pinl via
the AP-1 site. HeLa cells were co-transfected with various cyclin D1 reporter constructs as indicated in (F) and Pinl sense or antisense (Pin1AS)
construct, followed by assaying the luciferase activity. Note that for this experiment 200 ng Pinl sense or antisense cDNA were used, while in

subsequent co-transfection experiments only 50 ng/assay were used.

3465



G.M.Wulf et al.

A Input

Input

FEELe 85 ¢

f&ffff fffé‘

Yy

S i

GST-Pin1—=

- L
-

c-Jun+JNK c-Jun c-Jun+Ha-Ras

HelLa

pS*Tc-Jun
-<+— GST-Pint

c-Jun®*™

o*‘a‘*‘oo‘“j*’
' ? <—c-Jun

L "-— Pint

T47D

Fig. 4. Pinl binds to c-Jun phosphorylated on Ser®*73-Pro. (A and B) Modulation of c-Jun phosphorylation by Ras or JNK. HeLa cells were co-
transfected with c-Jun or c-JunS¥73A and Ha-Ras, DN-Ras, activated JNK or control vector. Cells were harvested and cellular proteins were subjected
to immunoblotting analysis with antibodies against c-Jun (A) or phosphorylated Ser®¥73-c-Jun (B). (C and D) Interaction between Pinl and c-Jun
phosphorylated on Ser%73-Pro. The same cellular proteins as those described in (A) were incubated with GST-agarose beads that had been pre-
incubated with either GST alone or GST-Pinl. Proteins associated with the beads were subjected to immunoblotting analysis with antibodies against
c-Jun (C) or phosphorylated Ser®*73-c-Jun (D). Note that GST-Pinl was non-specifically recognized by monoclonal antibodies, as shown previously
(Yaffe er al., 1997; Lu et al., 1999b). (E and F) No interaction between Pinl and c-JunS%¥73A, The same cellular proteins as those described in the (A)
were incubated with GST—agarose beads containing GST or GST-Pin1, and bound proteins were subjected to immunoblotting analysis with antibodies
against c-Jun (E) or phosphorylated Ser%¥73-c-Jun (F). (G and H) Co-immunoprecipitation of transfected (G) or endogenous (H) c-Jun with
endogenous Pinl. HeLa cells were co-transfected with c-Jun and Ha-Ras or JNK. c-Jun was immunoprecipitated from transfected HeLa cells (G) or
non-transfected breast cancer cell lines (H) with polyclonal c-Jun antibodies or non-related antibodies (Control), and then subjected to immunoblotting

using monoclonal anti-c-Jun antibodies (upper panel) or anti-Pinl antibodies (lower panel).

Importantly, little, if any, mutant protein was precipitated
by Pinl (Figure 4E and F). These results indicate that
phosphorylation of c-Jun on Ser®®73-Pro is important for
the Pinl binding. Thus, Pinl binds to c-Jun via phos-
phorylated Ser®¥73-Pro motifs.

To confirm these GST—Pinl protein pulldown results,
we performed co-immunoprecipitation experiments be-
tween endogenous Pinl and transfected c-Jun in the
presence or absence of activated JNK or Ha-Ras, as well as
co-immunoprecipitations between endogenous Pinl and
c-Jun in breast cancer cell lines expressing high levels of
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both proteins. Endogenous Pinl was detected in anti-c-Jun
immunoprecipitates from transfected (Figure 4G) and non-
transfected cells (Figure 4H). Furthermore, more Pinl was
co-immunoprecipitated by anti-c-Jun antibodies if c-Jun
was co-transfected with activated JNK or Ha-Ras
(Figure 4G). These results indicate that Pinl binds c-Jun
in vivo in breast cancer cell lines, and that the binding is
increased when c-Jun is phosphorylated on Ser®73-
Pro motifs by activated JNK or Ha-Ras. These results
demonstrate that Pinl binds phosphorylated c-Jun both
in vitro and in vivo.
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Fig. 5. Pinl cooperates either with Ha-Ras or activated JNK in enhancing the activity of c-Jun to activate the cyclin D1 promoter. HeLa cells (A, B
and E) or MCF7 (C, D and F) were co-transfected with vector, c-Jun, or c-Jun with or without Ha-Ras (A and C) or activated JNK (B and D) and
then subjected to the luciferase assay with the “964 cyclin D1 Luc promoter construct as reporter gene. In the same system, a reporter gene construct
with an AP-1 site mutant fails to respond to Pinl in combination with c-Jun, JNK or Ha-Ras (E and F).

Pin1 cooperates with either oncogenic Ha-Ras or
activated JNK to increase transcriptional activity
of ¢c-Jun towards the cyclin D1 promoter

Given that Pinl binds phosphorylated c-Jun, we asked
whether Pinl also modulates the activity of c-Jun. To
address this question, we examined the effect of Pinl on
the transcriptional activity of c-Jun towards the cyclin D1
promoter in the presence or absence of Ha-Ras or activated
JNK. When Pinl cDNA was co-transfected with c-Jun,
Pinl cooperated moderately with c-Jun in activating the
cyclin D1 promoter in both MCF7 and HeLa cells

(Figure 5). The activity of the cyclin D1 promoter in
cells co-transfected with Pinl and c-Jun was 3- to 5-fold
higher than that in cells transfected with either Pinl or
c-Jun alone (Figure 5A-D). The most dramatic potentia-
tion of cyclin D1 reporter gene activity was observed when
c-Jun was activated by JNK or Ha-Ras in the presence of
Pinl; cyclin D1 promoter activity was increased up to
150-fold, or higher, in both cell lines (Figure SA-D). The
combination of JNK, Ras, c-Jun and Pinl resulted in a
further small increase in transactivation (Figure 5E and F,
last bars), consistent with the idea that Ras and JNK act on
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Fig. 6. The effects on the transcriptional activity of c-Jun depend on the phosphoprotein-binding and PPIase activity of Pinl as well as
phosphorylation of c-Jun on Ser®¥73. (A) Abolishing the Pinl effect by inactivating its PPIase activity. HeLa cells were co-transfected with vectors,
c¢-Jun, or c-Jun + Ha-Ras, and Pin1 or its PPlase-negative mutant Pin1R%.:99A and then subjected to luciferase assay. Pin1R08:694 fails to isomerize
phosphorylated Ser/Thr-Pro bonds (Yaffe et al., 1997). (B) Abolishing the Pinl effect by inactivating its phosphoprotein-binding activity. HeLa cells
were co-transfected with vectors, c-Jun, or c-Jun + Ha-Ras and green fluorescent protein (GFP)-Pinl or its WW domain point mutants, and then
subjected to luciferase assay. GFP-Pin1W34A and GFP-Pin138!°E did not bind phosphoproteins, as shown (Lu er al., 1999b). Note that GFP fusion
proteins were used because the WW domain Pinl mutants were not stable in cells, but they were stable as GFP fusion proteins, although expressed at
reduced levels (data not shown). Although the absolute maximal luciferase activity was not as high as in other experiments, which is likely to be due
to lower levels of GFP fusion proteins being expressed, the overall trends were the same. (C) Inhibiting the ability of Pinl to increase the c-Jun
activity by DN-Ras. Cells were co-transfected with c-Jun or c-Jun + Pinl, and increasing amounts of DN-Ras, and then subjected to the luciferase
assay. (D and E) Abolishing the cooperative effect between Pinl and Ha-Ras or activated JNK by mutating c-Jun phosphorylation sites Ser®¥73, HeLa
cells were co-transfected with various amounts of Pinl, c-Jun or ¢c-JunS¥734 construct, and Ha-Ras (D) or activated JNK (E) and then subjected to the
luciferase assay.

the same target c-Jun. However, when the AP-1 site type promoter was observed (Figure SE and F), indicating
mutant cyclin D1 promoter was used in the same assay, that transactivation of the cyclin D1 promoter by c-Jun,
only <10% of the transactivation measured for the wild- activated by Pinl, JNK or Ras, is dependent on the intact
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AP-1-binding site. These results indicate that Pinl
cooperates either with activated JNK or oncogenic Ras
to dramatically activate the cyclin D1 promoter. These
cooperative effects are expected because Pinl can regulate
the transcriptional activity of c-Jun only after it has been
phosphorylated by them.

To examine whether endogenous Pinl is important for
Ha-Ras to increase the transcriptional activity of c-Jun, we
used Pinl14S to reduce cellular Pinl levels (Figure 3B).
When c-Jun and Ha-Ras were co-transfected with different
concentrations of the Pin14S construct, the transcriptional
activity of c-Jun decreased significantly in a concentra-
tion-dependent manner (Figure 5A), indicating that
inhibiting endogenous Pinl decreases the ability of
phosphorylated c-Jun to activate the cyclin D1 promoter.
These results indicate that Pin1 cooperates with Ha-Ras or
activated JNK to increase the activity of c-Jun toward the
cyclin D1 promoter.

Pinl contains a WW domain and a PPlase domain,
which bind and isomerize specific pSer/Thr-Pro motifs,
respectively, and both these activities are normally
required for Pinl to modulate the function of its
phosphoprotein substrates, such as Cdc25C and tau
(Ranganathan et al., 1997; Yaffe et al., 1997; Shen et al.,
1998; Lu et al., 1999a,b). To examine whether only one, or
both, of these activities is required for Pin1 to modulate the
activity of c-Jun we used Pinl mutants, Pin1R68.694,
Pin1W34A and Pinl1S!%E, which contain mutations at the
key residues either in the PPlase domain (R68, R69) or the
WW domain (W34 or S16), and fail to isomerize pSer/
Thr-Pro bonds or to bind phosphoproteins (including
c-Jun; data not shown), respectively (Shen et al., 1998; Lu
et al., 1999b; Zhou et al., 2000). In contrast to wild-type
protein, these Pinl mutants neither increased the tran-
scriptional activity of c-Jun towards the cyclin D1 pro-
moter nor cooperated with Ha-Ras to activate c-Jun
(Figure 6A and B). Neither did the mutants affect the
levels of c-Jun phosphorylation (data not shown). These
results indicate that both phosphoprotein-binding and
phosphorylation-specific isomerase activities of Pinl are
required for its ability to modulate the activity of c-Jun.

The above results suggest that Pinl may increase the
activity of c-Jun by binding and isomerizing its pSer/
Thr-Pro motifs, as it does to Cdc25C and tau (Shen et al.,
1998; Lu et al., 1999a; Zhou et al., 2000). In this case,
down-regulation of the Ras-dependent phosphorylation of
c-Jun should reduce the effect of Pinl on c-Jun, and
mutations of the c-Jun phosphorylation sites that Pinl
binds to should abolish the Pinl effect. To examine the
first assumption, we co-transfected cells with Pinl, c-Jun
and DN-Ras to examine the effect of DN-Ras on the ability
of Pinl to activate the cyclin D1 promoter. DN-Ras
reduced both phosphorylation of ¢c-Jun on Ser®73 and the
ability of Pinl to bind c-Jun (Figure 4A-D). Indeed,
DN-Ras not only inhibited the ability of c-Jun to activate
the cyclin D1 promoter, as shown previously (Albanese
et al., 1995), but also inhibited the ability of Pinl to
enhance the activity of c-Jun 5- to 7-fold (Figure 6C).
These results suggest that the Ras-dependent phosphoryl-
ation of c-Jun is important for the Pinl function on c-Jun.
To examine the second assumption, we used the mutant
c-JunS¥73A which failed to bind Pinl (Figure 4E and F).
Pinl almost completely failed to cooperate either with

Role of Pin1 in breast cancer and cyclin D1 expression

activated JNK or oncogenic Ha-Ras to increase the ability
of ¢-Jun$6¥734 to induce the cyclin D1 promoter (Figure 6D
and E), indicating that phosphorylation of c-Jun on Ser®/73
is essential for Pinl to induce the cyclin D1 promoter.
These results indicate that phosphorylation of c-Jun on
Ser6¥73, induced by the Ras-dependent signaling pathway,
is essential for Pinl to increase transcription of the
cyclin D1 promoter. Thus, Pinl binds phosphorylated
c-Jun and potentiates its transcriptional activity towards
cyclin D1 in response to activation of Ras or JNK.

Discussion

Previous studies have demonstrated that depletion of Pinl
induces apoptosis and is also observed in neuronal cell
death in Alzheimer’s disease (Lu et al., 1996, 1999a). We
show here the striking overexpression of Pinl in a large
fraction of breast cancers. Furthermore, Pinl levels
correlate significantly with the grade of the breast tumors
according, to Bloom and Richardson’s classification
system, although the relationship between Pinl levels
and the prognosis of cancer patients remains to be
determined. Consistent with our findings is the observation
that Pinl is one of the genes that are most drastically
suppressed by up-regulation of Brcal, as detected in
cDNA array screening and northern analysis (MacLachlan
et al., 2000). In addition, the level of Pinl in breast cancer
cell lines is much higher than that in either normal or non-
transformed mammary epithelial cells. Although further
studies are needed to elucidate the mechanisms leading to
overexpression of Pinl, these results demonstrate for the
first time that Pinl is up-regulated markedly in many
human tumor samples.

The significance of Pinl overexpression in cancer is
further substantiated by our findings that Pinl cooperates
with activated JNK or Ha-Ras in increasing the transcrip-
tional activity of phosphorylated c-Jun to activate the
cyclin D1 promoter. Overexpression of cyclin D1 is found
in 50% of patients with breast cancer (Bartkova et al.,
1994; Gillett et al., 1994). Furthermore, overexpression of
cyclin D1 contributes to cell transformation (Hinds et al.,
1994), whereas inhibition of cyclin D1 expression by
antisense expression causes growth arrest of tumor cells
(Schrump et al., 1996; Arber et al., 1997; Driscoll et al.,
1997; Kornmann et al., 1998). Disruption of the cyclin D1
gene in mice blocks the proliferation of breast epithelial
cells and reduces tumor development in response to
Ha-Ras (Fantl et al., 1995; Sicinski et al., 1995; Robles
et al., 1998). These results indicate that cyclin D1 plays an
important role during oncogenesis, especially during Ras-
mediated tumorigenesis (Rodriguez-Puebla et al., 1999).
Oncogenic Ras induces the cyclin D1 promoter via its
AP-1 site (Albanese er al., 1995). Although the AP-1
complex is composed of the c-Jun and c-Fos proteins,
c-Jun is the most potent transactivator in the complex
(Angel et al., 1989; Chiu et al., 1989; Abate et al., 1991)
and is elevated in Ha-Ras-transformed cells, in which
c-Fos is down-regulated (Thomson et al., 1990; Binetruy
et al., 1991). In addition to the regulation of protein levels,
the activity of c-Jun is enhanced by phosphorylation
induced by growth factors, oncogenic proteins, or stress
conditions. Although different pathways may be involved,
they eventually lead to activation of JNKSs, which
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Fig. 7. Role of Pinl in regulating the transcriptional activity of phosphorylated c-Jun towards the cyclin D1 promoter. Oncogenic Ha-Ras activates
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cancer and functions as a potent regulator of phosphorylated c-Jun to induce cyclin D1 expression, presumably by altering the conformation of the
phosphorylated Ser-Pro motifs (insert). Double arrows, up-regulation; the asterisk indicated the activated form of proteins.

phosphorylate c-Jun on two critical N-terminal Ser-Pro
motifs (S®¥73-P) and enhance its transcriptional activity
(Binetruy et al., 1991; Smeal et al., 1991; Hunter and
Karin, 1992; Derijard et al., 1994; Hinds et al., 1994;
Albanese et al., 1995, 1999; Fantl et al., 1995; Sicinski
et al., 1995; Whitmarsh and Davis, 1996; Karin et al.,
1997; Robles et al., 1998; Bakiri et al., 2000). Thus,
phosphorylation of c-Jun on Ser%¥73-Pro is a key regula-
tory mechanism that converts inputs from various signal-
ing pathways into changes in gene expression. However, it
has not been described previously whether the activity of
phosphorylated c-Jun is further regulated after phosphoryl-
ation.

We have found that Pinl not only binds phosphorylated
c-Jun, but also dramatically increases its ability to activate
the cyclin DI promoter in cooperation either with
activated JNK or oncogenic Ha-Ras. In contrast, inhibition
of endogenous Pinl reduces the transcriptional activity of
phosphorylated c-Jun, indicating that endogenous Pinl is
also required for the optimal activation of c-Jun. The
significance of this Pinl-dependent regulation is further
substantiated by our findings that up-regulation of Pin1 not
only correlates with cyclin D1 overexpression in breast
cancer tissues, but also induces cyclin D1 expression in
breast cancer cell lines. Thus, Pinl is a potent modulator of
phosphorylated c-Jun in inducing cyclin D1 expression,
presumably by regulating the conformation of the phos-
phorylated Ser-Pro motifs in c-Jun (Figure 7). The
importance of Pinl in the regulation of cyclin D1 expres-
sion has been further supported by our recent identification
of cyclin D1 as one of the Pinl-induced genes in breast
cancer cells in the differential display screen (Ryo et al.,
2001), and by our phenotypic analysis of Pinl-deficient
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mice (Y.-C.Liou, A.Ryo, H.K.Huang, P.J.Lu, F.Fujimori,
T.Uchida, R.Bronson, T.Hunter and K.P.Lu, submitted).
Although Pinl”~ mice have previously been shown to
develop normally (Fujimori et al., 1999), we have
uncovered that they display a range of cell proliferative
abnormalities, including decreased body size, retinal
degeneration and neurological abnormalities. Moreover,
in Pinl-deficient adult females, the breast epithelial
compartment failed to undergo the massive proliferative
changes caused by pregnancy (Y.-C.Liou, A.Ryo,
H.K.Huang, P.J.Lu, F.Fujimori, T.Uchida, R.Bronson,
T.Hunter and K.P.Lu, submitted). Significantly, many
features of these Pinl-deficient mice, such as retinal
degeneration and mammary gland impairment, are also
characteristic of cyclin D1-deficient mice (Fantl et al.,
1995; Sicinski et al., 1995). Moreover, cyclin D1 levels
were significantly reduced in Pinl-deficient retina and
breast epithelial cells from pregnant mice (Liou et al.,
submitted). These results provide the genetic evidence for
an essential role of Pinl in maintaining cell proliferation
and cyclin D1 expression, and further support a role of
Pinl in oncogenesis. Abnormal activation of the Ras-
dependent signaling pathway and cyclin D1 overexpres-
sion are a common and critical mechanism during the
development of many malignancies, such as breast, skin
and colon cancer (Fantl et al., 1995; Sicinski et al., 1995;
Robles et al., 1998; Rodriguez-Puebla et al., 1999).
Indeed, Pinl is significantly overexpressed in many of
these human tumors (G.M.Wulf and K.P.Lu, unpublished
data), suggesting that it plays a positive role for cell
proliferation during oncogenesis (Figure 7).

In summary, our results show that Pinl is strikingly
overexpressed in human breast cancer tissues, and



cooperates with activated Ras signaling in increasing
c-Jun transcriptional activity towards the cyclin D1
gene. Given the well established role of activated Ras
signaling and cyclin D1 overexpression during onco-
genesis, our study suggests that overexpression of Pinl
may promote tumor growth. In addition, since inhib-
ition of the Pinl enzymatic activity triggers tumor cells
to enter apoptosis, overexpressed Pinl may act as a
novel anti-cancer target.

Materials and methods

Analysis of protein and mRNA levels in patient samples
Fifty-one cancerous and 10 normal breast tissue specimens were
randomly selected. The malignancy of infiltrating carcinomas was scored
according to Bloom and Richardson’s classification system (Bloom and
Richardson, 1957). Tissue from the core of the tumor was snap frozen in
liquid nitrogen and pulverized using a Microdismembrator (Braun).
About 10 pg of the pulverized tissues were resuspended in 100 pl of SDS
sample buffer. Inmunoblotting with anti-Pin1, anti-cyclin D1, anti-Her2/
neu and anti-actin antibodies was performed as described (Shen et al.,
1998; Lu et al., 1999a), as was immunohistochemistry using anti-Pinl
polyclonal or monoclonal antibodies (Lu et al., 1999a). Levels of Pinl
and actin were semi-quantified using Imagequant, as described (Lu et al.,
1999a). mRNA was isolated using the Trizol reagent (Gibco) and cDNA
was synthesized using Superscript (Gibco). Twenty-five nanograms of
cDNA were used per real-time PCR run with primers specific for
cyclin D1, and GAPDH as an internal control. All real-time PCR runs
were performed in duplicate and analyzed according to the manufactur-
er’s instructions (Applied Biosystems). The significance of the differ-
ences in Pinl levels between clinical and pathological categories was
analyzed using the Kruskal-Wallis test (Glantz, 1997). The Pearson
correlation coefficients were obtained using the SAS software (Release
6.12; SAS Institute Inc., Cary, NC).

Determination of Pin1 levels and the effects of Pin1 on
cyclin D1 expression in cell lines

The levels of Pinl in normal (76N), spontaneously immortalized but not
transformed (184B5 and MCF10), and transformed (MCF7, T47D,
MDAMB435 and HCC1937) mammary epithelial cell lines were
determined by subjecting total cellular proteins to immunoblotting
analysis with anti-Pin1 polyclonal antibodies. To examine the nature of
the double band, a tumor lysate was incubated at 30°C for 60 min in the
presence of 100 nM okadaic acid (Sigma), PP1 and PP2A (Upstate
Biotechnology) or CIP. To examine the effects of Pinl on cyclin DI
expression, Pin1 cDNA was subcloned into pcDNA3 vector (Invitrogen)
and transfected into MCF7, T47D or HeLa cells for 36 h, followed by
determining the level of Pinl and cyclin D1 by immunoblotting analysis
with anti-Pinl and anti-cyclin D1 antibodies, respectively, as described
(Lu et al., 1996; Shen et al., 1998), and cyclin DI mRNA by real-time
PCR, as described above.

Determination of the Pin1-c-Jun interaction

To examine the interaction between Pinl and phosphorylated c-Jun, HeLa
cells were co-transfected with c-Jun or c-JunS¥73A and the oncogenic
Ha-Ras, consititutively active JNK, DN-Ras or the control vector for 24 h.
The cells were lysed in a lysis buffer containing 1% Triton X-100, and the
supernatants incubated with 10 pl of agarose beads containing various
GST-Pinl proteins or control GST for 2 h at 4°C. The precipitated
proteins were washed five times in the buffer containing 1% Triton X-100
before being subjected to immunoblotting analysis using antibodies
against c-Jun or c-Jun phosphorylated on Ser®7? (New England Biolabs),
as described (Yaffe et al., 1997; Shen et al., 1998; Lu et al., 1999a,b). For
co-immunoprecipitation, we used anti-c-Jun polyclonal antibodies (Santa
Cruz) and unrelated polyclonal antibodies (Pericentrin antibodies) as a
control. The pre-cleared lysates were incubated for 2 h with the respective
antibodies, and the immune complexes were collected with protein A
beads (Sigma) and subjected to immunoblotting with anti-Pinl or anti-
c-Jun antibodies. The ability of the Pin] WW domain and PPlase domain
mutants to bind phosphoproteins (MPM-2 or c-Jun) and to isomerize
pSer/Thr-Pro bonds were determined, as described (Yaffe et al., 1997,
Lu et al., 1999a,b).
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Promoter reporter assays

Various cyclin DI-luciferase reporter constructs, c-Jun and Ras
constructs were gifts from R.Pestell (Albert Einstein College of
Medicine), M.Karin (University of California at San Diego) and L.Feig
(Tufts University), respectively, and have been confirmed by DNA
sequencing. Luciferase reporter constructs for TK, c-fms and MMTV
were purchased. Superfect (Qiagen) was used for transfections. Reporter
gene assays were performed with the Dual-luciferase reporter assay
system (Promega) at 24-36 h after transfection. One nanogram of
pRL-TK (Promega) Renilla luciferase was co-transfected in each sample
as an internal control for transfection efficiency. Expression of all
transfected genes was confirmed by immunoblotting analysis with the
respective antibodies. The amounts of DNA used in transfection were
carefully titrated for each construct; typically, only ~50 ng of each DNA
were used, with exceptions indicated in the text. The activity of the
reporter luciferase was expressed relative to the activity in control vector-
transfected cells, which was defined as 1. Similar results were obtained in
at least three different experiments. All results are expressed as ¥ = SD
of independent duplicate cultures. Since Pin14S induces mitotic arrest and
apoptosis at 48-72 h after transfection (Lu et al., 1996), all experiments
with Pin14S were performed before 36 h, when no significant apoptotic
cells were observed, as described previously (Lu et al., 1996).
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