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Role of the Prolyl Isomerase Pinl in Oncogenesis 
GerburgM,Wulf 

I. Introduction 
Phosphoiylation of proteins on serine or threonine residues preceding proline 

(Ser/Thr-Pro) is a major intracellular signaling mechanism. Tlie peptidyl-prolyl cis-trans 
isomerase Pinl has recently been shown to isomerize phosphorylated Ser/Thr-Pro motifs in 
a specific subset of phosphoproteins. This "post-phosphorylation" isomerization leads to 
conformational changes in the substrate protein and modulates their functional properties. 
Thus, Pinl may provide a new post-translational level of control that orchestrates the 
general increase m serine-phosphoiylation and results in an organized set of mitotic events. 

Early on Pinl had been shown to interact with a wide range of mitotic phosphoproteins, and 
the presence of Pinl is essential for progression through mitosis. Recently, overexpression of Pinl 
was found in a high percentage of human cancers, most exhaustively studied in breast cancer. In 
cancer cells, Pinl regulates the expression of cyclin Dl through (a) cooperation with Ras signaling 
(b) inhibiting the interaction of beta-catenin with APC and (c) direct stabilization of the cyclin Dl 
protein. In addition, we have recently identified Pinl itself as a downstream target of oncogenic 
Ras/Neu signaling via activation of the E2F transcription factor. 

II. Body 
Task 1 (months 1 -12) 
To examine whether Pinl or Pin2 are candidate tumor markers for breast cancer 

Given that Pinl regulates the conformation of certain phosphoiylated Ser/Thr-Pro 
motifs, we first ^ked whether Pinl expression is aberrantly regulated in human breast 
cancer. Initially we examined the levels of Pinl expression in normal and neoplastic bre^t 
tissues. In 10 normal and 51 primary human breast cancer tissues examined, we observed 
striking differences m the levels of Pinl protein expression. 71 % of grade II tumors and 90 
% grade III tumors overexpressed Pinl. Although we observed considerable inter- 
individual variations, especially in grade II and III tumors, the mean expression level of 
Pinl was about 10 times higher in cancer samples than m the normal controls. Pinl levels 
positively correlated with the tumor grade in involve breast cancer, as determmed by 
Kruskal WalUs test. For fiirther details ple^e see reference 1, Given the striking expression 
data we analyzed whether Pinl expression correlated with any known breast cancer marker. 
It turned out that Pinl levels tightly correlated with cyclin Dl levels. There was a positive 
correlation with Her2/neu expression that did not reach statistical significance because of 
the small number of samples. Consistent with the tight correlation between Pinl and cyclin 
Dl observed in human bre^t cancer samples, Pinl positively regulates cyclin Dl fimction 
at the transcriptional level in collaboration with several different oncogenic signalmg 
pathways and also through post-translational stabilizatio (1,2,3,6). 

Pinl binds phosphorylated c-Jun on Ser 63/73-Pro motifs and thereby mcreases its 
transcriptional activity towards the cyclin Dl promoter via the AP-1 site. The AP-1 
complex regulates a wide range of cellular processes, mcluding cell proliferation, cell death, 
survival and differentiation. Puil binds c-Jun, that is phosphorylated on Ser 63 and 73, and 
also increases its ability to activate the cyclin Dl 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. Thus, Pinl is a potent modulator of 



phosphorylated c-Jun in inducing cyclin Dl expression, presumably by regulating the 
conformation of the phosphorylated Ser-Pro motifs in c-Jun. These studies on the 
biochemical consequences of Pinl overexpression were performed in addition to what was 
proposed in Task 1, and this change m strategy was prompted by the clinicophathological 
data, i.e. the close correlation of Pinl overexpression with cyclin Dl. 

The extraction of genomic DNA from the archival tissues for Southern blotting for 
telomer length or amplification of the PINl gene met with unexpected difficulties: The 
quality and quantity of the DNA isolated from the tissues that were up to 15 years old was 
not sufficient for Southern blot analysis. Therefore, these analyses will be performed usmg 
a different tissue bank, we will tty to do this through the SPORE breast cancer grant 
sponsored tissue bank at the Harvard Cancer Center. 

Pin2 levels in the 50 tumor specimen were significantly lower then in the 10 normal 
specimen examined, however there wm no correlation with tumor grade, LN status of the 
patient, Cyclin Dl or PCNA or Estrogen Receptor Status. All the pertment results are 
presented in the attached paper published in Oncogene (5). The mteraction of Pinl and Pin2 
with the tumor suppressor nm23 has not yet been pursued, because we gave the analysis of 
the oncogenic properties of Pinl priority. I do want to add, though, that an independent 
yeast two hybrid screenmg performed by Dr. Xiao Zhou in our laboratory, has confirmed 
the interaction of Pin2 with nm23. Work on tiiis task will be started soon. 

Task 2 (months 12-36) 
To analvze the role that Pinl and Pin2 plav in neoplastic transformation in vitro and in vivo 

Several MCF7 cell lines inducible for Pinl had been established. Inducibility had 
been verified by Western Blotting (see Fig. 3 m reference 1). The induction of Pinl caused 
an mcrease in cyclin Dl expression. However, it turned out that additional (transgenic) 
Pinl did not affect the behavior of these cells in the matrigel assay. Also cell cycle 
difribution and growtti pattern remained unaffected. In essence, it was not possible to alter 
an already transformed phenotype through an incre^e in Pml levels. Therefore, we 
resorted to immortalized human mammary epithelial cells that are not yet transformed. We 
stably transfected GFP-Pinl and control GFP into MCF-lOA cells, a spontaneously 
unmortalized, but non-transformed mammary epithelial cell line that has been widely used 
for cell transformation studies. Multiple stable cell lines were obtained that had similar 
properties (3). Consistent with our previous studies (1,2), cyclin Dl protein levels were 
elevated in these GFP-Pinl stable clones as compared with control GFP cells, with cyclin 
Dl levels correlating with exogenous Pinl expression levels (Fig. 5A of ref 3). Although 
there w^ no detectable difference m cell morphology and growfli rate on plastic plates 
between GFP-Pml and control GFP cell Imes, overexpression of GFP-Pml, but not GFP, 
conferred anchorage-independent cell growth m soft agar (Fig. 5B of ref 3). However, the 
size and frequency of colonies were much less than those of Neu/Ras-transformed MCF- 
lOA cells (Fig. 5B vs Fig. 6F of ref 3). Moreover, like parental MCF-lOA cells, GFP-Pinl 
stable cell lines were unable to survive in DMEM media supplemented withlO% fetal 
bovine serum (data not shown), while Neu/Ras-transformed MCF-lOA cells can grow 
normally in this medium (Fig. 6C of ref 3). These data suggest that although 
overexpression of Pinl appeared to be msufficient to fiiUy transform MCF-lOA cells, it 
might trigger some early events of cell transformation. 



To forther investigate this possiblility, we perfonned a three-dimensional cell differentiation 
assay using exogenous basement membrane matrix (Matrigel). We found that GFP- 
expressing cells formed acini with b^ally polarized nuclear organization, intact cell-cell 
junctions and visible lumina inside, as indicated by immunostaining with antibodies against 
the cell-cell junction marker E-cadherm and with the DNA dye TOPRO, followed by 
confocal microscopy (Fig. 5C of reference 3). Expression of GFP-Pinl had a profound 
effect on the morphology and organization of acinar formation.  Colonies formed by GFP- 
Pinl-expressing cells exhibited the disorder in the nuclear polarity and cell arrangement 
without lumen inside, disruption of basement membrane and impaument in cell-cell 
junction (Fig.SB lower of reference 3), Furthermore, GFP-Pinl, but not GFP-expressing 
cells had cell surface spikes protruding into the Matrigel (arrows in Fig. 5D upper of 
reference 3). These results suggest that Pml overexpression can induce events associated 
with early stages of mammary tumorigenesis. 

To verify these results in vivo we generated transgenic mice: An expression vector 
controlling Pinl expression from the MMTV promoter was constructed, and injected 
blastocytes in our transgenic facility. We have now a number of transgenic Pinl mice which 
we are currently screening for the expression of flie Pml transgene. Subsequently, I will 
analyze the incidence of breast cancer in these mice. 

In addition, we were able to obtain Pinl knock-out mice from a Japanese group. I 
am currently performing breeding experiments with ras and neu transgenic mice. My 
question here is whether the Pml -/- background protects these mice from r^ or neu 
mduced breast cancers.The results from these experunents are still preliminary because I am 
still breeding and analyzing the mice. However, to date Pinl +/- mice (hetero^gous mice) 
that are transgenic for either the Her2neu, Ras or the c-myc oncogene show a significant 
delay m developing tumors (average and median 2 months). 

GST-Pinl protems and its mutants were synthesized as indicated in task 2 and used 
for interaction studies (1-6). 

In summary, the analysis of the data obtained in task 1 led to the unexpected 
discovery that Pinl activates the transcription of cyclin Dl through binding and activating 
c-Jim and beta-catenin. Because cyclin Dl plays a much larger role in breast cancer 
carcmogenesis then nm23, the focus was shifted from studymg the interaction on Pinl with 
nm23 to its interaction with c-Jun and beta-eatenin. The cell line experiments outlined in 
task 2 were performed but not with MCF-7 as originally planned. Instead non-transformed 
cells (MCFIOA) were used which allowed us to show the transforming properties of Pinl in 
cooperation with either Ras or the Her2/neu oncogene. 

III. Key Research Accomplishments 

- Examination of Pinl levels in 50 primary bre^t cancer specimen 
Pinl is overexpressed in 75% of breast cancers 

- Correlation of Pinl levels with clinicopatiiologic characteristics of the tumors 
Pinl levels correlate with tumor grade and cyclin Dl levels 

- Examination of the Pinl interactions in vitro 
Pml is a transcriptional cotransactivator of the cyclin Dl promoter and interacts with c- 
jun as well as beta-catenin. 

- Pinl's crucial role in Ras and Her2/neu signal transduction cascades were discovered 
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Pinl-transgenic mice were generated Pinl null mice obtained. These are currently 
being bred with various mouse bre^t cancer models 

IV. Reportable Outcomes 
- Manuscripts: see attachment 
1. Kishi S, Wulf G, Nakamura M and Lu KP. Telomeric Protein Pin2/TRF1 Induces 

Mitotic Arrest and Apoptosis in Cells with Short Telomeres and is Down-regulated in 
Human Breast Tumors. Oncogene 2001,20:1497-1508 

2. Wulf G, Ryo A, Wulf GG, Lee SW, Niu T, Petkova V and Lu KP. Pinl is overexpressed 
in breast cancer and cooperates with Ras signaling in increasing c-Jun transcriptional 
activity towards cyclin Dl. EMBO J. 2001 20:3459-3472 

3. Ryo A, Nakamura M*, Wulf G*, Liou Y* and Lu KP. Prolyl isomerase Pinl regulates 
turnover and subcellular localization of beta-catenin by inhibiting its interaction with 
APC. Nature Cell Biolo^, 2001 (3): 793-801 
♦These authors contributed equally to this paper 

4. Ryo A, Liou Y, Wulf G, Nakamura M, Lee S and Lu KP. PINl is an E2F Target Gene 
Essential for Neu/Ras-Induced Transformation of Mammary Epithelial Cells. MCB 
2002,22(15): 5281-5295 

Patent 
Zhou XZ, Wulf G and Lu KP. Pinl as a Marker for Abnormal Cell Growth. U.S. Patent 
No.60/167,800 

V. Conclusions 
- The prolylisomerase Pinl may promote tumor growth through the accumulation of 

eyclin Dl and through the potentiation Ras and Her2/neu oncogenic signalling. 
Because of its unique en^matic fimction Pinl could serve as a target for inhibitory 
drugs. 
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Pini is overexpressed in breast cancer and 
cooperates with Ras signaling in increasing the 
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Phosphorylatlon on serines or threonfnes preceding 
proline (Ser/Thr-Pro) is a major signaling mechanism. 
The conformation of a subset of phosphorylated Ser/ 
Thr-Pro motifs Is r^ulated by the prolyl isomerase 
Plnl. 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 Plnl in 
cancer or in modulating transcription factor activity. 
Here we report that Pinl Is strikingly overexpressed 
In human breast cancers, and that ite levels correlate 
with cyclln Dl levels in tumors. Overexpression of 
Pinl increases cellidar cycUn Dl protein and activates 
Ite promoter. Furthermore, Plnl binds c-Jun that is 
phosphorylated on Ser63/73-Pro motifs by activated 
JNK or oncogenic Ras. Moreover, Plnl cooperates 
with either activated Ras or JNK to increase tran- 
scriptional activity of c-Jun towards the cyclln Dl pro- 
moter. Thus, Plnl Is up-regulated in human tumors 
and cooperates with Ras signaling in Increasing c-Jun 
traracriptional activity towards cyclin Dl, Given the 
crucial roles of Ras signaling and cyclin Dl over- 
exprraslon in oncogenesis, our resulte suggest that 
overexpression of Pinl may promote tumor growth. 
Keywords: cancer/c-Jun/cycIin Dl/Pinl/Ras signaling 

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*3'73.pjo 
and enhance its transcriptional activity towards c-Jun 
target genes, including cyclin Dl (Binetruy et al., 1991; 
Smeal cffll., 1991;Derijardefa/., 1994; Hinds e<al., 1994; 
Albanese et al., 1995, 1999; Fantl et at, 1995; SicinsW 

et al, 1995; Robles et al., 1998; BaMri et at., MOO). 
Overexpression of cyclin Dl often occurs in a variety of 
human cancers (Hunter and Pines, 1994), including -50% 
of human bre^t tumors (Bartkova et al., 1994; Gillett 
et al., 1994; Lin et al., 2000). Importantly, cyclin Dl can 
act as an oncogene that contributes to cell transformation 
by complementing a defective El A oncogene (Hinds et al., 
1994). Conversely, inhibition of cyclin Dl expression 
causes growth arrest in tumor cells (Schrump et al., 1996; 
Arber et al., 1997; Driscoll et at., 1997; Kommann et al, 
1998). Moreover, knockout of cyclin Dl 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 Dl 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*3ra-Pro motifs is an important mechanism for the Ras- 
dependent up-regulation of cyclin Dl. However, it is not 
clear whether the c-Jun activity is fiirther 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: els 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 at, 1999). Significanfly, phos- 
phorylation on Ser/Thr-Pro motifs further restrains the 
already slow clsltrans 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 clsltrans isomerases 
(PPIases), including cyclophilins and FK506-binding 
proteins (Yaffe et ah, 1997), In contrast, Knl represents 
a new subfamily of highly conserved and phosphorylation- 
specific PPIases 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 PPIase 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 Mnase, Rab4 and the C-terminal domain of 
RNA polymerase II (Lu et al, 1999b). At the substrate, the 
PPIase domain of Pinl isomerizes specific pSer/Thr-Pro 
bonds, and regulates protein fimction and dephosphoryl- 
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Fig. 1. Immunostaining of Knl in human breast cancer. Sections from paraffin-embedded tissues were subjected to an antigen retrieval treatment, 
followed by immunostaining with anti-Knl 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 sifu (E) show intense Knl staining. To show the 
specificity of Knl antibodies, Pinl-specific antibodies were first depleted using GST-Knl 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, 2(X)0). For example, in the case 
of Cdc25C, Knl binds phosphorylated Cdc25C, and 
inhibits its activity to dephosphorylate and activate Cdc2 
(Shen etal., 1998; Zhou etal., 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 
et al., 1989; Hani et at., 1995,1999; Lu et al, 1996). These 

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 Xenopm extracts 
induces premature mitotic entry and disrupts a DNA 
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Role of Pini in breast cancer and cyclin D1 expression 

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

Here we show that Pinl 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 Dl in the 
tumors. Moreover, Pinl increases levels of cellular 
cyclin Dl mRNA and protein, and activates its promoter 
through the AP-1 site. Importantly, Pml binds to phos- 
phorylated c-Jun and increases its transcriptional activity 
towards the cyclin Dl 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 Ser*^''^. 
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 Dl. 
Given the crucial roles of the activated Ras signaling and 
cyclin Dl overexpression in the development of cancer, 
our results suggest that overexpression of Pinl may 
promote tumor growth. 

Results 

Pinl Is overexprossed In human breast tumors and 
Its levels correlate wltit the tumor grade 
To examine the role of Knl in cancer, we examined the 
expression of Knl in normal human breast tissues and 
breast tumors by immunohistochemistry and immunoblot- 
ting with affinity-purified anti-Pinl antibodies, as de- 
scribed earUer (Lu et al., 1999a). Normal breast epithelial 
cells showed weak but detectable Pinl staining primarily 
in the nucleus (Figure lA and B). In contrast, carcinoma 
cells were strongly positive for the Pinl staining 
(Figure IC-E), while surrounding normal connective 
tissue, blood vessels, adipose and stromal cells stained 
only weakly for Pinl (Figure IE). In these tumor cells, 
Pinl staining was detected at high levels in the cytoplasm, 
in addition to intensive staining in tiie nucleus 
(Figure IC-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 IF 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  ah. 

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 PPl, or calf intestine 
phosphat^e (CIP), the intensity of the upper band 
decreased, while the lower one increased (Figure 2B). 
In addition, Knl displays a mitosis- and phosphoryl- 
ation-specific mobility shift during the cell cycle 
(P.J.Lu, X.Z.Zhou, Y.-CLiou, 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 upper 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 diere 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 Knl in different human 
tissues, we used actin as an internal control, and expressed 
the Knl level in each sample as a PinLactin ratio. We 
defined Knl overexpression as higher than the mean plus 
three times the standard deviation (x + 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 Knl protein expression 
(Figure 2A and C). One out of four DCIS tumore, 20 out of 
28 (71.4%) grade II tumors and 17 out of 19 (89.5%) grade 
in tumors, according to Bloom and Richardson's classi- 
fication system, overexpressed Pinl (Figure 2C). Although 
we observed considerable inter-individual variations, 
especially in grade 11 and in tumors (Figure 2C), the 
mean expression level of Pinl was -10 times higher in 
cancer samples than in the normal controls (Table 1). 
Furthermore, Knl levels positively correlated with the 
Bloom and Richardson grade in invasive breast cancer, as 
analyzed by die Kruskal-Wallis test (Glantz, 1997) 
(Figure 2B; Table II). Similar results were also obtained 
using a monoclonal antibody against Hnl for immunos- 
taining and immunoblotting analyses (data not shown). 
The levels of Knl 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 epittielial cells 
(Figure 2D). Togettier, these results indicate fliat Knl is 
overexpressed in many human breast cancer tissues and 
cell lines, and its levels are correlated with the tumor 
grade. 

Up-regulatlon of Pint correlates with cyclin Dl 
levels In breast tumor tissues and elevates cellular 
cyclin Dl expression in breast cell lines 
Amongst other breast cancer tumor markere, Hnl levels 
did not appear to correlate with either estrogen receptor or 
HER2/neu expression, but did correlate significantly with 
cyclin Dl overexpression (Tables I and H). As shown 
previously (Bartkova et al., 1994; Gillett et al, 1994), 
cyclin Dl was overexpressed in ~50% of the patient 
samples (24 out of 51 cases). Importantly, Knl was 
overexpressed in 20 out of 24 cyclin Dl-overexprcssing 
tumors, and Pinl  levels in cyclin Dl-overexpressing 
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Fig. 2. Pinl overexpression in human breast cancer cell lines and patient tissues, and its correlation witli the Bloom and Richardson grade of tumors. 
(A) Comparison of Pinl levels and known breast tumor markets 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 Pml, cyclin Dl, HER2/neu, phosphoiylated 
Ser'^^'-c-Jun and actin, respectively. The estrogen receptor status was determined by radioimmunoassay and defined as positive when its levels were 
>10 finol/1. 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 aboHshes the double-band pattern of Pinl in immunoblots. Tumor cell lysates were treated either with a 
mixture of PPl and PP2A (PPases) in the presence (lane 1) or absence (lane 2) of the phosphatase inhibitor okadaic acid (Mi.), or CIP flane 3). 
(C) Pinl levels in 10 normal breast tissues and different stages of 51 human breast cancer samples. Knl 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 Knl or actin antibodies. (E) Correlation of Pinl protein levels 
with cyclin Dl 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 Dl mRNA expression. The Pearson correlation coefficient was 0.47 (p -tf.OS). 

tumors were on average about twice as high as those in 
cyclin Dl-negative tumors (Figure 2A; Table II). In order 
to establish a link between Pinl overexpression and 
cyclin Dl transcription, we performed quantitative 
real-time PCR to detect cyclin Dl mRNA expression in 
6 out of the 10 normal tissues and 16 out of the 51 breast 
cancer tissues, from which we were able to isolate total 
RNA. Figure 2E shows relative cyclin Dl mRNA levels m 
a function of Pinl protein levels. While a few patients had 

high Pinl but low cyclin Dl mRNA levels, all but one 
patient with high cyclin Dl mRNA levels also displayed 
high Pinl levels, which is consistent with the results on 
cyclin Dl protein levels (Table H). Statistical analysis 
revealed that there was again a positive correlation 
between Pinl protein levels and cyclin Dl mRNA 
expression (r = 0.47, p <0.05). 

The correlation between Pinl and cyclin Dl expression 
suggested that overexpression of Pinl might increase the 
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Table L Clinical and patholc gical characteristics of breast tissues 

Normal Carcinoma 

Total In situ Grade 2 Grade 3 

Hnl positive 
x±SD 
Cyclin Dl 
HER2/neu 
Estrogen receptor 
Age median (range) 

0/10" 
0.114 ± 0.106 
0/10 
0/10 

57 (22-91) 

38/51 (75%) 
1.072 ±0.719 
24/51 (47%) 
8/51 (16%) 
34/50= (68%) 
65 (28-90) 

1/4 (25%) 
0.564 ± 0.948 
2/4 (50%) 
0/4 (0%) 
3/4 (75%) 
72 (43-80) 

20/28 (71%) 
0.924 ± 0.609 
10/28 (36%) 
4/28 (14%) 
20/28 (71%) 
65 (31-90) 

17/19 (89%) 
1.399 ± 0.717 
12/19 (63%) 
4/19 (21%) 
11/18(61%) 
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 Knl in tissues were determined by immunoblotting analysis and semi-quantified using Imagequant, with the results being 
expressed as Hnl/actin ratio. Knl was defined positive when the Hnl/actin ratio was higher than the mean plus thise times the standard deviation 
(x ±3 SD) of normal controls. Cyclin Dl 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 fmoM, as determined by 
radioimmunoassay. 
"Number of cases examined. 
■■Estrogen receptors in controls not determined. 
•Estrogen receptor determination on one patient not available. 

Table n. Correlation of the Knl level with clinical and pa thological 
characteristics 

No. of cases Pinl level (X ± SD) P 

Normal 10 0.114 ± 0.106 <0.{X»1>' 
T^imor 51 1.072 ± 0.716 
Tumor grade 

grade 2 28 0.924 ± 0.609 0.02'' 
grade 3 19 1.399 ± 0.717 

Cyclin Dl' 
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 Knl levels between various 
chnical and pathological categories was analyzed by the 
Kruskal-Wallis test. 
'Analyses perfonned only on tumors. 
•TTie differences are statistically significant when p «0.05 and highly 
significant when p sO.Ol. 

expression of endogenous cyclin Dl. To examine this 
possibility, we transiently transfected a Knl expression 
constract into two breast cancer-derived cell lines, M(n 
and T47D cells, and then examined the effects on 
endogenous cyclin Dl levels. Pinl overexpression led to 
2- to 3-fold increases in cyclin Dl protein levels in both 
cell lines, while the expression of actin remained constant 
(Figure 3A). To examine whether the depletion of Knl 
affected cyclin Dl expi^ssion, we used MCF7 and HeLa 
cells because their Knl levels can be increased or 
decreased by expressing a sense or antisense Knl 
constract, respectively (Figure 3B), as described previ- 
ously (Lu et al., 1996). Overexpression of Knl signifi- 
cantly increased the levels of cycHn Dl 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 Dl 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 
Knl levels affects the cell cycle only after 48-72 h post- 
transfection (Lu et al., 1996), the observed effects of Pinl 
on cyclin Dl are unlikely to be related to cell cycle arrest. 
These results indicate that high levels of Hnl correlate 
with the overexpression of cyclin Dl on both RNA and 
protein levels in human breast cancer tissues, and that 
overexpression of Knl increases cellular cyclin Dl 
mRNA and protein levels in cell lines. 

Pinl activates the eyclin Dl promoter 
Although cyclin Dl 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 Dl. To 
determine whether Knl regulates the transcription of 
cyclin Dl, we measured the effects of Pinl on the 
cyclin Dl promoter using cyclin Dl-luciferase reporter 
constracts. Two cyclin Dl-reporter constracts were tested: 
one (-1745CT11) corresponds to the original fragment of 
cyclin Dl 5' sequence cloned fi-om the PRADl 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 Knl both in MCF7 and HeLa 
cells (Figure 3D and E). These results indicate that Pinl 
activates the cyclin Dl promoter and that the -964CD1 
promoter fragment retains the complete responsiveness to 
Pinl. 

It has recently been shown that Knl/Bsslp binds the 
phosphorylated C-terminal domain of RNA polymerase II 
and may regulate the general transcription machinery in 
yeast (Wu et at, 2(X)0). To determine whether activation 
ofthecyclinDl promoter by Knl 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 Knl 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 MMTV pro- 
moters, Knl 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 speciically 
activates the cyclin Dl promoter. 

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

The -964CD1 promoter fragment contains binding sites 
for various transcription factors, including a CREB site, 
four TCP 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 Hnl respon- 
siveness, we used two deletion constructs containing either 
22 bp (-22CD1) or 163 bp (-163CD1) of the cyclin Dl 
promoter as reportere. 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) Knl could also transactivate the -163CD1 
promoter containing tiie TCF sites (Ryo et al., 2001). At 
low concentrations, i.e. ^200 ng, Pinl significantly 
transactivated both the -1745CD1 and -964CD1 pro- 
moters (Figure 3F and G). These results confirm that Pinl 
does not affect the cyelin Dl 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-Imt, 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 aboUshed the ability of Pinl to activate 
the cyelin Dl promoter (Figure 3F and G). These results 
indicate that the AP-1 site is essential for activation of the 
cyelin Dl promoter by Knl. 

Pinf binds c-Jun phosphorylated on Ser63/73-Pro 
motifs 
The AP-1 site mutation in the cyelin Dl promoter that 
disrupts the Knl transactivating activity also abolishes 
cyelin Dl expression induced by the activation of Ras or 
c-Jun (Albanese et al, 1995), suggesting that Knl 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 Wnase JNK, which 
phosphorylates c-Jun on Ser®"'-Pro to increase its 
transcriptional activity towards its target genes, including 
cyelin Dl (Binetruy et al, 1991; Smeal et al., 1991; 
Derijard et al., 1994; ffinds et al., 1994; Albanese et al., 
1995,1999; Fantl etal, 1995; SicinsM etal., 1995; Robles 
et at, 1998; Bakiri et al., 2000). In fact, Ras-mediated 
tumorigenesis depends on signaling pathways with 
cyelin Dl as an important intermediary protein (Robles 
et al, 1998). Since Pml binds and regulates tiie ftinction of 
a defined subset of proteins phosphorylated on certain Ser/ 
Thr-Pro motifs (Shen et at, 1998; Lu et al., 1999a), it is 
possible that Pinl might activate the cyelin Dl promoter 
via modulation of the the activity of phosphorylated c-Jun. 

A well estabUshed 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 

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^^^S-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 JNK (Smeal et al., 
1991; Derijard et al., 1994). To reduce phosphorylation of 
c-Jun on Ser*"73.pjQ^ ^g co-transfected c-Jun with the 
dominant-negative Ras (DN-Ras or RasN17) (Smeal et al., 
1991; Derijard etal., 1994). As expected, phosphorylation 
of c-Jun on Ser^^^^-Pro was increased to similar extents by 
either activated JNK or Ha-Ras, but significantly 
decreased by DN-Ras, m detected by antibodies specif- 
ically recognizing phosphorylated Ser*^''^ in c-Jun 
(Figure 4A and B). Notably, following activation of 
JNKs by UV radiation or serum stimulation, c-Jun h^ 
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 etal., 1998). Furthermore, mutation of c-Jun 
on Ser63 and Ser73 abolishes the mobility shift (Ui et al., 
1998). We observed a similar mobility shift for wild-type 
c-Jun, but not c-Jun^s^mA^ gf^g^ co-transfection either with 
Ha-Ras or activated JNK (Figure 4A-D). Importanfly, 
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^'^^-Pro, as indicated by phosphorylated Sei*3'^^-spe- 
cific antibodies (Figure 4D). To examine fiirther die 
importance of phosphorylation on Ser*'"^ fQj pj,j| y^j. 
ing, we used a c-Jun mutant, c-Jun^^^'^, 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*"''-specific antibodies 
(Figure 4A and B), as shown previously (Ui et al., 1998). 

Fig. 3. Knl elevates cyelin Dl protein and activates tlie cyelin Dl promoter via the AP-1 site. (A) Increase in cellular cyelin Dl protein by Knl. 
MCF7 or T47D cells were transfected witli Pinl or control vector, followed by immnnoblotting analysis of tlie cell lysates with antibodies against 
Pinl and cyelin Dl, with actin as a control. Cyelin Dl levels were semi-quantified using Imagequant and are presented below the image; the level 
m the vector control was defined as 1. (jB) Manipulation of Hnl levels in cells causes changes in cyelin Dl levels. MCF7 cells were transiently 
transfected with the control vector or a construct expressing HA-Hnl or antisense Knl (Knl-^), followed by immundslotting analysis with anti- 
cyclin Dl, -Hnl or -actin antibodies. (C) Overexpression and depletion of Pinl increase and decrease levels of cyelin Dl mRNA. MCF7 or HeLa 
cells were transfected with constructs encoding for Knl sense, antisense or vector control as indicated in the figure. After 24 h, mRNA was isolated, 
cDNA synthesized and subjected to real-time PCR to obtain relative cyelin Dl mRNA levels. (D and E) Activation of cyelin Dl, but not TK, e-fins'or 
MMTV promoter by Pinl. MCF7 (D) or HeLa (E) cells were transiently transfected with Knl or the vector and various reporter constracts, followed 
by assaying the luciferase activity. pRL-TK Renilla luciferase reporter construct was co-transfecled in each sample to normalize for transfection 
efficiency. The activity of the reporter luciferase was expressed relative to that in control vector-tiansfected cells, which is defined as 1. All results are 
expressed mx ± SD of independent duplicate cultures. Note that to detect the maximal effect of Knl on various promoters, we used 0.5 ng of Pinl 
cDNA per transfection in this experiment, which was higher than in other experiments described here. (F) Schematic representation of cyelin Dl 
(CDl) pA3LUC basic reporter constructs and its mutants. Possible transcription factor-binding sites are indicated. -964CD1AP-Imt was same as the 
wild-type -964CDlconstruct except for two base-pair substitutions at the consensus AP-1 site. (G) Activation of the cyelin Dl promoter by Pinl via 
the AP-1 site. HeLa cells were co-transfected with various cyelin Dl reporter constructs as indicated in (F) and Knl sense or antisense (Knl'^) 
construct, followed by assaying the luciferase activity. Note that for this experiment 200 ng Knl sense or antisense cDNA were used, while in 
subsequent co-transfection experiments only 50 ng/assay were used. 
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Fig. 4. Hnl binds to c-Jun phosphoiylated on Sei«"3_pr(, (^ g„j gj Modulation of c-Jun pliosphorylation by Ras or ]NK. HeLa cells were co- 
transfected with c-Jun or c-Jun^'^'A ^nj 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«5^'-c-Jun (B). (C and D) Interaction between Knl and c-Jun 
phosphorylated on Ser«3^'-Pto. 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-Knl. ftoteins associated vwth the beads weie subjected to immunoblotting analysis with antibodies against 
c-Jun (C) or phosphorylated Sei®"3.c.ju„ (D). Note that GST-Mnl was non-specifically recognized by monoclonal antibodies, as shown previously 
(Yaffe et al, 1997; Lu et al., 1999b). (E and F) No interaction between Pinl and c-JunS«3^'A. The same cellular proteins as those described in the (A) 
were mcubated with GST-agarose beads containing GST or GST-Pinl, and bound proteins were subjected to immunoblotting analysis with antibodies 
against c-Jun (E) or phosphorylated Ser*'"3.j,.j„„ (pj JQ ^^ j|j Co-immunoprecipitation of transfected (G) or endogenous (H) c-Jun with 
endogenous Hnl. HeLa cells were co-transfecled with c-Jun and Ha-Ras or JNK. c-Iun 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 Sei^'^^-Pro is important for 
the Pinl binding. Thus, Knl binds to c-Jun via phos- 
phorylated Sei*'"'-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 Knl and 
c-Jun in breast cancer cell lines expressing high levels of 

both proteins. Endogenous Knl was detected in anti-c-Jun 
immunoprecipitates from transfected (Figure 4G) and non- 
transfected cells (Figure 4H). Furthermore, more Knl was 
co-immunoprecipitated by anti-c-Jim 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*^''^- 
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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Mg. 5. Hnl cooperates either with Ha-Ras or activated JNK in enhancing the activity of c-Jun to activate the cyclin Dl 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 Dl Luc promoter construct as reporter gene. In the same system, a reporter gene constract 
with an AP-1 site mutant fails to respond to Knl in combination with c-Jun, JNK or Ha-Ras (E and F). 

Pini cooperates with eitlier oncogenie Ha-Ras or 
activated JNK to increase transcriptlonal activity 
of c-Jun towards ffte cyclin Dl promoter 
Given that Pini binds phosphorylated c-Jun, we asked 
whether Pini also modulates the activity of c-Jun. To 
address this question, we examined the effect of Pini on 
the transcriptlonal activity of c-Jun towards the cyclin Dl 
promoter in the presence or absence of Ha-Ras or activated 
JNK. When Pini cDNA was co-transfected with c-Jun, 
Pini cooperated moderately vrith c-Jun in activating the 
cyclin Dl promoter in both MCF7 and HeLa cells 

(Figure 5). The activity of the cyclin Dl promoter in 
cells co-transfected with Knl and c-Jun was 3- to 5-fold 
higher than that in cells transfected with either Pini or 
c-Jun alone (Figure 5A-D). The most dramatic potentia- 
tion of cyclin Dl reporter gene activity was observed when 
c-Jun was activated by JNK or Ha-Ras in the presence of 
Pini; cyclin Dl promoter activity was increased up to 
150-fold, or higher, in both cell lines (Figure 5A-D). The 
combination of JNK, Ras, c-Jun and Pini 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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phosphorylation of c-Jun on Sei*"'. (A) Abolishing the Pinl effect by inactivating its PPIase activity. HeLa cells were co-lransfected with vectors 
c-Jun, or c-Jun + Ha-Ras, and Pinl or its PPIase-negative mutant Pinl«*'»^ and then subjected to luciferase assay. PinlRss,69A ^^ ,„ isomerize ' 
phosphorylated Ser/Thr-Pro bonds (Yaffe et at, 1997). (B) Abolishing the Knl 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. GPP-Pinl^34A ^^ GPP-Hnlsi«E did „ot bind phosphopioteins, as shown (Lu et al, 1999b), Note that GFP fusion 
proteins were used because the WW domain Knl mutants were not stable in cells, but they were stable as QFP 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 GPP &sion proteins being expressed, the overall trends were the same. (C) Inhibiting the ability of Knl 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) AboBshmg the cooperative effect Istween Knl and Ha-Ras or activated JNK by mutating c-Jun phosphorylation sites Sei*'"' HeLa 
cells were co-transfected with various amounts of Knl, c-Jun or c-Jun^^"'* 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 
mutant cyclin Dl promoter was used in the same assay, 
only ^10% of the transactivation measured for the wild- 

type promoter was observed (Figure 5E and F), indicating 
that transactivation of the cyclin Dl promoter by c-Jun, 
activated by Pinl, JNK or Ras, is dependent on the intact 
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AP-1-binding site. These results indicate that Knl 
cooperates either with activated JNK or oncogenic Ras 
to dramatically activate the cyclin Dl promoter. These 
cooperative effects are expected because Pinl can regulate 
the transcriptional activity of c-Jun only aiter it has been 
phosphorylated by them. 

To examine whether endogenous Rnl is important for 
Ha-Ras to increase the transcriptional activity of c-Jun, we 
used PinlAs to reduce cellular Knl levels (Figure 3B). 
When c-Jun and Ha-Ras were co-transfected with different 
concentrations of the Pinl^s 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 Dl promoter. 
These results indicate that Knl cooperates with Ha-Ras or 
activated JNK to increase the activity of c-Jun toward the 
cyclin Dl promoter. 

Knl contains a WW domain and a PPIase 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 efal., 1997; Shen et at., 
1998; Lu et al., 1999a,b). To examine whether only one, or 
both, of these activities is required for Kn 1 to modulate the 
activity of c-Jun we used Pinl mutants, PinlR**'®^, 
PinlWMA ^j Pinl^ifiE^ which contain mutations at the 
key residues either in the PPIase 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). Li contrast to wild-type 
protein, these Pinl mutants neither increased the tran- 
scriptional activity of c-Jun towards the cyclin Dl 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 Knl 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-Ko 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 Knl on c-Jun, and 
mutations of the c-Jun phosphorylation sites that Knl 
binds to should abolish the Knl effect. To examine the 
fet assumption, we co-transfected cells with Knl, c-Jun 
and DN-Ras to examine the effect of DN-Ras on the ability 
of Knl to activate the cyclin Dl promoter. DN-RM 
reduced both phosphorylation of c-Jun on Ser*"^' 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 Dl promoter, as shown previously (Albanese 
et at, 1995), but also inhibited the abihty 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-JunS63/73A^ which failed to bind Knl (Figure 4E and F). 
Rnl almost completely failed to cooperate either with 

activated JNK or oncogenic Ha-Ras to increase the ability 
of c-Jun^3/73A (Q induce ^^ cyclin Dl promoter (Figure 6D 
and B), indicating that phosphorylation of c-Jun on Ser*^''' 
is essential for Pinl to induce the cyclin Dl promoter. 
These results indicate that phosphorylation of c-Jun on 
Sej.63/73^ induced by the Ras-dependent signaling pathway, 
is essential for Pinl to increase transcription of the 
cyclin Dl promoter. Thus, Knl binds phosphorylated 
c-Jun and potentiates its transcriptional activity towards 
cyclin Dl in response to activation of Ras or JNK. 

Discussion 
Previous studies have demonstrated that depletion of Knl 
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 Knl 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 Knl levels 
and the prognosis of cancer patients remains to be 
determined. Consistent with our findings is the observation 
that Knl 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 at, 20(K)). 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 Knl is up-regulated markedly in many 
human tumor samples. 

The significance of Knl 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 
cycUn Dl promoter. Overexpression of cyclin Dl is found 
in 50% of patients with breast cancer (Bartkova et al, 
1994; Gillett et al., 1994). Furthermore, overexpression of 
cycUn Dl contributes to cell transformation (Hinds et al., 
1994), whereas inhibition of cyclin Dl expression by 
antisense expression causes growth arrest of tumor cells 
(Schrump et al, 1996; Arber et al., 1997; Driscoll et al., 
1997; Kommann etal., 1998). Disruption of the cyclin Dl 
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 Dl plays an 
important role during oncogenesis, especially during Ras- 
mediated tumorigenesis (Rodriguez-Puebla et al., 1999). 
Oncogenic Ras induces the cyclin Dl promoter via its 
AP-1 site (Albanese et 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 factore, oncogenic proteins, or stress 
conditions. Although different pathways may be involved, 
they  eventually lead  to  activation  of JNKs,  which 
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Fig. 7. Role of Plnl in regulating the transcriptional activity of pliospliorylated c-Jun towards the cyclin Dl promoter. Oncogenic Ha-Ras activates 
JNKs, which phosphorylate c-Jun on two critical amino terminal Ser-Pro motifs, enhancing its transcriptional activity. Knl is up-regulated in breast 
cancer and functions as a potent regulator of phosphorylated c-Jun to induce cyclin Dl expression, presumably by altering the confonnation 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*'^2-P) and enhance its transcriptional activity 
(Binetruy et al, 1991; Smeal et at, 1991; Hunter and 
Karin, 1992; Derijard et at, 1994; Hinds et al., 1994; 
Albanese et al, 1995, 1999; Fantl et al., 1995; SicinsW 
et al., 1995; Whitmarsh and Davis, 1996; Karin et al., 
1997; Robles et at., 1998; BaMri et al., 2000). Thus, 
phosphorylation of c-Jun on Ser^^^.pjQ jg ^ 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 Dl promoter in cooperation either with 
activated JNK or oncogenic Ha-Ras. In contrast, inhibition 
of endogenous Knl reduces the transcriptional activity of 
phosphorylated c-Jun, indicating that endogenous Hnl is 
also required for the optimal activation of c-Jun. The 
significance of this Knl-dependent regulation is further 
substantiated by our findings that up-regulation of Pinl not 
only correlates with cyclin Dl overexpression in breast 
cancer tissues, but also induces cyclin Dl expression in 
breast cancer cell lines. Thus, Pinl is a potent modulator of 
phosphorylated c-Jun in inducing cyclin Dl 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 Dl expres- 
sion has been farther supported by our recent identification 
of cyclin Dl 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 

mice (Y.-CLiou, A.Ryo, H.K.Huang, P.J.Lu, F.Fujimori, 
T.Uchida, R.Bronson, T.Hunter and K.P.Lu, submitted). 
Although PinH" mice have previously been shown to 
develop normally (Fujimori et al., 1999), we have 
tmcovered 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, RFujimori, T.Uchida, R.Bronson, 
T.Hunter and K.P.Lu, submitted). Significantly, many 
feattires of these Pinl-deficient mice, such as retinal 
degeneration and mammaiy gland impairment, are also 
characteristic of cyclin Dl-deficient mice (Fantl et al., 
1995; Sicinski et al., 1995). Moreover, cyclin Dl levels 
were significantly reduced in Pinl-deficient retina and 
breast epithelial cells fixim pregnant mice (Liou et al., 
submitted). These results provide the genetic evidence for 
an essential role of Pinl in maintaining cell proliferation 
and cyclin Dl expression, and farther support a role of 
Pinl in oncogenesis. Abnormal activation of the Ras- 
dependent signaling pathway and cyclin Dl overexpres- 
sion are a common and critical mechanism during the 
development of many malignancies, such as breast, sMn 
and colon cancer (Fanfl et at, 1995; Sicinski et al., 1995; 
Robles et al., 1998; Rodriguez-Puebla et al, 1999). 
Indeed, Pinl is significantiy 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 
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cooperates with activated Ras signaling in increasing 
c-Jun transcriptional activity towards the cyclin Dl 
gene. Given the well established role of activated Ras 
signaling and cyclin Dl 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 Knl may act as a 
novel anti-cancer target. 

Materials and methods 

Analysis of protein and mffAM levels in patient samples 
Rfty-one cancerous and 10 normal breast tissue specimens were 
randomly selected. The malignancy of infilttating 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 |ig of the pulverized tissues were resuspended in 100 nl of SDS 
sample buffer. Immunoblotting with anti-Pinl, anti-cycHn Dl, anti-Her2/ 
neu and anti-actin antibodies was performed as described (Shen et al., 
1998; Lu et al,, 1999a), as was immunohistochemistty 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 Dl, 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). Tlie significance of the differ- 
ences in Mnl levels between clinical and pathological categ)ries 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 Pin 1 levels and the effects of Pin 1 on 
eyclin Dl expression in cell lines 
The levels of Pinl in normal (76N), spontaneously immortalized but not 
transformed (184B5 and MCPIO), and transformed (MCF7, T47D, 
MDAMB435 and HCC1937) mammary epithelial cell lines were 
determined by subjecting total cellular proteins to immunoblotting 
analysis with anti-Pinl 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), PPl and PP2A (Upstate 
Biotechnology) or CIP. To examine the effects of Knl on cyclin Dl 
expression, Pinl cDNA was subcloned into pcDNA3 vector (Invittogen) 
and transfecled into MCF7, T47D or HeLa cells for 36 h, followed by 
determining the level of Knl and cyclin Dl by immunoblotting analysis 
with anti-Knl and anti-cyclin Dl antibodies, respectively, as described 
(Lu et al., 1996; Shen et at, 1998), and cyclin Dl mRNA by real-time 
PCR, as described above. 

Determination of tlie Pinl-e-Jun Interaction 
To examine the interaction between Pinl and phosphorylated c-Jun, HeLa 
cells were co-transfected with c-Jun or c-Jun^'^"^ and the oncogenic 
Ha-Ras, consititutively active INK, DN-Ras or the control vector for 24 h. 
The cells were lysed in a lysis buffer containing 1% Triton X-100, and the 
supematants incubated with 10 (ll of agarose beads containing various 
OST-Knl 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**"' (New England Biolabs), 
as described (Yaffe etal.,\ 997; 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 CPericentrin 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-Knl or anti- 
c-Jun antibodies. The ability of the Pinl WW domain and PPIase domain 
mutants to bind phosphoproteins (MPM-2 or c-Jun) and to isomerize 
pSer/Thr-Ko bonds were determined, as described (Yaffe et at, 1997; 
iMetal., 1999a,b). 

Promoter reporter assays 
Various cyclin Dl-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-Iuciferase reporter assay 
system (Promega) at 24-36 h after transfection. One nanogram of 
pRI^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. Hie 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 J ± SD 
of independent duplicate cultures. Since Knl*^ induces mitotic arrest and 
apoptosis at 48-72 h after transfection (Lu et al., 1996), all experiments 
with Pinl*^ were performed before 36 h, when no significant apoptotic 
cells were observed, as described previously (Ui et al., 1996). 
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Pinl regulates turnover and 
subcellular localization of p-catenin 
by inhibiting its interaction with APC 

Aklhlde Ryo, MasafumI Nakamura*, Gerburg Wulf*. Yih-Cherng Liou* and Kun Ping Luf 
Canar Biology Propam, Division itfHtmatciogy/Oneology^ Depatjment efMedidiw, BtA brad Dtaamm MtMcd Ctnttr, and Harvard Medical Scftool 

33aSmoldin(Avtnue.jmMJM7.Bomrs,Mmaehusett$022JS,XXA 
"ThestauAors contributed e^mlfy to Ais work 

 ^^ _ ^^   fe-uwit H«@Wdmcfcan«si«fa 

Phosphor^ation on a seririe or tfireonine residue preceding prollne {Ser/nir4»ro) Is a key regulatoiy mechanism, 
and ttie conformation of tertein pliosptoiyiateil Ser/Tlir'-Pro iaonds is regulated specWcal^ by tte prolyl Isomerase 
Pinl. Vniereas ttie inhib'rticui of Pinl Induces apoptods, Pinl is strikingly overexpressed in a subset of human' 
tumours. Here we rtow tfiat Pinl regulates ^atenin tairnover and subcellular tocalizaUon by Interfering with Ite 
interaction witfi adenomatous po^sis coll protein ^#5). A differential-display «men reveals tiiat Pinl increases 
the transcription of several p-catenin teiiet genes, Imliiding those encoding <^clin Dl and c-Myc. Manipulation of 
Hnl levels affect the stability of p-catenin In ^Mm. Furtfiermore, ^atenin levels are decreased In PInl-deficient 
mice but are increased and coireiated with Pinl overesqsresslon in human breast cancer. Pinl directiy binds a phos- 
phorylated Ser-Pn motif nert to tte M>C-binding dte in p-catenin, bihibite its Interactfon irfUi M^ and increases ite 
ti-anslocab'on into the nucleus. TTius, Hnl is a novel re^ilator of phcatenin sipiailing and ito overexpre^ion might 
contribute to tiw uprei^lation of p-catenin in tumoure such as breast cancer, in irtiich APC or B-catenin mutob'ons 
are not common. 

Upregulation of the oncogenic transcriptional acthmtor 
P-catenin has a piratal role in the de^opment of tanoi*-*.. 
One of the key P-catenin i%^latOTS » adenomatous polypo- 

sis coU protein (APC), vdiidi is otcodel hf the tumour-supp^^or 
^ne that is mutated in fimiM adenomatous iMslyposis coU*^. The 
tumour-suppie^ing actmty of APC largdy involves rontrolling 
die nudrar accumidation of die onoigenic tran^riptional actira- 
tor P-catenin*-". The stable overe^^n^on of P-catenin cau^ by 
mutotions in APC or P-oitenin leads to an accumidation of P- 
ratenin in the nucleus, ¥A«e it induces a set of genes criti<al for 
the development of rfl ttansformatum and cancer, including 
those enddong cydin Dl, c-Myc, fibronKtin and pcroxTOme-pro- 
Itferator-activated ^xptor-8 (PPAR-8)"-«». TheR are ttw» major 
mecfaanisns by vAash APC modulates the conc^tration of P- 
ratenin in the nudeus. First, APC binds and asembles P-catenin 
into a mtdtiple protem ^mple;^ induding gfycogsi ^dia^ 
kinase-3P (GSK-3p) and tri^er die d^radatfon of P-catenin«»'«». 
Ifowmver, the «:thmtion of Wnt signalling inhMts die phosphory- 
latton of P-S2tenin by GSK-3P, resulting in the stebilization of p- 
catoiin in the cytofdjtsm and nudeus*"""*. S»ond, APC binds the 
nudear P-catenin and exporte it to die ^toplasm for degrada- 
tion**. Thu^ a crucfal step in the APC-medht«l reg^ation of p- 
cstmui Is die interactutn betwem them, hdeed, dib interaction h 
often disrupted in many mutations of APC in ain<^**. TTierefore, 
disruption of die interaction between APC and P-catenin has a 
pivotel role in onojgenesis. Ifowever, it is not known whether this 
interactbn can be regulated. 

Although genetic mutations of APC or P-catenin are often 
found in Kjme tumours, such as colon cancer'"', they are rardy 
obsen^d in others such as breast cancer""^. However, compelling 
evidence has indicated a crucial role for signalling by p-catenin in 
die tumorigenesis of breast cancer^**. Furthermore, P-catenin 
levds are significantly upregulated and are correlated with poor 
prognosis, acting as a strong and independent prognostic &ctor in 

J. 
T«» + -_ w,f "m- 

rflNAISS 

c 

p-Actti 

W*    1M- 

wmm 
imm^i 
«*K^Ra 

HA-«n1 ^ 

Fi^e 1 A^MMen af fMwt ^MidrMmi of thoM aneodhig p^Manbi^^ 
bf axnrasqwMdon 9t Hnl. a, l^|x«$MMve rasdts ct the dffertntid dMv 
soten. Hnl was hcteed m ttw brea^-cwcer cet Ine IKF-7 wM ttie Tet-Off g«ie 
«xiN«ssion i^^m (Oontteh). M^7 cells were ciAtmd in ttie pra^nce (Tet+) or 
Asoice (Tet-) el tetrac^hie for 24 h and the isdiAed RW was sul^'ested to a df- 
toenttal dspliy Kreen. ^w resAs obMned from ttie him reqwcttve conMnattons 
of esctended (miners are diown; ttw bmds were excised for ftirther M^*S ye 
m^sed \«ih MwMieads: A, upregulated CD97; B, nsregulated WM; C, a (town- 
related miamm gene, b, c, ToW RNA wd cril ^s^s were prepared from ttie 
same cds as desertsed n a and siAsjected to northern UMng (b) or imminoM)^ 
flng ana^s Ce). 
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PPb»<tanwm<arts«K»MdlW8,69«. airf-ieaSl orpTOPFl«1lu(*wise 
i^sorte^ Mi^rtd, «*WKI IV «»ludtose assay, e, l«J c* \««re c(MwK«eded 
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human breast-rancer patients^. Additional mechanisms can 
fheieforebe m«l to uprqplate P-catenin le^b in breast cancer. We 

Imt reanlJy shomi that Pini fa striking matsptes^ in human 
breast cmoa and some other tomouaF. Furthermore, Pini k^ 
are «>nelated wW» the tumour grade and wifli c^Mn Dl iewfc in 
b^ast-cancer tissiK^. these results indfca^ that Pini might have 
a lok in ono^eiie^ 

Pini is a pqptf^-prol^ d&-tram faomerase (PPIase) dmt i^- 
mcrkes oiJy pho^horjtoted Ser/TTir-Pro (pSer/Thr-Pro) peptide 
bond^*^'. Pinl-catsdyid tomeiijatton K^ilates tihe conforma- 
tion of a su1»^ of phosphopro^ins sudi as Cdc25C and die 
microtubule-ffisocktoi protein tou, theaby afifKting their activity 
and/or protein-^rotem fateracttoiB*"*. Interesting, the deple- 
tion of Pini in tumour alls indu<xs apoptosis^^ and also «n- 
tributes to neuomd deadi in Abheimer's dis^^. Q>m«rsely, 
Pini B oveas^xss^ in many hunwn tumours such asbre^ and 
pn^tate cancx^ and incr«^s tte transcription^ activity of c-Jun, 
ttsiirarfs the <^dm Dl promoter*'. These resulte indicate diat Pml | 
oveKxpresion m^t promote tumour cdl pwwfli by altering 
gene exp^^on. 

Totestdusl9pothesfa,%«heKUsedadifferentialdisiJayKKen 
and found Aat Pini traosactirated Kveral P-catenin target ^es. 
Furthermore, Knl increased flie stability of P-catenin in (^ 
which is substoitiated by the findings d»at P-catenin was incre^M 
and correlated widi Pini in breast cancer tissues, but d^tic^y 
decreased in Pinl-deficient mouse ti^ues. Moreover, Pini stabi- 
lized and subs^uently increased the nuclear fraction of P-catenm 
by pre^nting lu interaction with APC. ThMe finding uncover a 
novel medanttm for regulating sipalling by P-catenin and sup- 
port a role for Pini in tumorigenesis. 

il»4: NATURE CEIX BIOUJGYlVOL $|SEPTEMBER 2001 |h«p:WceIlbio.natai».«"' 



articles 

fcansfecMon 
\tector Pini Pin1*s 

1.0    g.8     0.3 

p-Catenin 

HA-Plnl 
Pini 

P-Actin 

0      2     4     8     12 
Oias* dur8tt««(h) 

Lung      Uver   Stwnach    Brain     Heart   Kidney Spleen 
•*/* -I--tl-t- ^- ^ -/-   +/+ ^ .^+ _^ ^z,. .^ 4/+^ 

P-Catanin 

a-TidNjlin ■)»» 

pm^^-^^A'mi^im^^-^kgmM^itm. ^.—,, 

p-Catenin 

Nwmal        Cancer 
1   2 3 4 1   2 3 4 5 

e 
_ 9 

•Cancer 
• Normal 

* 

i 

P<0.01 * 

* 

►     •  •• 

3 S 9 
F^laa\w Phi level 

Figure 4 p-artMdn b«^ «• (hcrasMd in nil-defident nrie* lii« 
hicmaMd to ima««Mic«p •amplet owresqmtdng VUL. m, OTfewit issues 
rf «»M^e C+/+) or Ffcl toiodsw* nfct C-/-J vwre honwgwi'aed ml ttw siAject- 
ed to fcnmuniWotfcg airt^ ((ih »rtlfl<ateiw, anW%l or anti«*lsi* Mt^ 
ies. b, tomJ breaS and breast-cancer tissues vwre homc^aiizwl aid aib^cted 
to mimiiK«(«mg aiw^s iMtti an*§<rtenh, anB«»l or airikMNCn antftotfes. 
Normrt 1-4, «iiH»o|*K«e brea^ catcer 1 aid 2, Btoom and Bdoiton gra<fc 
B; eanew 3-5: paite I. c The cofrtaBon befciww Hnl and pc^iii prcteh lev- 
rts h nalpiart and normal breaS issues, hmwni^rt Ma(yas «ns pwftsnned on 
^ breastcarK» and 6 normal fesue s»n*s, as ta b. The iteiSfes of baids 
were quantified 1^ IW hnage, nonntfttd wRh p«din and {Med. Ihe corrdalion 
tws fested Iv a toear re^^on an#sls fr*=0.69, P < 0.01 J. 

F^re 3 Phi ririrtHzM MMar p^Mmrin. a, HeU cds ««re 1r»sfected viith 
0.5 |ig of a SMK Wnl) or aiB^ise Rnl m^V^ «q»e^on constnict or control 
wdDT ml have^d 48 h after trwrfection, fclowed by hmwinobtottig an^^ 
wMi anli^a«enin, anSflnl or anti#actin wftocles. Hunters sfajra ttie gel 
im^e fcufcrte the Wd hctactlon of wistegenous pcatenh normateed viilh p«a«. 
b, ToW nu was extrKted from the same eels as Vmse n a and aAjKted to 
florttiem Wot an^sls. GMTO ^eerAWvcte-3i*ospha4i cW^io^naseJ vws 
used as a loadng conW. c, d, Subconftient cells wwe fransfeded wift a »ise 
«il) or antfMiK Phi fl^l^ exiOTsaon con*uct or ce«W w«A)r. After 24 h, 
crib were |Hl»W»led wift PSNetNwime fa^ 1 h and «*as«l fer the Airatwns 
taiScated Ce). Labe ted pcatermi was ttetected ly himunofwc'«*aaon v*» anttp- 
catoih. Mowed I^SDS-fWSE and autora*sOT*V. The ra<fcKth% of fcwnune- 
rM'ecWtated p<:atei» was (luantled iMth a Ptosi^wfcnagw and nornutoed to the 
0 h (»int W. I^stfts A«»n are meass i s.d. to iiree »Ktop«ictent expeAnenls. 

Resulte 
Hnl aihanca tlie oftts^n of genes dowmtRam <tf |]K»e 
raasdiog P-catenin/T-c^ fe«*»r (TCaP). To examine die nde of 
Pini cn^txpKssion m human b^ast cu«r, yit m^ a nei^y 
devdoped dMTei^itial dui^ method""** to identify genes and sig- 
naling patlways regulated \^ Pini. By samparing gene exprcKion 
patterns of about 10,000 compkmoitaiy DMA fapnsite bet^jen 
Pinl-overexpresing bieast-«anar MCF-7 cdls and ointrol MCF-7 
cdb (see Fig. la), we elected and ^uenced 48 cDNA. fagmenU 
that -mxt obviously expressed diflferentially between Pinl-induced 
and non-induced conditions. From these 48 ctones \« iqsroducibly 
identified 17 known genes whoK expression -wm upr^ulated or 
downregulated by the overexpression of Pini (Table I). 
Inte^tin^y, a datebase search re\«aled that four of the twelve 
upregulated genes Uentified were downstrram of those ojcoding 
P-catenin/TCF, which included those for <ydin Dl, c-Myc, PPAR-8 

and aronectin'*-"*. To confirm tiiat diese genes are inde«i induce! 
1^ Pini, we faolatoi meseiger RNAs and subj«:ted them to north- 
em blotting analy^ Hpre lb showra flat mRNA lewb of these 
gsieswereinde«lhighain<dlsexpre^ngPml d>andic»e in con- 
trol ceBs. FurthoTOore, immtmoblotting anafyss with «rfl l^tes 
from the same rfk dso showed an enhanced expres^n of c-M^ 
and cydin Dl protins (F%. Ic). These xautts indkate ^t Pini 
can affect the gene expression pattern by activating the 
P-catenin/TCF signalling ^diway. 

TSa confirm that Pini acti^tes the P-ratenin/TCF signaling 
pathmy, we used two sete of reporter constructs in a P- 
ratenin/TCF rqKJrter gene a^ay, as described pirviously''" 
Although Pini d:)NA lad no significant eff«:t on the -163CDI 
promoter at tow a>n<^)tratIons, as shown previously^, Knl 
increased the activity of boflj the -163CD1 and pTOEFLASH pro- 
moters in a dc^e-d^endent manner (Fig. 2a). In <x>nti^ Pini had 
IM> dgnificant efet on the control promoter, that fa, on either the 
-22CD1 promoter or the pPOPFLASH promoter (Fig. 2a). 
Furdiermore, the de^et&m of endogenous Pini l^ the expression 
of an an&anse Pini instruct iidiibitri the d^lityitf^^-catQun to 
actmte the -163CD1 or pTDPFLASH promoter (F%, 2a). These 
resulte demomtrate liat Pml uicre^es the activity of botii the 
cydin Dl and pTOPPLASH promotes. 

Bodj the binding and bomermng activities of Pini aK normal- 
ly miuir«l for Pini to regulate die fiuiction of its substeate^''*'^-'*. 
To e^^mine trfiether any one or both of these activitfes are required 
for Pin! to modulate the activity of die -163CD1 or pTOPFLMH 
promoter, vt used Pini mutant Pml*"**, which &ib to bind to 
phosphoprotein, and Pini'*'* and Pini*****, which M to bind 
phosphoproteins or uomerize pSer/Thr-Pro bonds'*-". As shown 
in Fig. 2b, in rantra^ to wild-type Pini, neither die WW-domain 
mutant (Pini*"**) nor die PPIase mutants (Pini*"* and Pini"*"*) 
inc^ased the activity of the -163CD1 or pTOPFLASH promoter. 
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iwaiiil 1^ lr»Kripaon aid traishBon to *o in Ihe p««nce cl PSImeftiortie. 
The MwM ivcteh was inettated vAi emlrd IwMr (None), Xmeous extnK:^ 0® 
or Xtrnpus ei^acts Mewed !y tre^ment with Citf kitesiM dcAt phc^ph^ise 

OCt-Cn. HMK prate'ns were ^svaM m 9K<ontaitMig ^s nttier dree^ 
ft^xiQ or after GST puMown expaimoits witti ^itattione beads contakiing (^ or 
^T-Hnl. e, Sdianrfc rQ3re«rtrton tf wM^pe Wfl p-catenin Md Istrunea- 
tfon mutants, i, WM^e pc^rm anditstninc^on mitatswere Iriidedwitti 
P^meWonkw, 'ncubi^d with Xam^s eidracb and ttien sri^ected to (^ pul- 
down o^mimerts. •, pCatenm and to sitedrected ^MAmutwtwere labried 
«Ah PSlmrtiomne, inai»ted «Ah XmevKM esdrK^ and liien sutjecM to ^T 
piMmn es^rknents. 

IP:p-C8tenln 
BLOT: yvSBt     Phi 

APcl 

QSK-^I 

IPlAPC 
BLOT: V9<*or   PInl 

Phi 

P-oAenh 

P-^Amin ^^^^^^^B 

EBim^nn 

Inpirt 

p-catenh ^H^^^^H 

APC^^^^H 

Fipire 6 nil artMAv^ taMMi tiM brtBrK^km twtaMMi pKiirtMAi and 
»C Hdji eels w«fe tran*ctol «*h Hnl exprisaon condroct or eertrd vector 
for 24 h, arf fcsates were si*^eted to mmumvecipMon (P) with Ml»p<attiM 
M or m&m^ Mttsw^ fc), h»««or»edftotes v«re s«*^ected to aJS-Wffi and 
imnwnoMettng andysis with various MffliocSes as intfcatod. Expertmnts were 
repeated SIN«A limes with arrt* reaiRs. 

These lesultt indicate that both phosphoprotein-binding and phos- 
phor)^ation-specific tomerase activities of Pinl are required for 
actnmtion of tbe P-catenin-dependent transcription. 

To ermine whedier these effects of Pinl on Ae activity of the 
qfldin Dl and pTOPFLASH promoters are mediated by die TCP- 

binding ai^ -m used truncatol 10-4 (DN-TCF4), which has been 
diown to act as a dominant-n^ti^ mutent'-". Wha» co-trans- 
fe:t»l into (db with Pinl, tl% dominant-native TCF-4 mutant 
d»xeased the abOity of Pinl to Incre^e the -163CD1 or 
pTOPH-ASH promoter activity in a dose-dq>eBd^t manner (Fig. 
2c). TbeK re^ts inflate Aat Pinl eihances die abili^ of tbe 
P-ratoiin/TCF fulling pidn^ay to actirato iu Anvnstream ta^et 
genes throng die TCP ates, vUdi is (onsbtent widi die findlnp 
diat Pinl dM not activate tbe pFOPFLASH and -22CD1 promoters. 
Pinl sUbiU^s P-catenin by po A-trandational v^uktion. The &ct 
diat Pml uurrases die transcription of the genes downstream of 
those encoding ^-c&UmaTKS india^ diat IKnl mi^t a^:t the 
prouin levds of P-atenin. "Si examine dils pc^lbilitf. we esamindl 
d^ tfeitof manq>u]atingcdlidarPinl levdsoafe^bof P-catenin 
protein and mBNA. Fig^ue ia. shows diat tl^ overc^t^aon and 
depletion of Pinl s^ifficanlly ino^ased and d«:»as«l p-catenm 
protein Ievd% K^^tivdy-. Ifo^s^^r, no dlffisrence in P-<3tenin 
mRNA. levd wis observed vd^i Pinl was ovsta^re^ed or depkted 
(Kg. 3b), inducting that Puil does not incre^e die tranKriptton of 
d^ gene encoding p-caUnin. To inve^igate vAedier ibese eflb:^ of 
nnl on d» p-(2tenin protein kvds ^cre due to p<»t-tnn5ia&sml 
it^itofaHi, we us«l a pid^-chase stu^ to ana^se die iSeKX& (^^ 
Knl on die stabObadon of oidogenous P-catenm. Ibe metabolic ' 
stdiility of P-ca^iin vts& sipii^ndy inc^asol m Pinl-overa-" 
pressed ceUs but decreased in Pinl-deplcted cells (Fig. 3c). 
Quantification 1^ Phosphorlmager reveal^ diat, m comparison 
widi vector-tranrfected onttol <&s, the half-life of p-catenin was 
signifcandy afifected by manipulating cellular concentrations of 
Pinl, espeddly at the rarly time pointe (Fig. 3d). Talan together, 
th«e results indicate diat Pinl increases die levds of P-catenin pro- 
tein by inhibiting ite depadation. 
The level of P-tatenin is downregukted in Pinl knoAout mia but 
upregulated 3IK1 correlated witii Pinl overeapr^on in human 
breast cancxr tissues. To determine the effects of Pinl on P-catenin 
levels in vim, vit firet examined P-catenin protein levels in tissues 
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Fipw 7 nil h«tae«* BwtawlnMrioeaBoB ^ p<i«»rti. a, b, HeU Cite 
waw trwsfacted tar 24 h ii«h ttie consfruct exfOTSM^ GFP, ffP-f%il, ite WW 
ton* mitart BNnl'"^ «■ te maM Asm* mut** (Hnliw^ Cste 11^ fbMd 
«KI s««d (»Mi an8#€itoiM anfibocles Md Wfl to detect emto^nous ^c^nin 
«id DNA, res|»*^ W. Ucabafion and «qwea«» of pcatenin were «»red •« 
100 IrmrtKted crts W. e, «l, HeU crts wwt iransteted fw 24 h v«lh Hnl 
ecpresskm cen^uct or the COBW vedsr, (^ WM« *ac*Mated h h^»h^^ 
buter hto 1}» midear «Kl igilBplasrtc *«*ons, Wowed Iv fcnrrii«(*lolBrig an^ 

£       '    GRVWT   Wil/WT W11S248A 

jMNudMrKcuBrtrton DAawgrton hi e¥tepl«sm I 

M t* artt#cateito, artHan* B or «B#^m MSMJC^. Un« B and p«lm were 
used as midear «d eytopi^iw: RMikers, i^s^flv^ Cd. Mathw Mwmts of 
micfcar and i3(toplasrnie ffW p<atenh were »i*ciu»itilM wtth Imag 
nonnrtzed with tai* B or facBn C*. •, I, HAa cete «w« franstaasd wHh 
eR>-^«ctor and WP-frcatwinWr, GFP-rtil «d IW-^<:^iw or ffP-Pm^ 
IW-P€«eiMi«2«A tor 24 h. tote were food «id sWised VHtti OW aiKi M^ed 
aider a ftasrescence micn^ape W. UerfzatiM rt ^<ato*i was scsOTd h 100 
tm^M^ceBsW. 

of Pinl knodsiat nw» and in hiunan bi^st-canca samples. Pinl 
Imoctout mice have b«n generated pievraudy^ and diowntode\^- 
op nonndty*. As e3cp«a^ Mnl ^ mst detoaed fa Hnl knock- 
out mouse tiKues (Kg,'to).taiportontty, amounts of P-catenin 
piDtefa -wetc dKceasel ^ptficsntfy^ in dl t^ues aznaaei from 
Pfal knoctout njM% to a>mparison with iosc fasm wild-type 
mia (Fig. 4a), fadi(3tmg fliat the p-catento fcvd is downv^uh^ 
fa Pml knockout mice. This fa romistent witii our new indfap 
that mice lackfag Pfal demonstrate phenotypes itmartably similar 
to itox fa cftiitt m krodsout mfce (X-Ci., AJL, H. K. Mamg, 
P. J. IM, R. Bronson, E Fujimori, X Udiida, T. HuntK and K.P.L, 
unpublfahed reside). 

We have ^:endy Aown that Pfal fa o^i^xp^ed ta human 
breast-cancer tissues and its estpression Ic^ fa correhted wifli 
tumour ^de and c^Jm Dl levels*'. To a^mme whether Pfal 
o<«rexpression fa <»rndat«l with P-catenfa lei^ in breast-tumour 

ti^ues, we determined fcvels of Hnl and P-ortaun fa breast-cancer 
t^ues. F%uBe4b show fljathoA P-<2tcnm and Hnl n^tc hi^ 
weaacprearf fa bieast-caiKer tissues fa oin^amon with normal 

i ti»ues. Vk perfoniKd fte same famiuiublot anal^:^ and quanti- 
^L flic QEpie^um kwd of bodi Knl and P-oitenfa in 45 breast- 
cancer and 6 normd b^ist tfeues. I^pession analysfa levraled flat 
flic fcvds of P-catoifa ^mss sipificanfly <»nrfated wifli flioa of 
Knl fa fliesc tfeues {»» = 0.69, P<0.01) (Fig. 4c). These lesults 
denmnstratc a d<»c idationship between Knl and P-<3tenin leveb 
under both physiologH^ and paflwiogical conditions. 
Pfal bmds P-catoifa phosphorybt^ on the Ser 246-Pro moti£ To 
explore flic molKidar medianism by whidx Pinl stabilizes P- 
cateiin, we imratipt«i whether P-catenin fa a Pfal substrate, 
be<aiuc P-catenfa ontoins three potential Ser-Pro motifi. To 
cjamfae flic intermrtfan between Pinl and P-catenfa in vitro, we 
used ^utafliione S-transferase (GST)-Pfal pulldown experimente. 
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eancarl can^rZ 

Fipre 8 Con«liMin bMnwi nil wmvxpra^pn Md p<aMiin localartiM 
In hmiM braast-cMcar dnw*. ^stoncrf lis^ W« a^sJMrtfrai*§- 
cateiw or MtH%l MtfHxi^ «Kl rtvertrt Iv sWnmg VHtti diMnn(*eftt«ie. l^ 
pai^, a i^msenMw N^tftil ^Mv wMi an accumulalion of ^aten'n m ttie 
cytoiriasin and mideus; ri|^ pmeb, a K(»Kmtative imfW. ^n'ing vritti a l«»l- 
tetaiof^atertnatthenwftrwt. '    ''"   ' 

as describel pieviousty*^. ^ diown in Fig. 5a, GST-Pinl, birt not 
atntid GST, spedficdty prmpiteted P-catenin fiom bofli tater- 
phase and mitotic HeLa cdl txtncts, ii^icating fliat Pinl binds cd- 
lular P-catenin indq»endai% of d» cdl cfds. Nm, ^« esEamined 
vAether Pinl fonns s^bk compkxes with P-cat»iin in cdls. When 
ctis that Qspress^ faaona^utinin-kbded Pinl were subjected to 
co-inuniinqpiecipitetion esq^erimoiU, Pinl was detKted in anti-P- 
ratenin immunop^pitates (Fig. 6a), dononstrating die intern:- 
tran of diese twra proems tn vtm, Ibese results tononstrate diat 
Pinl binds P-catoiin both in vitro and in vivo. 

We nett examine vdiedifir d» interactiiMi betw^n Pinl and p- 
OiUnin d^otds tm die pho^hor^adon of P-oitoiin at a sp«afic 
Serilhr-^ modi Because die Una^s) upstiesun of p-oitenin 
remain to be detaminel, me prodtK»i *^Iabdkd P-catoun by 
truiscr^don and trandation in vitro, then phosplwi^ted it wi^ 
Xmfpts esEtruirte, ^i&di ha^ b^n Aown to mntain mai^ protein 
Idnaia". Pinl bound ^P-rateiin oidy rfter it had b«n phos- 
ptorylated by interphase or mitotic esOracts faim Xmopm (Fig. Sb, 
and data not Aown). Furdiermore, piRtreatment d ph(»phor^t- 
^ P-catenin %rith calf intestinal alMine plu^lattse (QP) cc»n- 
pk^r aboMi^ the ability of Pinl to bind P^Unin (f^ 5b), as 
demonstra^ pievioudy for ibe Pinl-^^^5 at Pinl-tau intcrac- 
twn"^. These residts dsnonstrate tlut Ae Hnl binding d^ends 
on die phi^hor^tion of p-<atenm. 

P-Catenin<x$n^iu only du%eSer-Bromott& (Fig. 5c).Todcfer- 
mine d» Pinl-binding si^ in P-oitmin, we construct^ and 
eiipixssel th^ ^flferent P-^toiin fr^i^its, «tdi oin^ining one 

,^Ser-PKi motif (Kg. 5c). Whm di^se frapioits were syndiesi^ in 
yitro and plw^hor^i^ by Xawfm ortract^ fo^w^ by a GST 
ptfldown a^ay, wdy fl» Mn ^ment (residues 233-03), not Ae 
MTl or die MIS fagmcn^ bound Hnl (Fig. 5d). Interesting, the 
Mn fia^ent osntained the Ser246-Rro motif, ^^lich is sur- 
rounded by l^dnqshobk residues simflarfy to die optimal binding 
motif sdected \if Pinl, as determined by screening-orientated 
degenerate p^tMe Bbrarira*. To oinfirm die Pinl binding site vrn 
mumed Ser 246 of P-catenin to danine (S246A) and performed a 
GST pulldown assay after incubatbn widi JGm^us cstraca. As 
expected, in contrast to wild-type P-catenin. ite S246A P-<2tenut 
mutant did not bind Pinl protein (Fig. 5e). "n^se r«ults indicate 
diat the Pinl-binding site is die pht^phorylated Ser 246-Pro in die 
middle of the Armadillo repeatt in P-catenin, 

Pinl blocte the interaction between P-catenin and APC. The Pinl- 
binding site (Ser 246-Pro) in P-catenin is viery dose to the APC 
binding site, on the basis of the crysM structure of P-ratenin"*', 
indicating diat Pinl mi^t affect tlte interaction of P-catenin with 
APC. To examine diis possibility, cdls -wxt transfected with Pinl or 
control vectors and then subjected to inununopredpitation with 
antibodies against APC or P-catenin, As shown previously^"', P- 
catenin was detected in anti-APC immunop^ipitates and APC 
was detected in anti-P-catenin immunoprecipitates in control-vec- 
tor-transfected cdls, a>nfinning die interaction m vwo between 
diSc two proteins (Fiy 6).-Howc^, in «lls overexpressing Pinl,., 
significandy le» ATC was detected in anti-P-catenin immunopre- 
dpitates (Fig. 6a). Simikriy, inuch les P-catenin was immunopre- 
dpitated^ anti-APC antibodies (Fig, 6b), Furthermore, these dif- 
ferencK mre hi^yl^^ciffi: because die o^reJspressioirofPinl" 
had no detectobk effiKt on Ibtbinding of P-catenin to GSK-3P or ,. 
of APC to die APC-bindirig protein IBl (Fig. 6a, b). Ihese results 
^monstrate that Pinl spedfisally inhfliits tte interaction bet^ien 
P-catenin and APC 
Pinl alt^ the sidxdlular kcaMzation dT P-catenin. focent stud^ « 
have Acwn diat ATC b unportant in contrcdiing die k^li^tion of 
P-(atenin 1^ eiqKsrting it firan die nudem to dw cytoplasm^*^*. If 
Pinl mhajitsdttbuidiiigof P-catHimtoAKiPinl nrf^taffKtdie 
subcdlukr Iocdka&>n of P-catenm, W; dtet^re invest^t^ die 
subcdlidar localkation of p-catenin. As diown prcwoudy***^, 
P-catsiin was ol»er«Kl doi^ d» inner portkn of dK ceU nknbiane 
m die ^& tian^:t^ w&fa ^Sk flu(ne%ent protdn (GI?) vector 
(Fig. 7a). Howewsi in GFP-Knl-transfected cdb, P-catanui was 
debk^ mdidy in the nudeus and du peri-nud«ur portion (1%, 7a, 
b). b contrast, dte suboStdar lood^rtbn of P-catenin was untfect- 
^ by die Knl mutui^ rantainii^ a mi^tion ddier m die WW - 
domain (Pinl*^) or in die Vtf^t domain (Knl*^*) (Rg, 7a, b). 
These reside iidu^te diat both die bincQng and bomeri^tion activi- 
tks of Knl are require to increase die nt^ear fortron of P-catenin, 

To confirm this Pinl-uiduced accumuktion of nudear 
P-catenin, we to:&>natri ^s mto cytopksmic and nudrar frac- 
tions and suljec^ diem to immunoUotting with anti-P-ratenin 
antibodies. In comparuon widi vector-t»nsfo:ted cds, the mn- 
centratran of P-oitenin was d^dy decrrased in the cytopksmic 
faction but apiffiooidy inaxased in the nudear fraction in Pinl- 
overoipiesdng ^Is (Fig, 7c). Semi-qu<uiti&atu>n leveakd diat die 
nuctor/cytoptemic ratio of P-catenm was uicreasri almost three- 
fold in c^overeqsressii^ Pinl (F^7d),11iw,bodianunmunocy- 
todiemistry ana^;^ ami a a& foctknation experiment ronfirmed 
dmt Pinl kdlitates die nudew kcdmdon ctf P-ratenin, %riiudi u 
consistoit widi te d>ilities to disrupt die uitoractkn betw^ 
p-ratenin and ATC and to faiduce ttoget genes downstream of diat 
encoding P-catenin, 

To Nomine %4iether tiie mutetion of Ser 2^ aff«:^ the abili- 
tf of Pinl to affKt the sub<dlukr kcalization of P-cataiin, we co- 
transf«:ted Hda ojls wMi Pinl and wild-type or S246A mutant 
P-tatenin, and then e^Qunin^ die suboUtdar foodization of P- 
istenin. Because the overo^resskn of ess^nous P-catenin caus- 
es itt qmntimram nudear translocation and oil deadi**"*, v% 
transfected cdls widi a sndl amount of red-fluores:ait-protein 
(RFP)-conJttpted P-ratcnin DNA. Und« th«e condittons, 
RFP-^)ataun dkpk^ a dotted-^pe a^reption in cytt^hsm 
(F^ 7e), as reported previoudy*. bnportandy, P-catenin was sto- 
bilked and a^umidated in die nucteus when (»-transfected with 
GFP-Pinl,but not control GFP (Fig,7c f). In contrast, Pinl had no 
rffect on Ae localization of the S246A mutant p-catenin (Fig.7e, f), 
wliicfa is consistent widi the findings that dib mubnt was not a 
Pinl substrate (F%, 5e), Tliese us\M indicate tiiat die Ser 246-Pro 
motif of P-catenin k crucid for Pinl to affect the subcdldar locd- 
ization of P-ratenin. 
O^nektion between nudear localization of P-catenin and overec- 
pression of Pinl in human breast-cancer tissues. To examine far- 
ther whether Pinl esqjression was correkted widi the subcellular 
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locdizationof P-catenin in.wt^vadetenninedboththeespKsston 
of Pinl and AM subcdlultf localuation of P-clftnin'in Wprtaary 
human br^st-tumour tissues hf iinmunohisto(^eiiucd seining. M 
shown pmvtously (»£ 27 and Hg, 4c), Knl Is w^rexpressed to var- 
ious d^ees in breast-cancer tmues. Inletsstin^, P-ta^n jau- 
midated in the nudear/cytopl^mic fraction in tumour tmues'con- 
fining h^ kvds of Pinl, vriioreas the locaUzatran of P-ca^iin was 
piimuify^ at membranes in tumour tisues confining \mf kvds of 
Pinl (Fig. 8, Table 2). to ^ tumour tbsues examine tiieKvss a sig- 
nificant c»ndation beM^n Pinl expresston and Ac subcellu^ 
localusatbn of P-ca^iin, ss detennin^ by the Spearman twk mt- 
i^tion Ust (P< 0.01). These ^ndte furflier support flie notion tiiat 
Pinl B importent in the repilatuut of P-catenin and st^igti^n die 
s^iificance of ^1 oveRspies^n in tiie activation of P-catenin in 
human brei^ cancxr. 

Discussion 
We hawe tKsitly found that Pinl fa drastic^ o^rexpi^^ed in 
severd human cancer tmues, including breast and pn^tate (sneers, 
and Aat Pinl binds phc^horyla^ c-Jun and inc^ases its ability 
to acti^te tiie c^iin Dl promoter via the actfarator pro»in-l (AP- 
l) sit^. Tbsx findings indicate fliat overesqsre^ion of Pinl mig^t 
contr3>ute to on«>genesis via 4c modulation of gme esprcsaon. 
To esanrine Ms pc^sibility fiirdier, ve paformcd gmc cjcpresion 
profiling with tl« dil&rsitial dfaplay method, toterestin^, four of 
twdve up^pdat^ genes identifbl are tei^ct gen« downstream of 
fliat enasdmg P-catoun, ^lidi haws b»n confirmed 1^ northern 
and western anafyses. Furthermore, Pinl activates cycUn Dl and 
TOPFIASH promotes vfa the TCF sites. Moreover, die owercxpres- 
sion or (kplction of Pinl lev^ m a^ lines si^iificandy dters the 
lewds of P^tciun by affsting is protein mbilitf. The s%nifean« 
of dus oteenmtion in vitro fa substtuitiated bf tite findUnp that 
upt^idation of Pinl in bsrast can^r fa strong corrda^ with P- 
catKiin kids in the tumours, vrius^s P-catenin levels were 
markrily d«aeas^ in t^ues in nnl knockout mu%. HKSC result 
demonstrate that Pinl re^^tes d^ stabiluation of P-catenin 
underbodipl^sfok^al and^diolc^cd omditions. 

The Uoitificstfon of the gene orating cydin Dl u one of die 
Pinl-uduccd genes in die <^siaitial tUspkf soreen has (»nfim^ 
our caily findinp diat Rnl fa OMKlatri widb die overexpn^bn of 
c^lin Dl in htunan brrast earner and activates die cytUn Dl pro- 
moter in vitrfi'. Pinl can «:ti^te d^ cydin Dl promoter via ll« AP- 
1 site in cnUalKtration widi die Bas sipdling padiway^. Our pmmt 
studies ha% fiirdier d^onstrated that, as Pinl mncentratfons 
increwe, Pinl can ^o activate die cydin Dl promoter via the TCF 
sites dirou^ die wrtivation of the P-ataiin signalling padi^iy. 
These results indicate diat Knl mi^t regulate die cydin Di pro- 
moter via different patinas, on dte basfa of the gene reporter a»ays. 
This is amsistent with die findings diat Pinl le^b are correlated 

widi cyclin Dl levels in breast cancer'^ ^cendy, we also found that 
mice lacking Pinl demonstrate phenotypes remarkably similar to 
diose in cydin-Dl-deficent mice (Y.-C.L, A.R., H, K. Huang, P. J. 
Lu, R. Bronson, F, Fujimori, T. Uchida, T. Hunter and KPX., 
unpublished results). It has been shown that hi^ P-catenin activi- 
ty fa signifionfly correlated widi cydin Dl expression and poor 
prognosis, and a a strong and independent prognostic fector for 
human breast cancer**. Our findinp that Pinl fa correlated with P- 
catenin in breast-cancer tissues indicate diat Pinl m^t be a 
potential prognostic marker. 

Pilil-catalysaed prol^faomerBation can induce a confomiation- 
d change in proteins and thereby affects protein activity, protein 
dephosphor^tion and/or protein-protein interactions*^^^"". 
G»mi that P-f2tenin contains three Ser-Pro motife, it mi^t be a 
Pinl substrate. Indeed, Pml binds W P-catenin in vivo and fn vitro, 
but only after it has beai phosphw^ted. The binding site has b«n 
fiirther mappel to die pSer 246-Pro motif located ar the antre of 
Armadillo ^eat^ the surrounding sequence fa consfatent with the 
Pinl binding sp«ifidty". Important^, Pinl sdecti^^ blocte die 
interaction between P-catenin and APC Furthermore, Pinl 
uicreases an aoumulation of P-catenin ui the nudeus and activatts 
the transcription of ite target genes. Ibesc restdts indicate dat Knl 
not oidy binds phosphorylated P-catenin and inhibiu its interac- 
tion mdi APQbut dso ^creases P-catenin tumour and inc^ases 
its nud^r translocation, resulting in die upreplation of tti^et 
goies downstream of that encoding p-catenin. 

Recent studies on the arysM structure of die P-cataiin mm- 
plexes and die role of APC in a nudrar-cytoplaffliic shuttling 
m^t provide an esqslanation of wi^ Pinl afftxts die interactfon 
bebireoi P-catoiin ai^ APC and die aixumulation of P-catoiin in 
die nuckus. AFC fa a nudrar-cytoplasmic diutding pro^n diat 
can export nudear p-catenin to die cytoplasm for degiada- 
ticm*^**. toterestin^, in contrast to tmt odier Ser-Pro mot& that 
are buried in Ae hdv^ in P-catenin, the Pinl-binding Ser 246-Pro 
motif fa locate at an espc^ loop ^on betw^m tiie tw} Mices 
at die diiri Armadillo rep^t (Suppkmoitary toformation. Fig. 
Sla)*'**^. bnportandy, thfa Ser 246-Pro motif fa next to die binding 
site for ATC, and mutttions of Ph^ and Ki^' in P-catenin com- 
pletely abolish their abflity to bind APC (Supplementary 
toformatum, ^^ Sib)*'***. We dierefore propose that Pinl wjuld 
bind and isomerue die pSer246-Fro pqitide bond in P-oitenin, 
vMch would affect i^ ability to bind AEK^ diereby legidating the 
turnover and subcellular localization of p-catenin (see 
Su^kmoitary toformation, F^ Sla, b). Consfatent with thfa 
notion fa die o1»ervation that dfaruptfon of ti^ djility of Pinl 
sther to bind or to faonterme die pSer/Thr-Pro motifi abdisha the 
abiliqr of Pinl to toduce die translocation of P-oitenin to the 
nudeus and to activate die P-cateiiin-dq>endent transcription. 
Ibitt, our resultt ui^cate diat Knl-dependoit prolyl faomerka- 
tfon might be a novd mechanbm for reguhting die P-catoiin and 
AK^ interaction. 

to summary, our residte show diat overoqiresion of Pinl con- 
tributes to die upregukticui of P-catenin in tumours sudi as br«Kt 
»n(%r, iriiere P-^tenin fa upregukted in die abs^ce of a mutation 
in APC or P-catenin. Because & inhftitun of die enzyrmtic activ- 
itf of Pinl toners tumour »lb to oiter apc^ttsfa, inhfljition of 
upr^uh^ Knl m^t offer a novd anti-rancer strategy.        O 

Mettiods 
VKMMV. 

f^S-§-asa^ Hid fCDHA-P-ctisiia^K^rdHii-tag wen i^fts ^ra Dr S. Ha&^sc^rKa. qcbt Dt ^o- 
nottr csntnios wtK pfis Ann K. tattt, pTOPFLAm aid pPOPFLASH «se < 9ft Asm Xi Hr, aid 
pCDNA/Myc-diii)dnM-ne88i<»1tT-4 WK a gift ism Dr & VogclHrai. P-CSenin iMctkiii aid sile- 
dire^ad mi^afits were laade ti^ PCS wtoh 1^ DNA pi^nezaie C^xatageiK) and Ime^ed uts 
yaiNAJ.! wd (OS-IU'CI wctoii 

ToldRNAWBanncadhomPinl UHIIKHIWnoninduwdMCF-7cettthf usingdvTrtOffGnie 
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EspRSKm SjniBn (OantEdl) in acambiKe «Ah iht msmbamtfi potoctA Cc& were aflntcd i« 

24 h rta fadoclioii and lold TOA was ««raclrf Mlh TMml rt^rat <Cax» Ml). ri% mtoi^riinB 
of loii IWA wai uKd for ctmsauatag the cDNA Hwaiy fa a&HBlU %il^ lotMiiig a, deraitrf 
israoushr"*, with iriMr iiio«Bca»i» cONA S^iwmwilfc twaftraii aJapimoii both sido 
^'>mm0acibfTCKia^frBeaact\"ri6CirvUiia*fla-spKmcprimersca.neBn^ci 
cDNAs wm sqaraed OB »«% iw^aoyhimfc gd with Una a»d daecad fcy MiwadlopaiAy with X- 
iqrflImQ|xaeda*<ni^%ifi^la^dxnM IOMOcDNAfapiKiiislbmnal-mtnxiinsiii« 

hraa-jBiiw MCT-7cA aid raiMrol MCP-7aBi,4» !*vioodydiftmit band, wm iKowad and 
re-miJiSrf fcy KX wiih the same jrilner s« and deiirf ha |«Cn8 vector. S^inOjinaiil jjlasmid 
DNAi»ra»iequeB«dv*hMgD?elBliu«Morloto(reAn«edBio^sleiia,toiid*ur&Ntw^B.y) 
with m ABl J77S. aulonated lequencer (PE Applied Bio^sltna). 

'   •>:••   •.( '    1- „ 

NwHwm Mot Ms^rit. 

E^^ iiiia<^i»B> rftoal BNA w» jgwaied OB a 1.2% a^KK BJ omialiimgOM M SirraddeMe 
■id tianAmd a a HjIxmdN'mesAime (^nertam) h accofAocs Mth 4e m«nu6«iiMt'» pra- 
fflml the tteu were hirf « »-C fa 1 h. Tie cDNAa «we Uided Mlh ITI^IOT fcy iiitag a 
Meppriioe KW-Uidlfc^ Sf«em (Aiwiham l%anii«[to). MinihraM JItra w« M>n*aJ wWl 
id>ded prdn n hifo (40% dsMbed bnnanide, 4)(SK^ 10% dexBan a%h«^ IX Deshardt'a 
aiAaion, 40 |lg iiJ-« ataoo-^ienn py. 0.1*SW,»laM Irit-Hefci«M>al« « «»l&h. tlie 
aheit iM« wadiol ixfce « msn ^peraniR far IS nia adh aid «KX br M mis al S« •€ with 
2 ic KC csMdnkig 0.1% SI^ tha e:90Md to aint. 

eST iNAhMMi attjqr, limiiwt(^t«iMm amUmirtBu^faWiigaiia^tw. 
Cdh»«««f«aada4eGliSiA.»offt.imUi«lc|*ai^aade«3*alpfenoa^.Hidp<«enln«id 
hjmMant»w«M«miJated«i*w**h-yieTOTo»^Mii«iKriptloB*«alitio'nla«{ftoii«^)h 
dieiiRsaiaorsiiai'^liiKdrfsdiie.lh^wmAeBtaaAa^inXm^Mesnaa.aideKribe^. 
CUt|iiate^«|iro&taatraiidaiedn«^ wen laciA«adwlAa|di«»iie back oMd^' 
SSMfal«G^at4'C«K2h,«deae5awlprB*«^^.11i,pHdpittadpB»ii»,;i«w.4«d 
uMi mdi biA( aaMrtu« m Tikon X-IOO »d sdifecM ts S)S^M;E, 

Hs immniopns^telios, oilb wen tevotad a! 24 k after &sl^K!iaB and ^(ed wiA Nonldet 
W0^hifetl0mMTr»-Hai>H75.100mMrha,ft5%IIP-«l,ftSngiiJ<h^^tto,l.«Hg 
oTi pqxtalia, M aiM misr). Gea tmu were tat^MBl far I h widi taiafai A/&4e]AKneAi»w 
1^ cem^eao. The avemMaM Bxtiia «M reoomed aid hiiaui»>p«cl{iMed iriA 2 M a^AFC 
•M1M# (Ab-^ Onogeae Keaevck) cr aiii-p-eattiibi aiAo^ (TiaitductioB taioniotlea) aid 30 
|anoleiiiA««^«Oi*AfcibetajwiAed three 4iie«lAh^riabMfir,pael.wo«reBi^eodBdii 
2 X Ueam* «»B^ buto aod Aes aa^sed bf HSS-MGE, bfaaAiaiea MK laiiiMiiidfcited iddi 
•«l-P<aeniB m«)o^, BSMMC-JJ Bitlw^ (TimatorioB UiorteitiaX ^-AK (Ah-Ifc wtj- 
IndsBoraitl-EBI aBtfta^(ODcz«Rwlieiea<d4. 

Ceai«eapoiahi«0-miBi£dieato«0%oMAiaic*tai»niulpe<i^iiieAm.After24hofiz<i». 
fadsn, odi ««««adad twla «Mi HECCS-hdfeml idoe lotatiaB CH^Q and pidK-Uided far 1 
hiBliriiiKdiii>dae-a>ri#ieariae«ea8iUrari<aaeiitUnKAim(Glxami.)ainfaieiiasdiM 
4 ^i #8aBda« 10% ^^ned fad ctf aenaa aid IW |ia I'^ln^tarinc. tAded ^ ««e 
widied ndoi wiA H^ and itoed «ntt aanad growth laeAam. Cdt were hKwattd aimioiB ttaw 
piriiaa aid adveOedtiilmmuai^nci^adoiiwkhMia^ fallowed bfSDS-PAlGE 

teiw r^tortw an^ 
Affcai)iiia^«%Kniflueg(edbwtKi»i^<»dhiir^caetal2-«dibbaiAhSiverfKt 
(<ga^j.Geae reporter yneaiMyiweie pel iunnedirth the Diij-lMcttr»ei^<»tefyy»teBi 
(hnnegi) « 24.30 h rfer tnmtKdoa, ai diKrlMd pmiioa^, ^L-K (nom^) w« ued ■ as 
hi««Bria«fflalfartimrf«io«e«de«y.jUlre«rfBae.ogMa«da.BiM.*aA«Kl«dq>eodHit 
tri^eaaec^neea, 

kiwwno«talnh« wMl ert fnitfiNtalion nqMitoiMM. 
<Miwe..tfaii£arf»*hthel»ifca6«l|*aaiidi(l|i,ofGrPwOor,Cn^H»l,CTIi-Hnl«»»« 
G».»il""toI%,7fcbsai(«irf«PP.p-eanih«elOT+caieiyrf~«,*hl|igrfGf»»ecaeor 
Cn^Miil Is 1%, MA nd weR flad widi ^1% bideted fafnidd^tk far S BiB od s^ied far P- 
osarfs proato ««i aB«l-P<«rt» aniibodr. toUi^i *d4 ai*<>«e. .M.perfainied • deaofced 
rreHtM^p)". Nudei «i« K»eded tM 4^*''d»iiifae-2-^ai^iidDle (DAn) iiAiii« far ImBiiBs- 
ftio«aoH»aia«ac<w.To Male Biidtar aid <5rtoptaii4:a«^i»,tnB»faiedtrfliWBrewa*ed 
wto wlA ooH res aid 4Md «itt Ifl^Moi* bi*r (HE^ jH M, 10 aW J^C^, I mM dU»o4i»- 
M,fl.lrtlgnA).^erlsa*gioal»IOB^a4'Cafc«ie»t««edwttft5%MMiidaf-4lt 
asd ostrUcid at l#W t^a. fx M sdii. Ate iwmqr irfii9eiiialaii& rqreaalfai ^Uffaode 
soBpooe^tteptBaieo«prt4igiMdear«Bjatl»wa»i»iAadMie««tt^fMMileb<^^aadoia- 
tilh(dallA»r4yas.farSBisaid4Md«ttlxlJesiadan9lcbiifls. 

hmnunehMedwnMiy, 
A bnait-eaicer anqr waa pwcteed fern buno^scz. hi^a was nannd Cms dida trith ^eae; 
•Me«weie*eBby*«Bl»<4l<»%«id»%e4aiolaadw«bedwttw^r.-nieaiiigem»c^>n« 
pesnAire waa perfmned bf boiK^ hi a nricnwiw oKcs br 10 min bl IX ail^ nlrie«d dtia 
(Mi^ese). ffida weK treated with FM comairiag M» 0W aerum Bid !^ 1% TtitoB X-WO far blods- 
iat, and thes with aati-Plal aotandf or aBd-P-cateais alAo^ a 4 ■€ in • bunOdifled dasAer far 
12 h. AlW beini inabed Mth ras, didea !«• Iiiciteed with Motiaylated KeoBdary silibodr far 2 h. 
lBimiiili*hlncbeminlaidjMwaapetfaiBiedwidiaVectaet^ABCB<aidDAB«lai»i«gioh«io8 
(Veclw Uxmtoeio, Bwl^BBfe CaUbrnia). 
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Oncogenes Neu/HER2/ErbB2 and Ras can induce mammary tumorigenesis via upregulation of lyclin Dl. One 
major regulatory meclianism in these oncogenic signaling pathways is phosphorylation of serines or tlireonines 
preceding proline (pSer/Thr-Pro). Interestingly, the pSer/Thr-Pro motifs in proteins exist in two completely 
distinct cis and tmrn conformations, whose conversion Is catalyzed specifically 1^ the essential prolyl isomerase 
Plnl. By isomerizing pSer/Thr-Pro bonds, Pinl can regulate the conformation and flinction of certain phos- 
phorylated proteins. We have previously shown that Pinl Is overexpressed in breast tumors and positively 
regulates tyelm Dl by transcriptional activation and posttranslational stabilization. Moreover, in Pinl knock- 
out mice, mammaiy epithelial cells fail to undergo massive proliferation during pregnan^, as is the case In 
jyclin Dl null mice. These results indicate that Pinl is upregulated in breast cancer and may be involved in 
mammaiy tumors. However, the mechanism of Pinl overexpresslon in cancer and its significance in cell 
transformation remain lai^el^ unknown. Here we demonstrate that PINl expression is mediated l^ the 
transcription factor E2F and enhanced by c-JV«j and Ha-*«w via E2F. Furthermore, overexpresslon of Pinl not 
onty confers transforming properties on mammaiy epithelial cells but also enhances the transformed pheno- 
%pes of JVea/fios-transformed mammary epithelial cells. In contrast, inhibition of Pinl suppresses Neu- and 
£as-induced transformed phenotypes, which can be ftilly rescued by overexpresslon of a constitutively active 
cyclin Dl mutant that is refractory to the Pinl inhibition. Thus, Pinl is an E2F tai^et gene that is essential 
for the JVeB/^fls-induced transformation of mammary epithelial cells through activation of cyclin Dl. 

Phosphorylation of proteins on serine/threonine residues 
preceding proline (pSer/Thr-Pro) is a key regulatory mecha- 
nism for the control of cell proliferation and transformation (6, 
18, 22, 31). For example, oncogenic Neu/Ras signaling has 
shown to lead to activation of various Pro-directed protein 
kinases, which eventually enhance transcription of the cyclin 
Dl gene via multiple transcription factoid, including E2F, c- 
jun/AP-1, and p-catenin/T-cell fector (TCP) (1, 3, 17, 26, 28, 
47), In addition to transcriptional activation, cyclin Dl is reg- 
ulated by posttranslational modifications. Phosphorylation of 
cyclin Dl on the Thr286-Pro site by glycogen synthase kinase 
3p (GSK-3P) enhances its nuclear export and subsequent deg- 
radation (2, 9,10). 

Cyclin Dl has been shown to play a pivotal role in the 
development of cancer, especially breast cancer. Overexpres- 
sion of cyclin Dl is found in 50% of patiente with breast cancer 
(5,15). Important^, overexpresslon of cyclin Dl, especially the 
mutant cyclin Dl""**^, can transform fibroblasts (2, 20). In 
contrast, inhibition of cyclin Dl expression causes growth ar- 
rest in tumor cells (4, 11, 26, 45). Furthermore, transgenic 
overexpresslon of cyclin Dl in the mouse mammary gland 
leads to mammary hyperplasia and eventually adenocarcino- 
mas (55), More importantly, disruption of the cyclin Dl gene 
in mice completely suppresses the abili^ of Ha-Ras or c--Neul 
HER2 to induce tumor development in the mammaiy gland 
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Medicine, Room 1047, Beth Israel Deaconess Medical Center, 330 
BrooMine Ave., Boston, MA 02215. Phone: (617) 667-4143. Fax: (617) 
667-0610. E-mail: ldu@carepoup.harvard.edu. 

(60). These results indicate that cyclin Dl is an essential down- 
stream target for mammary tumorigenesis induced by Ha-i?flj 
or c-JVea and that a major mechanism in these oncogenic 
processes is phosphorylation of pSer/Thr-Pro motifs. 

Interestingly, the pSer/Thr-Pro motife in proteins exist in 
two completely distinct cis and tram conformations, whose 
conversion is catalyzed specifically by the essential prolyl 
isomerase Pinl (30, 34, 43, 63). By isomerizing specific pSer/ 
Thr-Pro bonds, Pinl has been shown to catalytically induce 
conformational changes in proteins following phosphorylation, 
thereby having profound effects on their catalytic activity, de- 
phosphorylation, protein-protein interactions, subcellular loca- 
tion, and/or turnover (21,29, 32, 44, 46, 52, 58, 59, 62). Thus, 
phosphorylation-dependent prolyl isomerization is a critical 
regulatory mechanism in phosphorylation signaling (31). 

Significantly, we have previously shown that Pinl is strongly 
overexpressed in many human malignancies, such as breast 
cancer, and that its expression closely correlates with the tumor 
grade and cyclin Dl expression level in tumors (44, 58). Im- 
portantly, upregulation of Pinl has been shown to elevate 
cyclin Dl gene expression by activating the c-jun/AP-l and 
P-catenin/TCF transcription factors (44, 58). Furthermore, 
Pinl can bind directly to the phosphorylated Thr286-Pro motif 
in ^clin Dl and stabiUze nuclear cyclin Dl protein by inhib- 
iting its export into the cytoplasm, where it is normally de- 
graded by ubiquitin-mediated proteolysis (29), Moreover, de- 
letion of the PINl gene in the mouse results in reduction of 
cyclin Dl levels in many tissues as well as causes many pheno- 
types resembling cycUn Dl null phenotypes (13,48), including 
the failure of the breast epithelial compartment to undergo the 
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massive proliferative changes associated with pregnaiKy (29). 
These results indicate that overexpressed Pinl in breast cancer 
can positively regulate the ftinction of (yclin Dl at the tran- 
scriptional level and by posttranslational stabilization. How- 
ever, the mechanism of Pinl overexpression in cancer and its 
significance in oncogenesis remain largely unknown. 

The aim of this study was to farther define the molecular 
mechanism(s) governing Pinl expression and to investigate the 
role of Pinl in the transformation of mammaiy epithelial cells. 
We demonstrate that Pinl expression is regulated by the tran- 
scription factor E2F and is enhanced by oncogenic NeulRas 
signaling via E2F activation. More importantly, overexpression 
of Pinl not only leads to moderate cell transformation in 
mammaiy epithehal cells but also enhances the transformed 
phenolypes of JVcM/Raj-transfected mammary epithehal cells. 
In contrast, inhibition of Pinl suppresses the Neu- and Ras- 
induced transformed phenotypes, which can be completely res- 
cued by overexpression of a constitutively active q/din Dl 
mutant that is refractory to Pinl inhibition. These results in- 
dicate that Pinl is a downstream target of oncogenic NeulRas 
signahng and plays an essential role in mammaiy tumorigene- 
sis through activation of cyclin Dl. 

MATERIALS AND METHODS 

Cloning the human PINl genomlc sequence and plasmid constructions. A 
human placenta genomic DNA Ubrary was screened with a 200-bp fragment of 
the human PINl cDNA encoding the first exon. We screened 1(^ plaques and 
obtained three positive clones which had a IS-lcb genomic fragment containing 
exon 1 of the PINl gsxm. Selected clones were sequenced with the Big Dye 
terminator kits (PE Applied Biosystems, Branchburg, N.J.) with an ABI377XL 
automated sequencer (PE Applied Bio^tems). About 2.3 kb of the human PINl 
promoter sequence were amplified by PCR and cloned into the pGL3-Basic 
vector (Promega) to create a PINl promoter-luciferase construct. The GenBanIc 
accession number of thePWi promoter sequence is AF501321. Several deletion 
mutants were created by PCR as described previously (23). Site-directed mutants 
were generated with a site-directed PCR mutation Idt (Stratagene) according to 
the manufacturer's protocol. 

Cell culture. Parent MCF-lOA cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM)-F-12 medium supplemented with 2% horse serum, 10 
(ig of insulin per ml, 1 ng of cholera toxin per ml, 100 |ig of hydrocortisone per 
ml, and 10 ng of human epidermal growth factor (Qonetics) per ml. All other cell 
types used in this study were maintained in DMBM supplemented with 10% fetal 
bovine serum or other serum conditions, as indicated below. 

Electrophoretic mobility shift assays. Electrophoretic mobility shift assays 
were performed as described previously (40,41). Double-stranded oligonucleo- 
tides corresponding to the three putative B2F recognition sites in the 5'-flanking 
regions of theP/JVi gene and specific mutants of these sites are listed below, with 
putative E2F binding sites underlined and mutations indicated in boldface type: 
Site A-wild-type, S'-CGGGAGTrTnTGGCGCrCGCTAAAGO-3': Site A- 
mutant, 5'-CGOGAGTrTnTGAAGCrCGCTAAAOG-.3': Site B-wild t:ype, 
S'TGCGGCGACGCGCGCCAAGAAGGGGT-3': Site B-mutant, 5'-TGCGG 
CGACGCGCGTCAAGAAGGOGT-3': Site C-wild-type, 5'-GGAGGATGGA 
GGAGCCAAATTTAAGCAT-3': and Site C-mutant, 5'-GGAGGATGGAGG 
ATCCAAATTTAAOCAT-a'. 

In competition assays, these double-stranded oligonucleotides were used as 
competitors at a 10- or 100-fold molar excess. A consensus E2F site from the 
adenovirus E2 promoter was used as a probe (41). Electrophoretic mobility shift 
assay was performed with gel shift assay systems (Promega). Recombinant glu- 
tathione S-transferase (GST)-B2F1 was incubated with the radiolabeled probe 
in binding buffer [10 mM Tris-HCl (pH 7.5), 1 mM MgOa, OS mM EDTA, 0.5 
mM dithiothreitol, 50 mM NaO, 50 ng of poly(dI-dC) per ml, 4% glycerol] 
containing end-labeled DNA fragments at 25''C for 20 min. Samples were re- 
solved on a 5% polyaciylamide native gel in 0.5 x Tris-borate-EDTA Each gel 
was dried and then subjected to autoradiography for 3 h. 

Gene reporter assay. At «»60% confluency, MCF-7 or HeLa cells were trans- 
fected in triplicate with luciferase reporter constructs with FuGENE 6 (Roche 
Diagnostics). Gene reporter assays were performed with the dual-ludferase 

reporter assay system (Promega) at 24 to 36 h after fransfection as described 
previously (44. 58). pRL-TK or pRL-CMV (Promega) was used as an internal 
control for transfection efficiency. All results are expressed as the mean ± 
standard deviation (SD) from independent triplicate cultures. 

Real-time RT-PCR. Total RNA was isolated with Trizol reagent (Gibco-BRL), 
and single-stranded cDNAwas synthesized with Superscript (Gibco-BRL). Real- 
time reverse transcription (RT).PCR was performed with an ABI 7700 sequence 
detector system (Applied Biosystems) as described previously (58). Briefly, 50 ng 
of cDNA was used in duplicate per PCR run with specific primer sets for human 
Pmi and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All data were 
normalized to GAPDH as an internal control according to the manufacturer's 
instructions. 

Cydin Dl-associated kinase assay. Oils were lysed with NP-40 lysis buter (10 
mM Tris-HCl [pH 7.5], 150 mM NaCI, 0.5% NP-40,50 mM NaF, 1 mM Na3V04, 
0.5 (ig of leupeptin per ml, 1.0 |j,g of pepstatin per ml, 0.2 mM phenylmethyl- 
sulfonyl fluoride). Cell lysates were immunoprecipitated with protein A-agarose 
beads precoated with the cydin Dl antibody DCS-11 (NeoMarkers, Fremont, 
Calif.), followed by the in vitro Idnase assay as described previously (27). 

Chromatin immunoprecipitation. The chromatin immunoprecipitation 
method was as described previously (57). Briefly, 5 x 10* cells were fixed by 
addition of formaldehyde to the tissue culture medium (final concentration, 1%). 
Isolated chromatin was sonicated to an average length of 0.5 to 1 kb and treated 
with 1 (ig of mouse anti-E2F-l antibody (Transduction Laboratories) or control 
mouse immunoglobulin G (IgG) for 16 h at 4°C The complexes were immuno- 
precipitated with 30 (il of protein A beads and washed with immunoprecipitation 
bufer (IW mM Tris-HO [pH 9.0], 500 mM LiOj, 1% NP-40,1% deoxycholate). 
After elution and reversal of cross-links, DNA was isolated and analyzed by 
PCR. PCR products were visualized on a 2% agarose gel with CyberGreen. 

Cell transformation assays. Transformation assays were performed as previ- 
ously described (8, 16). MCP-lOINeu/Ras cells (10^ per 60-mm-diameter dish) 
were transfected with 1 jig of pIRES-puro/GFP, pIRBS-puro/GFP-Pinl, or 
pIRES-puro-GFP/dnPinl by FuGENE (Roche Diagnostics). After 24 h, trans- 
fected cells were selected with puromycin (1.3 (i^ml) for 36 to 48 h. Cells were 
then ttypsinized and passed into 100-mm-diameter dishes. The medium was 
changed twice weekly for 3 weeks. For colony counting, cells were washed twice 
with phosphate-buffered saline (PBS), fixed with 10% acetic acid for 10 min, and 
stained with 0.4% ciystal violet in 10% ethanol for 10 min. TTie dishes were 
rinsed, inverted, and dried at room temperature. Soft agar assays were per- 
formed in 6-cm plates with a 3-ml basal layer of 0.5% agar in 10% fetal bovine 
serum. A total of 5,000 to 50,000 cells in 0.3% top agar were plated in each plate 
in triplicate as described previously (8,16). After 2 to 3 weeks, positive colonies 
(0.2-mm diameter) were counted, and the transformation efficiency was deter- 
mined. 

Three-dimensional Matrigel assay. Three-dimensional Matrigei assays were 
performed as described before (37,42). Cells were resuspended in assay medium 
(DMEM-F-12 supplemented with 2% horse serum, 10 (ig of insulin per ml, 1 ng 
of cholera toxin per ml, IM ng of hydrocortisone per ml, and 10 ng of human 
epidermal growth factor per ml) at a concentration of 8 X 10* cells/ml. Eight 
chambered RS glass slides (Nalgene) were coated with 35 (il of Matrigel per well 
and left to solidify for M min. Then 200 M.1 of cell suspension was mixed 1:1 with 
assay medium containing 4% Matrigel and plated on each diamber. Assay 
medium was replaced every 4 da^. After 15 days, cells were fixed with 10% 
methanol-acetone and stained with anti-E-cadherin antibody (Transduction 
Laboratories) and TOPRO-3 (Molecular Probes), followed by confocal micros- 
copy. 

RESULTS 

The PINl promoter is regulated by transcription factor 12F. 
Although Pinl has been shown to be overexpessed in many 
tumors such as breast carcinoma (45,59), the molecular mech- 
anism of this overexpression remains unknown. We therefore 
decided to examine the transcriptional regulation of PJNI ex- 
pression. As a first step to identifying the PINl promoter 
sequence, we screened a human genomic DNA library and 
isolated three positive clones (Fig. lA). A 2.3-kb fragment 
upstream of exon 1 of the PINl gene was subcloned for farther 
analysis. This promoter sequence has neither TATA nor 
CAAT boxes but has two putative GC boxes and three putative 
E2F binding sites, named sites A, B, and C (Fig. lA). 
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FIG. 1. E2F binds the PINl promoter. (A) Human PINl promoter sequence. The nucleotide sequence of the human PINl gene that includes 
the 5'-flanking region and first exon is listed. Putative binding sites for transcription factors are underlined. The ATG translation initiation codon 
IS m the first exon typed in boldface. (B) Electrophoretic mobility shift assays were performed with recombinant E2F1 protein and end-labeled 
double-stranded oligonucleotides (oUgo) corresponding to the PINl promoter sequence containing either wild-type (wt) or mutant (mt) E2F 
bmdmg sites. A consensus E2F site from the adenovirus E2 promoter was used as a competitor (comp.) in a l(K)x molar excess of labeled probe. 
(C) Competitive activity of FWl promoter sequences for E2F binding. Labeled oligonucleotides corresponding to E2F binding sites from the 
adenovirus E2 promoter were incubated with recombinant E2F1 protein in the presence or absence of unlabeled PINl promoter sequences. Three 
different ohgonucleotides corresponding to E2F binding sites m the PINl promoter (sites A to C) were used as competitora. Wild-type 
oligonucleotides were mixed at a 10- or 100-fold molar excess and mutants were mixed at a 100-fold molar excess of labeled probe. 

The fact that the E2F/Rb pathway is deregulated in many 
cancers suggested a possible role for E2F in overexpression of 
Pinl in cancer cells. To examine whether E2F binds the PINl 
promoter, we first synthesized double-stranded oligonucleo- 
tides corresponding to each putative E2F site and conducted 
electrophoretic mobility shift assays with recombinant E2F1 
protein. Recombinant E2F1 bound all three E2F probes, and 
the binding was complete^ aboHshed hy point mutations in- 
troduced into each putative E2F site (Fig. IB). Furthermore, a 
competition assay with nonlabeled oligonucleotides revealed 
that the wild-type but not the mutant oligonucleotides com- 
peted efficiently for E2F1 binding to the Pinl E2F sites (Fig, 
IB). Moreover, all three putative E2F sequences also effi- 
ciently competed with the adenovirus E2 promoter sequence, a 
well-characterized E2F site (38), for E2F1 binding (Fig. IC). 
However, no competition was detected with any of three mu- 

tant E2F-binding sequences (Fig. IC). These results indicate 
that all three putative E2F-binding sequences have the ability 
to bind E2F1 in vitro. 

To examine whether E2F affects PINl promoter activity and 
whether any of the putative E2F sites are fimctional in vivo, we 
inserted the 2.3-kb S'-flanking region of the PINl gene into a 
basic luciferase expression vector (pGL3-Basic), resulting in 
-2300LUC, and performed gene reporter assays. Indeed, 
B2F1 effectively activated the PINl promoter in a dose-depen- 
dent manner (Fig. 2A). Furthermore, two other E2F proteins, 
E2F2 and E2F3, also potently activated the PINl promoter 
(Fig. 2B). These results indicate that E2F proteins can activate 
the PINl promoter in cells. 

To determine the importance of three putative E2F-binding 
sites in the PINl promoter, several 5' deletional and site- 
directed mutants were generated (Fig. IE). Compared to the 
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FIG. 2. Activation of the PINl promoter by E2F. (A) E2F1 activates PINl promoter activity in a dose-dependent manner. MCF-7 cells were 
transfected with the PINl promoter-luciferase construct (-23(WLUC) and E2F-1 expression vector. CeUs were harvested at 36 h after transfection 
and subjected to a gene reporter assay. (B) B2F family proteins enhance PINl promoter activity. Cells were cotransfected with vectors expressing 
E2F1, E2F2, or E2F3 together with the -2300LUC or -160LUC reporter construct. (C) Mapping of the PINl promoter region responsible for 
transcriptional activation by E2F. A series of 5' deletion and site-directed mutants were transfected into HeLa cells together with the E2F1 
expression vector or a control vector. (D) Cell growth-dependent regulation otPINl gene expression in normal flbroblasts. MEFs were transfected 
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wild-lype PINl promoter (-2300bp), the mutation or deletion 
of the two distant E2F-binding sites (sites C and B, located at 
-557 to -550 and -312 to -305, respectively) did not have 
much effect on PINl promoter activity in response to E2F1 
(Fig. 2C). However, deletion of the proximal E2F-binding site 
(site A, located at -288 to -281) strongly diminished the 
induction of the PINl promoter by E2F1 (Fig. 2C). Similar 
results were also observed in the induction of the PINl pro- 
moter by either E2F2 or E2F3 (data not shown). These results 
indicate that the proximal E2F-binding site is the most impor- 
tant regulatory site for the PINl promoter by E2F. 

In addition, the PINl promoter has two GC boxes, which are 
potential recognition sites for the transcription factor Spl (Fig, 
lA), Since several reports have shown a possible fiinctional 
interaction of Spl with E2F (25), we deleted these two Spl- 
binding sites (-160LUC). Deletion of the Spl sites slightly 
reduced PINl promoter activity, suggesting that they may also 
contribute to Ml induction otPINl by E2F (Fig. IE). These 
gene reporter assays demonstrate that E2F1 can regulate the 
promoter activily of the PINl gene. 

To determine whether other E2F family members affect 
PINl promoter activity, expression vectors encoding E2F1 to 
-3 were cotransfected with PINl promoter reporter constructs. 
Figure 2B shows that E2F famity proteins, especially E2F2, 
potentiated PINl promoter activily through E2F-binding sites. 
However, the - 160-base construct, in which the three E2F and 
Spl binding sites were deleted (-1MLUC), was not responsive 
to the ectopic expression of E2F proteins. These results indi- 
cate that in addition to E2F1, E2F2 and E2F3 can also activate 
the PINl promoter. 

Many E2F downstream target genes are related to cell cycle 
progression and DMA synthesis and are regulated in a cell 
growth-dependent manner in normal cells, especially when 
E2F-binding sites are proximal to the transcription initiation 
site (14, 39-41). To examine whether PINl expression is de- 
pendent on cell growth, we measured PINl promoter activity 
and Pinl protein levels in normal mouse embryo flbroblasts 
(MEFs) at various time points following cell (ycle reentry. 
MEFs were synchronized at the GQ phase by serum starvation 
and then released to enter the cell tycle by the addition of 
serum. Although the activity of Finl-160LUC and control 
vectors did not respond to serum addition, PINl promoter 
activity was upregulated 16 to 20 h after serum addition (Fig. 
2D). This correlated with an increase in Pinl protein levels in 
the same cells within the same time frame following serum 
addition (Fig. 2E and F). Moreover, increased PINl promoter 
activity and Pinl protein levels correlated well with DNA syn- 
thesis, as assayed by bromodeojyuridine (BrdU) incorporation 
(Fig. 2F). These results indicate that PINl gene expression is 
regulated in a cell cycle-dependent manner in normal cells, 
farther supporting the role of E2F in regulating PINl expres- 
sion in cells. 

Binding of E2F to the PINl promoter in vivo correlates with 
PINl expression in breast cell lines. We have previously shown 
that in cancer cells, Pinl protein levels are constant throughout 
the cell cycle and remain at higher levels than those in normal 
or nontransformed cell Hues. The above results suggested that 
constitutive deregulation of the Rb/E2F pathway may contrib- 
ute to Pinl overexpression in cancer cells. To address this 
possibility, we first examined whether E2F binds the PINl 
promoter sequence in several nontransformed and trans- 
formed breast epitheUal cell lines by chromatin immunopre- 
cipitation analysis with an anti-E2Fl antibody. Although each 
input sample had a similar amount of the PINl promoter 
sequence when tested by quantitative PCR (Fig. 3A), there 
were dramatic difference in the amounts of PINl promoter 
sequence that were immunoprecipitated by anti-E2F antibod- 
ies, as determined by quantitative PCR with the same primer 
set (Fig. 3B), Compared with normal breast epithelial 76N cells 
and immortalized but nontransformed MCF-lOA cells, much 
more PINl promoter sequences were coimmunoprecipitated 
with E2F1 in several breast cancer cell lines (Fig, 3B). These 
results not only confirm that E2F indeed binds the PINl pro- 
moter sequence in the cell but also indicate that the amounts 
of E2F protein bound on the promoter vary among different 
breast epitheUal cell lines. 

We next determined whether E2F binding to the PINl pro- 
moter is correlated with PINl expression levels by measuring 
PINl mRNA and protein levels in these cell lines by real-time 
PCR and immunoblotting analyses, respectively. Both PINl 
mRNA and protein levels were much higher in all transformed 
cell lines compared with those in normal primary 76N cells and 
immortalized but nontransformed MCF-lOA cells (Fig. 3C and 
D). Furthermore, there was a good correlation between the 
amounts of E2F bound on the PINl promoter and levels of 
PINl mRNA and protein in all breast epithelial cells examined 
(Fig. 3B to D). Taken together, the above results demonstrate 
that the transcription factor E2F plays an important role in the 
regulation of PINl expression in breast cell lines. 

Ras and Neu enhance PINl expression via E2F. Oncogenie 
Neu and Ras signaling has been shown to enhance E2F tran- 
scriptional activily in breast cancer cells (12,27,39). Given that 
the PINl promoter is activated by E2F and significantly ele- 
vated in breast cancer cells, this Neu and Ras signaling might 
enhance PINl promoter activity via E2F activation. To exam- 
ine this possibility, we first examined whether Ha-^«j and 
c-Neu activates the PINl promoter, A wild-type PINl pro- 
moter construct and a mutant construct containing point mu- 
tations in the three putative E2F-binding sites (Fig. 4A) were 
used in the assay. Like E2F, Ha-tos and c-Neu transactivated 
th& PINl promoter by ■= 10-fold and «5-fold, respectively (Fig. 
4B), However, point mutations at the three E2F-binding sites 
completely abolished the ability of Ha-ilas or Neu to transac- 
tivate the PINl promoter (Fig, 4B), These results suggest that 

with the indicated luciferase reporter constructs and induced to enter quiescence by serum starvation (0,05% serum) for 48 h. The medium was 
then supplemented with serum (15%), allowing cells to reenter the cell <yde as a ^chronous population. Cells were harvested at various time 
points and subjected to gene reporter assays, p and F) MEFs were synchronized by serum starvation as for panel D, Prior to harvesting, cells were 
treated with BrdU for 30 min. Cells were collected at indicated time points and subjected to immunoblotting analysis with anti-Pinl antibody or 
flow cytometory analysis with anti-BrdU antibody. Band intensities in Pinl protein levels (F) were quantified by using NIH-Image and graphed with 
the results from the BrdU study (E), 
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Ras and Neu transactivate the PINl promoter through its E2F 
sites. 

To fiirther confirm this resuh, we used an E2F1 mutant 
(E2F1E132) which has been well shown to inhibit the fimction 
of the endogenous E2F proteins in a dominant-negative fash- 
ion (24). Cotransfection of Ras and wild-type E2F highly in- 
creased PINl promoter activity (Fig. 4C). However, cotrans- 
fection with the dominant-negative E2F mutant significantly 
decreased the ability of Ras to transactivate ihsPINl promoter 
(Fig. 4C). Similar phenomena were also observed in Neu-in- 
duced PINl promoter activation (data not shown). These gene 
reporter assays suggest that Neu/Rm signaling transactivates 
the PINl promoter via E2F. 

To ensure that^os andiVe« can increase PMJ expression in 
cells, we first examined the effects of exogenous Ha-Ras or Neu 
expression on PINl mRNA and protein levels in mammaiy 
epitheKal cells. Indeed, both Hdi-Ras and Neu significantly in- 
creased PINl mRNA levels in MCF-lOA cells, as determined 
by quantitative RT-PCR (Fig. 4D), as well as Pinl protein 
levels, as determined by immunoblotting analysis in MCF7 
cells (Fig. 4E). Furthermore, cotransfection with E2F further 
increased Pinl protein levels induced by Ha-Ras or Neu (Fig. 
4E). Given that Ha-Ras and c-Neu can increase Pinl expres- 
sion in cells, we also examined whether transgenic overexpres- 
sion of mouse mammary tumor vkus (MMTV)-c-JVeK or 
MMTV-Ha-^as elevates Pinl expression in mouse breast tis- 
sues. Interestingly, breast tissues obtained from both MMTV- 

c-Neu and MMTV-Ha-i?aj transgenic mice contained much 
higher Pinl protein levels than control breast tissues (Fig. 4F). 
Taken together, these results indicate that Ras and Neu en- 
hance PINl expression both in vitro and in vivo. 

Overexpression otPINl confers transformed properties on 
mammaiy epithelial cells. We have previously demonstrated 
that PINl expression is highly elevated in human breast cancer 
tissues and plays a pivotal role in the regulation of <yclin Dl 
function (29,44,58). Interestingly, cyclin Dl is also an essential 
mediator in the development of breast cancer induced by on- 
cogenicJVcM and Ras (26,60). Given that PINl is a downstream 
target of oncogenic NeujRas signaling, a critical question is 
whether overexpression of PINl has any effect on the cell 
transformation of mammary epithelial cells. 

To address this question, we stably transfected GFP-Pinl 
and control GFP into MCF-lOA cells, a spontaneously immor- 
talized but nontransformed mammary epitheUal cell line that 
has been widely used for cell transformation studies (7, 51). 
Multiple stable cell Unes that had similar properties were ob- 
tained, with one GFP-expressing and two GFP-Pinl-expressing 
cell lines (clones 1 and 2) being farther characterized. The two 
GFP-Pinl-expressing cell Unes moderately overexpressed Pinl, 
about three- and sixfold higher than endogenous levels (Fig. 
5A and data not shown). Consistent with our previous studies 
(29,44,58), cyclin Dl levels were elevated in these GFP-Pinl 
stable clones compared with control GFP cells, with cyclin Dl 
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levels being correlated with exogenous Pinl expression levels 
(Fig. 5A). 

Although there was no detectable difference in cell morphol- 
o^ and growth rate on plastic plates between GFP-Pinl and 
control GFP cell lines (data not shown), overexpression of 
GFP-Pinl but not GFP conferred anchorage-independent cell 

growth in soft agar (Fig. 5B). However, the size and frequency 
of colonies were much less than those of iVe«/Raj-transformed 
MCF-lOA cells (Fig. 5B versus Fig. 6F). Moreover, like paren- 
tal MCF-lOA cells (7, 51), GFP-Pinl stable cell Unes were 
unable to survive in DMEM supplemented withlO% fetal bo- 
vine serum (data not shown), while JVcM/i?«j-transformed 
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MCF-lOA cells grew normally in this medium (Fig. 6C). Tiiese 
data suggest that although overexpression of Pinl appeared to 
be insufficient to Mly transform MCF-lOA cells, it might trig- 
ger some early events of cell transformation. 

To further investigate this possibility, we performed a three- 
dimensional cell differentiation assay with exogenous base- 
ment membrane matrix (Matrigel). This method has been well 
established to assess the transformed phenotype of mammary 
epithelial cells, especially at early stages of tumorigenesis (37, 
42). We found that GFP-expressing cells formed acini with 
basally polarized nuclear organization, intact cell-cell junc- 
tions, and visible lumina inside, as indicated by immunostain- 
ing with antibodies against the cell-cell junction marker E- 
cadherin and with the DMA dye TOPRO-3, followed by 
confocal microscopy (Fig. 5C). These structures are known as 
well-differentiated acini that are usually observed in parental 
MCF-lOA cells (37,42), indicating that expression of GFP had 
no effect. However, expression of GEP-Pinl had a dramatic 
effect on the morpholo^ and organization of acinar formation. 
Colonies formed by GFP-Pinl-expressing cells exhibited dis- 
orders in nuclear polarity and cell arrangement without a lu- 
men inside, disruption of basement membrane, and impair- 
ment in cell-cell junction (Fig. 5B, lower). Furthermore, GFP- 
Pinl but not GFP-expressing cells had cell surface spikes 
protruding into the Matrigel (Fig, 5C, top). Since a lack of 
acinar organization is a speciiSc event involved in progression 
towards malignancy (37), these results suggest that Pinl over- 
expression can induce events associated with early stages of 
mammary tumorigenesis. However, additional evente might be 
needed to lead to the fall transformation of mammary epithe- 
Kal cells. 

Overexpression of PINl enhances whereas inhibition of 
PINl suppresses transformed phenotypes of mammary epithe- 
lial cells Induced by Neu and Ras, It is also well established that 
oncogenic Neu/Ras signaling induces cell transformation of 
mammary epithelial cells via upregulation of cyclin Dl (26,60), 
Given that PINl is a downstream target of NeujRas signaling 
and regulates tyclin Dl fanction, we hypothesized that PINl 
mediates Neu/Ras signaling thorough the activation of syclin 
Dl during breast cancer formation. 

To test this hypothesis, we first examined whether manipu- 
lating cellular PINl function affects the transformed pheno- 
type of mammary epithelial cells induced by Neu and Ras. To 
address this question, we needed to establish MCF-lOA cells 
stably expressing c-Neu and Ha-Ras together (MCF-lO/Neu/ 
Ras), because overexpression of both Neu and Ha-^s has 
been shown previously to induce a transformed phenotype 
mimicking the malignancy of mammary carcinomas (16). 
MCT-10/Neu/Ras cells exhibited elevated levels of both cyclin 
Dl and Pinl compared with parental MCF-lOA cells (Fig. 6A). 
These results are consistent with the findings that Neu/Ras 
signaling increases expression of cyclin Dl, as shown previously 
(26, 60), and of Pinl, as shown above. 

Morphologically, MCF-10/Neu/Ras cells demonstrated a 
higher nuclear/cytoplasmic ratio and multiple nucleoH, which is 
consistent with their higher proliferation rate, than the paren- 
tal MCF-lOA cells (Fig. 6B). These cells were able to grow in 
DMEM supplemented with a high concentration of fetal calf 
serum (10%) or even with low serum (0.1%) (Fig, 6C and D), 
as well as in soft agar (Fig, 6F), These results indicate that 

MCF-IQ/Neu/Ras cells display various transformed pheno- 
types, as reported previously (16). 

With this cell line, we investigated whether upregulation or 
downregulation of Pinl affects the transformed phenotypes. To 
inhibit cellular Pinl fanction, we used a Pinl WW domain 
construct, which contains an Ala substitution at Serl6, This 
construct has been shown to inhibit endogenous Pinl interac- 
tion with target substrates, thereby functioning as a dominant- 
negative PINl (dn-PINl) (33). Given that excessive overex- 
pression of PINl or dn-PINl blocks cell cycle progression (3, 
33), we used rather low concentrations of expression constructs 
after a series of pretests, MCP-lO/Neu/Ras cells were trans- 
fected with GFP-Pinl, GFP-dnPinl, or control GFP, followed 
by selection with puromycin. The transfection efficiencies and 
expression levels of three different constructs were comparable 
in each set of transfectante, as confirmed by scoring GFP- 
fluorescent cells under a microscope or by immunoblotting 
analysis with anti-GFP antibodies (Fig, 7A and data not 
shown). Compared with parental and GFP-expressing cells, 
GFP-Pinl-expressing cells exhibited a higher nuclear/cytoplas- 
mic ratio, with disorganized cell arrangements (Fig, 6B). In 
contrast, GFP-dnPinl-expressing cells exhibited large and vac- 
uolar morpholo^ with higher density of cytoplasmic speckles, 
similar to those of parental MCF-lOA cells (Fig, 6B), These 
morphological changes suggest that expression of GFP-Pinl 
and GFP-dnPinl might affect the transformed pheno^es of 
these cells. 

To examine this possibility, we next examined the cell pro- 
liferation rate in high-serum (10%) and low-serum (0,1%) 
medium. Compared with GFP control cells, GFP-Pinl-ex- 
pressing cells grew faster, whereas dn-PJM-expressing cells 
grew much more slowly in 10% serum medium (Fig. 60), 
Furthermore, GFP-expressing control cells grew even in low 
serum (Fig, 6D), consistent with the fact that MCP-10/Neu/Ras 
transformed cells have lost the cell cycle checkpoint induced by 
a low concentration of powth factors, as shown previously (8, 
16). More interestingly, GFP-Pinl-expressing cells continued 
to grow Unearly even when the growth of GFP-transfected cells 
was retarded in low-serum medium after 48 h (Fig, 6D), In 
contrast, dn-P/M-expressing cells could not grow under low- 
serum conditions (Fig. 6D), These results suggest that overex- 
pression of Pinl increases cell proliferation and transformed 
phenotypes of MCP-10/Neu/Ras cells, whereas inhibition of 
Pinl reverses these phenotypes. 

To farther support this observation, we investigated the 
long-term cell proliferation and transformation properties of 
these cells by performing colony formation assays on plastic 
plates and in soft agar. Consistent with the short-term cell 
growth study, expression of GFP-Pinl increased colony forma- 
tion, doubling the number of colonies compared with GFP 
control cells, both on plastic plates and in soft agar (Fig, 6B 
and F), Furthermore, individual colonies were much larger 
(Fig. 6E), In contrast, dn-PINl overexpression dramatically 
inhibited colony formation; these cells produced very tiny col- 
onies on plastic plates, and colony formation in soft agar was 
almost completely inhibited (Fig, 6E and F), Similar inhibitory 
effects were also seen with inhibition of Pinl via expression of 
an antisense PINl construct (data not shown), which has been 
shown to deplete endogenous Pinl proteins (30,44,48), These 
results indicate that overexpression of Pinl enhances Neu/Ras- 
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induced cell proliferation and transformation, whereas the in- 
hibition of Pinl reverses the cell proliferation and transformed 
properties induced by Neu and Ras. 

PINl affects NmfBas-indaced cell transformation of mam- 

maiy epithelial cells via cyclin Dl. Qclin Dl is an essential 
downstream target of i^ew/^as-induced mammary tumorigen- 
esis (26,60). Furthermore, PINl positively regulates cyclin Dl 
fimction via transcriptional activation as well as posttransla- 
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tional stabilization (29,44,58). These results suggest thatP/JVJ 
might affect 2Ve«/^ai-induced cell transformation via (yclin Dl. 
To examine this possibility, we assayed levels of cyclin Dl and 
its associated kinase activity. Consistent with phenotypic 
changes as described above, levels of cyclin Dl and its associ- 
ated cycUn-dependent kinase activity were enhanced in cells 
expressing GFP-Pinl compared to GFP-expressing cells (Fig. 
7A and B). In contrast, both the cyclin Dl level and its kinase 
activity were substantially lowered by the overexpression of 
dn-PINl (Fig. 7A and B). These results indicate that overex- 
pression of Pinl enhances but inhibition of Pinl strongly in- 
hibits cyclin Dl expression and ftmction in Neu/Ras-tiam- 
formed MCF-lOA cells, consistent with the notion that Pinl 
affects iVeM/Ras-induced cell transformation via cyclin Dl, 

If this is the case, overexpression of a constitutively active 
cydin Dl mutant (cyclin Dl'^^^), which cannot bind Pinl and 
is refractory to Pinl inhibition (29), should rescue the trans- 
formed pheno^pes that are inhibited by dn-PINl. This exper- 
iment is also important in addressing whether suppression of 
transformed phenotypes by Pinl inhibition is specifically due to 
inhibition of cyclin Dl or simply due to induction of cell apo- 
ptosis. We cotransfected MCF-10/Neu/Rm cells with GFP-dn- 
PINl and hemagglutinin (HA)-^clin Dl""**^ or control vec- 
tor pCDNA at a 1:10 ratio and selected transfected cells with 
puromydn. Immunostaining with anti-HA antibody confirmed 
that almost all HA-cyclin Dl'^'^'^-positive cells expressed 
GFP-dnPinl (data not shown), which was also confirmed by 
immunoblotting analysis of GFP-dnPinl with anti-GFP anti- 
bodies and of HA-cyclin DF^^^^ with anti-HA antibodies 
(Fig. 7C). 

MCF-10/Neu/Ras cells cotransfected with dn-PINl and 
pCDNA vector failed to form foci on plastic plates and colo- 
nies in soft agar (Fig. 7D to F), conflrmmg that inhibition of 
Pinl suppresses the transformed phenotypes induced by Neu 
and Ras (Fig. 6). Importantly, MCF-lO/NeuiRm cells express- 
ing both dn-PMl and cyclin Dl'^^*^ formed many foci on 
plastic plates (Fig. 7D). Moreover, these cells even displayed 
anchorage-mdependent cell growth to form colonies in soft 
agar to the same extent, like MCB-lQINmlRas cells (Fig. 7E 
and F versus Fig. 6F). These results show that overexpression 
of a constitutively active ^clin Dl mutant can reverse the 
ability of Pinl inhibition to suppress the Neu- and Ras-indumi 
transformed phenotypes, farther indicating that Pinl affects 
JVeM/Ra5-induced cell transformation via cyclin Dl. 

DISCUSSION 

In this report, we have demonstrated that Pinl expression is 
regulated by the transcription factor E2F, which is enhanced by 
oncogenic Neu or Rm. Furthermore, overexpression of Pinl 
alone is sufficient to induce normal mammary epithelial cells to 
display several transformed properties that have been shown to 
be present in the early stages of tumorigenesis. Importantly, 
overexpression of Pinl enhances the transformed phenotypes 
of mammaiy epithelial cells induced by Neu and Rm. In con- 
trast, inhibition of Pinl suppresses the Neu- and «fls-induced 
transformed phenotypes, which can be fully rescued l^ over- 
expression of a constitutively active cyclin Dl mutant that is 
refractory to Pinl inhibition. This is the first demonstration 
that PINl is an E2F downstream target gene and that PINl 
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transfomiation. PINl upregulated by NeulRas signaling enhances 
P-catenin and c-Jun signaling to transactivate the cyclin Dl gene. 
Furthermore, Pinl binds directly to cyclin Dl and stabilizes it via a 
posttranslational mechanism. It is possible that cyclin Dl also regulates 
Pinl expression via E2F in a positive feedback loop. 

plays an essential role in iVcK/^aj-induced mammary tumori- 
genesis via cyclin Dl. 

Pinl as an E2F downstream tai^et gene. The following re- 
sults indicate that the transcription factor E2F plays a critical 
role in regulation of Pinl expression (Fig. 8A). First, E2F 
family proteins activated the PINl promoter specifically 
through the E2F binding sites. Second, E2F bound the PINl 
promoter in vitro and in vivo. Third, the levels of E2F binding 
to the PINl promoter correlated with the levels of Pinl ex- 
pression in breast cancer cell lines. Fourth, PINl gene expres- 
sion in normal cells was regulated in a cell cycle-dependent 
manner, as is the case for other E2F target genes (14, 39-41). 
Finally, overexpression of E2F enhanced PINl promoter ac- 
tivity and mRNA levels in breast cancer cells. 

Interestingly, E2F1 has been found to be a good prognostic 
or predictive marker of breast cancer because the E2F1 index 
significantly correlates with histological grade, stage, and met- 
astatic status of breast tumors (61). Similarly, Pinl expression 
is correlated with the histological grade of breast cancer (58), 
These results indicate that deregulation of E2F may play a key 
role in the upregulation of Pinl in breast cancer. Since dereg- 
ulation of the Rb/E2F pathway is also found in many other 
cancer types and contributes to the oncogenesis of a number of 
human cancers (18,35,39,53,56), deregulation of the Rb/E2F 
pathway may also contribute to Pinl overexpression in other 
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cancer cells. Further experimente are needed to examine the 
role of E2F in regulating Pinl expression in other cancers. 

Significance of Pinl overexpression in cell transformation. 
We report here for the first time that overexpression of Pinl 
can play an important role in the transformation of mammary 
epithelial cells, Phosphoiylation of proteins on Ser/Thr-Pro is 
a key regulatory mechanism in controlling cell proliferation 
and transformation (2,18,22,63), The conformation and func- 
tion of many phosphorylated proteins are regulated by the 
phosphorylation-specific prolyl isomerase Pinl (31), Interest- 
ingly, Pinl is highly overexpressed in many human cancer tis- 
sues, including breast cancer cells, but ite significance in cell 
transformation is largely unknown (44, 58), We have now 
found that overexpression of Pinl conferred an anchorage- 
independent cell growth phenotype on normal mammary epi- 
thelial cells, although the colony size and frequency of Pinl- 
overexpressing cells were smaller and lower than those of Neul 
^a5-transformed cells. In addition, Pinl-expressing cell lines 
failed to grow in 10% fetal bovine serum, in contrast to Neul 
^as-transformed cells. 

These data suggest that overexpression of Pinl might trigger 
some early events during cell transformation. This was further 
supported by a three-dimensional Matrigel assay, which has 
been well established to assess the transformed phenotype of 
mammary epithelial cells, especially at early stages of tumori- 
genesis (37, 42). Indeed, expression of Pinl had a dramatic 
effect on the morphology and organization of acinar formation. 
These cells exhibited the disorder in the nuclear polarity and 
cell arrangement without a lumen inside, disruption of the 
basement membrane, and impairment in cell-cell junction. 
Furthermore, Pinl-e}q)ressing cells had cell surface spikes that 
protruded into the Matrigel. These results indicate that over- 
expression of Pinl might disrupt normal differentiation in 
mammary epithehal cells. Since the lack of acinar organization 
and the presence of cell surface spikes have been suggested to 
be specific events in progression towards malignancy (16,37), 
these results suggest that Pinl overexpression can induce 
events associated with the early stages of mammary tumori- 
genesis. 

Essential role of Pinl for the iVcB/fios-induced transforma- 
tion of mammary epithelial cells. Our exciting observation was 
that Pinl plays an essential role in the transformation of mam- 
mary epithelial cells by Ras and Neu via activation of (yclin Dl, 
Various studies have revealed that Neu or Ras signaling is 
deregulated in many breast cancers, although mutations and 
amplifications of these genes were rarely observed (3,19, 50, 
54). Furthermore, transgenic overexpression of MMTV-Ha- 
Ras or MMTV-C-JVCK potently induces mammary tumors via 
cycHn Dl. However, transgenic overexpression of MMTV-cy- 
cHn Dl has much weaker tumorigenicity (36,49, 55), In addi- 
tion, constitutive overexpression of syclin Dl alone cannot 
transform MCF-lOA cells, nor is it sufficient to prevent Gj 
arrest induced by BGF deprivation (7). These discrepancies 
could be explained by the findings that (yclin Dl is regulated 
not onty by transcriptional activation but also by posttransla- 
tional stabilization, 

Phosphorylation of cyclin Dl on the Thr286-Pro site by 
GSK-3P enhances its nuclear export and subsequent degrada- 
tion (2, 9, 10), In fact, EOF deprivation results in a rapid 
degradation of syclin Dl in MCF-lOA cells constitutively over- 

expressing lycHn Dl (7). In contrast to wild-type cycHn Dl, 
mutant cyclin Dl"'^"'^ is stable and functions as a constitu- 
tively active mutant which can potently transform mammary 
epithelial cells (2), These results suggest that both transcrip- 
tional activation and posttranslational stabilization of cyclin 
Dl are critical for tumor development induced by NeulRas 
signaling. Interestingly, we have previously shown that by bind- 
ing and isomerizing specific pSer/Thr-Pro motifs, Pinl coop- 
erates with iiflj-JiNK-c-Jun and the wnt-p-catenin-TCF path- 
ways to enhance cycHn Dl expression (44, 58), Furthermore 
Pinl can also enhance the stability and nuclear localization of 
cyclin Dl by directly binding and presumably isomerizing the 
phosphorylated Thr286-Pro motif (29), Therefore, Pinl posi- 
tively regulates the fimction of cyclin Dl both at the transcrip- 
tional level and via posttranslational stabilization, resulting in 
the transformation of mammary epithelial cells. 

Our studies have demonstrated that Neu/Ras signaling can 
activate expression of Pinl and that overexpression of Pinl in 
iVcK/R<w-expressing mammary epithelial cells enhances their 
transformed phenotypes. In contrast, inhibition of Pinl by a 
dominant-negative mutant or an antisense construct dramati- 
cally reduced both cell proliferation and the transformed phe- 
notypes of these cells. Importantly, this inhibitoiy effect by 
Pinl inhibition was rescued by overexpression of a cyclin Dl- 
T286A mutant, which is refractory to Pinl inhibition (29), 
These results suggest a model in which Neu/Ras signaUng can 
activate expression of Pinl, which in turn enhances the expres- 
sion and stability of cyclin Dl, eventually leading to cell pro- 
liferation and transformation (Fig. 8B), 

It appears that upregulation of Pinl does not precede cychn 
Dl upregulation during cell cycle reentry of normal MEFs, 
However, deletion of the PINl gene results in a significant 
decrease in both cycHn Dl mRNA and protein levels in MEFs 
and also causes phenotypes in mice resembling those of cyclin 
Dl null mice (29), indicating an important role of PINl in 
regulating cyclin Dl fimction in normal conditions. Therefore, 
it is possible that cycHn Dl regulates PINl expression via E2F 
in a positive feedback loop (Fig, 8B), This might provide an 
explanation for why oncogenic Ras or Neu is more potent than 
cyclin Dl, Therefore, PINl might be a key player in modulat- 
ing upregulation of cyclin Dl by Neu and Ras oncogenic sig- 
naling. 

In summary, our results provide the first evidence for a 
requirement for appropriate regulation of PINl gene expres- 
sion in transformation of mammary epithehal cells induced by 
Neu and Ras. PINl is upregulated by Neu and Ras via E2F. 
Furthermore, overexpression of PINl not only can confer 
transformed properties on normal mammary epithelial cells 
but also can enhance the transformed phenotypes induced by 
Neu and Ras. Finally, inhibition of PINl suppresses Neu- and 
Ras-indumd transformed phenotypes via cyclin Dl. These re- 
sults indicate that overexpression of PINl in human cancer 
cells would help promote tumor cell growth and also suggest 
that PINl inhibitors could be usefiil for anticancer therapies. 
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Pho^hor^atlon of proteins on serine/tfireonine residues preceding 
proline is a Icey signaling mechanism. Tlie conformation and fonction 
of a subset of tfiese phosplioiyiated proteins is regulated by die proiyi 
isomerase Pint tfirougli isomerizaflon of phospliorylated Ser/Tlir-Pro 
bonds, Mtliough young Pinl"'- mice tiave been prewously shown to 
dewlop normally, we show here #iat they displayed a range of 
cell-proiiferative abnormalities, including dea«ased body weight and 
testieuiar and retinal afrophies. Rirtfiermore, in Pinl"'- adult fe- 
males, die breast epitfielial rompartoient failed to undergo 'tfie 
massive proliferative changes assodated wltti pregnancy. Interest- 
ingly, many of tiiese Pinl-defident pheno^pes such as retinal hy- 
poplasla and mammary gland impainnent are also fte characteristic 
of cydin Dl-def ident mice. Cydin D1 levels were ngnif icandy reduced 
in many tissues in Pinl-deficient mice, including retina and breast 
epitiielial cells from pregnant mice. Moreoyw, Pinl directly bound to 
«yclln D1 phosphorylated on Thr-286^>ro increased cyclin D1 in the 
nucleus and stabilized ^in D1. These results indicate tiiat Mnl 
positively regulates ^in D1 ftinction at the tianscriptional level, as 
demonstrated previously, and also through posttranslational stabili- 
zation, which togetiier ejqilain vrfiy Pinl loss-of-ftinction |rfieno%pes 
in the mouse resemble cydin Dl-null pheno^pes. Our results provide 
genetic evidence for an essential role of Pinl in maintelning cell 
proliferation and regulating cyclin D1 fonctton. 

Phosphorylation of proteins on serine/threonine residues pre- 
ceding proline (pSer/TTir-Pro) is a k^ repilatory mechanism 

for the control of various cellular processes, including mil division 
and transcription (for reviews see reft. 1-3). The pSer/ITir-Pro 
moiety in peptides and proteins exists in two distinct cis and trans 
conformations, whose conversion is cata^d specifica% by Pinl 
(4,5). Pinl is a cis/trans peptidyl-prolyl isomerase that acts only on 
phosphorylated Ser/Thr-Pro bonds (6-8). In addition, Pinl con- 
tains an N-terminal WW domain, which functions as a phosphor- 
ylated Ser/Thr-Pro binding module (9,10). This phosphorylation- 
dependent interaction targets Pinl to a defined subset of 
phosphorylated substrates facilitating conformational diang« in 
phosphorylated proteins, thereby reflating their biological func- 
tion (7, 11-20). Thus, Pinl-dependent profyl isomerization is an 
essential and novel postphosphorylation regulatory mechanism. 

Given its phosphorylated Ser/Thr-Pro substrate specifidly, Pinl 
has also been shown to be «sential for maximal cell growth in 
different systems (4,5). Interestingly, we have recently found that 
Pinl is strikingly overexpressed in most human breast cancer tissues 
(21, 22). Pinl levels are correlated with cydin Dl mRNA and 
protein levels in human cancer tissues. Moreover, Pinl can activate 
the cyclin Dl promoter in cell lines via binding phosphorylated 
c-Jun and ^-catenin and increasing their transcriptional activity (21, 
22). These results suggest that Pinl may play an important role in 
relation of <yclin Dl expression and also contribute to neoplastic 
transformation. Interestingly, disruption of «yclin Dl results in 
several prominent phenotyjis, including retinal degeneration and 
mammary gland impairment (23, 24). However, disruption of the 
Pinl gene in mice has been previously reported to develop normally 

(25). Therefore, the genetic connection between Pinl and cyclin Dl 
remains to be established. Fiuthermore, although turnover and 
subrellular localization of cyclin Dl is regulated by phosphorylation 
on Thr-286-Pro motif by GSK-3P (26-28), it is unknown whether 
it is further regulated after phosphorylation. 

Here, we found a range of cell-proliferative abnormalities, in- 
duding decreased bocfy weight and testieuiar and retinal atrophies. 
Interestingly, some of these phenotypes are also characteristic of 
cydin Dl-deficient mutant mice. In addition, we found that Pinl 
directly bound to and stabilized <yclin Dl in nucleus, mdicating that 
Pinl regulates stability and subceltolar localization of cyclin Dl, in 
addition to the transcriptional regulation of the cyclin Dl gene we 
reported previously (21, 22). This study provide direct evidence 
that Pinl plays a critical role in the regulation of cyclin Dl and 
suggests a novel mechanism lor regulating cyclin Dl fimction. 

Materials and Methods 
Immunohistochemical Mialysis, For immunohistochemical analysis, 
both age-matched wild-type and knockout mice tissues were per- 
ftised and fixed by using Bouin's fixation solution. The immuno- 
staining was carried out as described (13). Briefly, the fixed tissues 
were embedded in paraffin and sectioned at 6 fxm. The dissected 
sections were deparaffinized in xylene, hydrated through an alcohol 
series from 100 to 50%. To inhibit endogenous peroxidase, sections 
were treated with H2O2. Antigen recapture was done by boiling 
slides in IX antigen retrieval Citra (Biogenex Laboratories, San 
Ramon, CA). Primary antibocty mcubations vrere performed over- 
night at 4°C in a humidified chamber. Affinity-purified anti-Pinl 
antibodies were as described (13), and polyclonal cyclin Dl anti- 
bodies were raised against a C-terminal peptide and purified by 
using the anti^n peptide, as described (13). For the cyclin Dl 
control sMes, cyclin Dl primary antibo(fy was mcubated with the 
excess antigenic peptide for 2 h before use. Immunohistochemical 
analysis and DAB staining were performed l^ using a Vectastain 
ABC kit (Vector Laboratories) as described (21, 22). 

Mammary Gland Whole Mounts. To examine the development of 
the mammary epithelium during pregnancy, the no. 4 mammary 
glands of nulliparous and 1-day postpartum wild-type and 
Pinl"'" mice were dissected, spread onto a glass slide, and fixed 
overnight in 6:3:1 methanol:chloroform:acetic acid buffer. The 
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fixed glands were washed by using 70% alcohol with several 
changes, then defatted with acetone once or twice for 2 h each. 
The glands were stained overnight in 0.2% carmine red (Sigma) 
and 0.5% A1K(S04)2, dehydrated in graded ethanol solutions, 
followed by clearing in toluene and methyl salicylate. Photos 
were taken by using a dissecting microscope (23, 29). 

Glutatfiione S-Transfarase CGSD-Pyll Down Assay, HeLa cells were 
transiently transfected either hemagglutinin (HA)-tagged cyclin 
Dl-wild type or HA-tagged <yclin Dl'™** n,yta„t for 24 h. CM 
l^ates were incubated with W iil of agarose beads containtag 
GST-Pinl or OST for 2 h at 4'=C as described (22). The precipitated 
proteins were washed three times in wash buffer containing 1% 
Triton X-100 and subjected to SDS/PAGE, as described (11). 

Pube-Chase Analysis. Primary embryonic fibroblasts were pre- 
pared from 14.5-day embryos. MEF cells were grown in 60-mm 
dishes to 60% confluence in normal growth medium. &lls were 
transfected with HA-cyclin Dl and CDK4 by using Effectene 
(Qiagen, Chatsworth, CA). After 16 h of transfection, cells were 
washed twice with Hanks' balanced salt solution and pulse- 
labeled for 40 min in 1 ml of methionine- and glutamine-free 
MEM (OIBCO/BRL) supplemented with 4 mM glutamine/ 
10% dialyzed FCS/lOO fiCl of pS]methionine, as described (22, 
26). Labeled cells were washed twice with Hanks' balanced salt 
solution and rinsed with normal growth medium. Cells were 
harvested at various time points and subjected to immunopre- 
dpitation with the 12CA5 monoclonal antibody. 

Expression and Localization of Cyclin Dl in MK Cells. Exponentially 
growing Pinl~'" or wild-type MEF cells were placed on glass plates 
and stained with anti-cyclin Dl polyclonal antibody (Santa Cruz 
Biotechnology). Total DNA was visualized with 4',6-iamidino-2- 
phenylindole (DAPI) staming followed by the fluorescent micro- 
scopic analysis as dKcribed (22, 28). For localization experiment, 
Pinl~/~ MEF cells transfected with either OFF or GFF-Pinl were 
arrrated in Go by serum deprivation and contact inhibition, and 
then cells were fixed with 3.7% formaldehyde at 18 h after serum 
addition, Subrellular localization of cyclin Dl was determined by 
staining with cyclin Dl antibodira and DAPI as described above. 

Preparation of Nuclear detracts. A nuclear fraction was prepared m 
described (22). Briefly, cells were washed with PBS and rraus- 
pended in hypotonic solution (10 mM Hepes, pH 7.8/10 mM 
KCl/2 mM MgCb/l mM DTT/0.1 mM EDTA supplemented 
with protease inhibitors). After 10 min at 4°C, Nonidet P-40 was 
added to 1%; the cells were centrifliged for 1 min, and the 
nuclear pellet was briefly washed with hypotonic buffer and 
resuspended in SDS sample buffer. 

Resulte 
Phenotype of Pinl"'- Mice, By carefiil analysis of Pinl"'" mice 
generated previously (25), we found that they remarkably dis- 
played a range of abnormalities, including decreased body 
weight, testicular atrophy, retinal degeneration, and mammary 
gland proliferative impairment. From birth to "»3 months, 
Pinl"'~ mice were indistinguishable from their wild-type con- 
trols, but aduh Pinl"'~ mice appeared smaller than wild-type 
controls (Fig. 1A and B). At the age of »»7 months, the body 
weight of Pinl"^" mice was significantly smaller for both male 
and female animals, with the average weight being only 71% of 
that of Pinl+/+ mice (Fig. 1 ^ and B). 

Effects on Seminiferous Tubules. Although Pinl~'~ female and male 
mice were fertile, the fact that the SUCCMS rate of homozygous CTMS 
breeding was much lower or took much longer than that of 
wild-type or heterozygous mice led us to suspect that Pinl"'~ mice 
might develop fertility problems. To determine whether Pinl 
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Hg. 1. Reduced body weight and testicular atrophy In Pinl"'" mice. (4 and 
B) Reduced body weight Representative adult wild-type mouse (teft) and 
Pinl"'- mouse Wight) are shown in A A comparison of body weight of 10 
wild-type and Pinl-'- mutant male and female mice at ~3.5 and ~7 months 
Is shown In B. (Cand D)Testicular atrophy, as Indicated by representative testis 
from wild-type or Pint-'- mouse at ~3.5 months old (O or by histopatholog- 
ical comparison (D). Testicular sections obtained from ~3.S- and ~16-month- 
old mice vsiere stained with hematoxylin and eosln. 

affects sexual maturation, we first examined the development of the 
ovary and testis. Ovarian tissues lacking Pinl appeared to have 
normal morpholo^ and histology. On the other hand, all autopsled 
Pinl-'~ males had testicular atrophy. By 3-5 months of age, the 
average wei^t of six Pinl-'" testes was only 56% of that of 
wild-type controls (Fig, IC, data not shown). Moreowr, this striking 
weight difference of testis was not due to the smaller body weight 
because Pinl"'" males were not significantly smaller than the 
wild-type controls at this age (Fig. IB). Histological examination 
revealed that the seminiferous-tubule degeneration could be de- 
tected at the age of '=»3.S months old (Fig, ID). By ^IS months and 
even more pronounced by 18 months old, the seminiferous tubules 
in Pinl"'" mice degenerated, with bMlcally no mature sperm in the 
lumen, whereas age-matched wild-type mice exhibited healthy 
seminiferous tubules (Fig, ID), These observations suggest that 
Pinl may play a critical maintenanre role m adult spermatogenwis, 
and its absena; of Pinl may result in defecte m si»rmatogonial cell 
division, meiosis, or sperm maturation. 

Effects on Retinal Tissue. As part of our analysis of the phenotypes 
of Pml"'~ mice, we found that Pinl"'" mice exhibited retinal 
degeneration at "=16 months of age. The thickness of retinal layera 
in Pinl"'" mice was strikingly reduced (Fig. 2A). To quantify the 
retinal degeneration, we determined the number of nuclear c»ll 
layeis in six retinas. Wild-type mi<« contained an average of «"7-cell 
diameter thickness in the inner and 13-cell diameter thickness in the 
outer nuclear layera, whereas Pinl"'" mice contained only '»4-cell 
diameter thidcnras in the inner and 7-cell diameter thickness in the 
outer nuclear layers (Fig. 2C). Given flie retinal degenerative 
phenotype in old Pinl"'" mice, we also examined the eyes at 1 day 
after delivery and at 4-6 months to examine whether yoimger 
Pinl"'" mice have a similar abnormality. Although the retinal 
layera to Pinl"'" mic» were similar to those of Pml +'+ mice at birth 
(data not shown), about 50% of Pinl"'" eyes displayed mild retinal 
degradation by 4-6 months of age (Fig. 2B). These results indicate 
that the Pinl"'" retina undergo^ degeneration and that, Bke the 
testicular atrophy, this is also age-dependent (Fig. 1 C and £>), 
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Hg. 2. Retinal atrophy in PInl -'" mice. W and 8) Histopathological axamina- 
tton of retinas. Sections through age-matched wild-type (tef^and PInl"'- (fl/g/ifl 
retinas at ~16-month-old (A) or ~4-month-old (B) mice were stained with he- 
matoxylin and eosln. The layers indicated are as follows: G, surface ganglion cell 
layers OP, outer plexiferm layer; ON, outer nudear layer; IN, inner nuclear layer; 
P, photoraceptor cell layen CSP, chorold and pigment cells. (O Comparison of the 
number of the nuclear layers. The numbers of the inner and outer nuclear la^rs 
were counted from six age-matched wild-type (te^ and Pini -'- {Right retinas, 
with fte average and standard deviations being presented. Because there is no 
difference between young and old animals, the results are combined. 

suggesting that Pinl may play an important role in survival or cell 
proliferation in the retina. 

Effects on Mammary Gland, One of the most striking ailments found 
in (ydin Dl mutant mice was that the mammary ^and fails to 
undergo full lobuloalveolar development during pregnan<y. These 
observations prompted tis to examine whether Pinl-delcient mic* 
also display impaired mammary gland assodated with pregnancy. 
As shown in Fig. 3 ^ and B, the adult epithelial ducts from both 
Pinl+^+ and Pinl""'" female mice developed normally and formed 
side branches before pregnancy. As seen in normal mice (23,24), 
the Pinl+'"^ females underwent the normal massive expansion 
during pregnancy; the mammary epithelial ducts signiflcantty ex- 
tended their side branches and built up numerous alveolar struc- 
tures, which replaced the mammary fet pad and formed lobules 
(Fig. 3 C and £). In sharp contrast to this normal pregnancy- 
induced r«ponse, in Pinl~'~ female mice a severe reduction in 
mammary epithelial duct development was observed during preg- 
nancy, and the mammary gland failed to undergo the usual massive 
expansion (Fig. 3 U and i^. Ctonsistent with these whole moimt 
results, histological sections revealed that the pregnant wild-type 
mice displayed a massive proliferation of full-developed mammary 
epithelial cells (Fig. 3G). In contrast, the mammary gland of 
Pinl"'" pre^ant mice showed a severe impairment in the devel- 
opment and proliferation of mammary epithelial cells (Fig. 3H). 

Effects OB C^elin Dl Levels in Various Tissues, To detect the cydin Dl 
protein in retina, we used immimostaining with affinity-purified 
anti-cyclin Dl antibodiM. The cyclin Dl antibodiw strongly stained 
the wild-type retina of 4-16 months of a^ (Fig. 4A; data not 
shown), which is consistent with high levels of cychn Dl mRNA in 

Hg. 3. Impaired mammary epithelial expansion during pregnancy In Plnl"'- 
mice. Thewrfiole mount (4-fl and histological (Gand fO appearance of mammary 
glands derived from 3-4-month-old wild-%pe (A, C, f, and G) or Pin 1"'" {B, D, F, 
and/fl mice of ~4monttis of age. The whole mounts of ingulnalmammaryglands 
were prepared, and the epithelial component was stained with carmine red. 
Histological sections were stained vmth hematossylin and eosln. (A) Nulliparous 
wild-type mouse. (S) Nulliparous mutant mouse. (C, £, and 6) Wild-t^je mouse, 
1 day after deltery. (D, F, and HI Mutant mouse, 1 day after delivery. 

this tissue as shown by in situ hybridization (23). In contrast, the 
antigenic peptide-blocked antibodies Med to detect any spedflc 
signal on retinal sections flFig. 4^). In addition, the strong Pinl- 
staining signals obtained with affinity-purified anti-Pinl antibodies 
(13) on wild-type ti»ues were in contrast to the lack of staining of 
Pinl"'- tissue (Fig. 4 B and C), conflrmmg that Pinl"'" mice do 
not expre» Pinl protein. Similar strong staining patterns were 
observed for both Pinl and cyclin Dl m the retina (Fig. 4B and C). 
More imprtantly, the cydin Dl protein level in Pinl-deficient mice 
was striking^ lower than that in the age-matched wild-type mice 
both m the retina and mammary glands in pregnant micK (Fig. 4 B 
and C). To examine the effects on cydin Dl levels in other tissues, 
several selected tissues tom wild-type and Pinl"'" mic» were 
subjected to immunoblotting analysis with anti-cyclin Dl antibod- 
ies. Although cyclin Dl levels appeared not to be affected in heart 
and kidney, cyclin Dl was significantly reduced in testis, spleen, 
Uver, and lung in Pinl-defident mice (Fig. 4D). These results 
indicate that mice lacking Pinl display a significant reduction in 
cyclin Dl protein level in many tissues, including retina, spleen, and 
t«tis, and in the mammary ^and in pregnant femate, and surest 
that Pinl affects cydin Dl levels in tissura that contain active^ 
dividing cells. 

Pinl Regulates Cyclin Dl Turnover and Subeellular Localization in 
Addition to Its Transmption, The above i^ults indicate that Pinl 
loss-of-fimdion in the mouse resembles many of the cyclin Dl-nuU 
mouse phenotypes. Our previous studies have shown that Pinl 
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Fig. 4. Expression of Pini and cyclin D1 in various mouse tissues. {A) Speci- 
ficity of immunortaining with anti-cyclin D1 antibodies. Anti-cydln D1 anti- 
bodies that raised against the C-termlnal peptide of cyclin D1 were affinity 
purified by using the cyclin D1 peptide. A retinal paraffin section was stained 
with the affinity-purified antl-cyclin D1 antibodies in the absence (left) or 
presence (Right) of the cyclin D1 peptide (Ag) that was used as the antigen. (B 
and O Sections of retina (B) and mammary gland in pregnant females (O 
derived from Pln1+'+ and Pini-'- mice vi/ere stained with affinity-purified 
anti-PinI or anti-cycllnDI antibodies. (D)lmmunoblottlng analysis of selected 
tissues with anti-^clin D1 antibodies. Several selected tissues from Pini +'+and 
Pini"'- mice were lysed In SDS-sample buffer and subjected to immunoblot- 
tlng analysis w/ith antl-cyclln D1 antibodies. The same membranes were also 
probed vsith anti-tubulin antibodies as a loading control. 

enhances the transcription of ^clm Dl through c-Jun/AP-1 and 
^-catenin/TCF in can<«r «lb. However, mouse models in which 
AP-1 or p-catenin/APC function is perturbed do not display strong 
cyclm Dl-related phenotypes (30-32). This led us to speculate that 
an additional moleailar mechanism may contribute to the drastic 
phenotypes observed in the Pinl-defldent mice. 

To test this h^xjthesis, we first examined cyclin Dl mRNA and 
protein levels in Pini"'" embryonic fibroblasts (MEFs). The cyclin 
Dl mRNA level was lower to Pinl"'~ MEFs than that in wild-type 
MEFs (Fig. SA), consistent with Pini being involved in regulation 
of cyclin Dl transcription (21,22). However, the cyclin Dl protein 
level was decreased to a significantly greater extent in Pini"'" 
MEFs (Figs. SB and 6A), suggesting that Pini might also affect the 
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Hg. 5. Pini binds cyclin Dl phosfrfiorylated on Thr-286 and stabilizes cyclin Dl 
protein. (4) Total RNA was Isolated from wild-type (Pini +'+) or Pint"'" MEFs and 
flien subjected to Northern blot analysis, with g^raraldehyde-S-phosphate de- 
hydrogenase as a loading confrol. (B) Reduced ^clln Dl (Mxrteln In Plnl"'" MEFs. 
The same MEFs as described In A were subjected to immunoblot analysis with 
anti-cyclin Dl, anti-tubulln, and antl-PinI antibodies. (C and D) Pini stabilizes 
Qdln Dl protein. Pin1+'+, Plnl"'" MEFs, or Plnl"'" MEFs engineered to express 
Hnl were transfected with HA-tagged cyclin Dl and CDK4. After 16 h, cells were 
metabolically labeled with PSJMet for 40 mln. Cells were washed vsnth complete 
medium containing excess unlabeled Met and collected at Indicated times. Cells 
were lysed and Immunoprecipitated with 12CA5 antibody, followed by autora- 
dlography (O. The radioactivity of immunoprecipitated cyclin Dl was quantified 
wltti a Phospholmager and normalized to the 0-h point. Results shown are 
means ± SD for ttiree independent experiments (D). (£) Plnl binds cyclin Dl 
phosphorylated on Thr-286. Cells vssre ttansfected with either wrild-type HA- 
tagged cyclin Dl or HA-tagged cyclin Dl mutant (T286A) for 24 h. Cell exttacts 
VKere incubated with glutathlone agarose beads containing GST or GST-Plnl. 
After washing, binding proteins were subjected to immunoblotting analysis vwth 
12CA5 mouse monoclonal antibody to HA peptide. 

Stability of (yclin Dl protein. To test this idea, we investigated the 
stability of exogenously expr^ed cyclin Dl by laing pulse-chase 
experimente. Although the stability of (yclin Dl in wild-type MEFs 
was almost the same as those in other cells reported earlier (26,27), 
its stability in Pml"'" MEFs was significantly decreased (Fig. 5 C 
andl>). Moreover, reexpression of Pini in Pml"'" MEFs restored 
the stability of cyclin Dl (Fig. 5 C andB). These i^ults indicate that 
Pml increases the stability of cyclin Dl protein. 

Because previous evidence indicatM that the phosphorylation on 
Thr-286 by GSK-3P is a critical fector for cyclin Dl localiation and 
turnover (26, 27), we asked whether Pini binds cyclin Dl phos- 
phorylated on Thr-286 and whether Pini af&cts its subcellular 
localization. GST-pull down analyses revealed that Pini directly 
bound to cyclin Dl but not to its T286A mutant (Fig. 5£), todicating 
that Ptol binds to cyclin Dl likely via phosphorylated Thr-286, 
which is succeeded by a proline and resided in a consensus 
Pinl-binding sequence (7,9). Furthermore, in exponentially grow- 
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Hg. 6. Pini increases tydin D1 protein level and increases Its nuclear localization. (A) Reduced cyclin D1 in PInl"'- MEFs. Growing wild-type or Plnl"'" MEFs 
were fixed and stained writh antl-cyclln D1 antibodies and DAPI. (B) Pini Increases the nuclear localization of cyclin D1. PInl"'" MEF cells transfecled with either 
GFP or GFP-Pini were arrested in Go by serum deprivation and contact inhibition, and then cells were harvested at 18 h after serum addition. Subcellular 
localization of cyclin D1 was determined by immunostalning with cyclin D1 antibodies and DAPI. Arrovis point to GFP-Pinl-expressing cells. (O The nuclear 
fraction was isolated from cells transfected as described in B by using hypotonic buffer and then subjected to immunoblotting analysis with antl-cyclin D1 and 
anti-lamin B antibodies. Relative amounts of nuclear cyclin D1 was semlquantified and normalized with lamin. 

ing Pinl"'~ MEFs, the level of endogenous cyclin Dl w^ not only 
significantly redured compared with that in wild-type MEFs, but 
cyclin Dl was also primarily locali^d in cytoplasm of Pml"'~ 
MEFs, whereas it was largely nuclear in wild-type MEFs (Fig. 6A). 
In addition, the cydin Dl'''^'*^ mutant remained to the nucleus even 
in Pinl~'~ MEFs (data not shown) (28). These results surest that 
Pini might affect localization of <yclin Dl. To confirm this, we 
looked at the cyclin Dl localization during S phase, when cycHn Dl 
is known to be exported to lytoplasm (26-28). Pini"'" MEFs 
transfected with either GFP or GFP-Pml were arrested in Go by 
serum starvation and allowed to enter the cell cycle by the addition 
of serum. At 18 h after the serum addition, when rells were in S 
ph^e, as monitored by BrdU incoiporation (data not shown), cells 
were fixed and subjected to immunostalning with cydfa Dl anti- 
bodies (Fig. 6 A and B), or the nuclear fraction was isolated and 
subjected to immunoblotting anal^is with tyclin Dl antibodies 
(Fig. 6C). .^ shown (26,27), cyclin Dl was primarify localized in the 
cytoplasm to nontransfected or GFP-transfected Pinl~'~ MEFs 
(Fig. 6^ and B). In contrast, cyclin Dl was mainly localized in the 
nucleus in over 90% GFP-Pinl-transfected cells ^ig. 6B, data not 
shown). Furthermore, levels of cyclin Dl in the nudeia were 
significantly hi^er in GFP-Pinl-transfected cells than control 
GFP-transfected Pfal"/- MEFs (Fig. 6C). Together, these results 
fadicate that Pini regulates the turnover and subrellular localiza- 
tion of cyclin Dl. 

Discussion 
We report here that Pinl~'~ mice display many severe pheno- 
types, including decreased body wei^t, retinal degeneration. 

mammary gland retardation, and testicular atrophy. Most of 
these phenotypes are remarkably similar to those of cyclin 
Dl-defident mouse phenotypes. Of several phenotypes ob- 
served in Pini"'" mice, the alterations in retina and mammary 
gland seemed to be most drastic. We found that Pini"'" mice 
show dramatic impairments in cell survival or proliferation in the 
retina, especially at old age. Moreover, it is very clear and 
striking that in pregnant Pini"'" female, mammary epitheUa 
cells fail to undergo massive proliferation in the development of 
alveolar structures and ductal side branching. Our study dem- 
onstrated that Pini is highly expressed in retina and mammary 
gland compared with other tissues (data not shown), and the 
depletion of Pini causes a dramatic retinal atrophy and mam- 
mary gland impairment. Furthermore, disruption of Pini affects 
the level of cyclin Dl in the tissues that contain actively 
proliferative cells, such as spleen, retina, and mammary gland in 
pregnant females. Moreover, cyclin Dl"'" mice also display a 
very similar phenofype in the retina and mammary gland. These 
results surest that Pini could play an essential role in main- 
taining survival or proliferation of cells through regulating cyclin 
Dl expression. One notable difference between Pini- and cyclin 
Dl-defident mice is that cyclin Dl mutant mice display a 
dramatic reduction in retinal layers at an early stage develop- 
ment because of proliferative failure (23, 24). However, in 
Pini"'" mice, the thickness of the retina decreases slowly with 
age and becomes pronounced by over 1 year of age. These results 
indicate that the retinal hypoplasia in Pini"'" mice is not 
because of proliferative failure during the embryonic develop- 
ment but rather likely because of a failure of cells to maintain cell 
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fig. 7. A model for regulation of 0dln D1 function by Pinl. In addition to 
that Pinl enhances cydln D1 promoter activity through AP-1 and TCF sites as 
a result of activation and/or stabilization of phosphorylated c-Jun and fl-cate- 
nln, respectwely, our current resuiti demonstrate that Pinl directly regulates 
the stability and subcellular localization of cyclin D1 itself. 

survival and/or proliferation after birth because there is no obvious 
difference m the retina between Pinl"'" and wild-type mice at 
birth. This might be due to the fact that (yclin Dl level in Pml"/" 
mice is lower, but not completely absent as in the case of cyclin Dl 
knockout mice. Thus, this level of cyclin Dl may become a limiting 
factor with aging and thereby affect survival or cell proliferation. 

Our results strongly surest that Pinl regulates cyclin Dl not only 
through transcriptional regulation but also via a posttranslational 
mechanism. Previous studies by using human cancer tissues and 
cancer cell lines have demonstrated that Pinl enhance cyclin Dl 
promoter activity through AP-1 and TCF sites as a result of 
activation and/or stabilization of phosphorylated c-Jun and p-cate- 
nin, respectively (21, 22). Here, we demonstrate that Pml also 
regulates the stability and subrellular localization of (yclin Dl itself. 
Phosphorylation of <ycUn Dl on the Thr-286 site repilates turnover 
and localization of cyclin Dl ty enhancing ite nuclear export, which 
leads to degradation of cycUn Dl in the cytoptem (26,27), We have 
shown that Pinl can bind to the phosphorylated Thr-286-Pro motif 
to cyclin Dl and stabilize cyclin Dl, presumably by preventing 
nuclear export of cyclin Dl and proteolysis in cytoplasm. Interest- 
mgly, Pinl regulates the turnover and localization of p-catenin in a 
similar manner (22). Thus, Pml positively regulate cyclin Dl 
function at both transcriptional and posttranslational levels (Fig. 7), 
and this may explain why Pinl loss-of-fimction in the mouse 

resembles the cyclin Dl-null phenotypes. Because cyclin Dl plays 
a critical role in oncogenesis (23, 24, 33-38), our current i^ults 
farther support a role of Pinl in breast mtuxi (21, 22). 

Pinl has been demonstrated to have many ftmctions; however, 
we have demonstrated here that Pinl"'" mice display rather 
restricted phenotypes that are related to those observed in cyclin 
Dl"'" mice. The lack of more severe phenotypra can be ex- 
plained by the idea that there are other Pinl-like genes that can 
compensate for the fanctions of Pinl. This idea is supported by 
our recent isolation of a second Pinl-like gene from Drosophib 
(A.R. and K.P.L., unpublished data). This fmding strongly 
suggests the possibility of other existing Pinl-like genes in the 
higher species such as mouse and human. The strikingly testic- 
ular atrophy, which is not found in cyclin Dl-null mice but seen 
in cyclin D2 knockout mice (39) or the cyclin D-dependent 
kinase inhibitors (40, 41), suggests that Pml may target other 
proteins, perhaps other D-type cyclins. Further studies are 
needed to illustrate the role of Pinl in spermatogenesis. 

In summary, we report that mice lacking Pml do display a range 
of severe cell-pioliferative abnormalities, many of which resemble 
those in cyclin Dl-deficient mi<». Furthermore, disruption of Pinl 
also causes a striking reduction in cyclin Dl level in many tissu«, 
including the retina and mammary epithelial cells of pregnant 
females, the two most affected tissues. Using Pml"'" MEF cells, we 
demonstrate that Pinl binds and stabilizes cyclin Dl and increases 
its nuclear localization in addition to affecting cyclin Dl transcrip- 
tion. These results provide msight for an essential role of Pinl in 
matotaining cell proliferation and regulating cyclin Dl. 
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ABSTRACT 

DNA damage leads to stabilization and accumulation of p53, which plays a pivotal role 

in transcriptional activation of p21 and cell cycle arrest. The increase in p53 stability 

depends critically on its phosphorylation on serine/threonine residues^ including those 

preceding a proline (pSer/Thr-Pro). The pSer/Thr-Pro moiety exists in the two distinct cis 

and trans conformations and their conversion is catalyzed speciflcally by the prolyl 

isomerase Pml. Pinl regulates the conformation and function of certain phosphorylated 

proteins and plays an important role in cell cycle regulation, oncogenesis and 

Alzheimer's disease. However, nothing is known about the role of Pinl in DNA damage. 

Here we found that DNA damage enhanced the mteraction between Pinl and p53, which 

depended on the WW domain in Pinl and Ser"'**-Pro motifs m p53. Furthermore, Pinl 

regulates the stability of p53 and its transcriptional activity towards the p21 promoter. As 

a result, p53 and p21 barely increased after DNA damage in Pml knockout embryonic 

fibroblasts or in neoplastic cells depleted of Pinl. Moreover, Pinl null cells displayed 

significant defects in cell cycle checkpointe induced by DNA damage. These resulte 

demonstrate a new role of Pinl in regulating p53 function during DNA damage. 



INTRODUCTION 

The tumor suppressor protein p53 regulates multiple cellular fimctions, including cell cycle 

checkpoint, genomic stability, transcriptional activation of specific subsets of genes and apoptosis 

(1-6). DNA damage induced by such as ionizing radiation leads to stabilization and accumulation 

of p53 (1-6), This p53 induction plays a pivotal role in transcriptional activation of the cell cycle 

inhibitor p21 and cell cycle arrest (7-9) and is at least partially due to its dissociation from the 

ubiquitin lig^e MDM2 (10,11). The increases in the p53 stabiUty and/or transcriptional activity 

depend critically on its phosphorylation on multiple serine/threonine residues, including those 

preceding a proline (pSer/Thr-Pro) (12-19). Therefore. Pro-directed phosphorylation is a critical 

mechanism for activation of p53 upon DNA danmge. However, it is not clear whether the stability 

and/or function of p53 are regulated after Pro-directed phosphoiylation. 

Interestingly, pSer/Thr-Pro motifs in proteins exist in cis and tram conformations, whose 

conversion is normally inhibited by phosphorylation, but is specifically catalyzed by the prolyl 

isomerase Pinl (20-23),  Pinl contains an N-terminal WW domain and C-terminal isomerase 

domain. The WW domain binds si^cific pSer/Thr-Pro motifs and targets Pinl to a subset of 

phosphoproteins where the PPIase domain induces conformational changes by isomerizing specific 

pSer/Thr-Pro bonds. Such conformational changes have profound effects on catalytic ^tivity, 

dephosphorylation, protein-protein interactions, subcellular location, and/or stability of Pinl 

substrates (21,22,24-34). Functionally, Rnl-mediated mechanism h^ been shown to regulate 

several phases of die cell cycle, including Gl/S and G2/M as well as the DNA replication 

checkpoint (35), Furthermore, Knl is strikingly overexpressed in many human cancers and affects 

the stability of certain phosphoproteins, such as cyclin Dl and p-catenin (32-34). Therefore, 

phosphorylation-specific prolyl isomerization is a new mechanism for regulating function of certain 

phosphorylated proteins. However, it is not known whether this mechanism is important in DNA 

damage response. Here we report that Pinl binds phosphorylated p53, and is important for p53 

stabilization, p21 transmitivation and cell cycle checkpointe in response to DNA damage. 



MATERIALS AND METHODS 

Cell Culture, DNA constructs and Tramfection — Primary embryonic fibroblasts (MEFs) were 

prepared from 15-16 day-old embryos of WT and Pinl'inice, m described (34). They were 

transfected using Effectene (Quiagen). Breast cancer cells MCF7 and T43D cells were transfected 

using Fugene 6 (Boehringer), as described (32). Constructs expressing Knl, its point mutants or 

Rnl^® have been described (21,23). p53, its dominant-negative mutant (R248W), as well as the 

phoshorylation site mutants Ser33 and Ser46 expression constructs and the p21 promoter 

luciferase constmcte were as described (7,16). 

GST Pulldown, Immunoprecipitation and Immunoblotting Analyses — To examine the interaction 

between Knl and p53, cells were irradiated with 5 Gy of y-ray or mock-irradiated, ^ described 

(36,37). The cells were harvested 4 hr later and lysed in a lysis buffer containing 1% Triton XlOO, 

The supematante were subjected to GST-Hnl pulldown assay, followed by immunoblotting 

analysis using monoclonal antibodies against p53 (Ab-6 for human p53 or Ab-3 for murine 

p53)(Oncogene), as described (25,27,32). For co-immunoprecipitation, we used agarose-conjugated 

anti-p53 polyclonal antibodies (SantaCniz), with unrelated antibodies (Pericentrin antibodies) m a 

control, as described (25,27,32). 

Promoter Reporter Assays— Promoter reporter assays were performed with the Dual-Iucifer^e 

reporter assay system (Promega) at 24 hrs after transfection, as described (32). Since Pinl"^^ 

induces mitotic arrest and apoptosis at 48-72 hr after transfection (21), all experiments with Knl^® 

were performed before 36 hr after transfection, when no significant apoptotic cells were observed, 

as described (21,32). 

Cell Cycle Analysis— To determine the cell cycle profile after DNA damage, cells were harvested at 

24 hr after irradiation, followed by propidium iodide staining and flow cytometric analysis in a 

FACScan using the CellQuest Software Package (Becton Dickinson), as described (38,39). 



RESULTS 

DNA Damage Enhances the Interaction between Hnl and p53 

KBI has been shown to bind and regulate the function of a certain subset of phosphorylated 

proteins (20,33,34,40). Interestingly, DNA damage induces phosphoiylation of p53 on several 

Ser/Thr sites, including Ser33-Pro and Ser46-Pro motifs and these phosphorylation sites are 

important for p53 fimction (1-6,12-19). Moreover, Ser33 and Ser46 have multiple upstream 

hydrophobic residues (Leu, Val, and/or Met) and are preceded by a Pro residue, the two most 

critical features for Knl preferred binding sites (22). Therefore, it is conceivable that Pinl might 

bind p53 and regulate its function following DNA damage. 

To test this possibility, we first asked whether Pinl binds p53 using GST-Pinl pulldown 

analysis (22,25-27). As shown previously (41), when T47D human breast cancer cells, which 

contain wild-type p53 protein, were treated with 5 Gy of t-radiation, p53 levels increased 

significantly within 6 hrs (Fig. 1 A). More importantly, GST-Pinl, but not GST alone, pulled down 

p53 from mock-kradiated cells and the binding was significantly increased after cells were 

irradiated (Fig. 1 A), even after normaUzing p53 loading (Fig. IB). These results indicate that 

exogenous Pinl can bind cellular p53, which is enhanced by DNA damage. To confirm this result, 

we performed coimmunopiecipitation experiments to detect the endogenous complex. Anti-p53 

antibodies, but not control antibodies, immunoprecipitated endogenous Pinl and this co- 

immunoprecipitation was also significantly increased by DNA damage (Fig. IC, D). These results 

indicate that DNA damage induces the interaction between Pinl and p53. 

Next we tested whether the binding of Pinl to p53 depends on the WW domain of Pinl 

and the phosphorylation of p53 on specific Ser-Pro motifs, as shown for other Pinl substrates 

(20,22,25,27). As indicated above, primary sequence analysis suggests that two potential Pinl 

binding sites in p53 may be Ser33-Pro and Ser46-Pro motifs. We therefore used p53 single point 

mutants Ser33Ala or Ser46Ala as well as a double mutant Ser33/46Ala in Pinl binding assays. 

These experiments were performed in HeLa cells because these cells very Utfle endogenous p53 

protein (Fig. IE), due to high levels of viral oncoprotein E6, and therefore have successfiilly been 



used to analyze the specific effects of overexpression of p53 and its mutants previously (42,43). To 

incre^e phosphorylation on Ser33 and Ser46, cell lysates were obtained 4 hre after ionizing 

radiation with 5 Gy, at a time when Ser33 is shown to be significantly phosphorylated (44), 

Consistent with the absence of functional p53 in these cells, no detectable p53 was pulled-down by 

Hnl from vector-transfected control cells. However, a substantial amount of transfected wildtype 

p53 pulled down by Rnl, but not by its mutant containing the Serl6Glu mutation (Fig. IF). Given 

that the Serl6Glu mutation disrupts the ability of the Pinl WW domain to bind phosphoproteins, 

these results confirm that Pinl binds p53 via its WW domain. Furthermore, Knl binding to the 

Ser33Ala or Ser46Ala p53 single point mutant was considerably decre^ed, while no binding was 

detected between Knl and the Ser33/46Ala double mutant of p53 (Fig. IF), indicating the 

requkement of both Ser residues for the binding. The above results indicate that DNA damage 

enhances the specific interaction between Pinl and p53 and the binding depends on the WW 

domain in Pinl as well m the Ser33 and Ser46 residues in p53. 

Effects of Pinl on the protein stability of p53 upon DNA damage 

We next asked whether Pinl affects p53 accumulation and p53-dependent responses after DNA 

damage. To address the first question, we used primary embryonic fibroblasts (MEFs) derived 

from wild type (WT) or Pinl knockout (Pinl"'") mice. When WT MEFs were irradiated, p53 levels 

strongly increased while Pinl levels remained b^ically unchanged (Fig, 2A and C, firet panel). 

This DNA damage-induced p53 accumulation was time- as well as dose-dependent, (Fig, 2A and 

B), as shown previously (45-47). However, this DNA damage-induced p53 accumulation was 

markedly suppressed in Pinl'" MEFs (Fig. 2A and B). Furthermore, both the usual time- and 

dose-dependent incresBe in p53 levels in response to ionizing relation was abolished in Pinl"'" 

MEFs (Fig, 2A and B). These results indicate that p53 protein fails to increase in Knl"'" MEFs, in 

contrast to that in WT MEFs. To ftirther support that Pinl is important for p53 accumulation 

following DNA damage, we depleted Rnl from WT MEFs via expression of Pinl antisense 

construct (Pinl^®), which has been shown to effectively deplete Hnl in many different cell types 



(21,32,34). Indeed, depletion of Rnl from WT MEFs drastically suppressed induction of p53 after 

DNA damage (Fig. 2C). These results indicate that Pinl is required for the accumulation of p53 

after DNA damage. 

The above results suggest tiiat Pinl may be required for the stabilization of p53 after DNA 

damage. To examine this possibility, we examined the effecte of Hnl on p53 stability after DNA 

damage using a cycloheximide chase, as described (44). Pinl''' MEFs were cotransfected with p53 

and control vector, Knl or the S16E Pinl mutant that failed to bind p53 (Fig. IF). Ater irradiation, 

cycloheximide w^ added to inhibit de novo p53 synthesis and the steady-state levels of p53 were 

determined using antibodies that detected only transfected human p53 (Fig. 2D, E). In Knl"'" 

MEFs transfected with the control vector, the half-life of p53 w^ about 60 min (Fig. 2D, E). 

However, steady-state levels of p53 were higher before the addition of cycloheximide in Pinl"'" 

MEFs transfected with Pinl than vector controls (Fig. 2D), Importantly, the half-life of p53 was 

significantly increased to ~ 6 hr by expression of Pinl. In contrast, the Pinl mutant that failed to 

bind p53 did not have detectable effect on the p53 stability. These results demonstrate fliat the 

binding of Pinl to p53 is essential for Hnl to increase p53 stabiUty after DNA damage. 

To further support that phosphorylation-dependent association is important for Pinl to 

stabiHze p53, we examined the stabiUty of the mutant S33/46A p53 mutant that failed to bind Pinl 

(Fig, IF), As shown in die newly added Fig, 2E and 2F, In Pinl"'" MEFs, Pinl stabilized p53, but 

not its mutant S33/46A mutant after DNA damage (Fig, IF), The above results indicate that Pinl 

and its phosphorylation-dependent association is required for stabiHzation of p53 and also reveal an 

important new role of phosphorylation of Ser33 and Ser46 in regulating flie stabiUty of p53. 

Effects of Pinl on p53 transactivation towards p21 after DNA Damage 

To further investigate the consequences of the Pml and p53 interaction, we next ^sayed the effects 

of Pinl on p53-dependent responses. Since one of the major downstream targete of p53 is p21, we 

first examined whether Hnl affects p53-dependent p21 transactivation witiiout DNA damage given 

the detectable, although weak, interaction (Fig. lA-D), As shown in Fig, 3A, Pinl alone had a 



modest stimulatory effect on flie p21 promoter ^tivity. This stimulatory effect was significantly 

enhanced when co-transfected with p53, but was inhibited by dominant-negative p53 (Fig, 3A). In 

contrast, depletion of Knl by Hnl^^ blocked the ability of p53 to activate the p21 promoter (Fig. 

3A). Moreover, a mutation in the p53-binding site in the p21 promoter completely abolished the 

effects of Pinl on the p21 promoter (Fig. 3B). These results show thatPinl can enhance flie ability 

of p53 to activate the p21 promoter. 

Since the Hnl and p53 interaction is enhanced after DNA damage, we next examined the 

effecte of irradiation on the ability of Pinl to enhance the p21 promoter. As shown in Fig. 3B, 

irradiation increased p21 transactivation about 2-4 times after transfection wifli Pinl alone in 

comparison to vector control However, p21 transactivation in response to kradiation was greatly 

enhanced when Pinl and p53 were cotransfected (Fig. SB). This stimulatory effect of Knl and 

p53 depended on DNA damage since p21 transactivation is 3-4 times stronger in the Knl or Pinl 

and p53 cotransfected rmiiated cells in comparison to the mock-radiated control ((Fig. 3B). Again, 

the mutation in the p53-binding site in the p21 promoter completely abolished the effects of Pinl 

on the p21 promoter (Fig. 3B). Similarly, a dominant-negative p53 mutant significantly suppressed 

the Pinl's effects (Fig. 3B). These resulte indicate tiie critical role of p53 in mediating tiie Pinl's 

effect on the p21 promoter. Finally, the Hnl point mutant that either could not bind p53 (Pinl^"^, 

pjjjjW34Aj Qj. isojnerize pSer/Thr-Pro motifs (Pinl"^*'^) failed to increase p53 transactivation (Fig, 

3B). These resulte indicate that Pinl enhances tiie p53-dependent p21 trans^tivation upon DNA 

damage and flmt botii Pinl's WW domain and its PPIase activity are required for tiiis cooperation. 

If Pinl enhances tiie p53-dependent p21 transactivation upon DNA damage, it would be 

expected fliat inhibition of Pinl might affect the accumulation of p21 after DNA damage. Therefore, 

we compared the DNA damage-induced p21 accumulation in the presence or absence of Knl. As 

shown previously (45), p21 levels are strongly incre^ed in WT MEFs after ionizing radiation and 

this induction was time-dependent as well as dose-dependent (Fig. 2A-C). However, under flie 

same conditions, p21 levels failed to increase in Hnl'" MEFs or WT MEFs that were depleted of 

Pinl by Pinl'^^ (Fig, 2A-C). Furttiermore, both flie time- and dose-dependent increase in p21 levels 



was abolished in Pinl'MEFs (Fig.2A-B), These results demonstrate that loss of Pinl abolishes 

the accumulation of p53 and p21 after DNA damage. Of note, Knl appeared to have more 

profound effects on p21 protein levels than on its promoter and that p21 stability is also regulated 

by Pro-directed phosphoryMon (48), Knl might also directly regulate p21 stabiUty. 

Effects of Pinl on DNA Damage-induced Cell Cycle Checkpoints 

Given that Knl is required for accumulation of p53 and p21 after DNA damage, an important 

question is whether Pinl affecte cell cycle checkpoint control in response to DNA damage. To 

^dress this question, we subjected WT or Knl"'" MEFs to 5 Gy of gamma irradiation. The cell 

cycle phenotypes were analyzed by flow cytometry in addition to direct microscopic examination. 

Before DNA damage, there were not obvious differences between WT and Knl"''MEFs with the 

exception that Pinl"'"cells had sMghtly more cells in Gl and fewer cells in S phase, as compared 

with WT cells (Fig. 4A, B). This phenotype is consistent with the previous findings that Pinl is an 

important regulator of the Gl/S activator cyclin Dl (34). 

Importantly, obvious differences in cell morphologies and cell cycle profiles were observed 

after DNA damage. As compared with those before irradiation, WT MEFs displayed interphase 

cell morphologies, where^ significantly more Pinl'" MEFs were rounded up (data not shown). 

These differences were fiirther confirmed by flow cytometrical analysis (Fig, 4). 12 hr after 

irradiation, WT MEFs in S phase were dramatically reduced and the major of cells were 

accumulated with the 4n DNA content (Fig, 4), confirming intact cell cycle checkpointe in WT 

MEFs, as shown (45-47). However, Knl'" MEFs in S phase were not changed. Furthermore, 

DNA-damage-induced G2 arrest was significantiy inhibited in Pinl"'" MEFs (Fig, 4). These results 

indicate that loss of Pinl leads to multiple cell cycle checkpoint defects in response to DNA 

damage. 



DISCUSSION 

Here we report that Hnl plays an important role in regulating p53 function and in modulating 

cellular response to DNA damage, Knl bound p53 and also incre^ed ite protein stability, which 

depended on the binding of Pinl to phosphorylated Ser33/46 of p53. Furthermore, Pinl 

potentiated the tianscriptional activity of p53 towards the p21 promoter, which required the function 

of both the WW domain and the PPIase donrain of Pinl as well m the presence of the p53-binding 

site in the p21 promoter. Moreover, p53 and p21 barely increased after ionizing radiation in Pinl'" 

MEFs or in neoplastic cells depleted of Hnl. Finally, Hnl'" MEFs displayed significant defects in 

cell cycle checkpoints induced by DNA damage. Given that the well established role of p53 in the 

cell cycle checkpoint regulation in response to DNA damage, these results demonstrate that Pinl is 

a novel regulator of p53 in DNA damage response. 

It remains to be determined how Pinl regulates the ability of p53 and p21 to upregulate 

during DNA damage. One of the major cellular responses to DNA damage is phosphoiylation of 

p53, which leads to the activation of p53 by destabilizing ite interaction with MDM2 and by 

increasing ite transcriptional activity (1-6). Rnl is a phosphorylation-specific PFI^e that regulates 

the ftmction of certain phosphorylated proteins by binding and isomerizing specific phosphorylated 

Ser/Thr-Pro motifs, whose isomerization is normally inhibited upon phosphorylation (20-22,24- 

34). We have shown that the Knl-binding or isomerase mutant fails to increase the stability and 

transactivation ^tivity of p53. Furthermore, the S33/46A mutant that fails to bind Pinl fails to be 

stabilized after DNA damage. These results strongly suggest for the first time that phosphorylation 

of Ser33 or Ser46 plays an important role in regulating the stabilization of p53. This is consistent 

with the fact that both residues lie in immediate vicinity of the Mdm2 binding site and affect 

transcriptional activity of p53 (49-51). Therefore, we propose that when p53 is phosphorylated 

following DNA damage, Knl binds and isomerizes p53 on phosphorylated Ser33/46. This 

conformational change may prevent binding of p53 to its ubiquitin ligase MDM2, affect 

phosphorylation of p53 on other sites, and/or affect transcriptional activity of p53 toward p21. 
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In summary, we demonstrate that following DNA damage Hnl not only inter^ts with p53, 

but also increases its protein stability and transcriptional activity towards the p21 promoter. The 

biological significance of the Pinl and p53 interaction is fiirther substantiated by the findings that 

p53 and p21 barely increase in Knl-deficient or depleted fibroblasts as well m that Rnl-deficient 

fibroblasts fail to undergo cell cycle arrest after DNA damage. These results indicate that Hnl is a 

new regulator of p53 in DNA damage response. 
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Figure Legends 

Fig. 1. DNA Damage Enhances the Specific Interaction between Hnl and p53. 

(A, B) Interaction between Pinl and p53, T47D cells were treated with 5 Gy y-ray (+IR) or mock- 

treated (-IR) and cells were harvested 6 hr later. The same amount of lysates (A) or lysates 

normalized for p53 (B) were subjected to immunoblotting with anti-p53 antibodies directly (left), or 

after GST pulldown experiment with agarose beads containing GST or GST-Pinl (right). 

(C, D) Coimmunoprecipitation of Puil and p53. The same amount of lysates (C) or lysates 

normalized for p53 (D) as described in A and B were immunoprecipitated with anti-p53 or non- 

related antibodies (Control), followed by immunoblotting with anti-p53 or -Knl antibodies, 

(E, F) Requirement of the WW domain in Pinl as well m the Ser33 and Ser46 residues in p53 for 

their interaction. 24 hre after transfection with p53 or its mutants, HeLa cells were irradiated, 

followed by immunoblotting analysis with anti-p53 antibodies (E), The same cell lysates were 

incubated with beads containing eiflier GST, GST-Pinl or GST-Pinl^'*'' (E) and bound proteins 

were subjected to immunoblotting witii p53 antibodies (F). 

Fig. 2. Loss or Depletion of Pinl Decreases p53 Stability and p21 Induction after DNA 

Damage. 

(A, B) Pinl'' MEFs lack die time- and dose-dependent increase of p53 and p21 after DNA damage. 

WT or Pinl"'" MEFs were irradiated with the indicated doses of y-ray and then harvested 6 hr after 

irradiation (A), or witii y-ray and harvested at flie indicated time pomts (B). Lysates were subjected 

to immunoblotting with antibodies against p53, p21 or Pinl, with actin or tubulin as a control. 

(C) Lack of p53 and p21 induction after DNA damage in Pinl-inhibited MEFs. WT MEFs (first 

two panels) were tiransfected with either control vector or anti-sense Pinl (Pinl'^^) for 24 hrs. Six 

houre after mock (-) or irradiation (+), cells were subjected to immunoblotting analysis. 

(D, E) Requirement of Knl for stabiUzation of p53, Hnl'" MEFs were co-transfected witii p53 and 

control vector, Knl or its S16E mutant for 24 hours, followed by irradiation, 4 hrs after inmiiation, 

cycloheximide was added and lysates were prepared at the indicated time pointe, followed by 
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immunoblotting with anti-human p53 (upper panel) or anti-actin (lower panel) antibodies (D). p53 

levels were semi-quantified using Imagequant and normalized using actin as an internal control. 

For comparing the p53 stability in the absence or presence of Pinl or ite mutant, p53 levels at 0 was 

defined as 100%. 

(F, G) Requirement of Ser33/46 for stabilization of p53. p53 or ite mutant was cotransfected into 

Rnl"'" MEFs and their stability was assayed as described in D and E. 

Fig. 3. Pinl increases p53 transactivation towards the p21 promoter, which is enhanced by 

DNA damage. 

(A) Cooperation between Pinl and p53 in ^tivating the p21 promoter. Cells were co-transfected 

with expression constnicts for Knl, Pml^^ WW domain Knl mutant (Pinl^'*=, Pinl ^^*^) or 

PPIase domain Pinl mutant (Pinl"^*'^) and p53 or dominant-negative p53 (dnp53), together with a 

p21 luciferase reporter construct The activity of the reporter luciferase w^ expressed in relative to 

the activity in control vector transfected cells, wMch is defined as 1.0, 

(B) DNA damage enhances cooperation between Pinl and p53 in activating the p21 promoter. 

Cells were co-transfected with indicated expression constructe and a p21 luciferase reporter 

construct. For the ^says in the last two sete of experiments labeled as Mt p21 promoter, the same 

p21 luciferase constract but containing a mutated p53 binding site was used. 24 hr after transfection 

cells were mock-treated (white bars) or irradiated (solid bare), followed by luciferase assay. 

Fig. 4. Loss of Pinl Causes Prominent Defects in the Celt Cycle Checkpoints in Response 

to DNA Damage. 

WT or Pinl-''MEFs were subjected to mock or 5 Gy of irradiation. 12 hr later, the cells were 

harvested and stained with propidium iodide, followed by flow cytometry to determine the cell cycle 

profile (A) with the cell cycle distribution being presented in (B). 
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Telomeric protein Pin2/TRF1 induces mitotic entry and apoptosis in ceOs 
with short telomeres and is down-regulated in human breast tumors 

Shuji Kishi', Gerburg WulP, Masafumi Nakamura' and Kun Ping Lu*' 

'Cancer Biology Program, Division of Hematology/Oncology, Department of Medicine, Beth Israel Deaconess Medical Center and 
Harvard Medical School, Boston, Massachusetts, MA 02215, USA 

Telomeres are essential for cell survival and have been 
Implicated In the mitotic control. The telomeric protein 
Pin2/TRF1 controls telomere elongation and its expres- 
sion is tightly regulated during cell cycle. We previously 
reported that overexpression of Pin2/TRF1 affects 
mitotic progression. However, the role of Pln2/TRF1 
at the Interface between cell division and cell survival 
remains to be determined. Here we show that over- 
expression of Pln2 Induced apoptosis In cells containing 
short telomeres, but not in celb with long telomeres. 
Furthermore, before entering apoptosis, Pin2-expressing 
cells llret accumulated In mitosis and strongly stained 
with the mitosis-speclflc MPM2 antibody. Moreover, 
Pin2-lnduced apoptosis is potentiated by arresting cells 
In mitosis, but suppressed by accumulating ceDs in Gl. In 
addition, overexpression of Pin2 also resulted In 
activation of caspase-3, and its proapoptotic activity 
-wm significantly reduced by inhibition of caspase-3. 
These results Indicate that up-regnlation of Pin2/TRF1 
can specifically Induce entry Into mitosis and apoptosis, 
likely via a mechanism related to activation of caspM«-3. 
Significantly, we also found that, out of 51 human breast 
cancer tissues and 10 normal controls examined, protein 
levels of Pln2/TRF1 in tumors were significantly lower 
than in normal tfasn^, as detected by immunoblotting 
analysis and Immunocytochemistry. Since down-regula- 
tion of Pln2/TRF1 allows celb to maintain long 
telomeres, these results suggest that down-regulation of 
Pin2/TRF1 may be important for cancer cells to extend 
their proliferatlve potential. Oncogene (2001) 20, 
1497-1508. 

Keywords: apoptosis; cancer; cell cycle; pin2/TRFl; 
telomeres; telomeric protein 

Introduction 

Telomeres are essential for preserving chromosome 
integrity during cell division. Telomeres are composed 

♦Correspondence: KP Lu, Beth Israel Deaconess Medical Center, 
HIM 1047, 330 Brookline Avenue, Boston, Massachusetts, MA 
02215, USA 
Received 16 October 2000; revised 26 December 2000; accepted 
4 January 2001 

of repetitive DNA sequences of TTAGGG arrays 
concealed by a complex of telomeric proteins that 
protects the ends from exonncleolytic attack, fusion 
and incomplete replication (Greider and Blaclcbum, 
1996; Lundblad, 2000; Zakian, 1995). There is growing 
evidence suggesting that both the shielding of telomeric 
ends and their elongation are dependent on telomere- 
binding proteins. For example, homeostasis of telomere 
length in budding and fission yeast cells requires the 
telomeric proteins Raplp and Tazl, respectively 
(Cooper et al, 1997; Krauskopf and Blackburn, 1996; 
Marcand et al, 1997). Mutagenesis analyses of 
telomeric sequences of Kluyveromyces lactis also 
suggest that telomere length is modulated by proteins 
that bind to double strand telomeric DNA (McEachern 
and Blackburn, 1995). Telomere maintenance in 
mammalian cells is also regulated by telomere binding 
proteins, including TRFl and TRF2 (Chong et al, 
1995; van Steensel and de Lange, 1997). TRFl has 
been shown to negatively regulate telomere mainte- 
nance; overexpression of TRFl accelerates telomere 
shortening, whereas dominant-negative TRFl increases 
telomere elongation (van Steensel and de Lange, 1997). 
These results indicate that telomere-binding proteins 
play a pivotal role in telomere metabolism. 

Several observations link telomeres to mitotic pro- 
gression. In Drosophila, deletion of telomeres triggers 
mitotic arrest and apoptosis (Ahmad and Golic, 1999). 
In fission yeast, telomeres are clustered at the nuclear 
periphery in G2, but this association is disrupted in 
mitosis (Funabiki et al., 1993), and telomeres have been 
shown to mediate the attachment of chromosomes to 
spindle bodies and lead chromosome movement in 
meiotic prophase (Chikashige et al, 1994). In budding 
yeast, elimination of telomeres causes a Rad9p- 
mediated cell cycle arrest in G2 in budding yeast 
(Sandell and Zakian, 1993) and mutations in the related 
TELl and MECl genes result in shortened telomeres, 
G2/M checkpoint defect and genomic instability 
(Greenwell et al, 1995; Sanchez et al, 1996). Similarly, 
mutations in its human counterpart, the ATM gene, 
causes ataxia-telangiectasia (AT) both in himians and 
mice, displaying a wide range of abnormalities, 
including those related to telomere dysfunction (Barlow 
et al, 1996; Bison et al, 1996; Savitsky et al, 1995; 
Xu et al, 1996; Xu and Baltimore, 1996). More 
interestingly, cell lines derived from AT patients have 
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shortened telomere lengths (Metcalfe et al., 1996; 
Pandita et al., 1995; Xia et al., 1996) and defected 
G2/M checkpoint (Beamish et al., 1994; Rudolph and 
Latt, 1989). Finally, mutations in the Tetrahymena 
telomeric DNA sequence has been shown to cause a 
block in anaphase chromosome separation (Kirk et al., 
1997). Collectively, these results suggest that telomeres 
may be important for regulation of mitosis. However, 
little is known about the identity and function of the 
signaling molecule(s) involved in this process. 

We independently isolated the telomere-binding 
protein Pin2 as a one of three proteins, Pinl -3, which 
interact with NIMA kinase that is an essential mitotic 
kinase in Aspergillus nidulans (Lu et al, 1996). 
Characterization of these Pin proteins shows that they 
are all involved in mitotic regulation (Lu, 2000). Pinl 
binds and regulates the function of a subset of 
phosphoproteins by controlhng the conformation of 
specific phosphorylated Ser/Thr-Pro motifs (Lu et al, 
1999a,b; Shen et al, 1998; Yaffe et al, 1997; Zhou et 
al., 2000). Pin2 is identical in the sequence to TRFl 
apart from an internal deletion of 20 amino acids 
(Shen et al, 1997). TRFl and Pin2 are Ukely two 
alternatively spliced isoforms of the same gene PIN2I 
TRFl, as suggested by Young et al (1997). For clarity, 
we will here use Pin2 for the 20 amino add deletion 
isoform and TRFl for the 20 amino acid containing 
isoform, as they were originally identified (Chong et 
al, 1995; Shen et al. 1997), and will refer to the 
endogenous Pin2 and TRFl proteins as Pin2/TRF1 
since it is difiicult to physically or functionally separate 
these isoforms at the present time. However, we have 
shown that Pin2 is 5-10-fold more abundant than 
TRFl in the cells and the expression level of Pin2/ 
TRFl is tightly regulated during the cell cycle (Shen et 
al, 1997). Both Pin2 and TRFl contain a D-like motif 
similar to the destruction box present in many mitotic 
proteins, and their protein levels are significantly 
increased in late G2 and mitosis and then degraded 
as cells exit from mitosis. Furthermore, overexpression 
of Pin2 or TRFl resulted in accumulation of the cells 
in G2 or M phase of the cell cycle (Shen et al, 1997). 
Although these results together suggest that Pin2/ 
TRFl may affect mitotic progression, it is not clear 
whether Pin2/TRF1 has any specific effect on mitosis. 
Furthermore, it is unknown why overexpression of 
Pin2/TRF1 has no effect on the cell cycle in some cells 
(van Steensel and de Lange, 1997). 

Here, we describe that overexpression of Pin2 
induced entry into mitosis and apoptosis only in cells 
with short telomeres, but not in cells with long 
telomeres. Moreover, Pin2-induced apoptosis is poten- 
tiated by mitotic arrest, but not suppressed by Gl 
arrest. Importantly, Pin2 overexpression induced 
activation of caspase-3, a key executioner of apoptosis, 
and its abiUty to induce apoptosis was significantly 
suppressed by inhibition of caspase-3. These results 
have demonstrated that Pin2/TRF1 can specifically 
affect the cell cycle, triggering mitotic entry and 
apoptosis in the cells containing short telomeres. 
Consistent with a potential role of Pin2/TRF1  in 

regulation of cell survival, we found that protein levels 
of Pin2/TRF1 were significantly reduced in human 
breast cancer tissues, as compared with those in normal 
controls. Since down-regulation of Pin2/TRF1 allows 
cells to maintain long telomeres (van Steensel and de 
Lange, 1997), these resuhs suggest that down-regula- 
tion of Pin2/TRF1 may be important for cancer cells 
to divide continuously. 

Resulte 

Overexpression of Pinl induces apoptosis in HeLa cells 

We previously showed that ectopic expression of Pin2 
or TRFl in HeLa cells caused accumulation of cells 
with 4N DNA content (Shen et al, 1997), which is 
normally observed in G2 and/or M phase of the cell 
cycle. To further characterize this Pin2/TRF1-induced 
phenotype, we transfected cDNA constructs for Pin2 
and TRFl into HeLa cells and A-T22IJE-T. A- 
T22UE-T cells were originally derived from primary 
A-T fibroblasts and contain no ATM protein (Ziv et 
al, 1989). After transient expression, two proteins were 
detected in the nucleus of cells 8 h after transfection by 
indirect immunofluorescence. However, cells expressing 
Pin2 or TRFl rounded up and died after 28-32 h, and 
a few cells were detectable at 72 h, suggesting that Pin2 
and TRFl were toxic to the cells. To visualize 
surviving Pin2/TRF1-expressing cells, we co-trans- 
fected cells with a ^-gal expression construct. After 
co-transfection of HeLa or A-T22IJE-T cells with Pin2 
or TRFl and ^-gal constructs, the number of X-gal- 
stained surviving blue cells was significantly reduced, as 
compared with that of empty vector- or antisense Pin2- 
transfected cells (Figure 1, data not shown). Since there 
was no detectable difference in phenotypic changes 
induced by Pin2 or TRFl (Table 1), we focused on 
Pin2 for subsequent experiments. 

The morphological changes of Pin2-expressing cells 
were suggestive of apoptosis. To confirm that over- 
expression of Pin2 indeed induces apoptosis, we first 
used the TUNEL assay, which detects apoptosis- 
specific DNA breaks (Douglas et al, 1998; Gavrieli 
et al, 1992). To detect transfected cells by flow 
cytometry, HeLa cells were co-transfected with CD20, 
as described (Zhu et al, 1993). Whereas there were less 
than 0.4-1.0% TUNEL-positive cells in vector- 
transfected cells, about 15-20% of TUNEL-positive 
cells were detected in a Pin2-transfected cell population 
(data not shown). To directly observe morphological 
changes of Pin2-expressing cells, we inserted green 
fluorescence protein (GFP) at the NH2-terminal end of 
the Pin2 cDNA. After 28 h transfection, 38% of GFP- 
Pin2-expressing HeLa cefls and 56% of GFP-Pin2- 
expressing A-T22UE-T rounded up and the condensed 
chromatin became fragmented, with the formation of 
micronuclei (Figure 2a, also see 4a), which are 
characteristic of apoptotic cells. When Pin2-transfected 
cells were subjected to flow cytometry after staining 
with propidium iodide, as shown later in Figure 5b, 
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Figure 1 Expression of Pin2/TRF1 affects cell viability in a 
concentration-dependent manner. HeLa cells were cotransfected 
with different amounts of the Kn2/TRF1 expression construct or 
control vector, together a pSV2-lacZ reporter construct. Cells 
were fixed at 60 h after transfection, stained with X-gal and 
examined microscopically (a). Arrows point to dead cells. The 
number of surviving blue cells were counted and presented in (b) 

about 25% of GFP-Pin2-expressing HeLa cells con- 
tained a sub-Gl DNA content, which is another 
feature of apoptosis. These multiple assays conflrmed 
that ectopic expression of Pin2 can induce apoptosis in 
HeLa and A-T22UE-T cells. 

The ability of Pin2 to induce apoptosis depends on the 
concentration of unbound Pin2 and telomere length 
in the cell 

After establishing that Kn2/TRF1 induces apoptosis, 
we examined its relationship to telomeres. Since the C- 
terminal Myb-type DNA-binding domain of Pin2/ 
TRFl binds telomeric DNA repeats and is also 
required for Pin2/TRF1 to inhibit telomere elongation 

and to affect mitotic progression (Shen et al, 1997; van 
Steensel and de Lange, 1997), we examined whether 
this domain is required for Pin2 to induce apoptosis. 
Although two C-terminal truncation mutants, Pin2'-''^ 
and Pln2'-"« were expressed in cells at levels that were 
similar to that of wild-type protein, they were not 
localized at telomeres (Figure 2), as shown previously 
(Shen et al, 1997; van Steensel and de Lange, 1997). In 
contrast to wild-type Pin2, neither of the truncation 
mutants induced apoptosis in HeLa (data not shown) 
or A-T22UE-T cells and less than 10% of transfected 
cells were apoptotic (Figure 2a-c). These results 
indicate that the full-length Pin2, including telomeric 
DNA-binding domain is required for apoptosis induc- 
tion. To further examine whether the ability of Pin2 to 
induce apoptosis depends on the actual binding of the 
full-length Pin2 to the telomeric DNA, we introduced 
triple Ala substitutions into three residues in Pin2, 
Lys401, Asp402 and Arg403. These three residues are 
highly conserved in Myb-type DNA-binding domains 
of telomeric proteins and are also involved in binding 
telomeric DNA, as revealed by determining the crystal 
structure of the DNA-binding domain of yeast RAPl 
in complex with telomeric DNA (Konig et al, 1996). 
When the triple Pin2 mutant (Pin2'*) expression 
construct was transfected into HeLa cells, the mutant 
protein was detected in the nucleus, but not at 
telomeres (Table 1), as expected. However, Pin2'* still 
induced apoptosis (Table 1). These results indicate that 
apoptosis is induced by the full-length Pin2 protein, 
but its telomeric binding is not required, suggesting 
that apoptosis is likely due to a high concentration of 
unbound Pin2. 

Since apoptosis induced by inhibition of telomerase 
depends on telomere length (Hahn et al, 1999; Herbert 
et al, 1999; Zhang et al., 1999), we asked whether 
telomere length affected the ability of Pln2 to induce 
apoptosis. To address this question, we compared the 
ability of Pin2 to induce apoptosis in six cell lines with 
different telomere lengths, including HeLal.2.11, which 
is derived from HeLa cells. In contrast to most HeLa 
cells that contain short telomeres (1-3 kb), 
HeLal.2.11 cells have rather long telomeres (15- 
30 kb) (Table 1) (Ishibashi and Lippard, 1998). 
Interestingly, Pin2 potently induced the apoptotic 
phenotype in three different cell Unes, HeLa, A- 
T22IJE-T and A431, all of which contain short 
telomeres (Figure 3a, Table 2) (Metcalfe et al, 1996; 
Pandita et al, 1995; Xia et al, 1996; Zhang et al, 
1999). In contrast, Pin2 almost completely failed to 
induce significant apoptosis in three other cell lines, 
HeLal.2.11 and 293 and HT1080, which contain long 
telomeres (Table 2) (Ishibashi and Lippard, 1998; van 
Steensel and de Lange, 1997; Zhang et al, 1999). For 
example, in HeLal.2.11 cells, expressed GFP-Pin2 was 
highly concentrated at telomeres, displaying a very 
prominent speckled pattern without affecting cell 
viability (Figure 3b), which is consistent with the fact 
that these cells have long telomeres (Ishibashi and 
Lippard, 1998). These results show that the ability of 
Fin2 to induce apoptosis at least in part depends on 
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Table 1   Induction of apoptosis by Pin2 and its mutants 

Pin2 construct Telomerlc 
binding 

Apoptosis m 
Vector 

nii2 

Piii2 1.3» 

1^1« Mill 

TRFl 

NLSDB 
Eim 1   ■ 

1 418 
OS 1   ^372 

icfia |316 
««A 

Bia 1 ■ 
1 

1913 HI   ■ 
4^ 

5.4±2.2 

37.«±8.9 

0±1.9 

34J±73 

323±S.6 

Expression constructs expressing GFP-Pin2 or TRFl or its various mutants were transfected into HeLa cells. Cells were fixed at 28 h after 
transfection, and stained with DAPI, followed by determining percentage of cells displaying apoptotic phenotype in at least 300 GFP-positive 
cells. The results represent the mean+s.d. of at least three experiments. The telomeric binding of TRFl, Pin2 and its truncation mutants was 
reported previously (Shen el al, 1997) and the same method was used to determine the telomeric binding of Pin2'*. NH2-terminal GFP box, 
GFP epitope tag inserted at the NH2-terminus; DB, the Myb-type DNA-binding domain that binds the telomeric DNA repeats; NLS, nuclear 
localization signal; I, 20 amino acid insert unique to TRFl 

GFP DNA GFP+DNA 

QFP-Pln2 

B 

GFP-PIn^-^ 

GFP.PIn2^-^" 

Figure 2 Expression of Pin2, but its telomere-binding mutants, induces apoptosis. A-T22IJE-T and HeLa cells were transfected 
with expression constructs encoding GFP-Pin2 (a) or its COOH-terminal truncation mutants, GFP- Pin2'-'" (b) or - Pin2'""' (c). 
Cells were fixed at 30 h after transfection and stained with DAPI. Similar results were also obtained in HeLa cells (not shown). 
Arrows point to transfected cells. GFP alone did not induce apoptosis (not shown) 
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DNA QFP-Pin2 Merge 

A431 

HeLal.2.11 

Figure 3 Expression of Pm2 induces apoptosis in A431 cells, but not in HeLal.2.U cells. A431 (a) and HeLal.a.ll (b) cells were 
transfected with a GFP-Pin2 constract or the control GFP vector for 28 h, then fixed and stained with DAPI, followed by 
microscopy. Arrows point to Pin2-expressing cells. GFP alone did not induce apoptosis (data not shown) 
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Table 2   Pin2 induces apoptosis in cells with short telomeres, but not 
in cells with long telomeres 

Telomere Pm2-induced 
Cell line length apoptosis 

HeLa Short (1-3 kb)" + 
A-T22UE-T Short (1-4 kbf + 
A431 Short(l-3kbf + 
HeLal.2.11 Long (15-30 kb)*" _ 
293 Long (6-12 kb)° _ 
HT1080 Long (4-9 kb)' - 

Various cell lines were transfected with GFP-Pin2 expression 
construct or control GFP vector for 30 h and then fixed and 
stained with DAPI, followed by determining percentage of cells 
displaying apoptotic phenotype in total GFP-positive cells. "Telomere 
length in HeLa cells used was about 1 -3 kb, determined as described 
in Materials and methods (data not shown); 'Telomere length in all 
A-T cell lines examined is reported to be 1-4 kb (Pandita et al., 
1995; Xia et al., 1996; Metcalfe et al, 1996), although telomere length 
in A-T22IJE-T cell line has not been specifically determined; 
Telomere length in A431 and 293 is reported to be 1-3 and 10- 
12 kb respectively (Zhang et al, 1999); "Telomere length in 
HeLal.2.11 is reported to be 15-30 kb (Ishibashi and Lippard, 
1998); Telomere length in HT1080 is reported to be 4-9 kb (van 
Steensel and de Lange, 1997); +, Apoptotic phenotype is easily 
detected in 30-55% of GFP-Pin2-expressing cells; -, Apoptotic 
phenotype is detected below 5-12% of GFP-Pin2-expressing cells, 
which were similar to control GFP-expressing cells 

telomere length. These results are also consistent with 
our findings that the ability of Pin2 to induce apoptosis 
depends on the concentration of unbound Pin2. 

Overexpression of Pm2 induces mitotic entry and 
apoptosis 

To examine whether Pin2 specifically affects cell cycle 
progression before inducing apoptosis, we performed a 
detailed time course analysis of morphological changes 
of Pin2-transfected cells. At 12-16 h after transfec- 
tion, GFP-Pin2 was primarily localized in the nucleus 

with punctate speckles during interphase, and was 
concentrated at telomeres with some diifuse staining 
all over the cells in the mitotic stage (Figure 4a). 
These patterns of the locaKzation were similar to those 
of endogenous Pin2/TRF1 (Shen et al., 1997; van 
Steensel and de Lange, 1997), indicating that GFP 
does not affect the locaUzation of the Pin2 proteins. 
Importantly, the number of mitotic cells was sig- 
nificantly increased in the population of GFP-Pin2- 
expressing cells during the period of 20-24 h after 
transfection (Figure 4a,b). However, these Pin2- 
transfected cells apparently did not progress through 
normal mitosis. Instead, the condensed chromatin 
eventually seemed to become fragmented and micro- 
nuclei were formed (Figure 4a,b), a phenotype 
characteristic of apoptotic cells. These results suggest 
that ectopic expression of Pin2 leads to entry into 
mitosis, which is followed by apoptosis. 

If Pin2 first induces mitotic entry and then apoptosis, 
there are at least two predictions. First, Pin2-induced 
apoptotic cells would have some mitosis-specific 
markers and, second, Pin2-induced apoptosis would 
be increased if cells are arrested at mitosis by other 
approaches, but decreased if cells are not allowed to 
enter mitosis. To examine the first prediction, we 
stained Pin2-transfected cells with the phospho-specific 
MPM-2 monoclonal antibody because MPM-2 specifi- 
cally recognizes a subset of mitosis-specific phospho- 
proteins and has been widely used as a maker for 
mitotic cells (Davis et al., 1983; Matsumoto-Taniura et 
al., 1996; Vandre et al., 1986; Westendorf et al, 1994; 
Yaffe et al., 1997). As shown in Figure 4c, most Pin2- 
expressing cells were strongly stained with MPM-2 20- 
24 h after transfection. This staining was also observed 
in Pin2-expressing apoptotic cells even 28-32 h after 
transfection, although at a weaker intensity (Figure 4c). 
This, however, is expected because it is impossible to 
maintain the high level of mitotic phosphorylation at 
such a stage of apoptosis. These results confirm that 
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Figure 4 Expression of Pin2 induces mitotic entry and apoptosis 
in HeLa cells. After transfection with GFP-Kn2 construct, HeLa 
cells were monitored over time and fixed at times indicated, 
stained with DAPI and microscopically examined (a). The cells 
with interphase, mitotic or apoptotic nuclear morphology in all 
GFP-Pin2-expressing cells were counted (b). Cells were stained 
with MPM-2 antibody, followed by fluorescence microscopy (c) 

Pin2-expressmg cells are accumulated at mitosis before 
entering apoptosis. 

To examine the second prediction, we transfected 
HeLa cells with GFP-Pin2 or membrane-localized 
control GFP (TM-GFP) for 12 h and then treated 
the cells with nocodazole or lovastatin, followed by 
analysing the cell cycle profiles of transfected and non- 
transfected cells using flow cytometry analysis. The 
membrane-localized TM-GFP was used instead of 
GFP because regular GFP leaked out of cells after 
fixing with ethanol for flow cytometric assay. When 

cells were transfected with TM-GFP, both GFP- 
positive and -negative cells were almost completely 
arrested at mitosis after nocodazole treatment. Lovas- 
tatin treatment significantly increased Gl cells and 
reduced S phase cells, although the arrest was not 
complete (Figure 5a), as shown previously (Jakobisiak 
et at, 1991; Keyomarsi et at, 1991). This is likely due 
to the difliculty in completely synchronizing HeLa cells 

1 

Control Nocodaz<4« LovastaHn 

5FP+ 

Control Nocoitezol* LovaMMIn 

^^C 
^^z- 

^ Si ^^ 

GFP* 

Figure 5 Pin2-induced apoptosis is potentiated by arresting cells 
at mitosis, but suppressed by arresting cells in Gl. HeLa cells 
were transfected with membrane-localized TM-GFP vector (a) 
GFP-Pin2 (b) for 12 h and treated with 100 ng/ml nocodazole for 
16 h or 20 /JM lovastatin for 20 h to accumulate cells at mitosis or 
Gl, respectively. Cells were stained with propidium iodide and 
GFP-positive and -negative cells, separated and their cell cycle 
profiles analysed using flow cytometry. Percentages and arrows 
indicate apoptotic cells with the sub-Gl DNA content in total 
cells examined 
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(Keyomarsi et al, 1991). Furthermore, sub-Gl apop- 
totic cells were rather minimal (Figure 5a). These 
results indicate that nocodazole and lovastatin do 
produce the expected cell cycle arrests, which are not 
significantly affected by GFP. When the cells were 
transfected with GFP-Pin2, the cell cycle profiles of the 
non-transfected cells were similar to those of the 
control cells (Figure 5b, GFP-). However, in GFP- 
Pin2-positive cells, about 25% of cells were apoptotic, 
as indicated by the sub-Gl DNA content (Figure 5b, 
GFP+). This Pin2-induced apoptosis was reduced to 
7% after lovastatin treatment, but dramatically in- 
creased to 48% after nocodazole treatment (Figure 5b). 
These results indicate that Pin2-induced apoptosis is 
dramatically increased if cells are arrested at mitosis, 
but decreased if cells are arrested in Gl. Taken 
together, the above results indicate that overexpression 
of Pin2 induces entry into mitosis and apoptosis. 

Overexpression of Pin2 results in activation of capase-3 

After establishing that overexpression of Pin2 induces 
mitotic entry and apoptosis, we asked whether Pin2 
activates caspase-3, because during apoptosis caspase-3 
is a key executioner that is responsible either partially 
or totally for the proteolytic cleavage of many essential 
proteins (Cryns and Yuan, 1998). Activation of 
caspase-3 requires proteolytic processing of its inactive 
form into activated two subunits, pl7 and pl2 
(Nicholson et al., 1995). Since cleaved caspase-3 
antibodies can detect the fragments of activated 
caspase-3, it is possible to examine the activity of 
caspase-3 in cells using flow cytometry, as shown 
previously (Belloc et al., 2000). To examine the effect 
of overexpression of Pin2 on activation of caspase-3, 
we transfected cells either with GFP-Pin2 or membrane 
targeted TM-GFP for 30 h. Cells were stained with the 
cleaved caspase-3 antibodies and immunoreactivity of 
GFP-positive and -negative cells was determined by 
flow cytometry. As shown in Figure 6a, the fluores- 
cence intensity of cleaved caspase-3 was significantly 
increased in cells expressing GFP-Pin2, as compared 
with that of GFP-negative cells in the same transfec- 
tion population. In contrast, the fluorescence intensity 
of cleaved caspase-3 showed little difference between 
TM-GFP-positive and -negative cells. These results 
indicate that caspase-3 is specifically activated in GFP- 
Pin2-transfected cells. To examine the significance of 
the capase-3 activation, we used the caspase-3 inhibitor 
DEVD-CHO. As shown in Figure 6b, the caspase-3 
inhibitor significantly suppressed the ability of Pin2 to 
induce apoptosis. These results indicate that Pin2 is 
able to activate caspase-3 and that caspase-3 is a 
downstream mediator of Pin2-induced apoptosis. 

Expression of PinljTRFl is down-regulated in human 
breast cancer samples 

It has been previously shown that overexpression of 
TRFl induces telomere shortening (van Steensel and 
de Lange, 1997). We show that overexpression of Pin2 
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8^ 

G|P. GR.*      GFP-Pln2 

•Cleaved Caspase-3        ^ 

30 
~1-DEVD-CHO 

25 Jn+DEVD-CHO 

g 20-1 

15- 

10- 

50- 

0.( 

GFP GFP-Pln2 

Fl^re 6 Overexpression of Pin2 leads activation of capase-3 
and inhibilion of capase-3 suppresses Kn2-induced apoptosis. (a) 
After 28 h of transfection with expression construct encoding 
GFP-Kn2 or the membrane targeted GFP (TM-GFP), HeLa cells 
v^ere fixed and immunostained with cleaved caspase-3 antibodies 
and GFP-positive and -negative cells were sorted out and their 
immunoreactivity was determined by flow cytometry. Note, since 
regular GFP is leaked from cells after ethanol fixation, TM-GFP 
was instead used as a control. fl») Ceils were pre-incubated with 
10 im of Ac-DEVD-CHO and then transfected with GFP-Pin2 or 
control GFP. Thirty hours later, cwUs were fixed and stained with 
DAPI, followed by determining percental of apoptotic cells in 
total GFP-positive cells 

or TRFl induces apoptosis. These results led us to 
suspect that expression of Pin2/TRF1 may be reduced 
in cancer, where telomeres have to be maintained and 
apoptosis is often inhibited. To examine this possi- 
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bility, we compared protein levels of Pin2/TRF1 in 
normal human breast and breast cancer tissues using 
immunohistochemistry and immunoblotting with affl- 

A 

^■*i'\ 
-1 

'U ^x- :#' 

B 

nity-purified anti-Pin2/TRFl antibodies. Kn2/TRF1 
was readily detected in ductal epithelial cells, con- 
nective tissue and blood vessels in normal breast tissues 
(Figure 7a). Furthermore, Pin2/TRF1 staining was 
primarily in the nucleus (Figure 7a), as shown 
previously (Shen et al., 1997; van Steensel and de 
Lange, 1997). However, mfiltrating carcinoma cells 
displayed much weaker staining with the Pin2/TRF1 
antibodies (Figure 7b). To ensure that these 
signals indeed represent Pin2/TRF1, the Pin2/TRF1- 
specific antibodies were depleted using GST-Pin2 beads 
prior to immunostaining. The Pin2/TRF1-depleted 
antibodies showed no immunoreactivity (data not 
shown), confirming the specificity of the antibodies, 
as described (Shen et al., 1997). 

To confirm the immunostaining results, fresh normal 
or tumor breast tissues were ground in Uquid nitrogen 
and lysates were directly subjected to immunoblotting 
analysis, followed by semi-quantification of protein 
levels using ImageQuant, as described (Lu et at, 
1999a). As an internal control, we used actin, with 
the Pin2/TRF1 level in each sample being expressed as 
a ratio between Pin2/TRF1 and actin. Out of 10 
normal and 51 primary human breast cancer tissues 
examined, we observed that levels of Pin2/TRF1 
protein in all neoplastic breast tissues were significantly 
lower that those present in normal control tissues 
(Figure 7c, Table 3). Together, both immunostaining 
and immunoblotting analyses indicate that expression 
of PIN2/TRF1 is significantly down-regulated in most 
breast cancer samples examined. 

Dfaiciission 

Normal 
1     2    3 

Tumors 
12    4     5     6 

Pin2 
/TRF1 

We have demonstrated that up-regulation of Pin2 
function results in mitotic entry and then apoptosis. 
Interestingly, this phenotype depends on the concen- 
tration of unbound Pin2 and on telomere length in the 
cells. Furthermore, overexpression of Pin2 leads to 
activation of caspase-3 and inhibition of caspase-3 
significantly suppresses the ability of Pin2 to induce 
apoptosis. These results indicate that overexpression of 
Pin2 specifically induces mitotic entry and apoptosis 

Actin .^ 

Figure 7 Down-regulation of Pin2/TRF1 expression in human 
breast cancer samples, (a, b) Immunostaining of Kn2/TRF1 in 
normal (a) and cancerous (b) human breast tissues. Fixed breast 
cancer sections were subjected to immunostaining with affinity- 
purified anti-Pin2/TRFl antibodies. Magnification: €)x. (c) 
Comparison of Kn2/TRF1 levels in selected normal and 
cancerous human breast tissues. Breast tissues obtained from 
three normal and six breast cancer patients were powderized and 
the same amounts of total protein were directly separated on 
SDS-containing gels and transferred to membranes. The 
membranes were cut into two pieces and subjected to immuno- 
blotting analysis using antibodies against to Kn2/TRF1 and actin, 
respectively 

Table 3 Comparison of Kn2/TRF1 levels in normal and 
breast tissues 

neoplastic 

Number 
of cases 

Age 
range 

Pm2ITRPl 
levels 

(X±SD) 
P 

value 

Normals 

Tumors 

10 

51 

22-91 

28-90 

2.517+1.635 

0.835+0.565 
0.0004 

The patient cohort included 47 invasive breast carcinoma and four 
ductal carcinoma m situ. Levels of Pin2/TRF1 in tissues were 
determined by immunoblotting analysis and semi-quantified using 
ImageQuant software, with the results being expressed as a ratio 
between Pin2/TRF1 and actin in each tissue. The significance of the 
differences in Pin2/TRF1 levels between normal controls and tumors 
was analysed using the Kruskall-Wallis test 
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likely via a mechanism that is related to telomere 
dysfunction. Finally, we found that levels of Kn2/ 
TRFl are significantly reduced in human breast cancer 
tissues, as compared with those in the normal control. 
Together with that down-regulation of Pin2/TRF1 
allows cells to maintain long telomeres, these results 
suggest that down-regulation of Pin2/TRF1 may be 
important for the growth of cancer cells. 

Several results support that the effects of exogen- 
ously expressed Pin2 are spedfic and related to 
telomeres shortening. First, Pin2-induced apoptosis 
depends on the concentration of unboiuid Pin2, which 
is likely to be higher in cells with short telomeres. 
Second, Pin2 induces apoptosis only in cells containing 
short telomeres, but not in cells containing long 
telomeres, similar to apoptosis induced by inhibition 
of telomerase (Hahn et al., 1999; Herbert et al., 1999; 
Zhang et al., 1999). Third, up-regulation of Pin2 leads 
to activation of caspase-3, a key executioner of 
apoptosis, that is responsible either partially or totally 
for the proteolytic cleavage of many essential proteins 
during apoptosis (Cryns and Yuan, 1998). Fourth, 
inhibition of caspase-3 suppresses the ability of Pin2 to 
induce apoptosis, indicating that activation of caspase- 
3 plays an important role during Pin2-induced 
apoptosis. These results argue that the ratio of 'free' 
and 'bound' Pin2 is crucial for cells, and increases as 
telomeres shorten, eventually leading to apoptotic cell 
death by mitotic catastrophe. 

The findings that Pin2/TRF1 induces entry into 
mitosis and apoptosis are consistent with previous 
reports. Deletion of telomeres also induces mitotic 
arrest and apoptosis in Drosophila eyes in vivo (Ahmad 
and Golic, 1999). Furthermore, apoptosis is also 
triggered by inhibiting telomerase via expression of 
antisense nucleotide or dominant-negative mutants (Fu 
et al, 1999; Hahn et al, 1999; Herbert et al, 1999; 
Kondo et al, 1998a,b,c; Lee et al, 1998; Zhang et al, 
1999) and inhibition of the telomeric protein TRF2 
(Karlseder et al, 1999). These results consistently show 
that modulating telomere length can affect mitosis and 
lead to apoptosis. Furthermore, we have previously 
shown that the expression level of Pin2/TRF1 is cell 
cycle-dependent (Shen et al., 1997). Pin2/TRF1 is 
signiffcantly increased when cells reach late G2 and 
M phase of the cell cycle, followed by degradation 
before cells exit from mitosis. Together with the 
findings that Pin2 contains a D-Uke motif similar to 
the destruction box present in many mitotic proteins, 
we have previously proposed that degradation of Pin2/ 
TRFl may be required for cells to exit from mitosis 
(Shen et al, 1997). Our current results, showing that 
overexpression of Pin2 leads to mitotic entry followed 
by apoptosis, further support the idea that the function 
of Pin2/TRF1 is tightly regulated during mitosis. 

Pin2-induced apoptosis depends on telomere length 
in cells. Whereas Pin2 potently induces apoptosis in 
cells containing short telomeres, such as HeLa cells, A- 
T22IJE-T and A431, Pin2 fails to induce apoptosis in 
cells with long telomeres, such as 293, HT1080 and 
HeLal.2.11, a HeLa subclone containing long telo- 

meres, even though the protein is expressed and highly 
concentrated at long telomeres in these cells. This 
finding that the abiUty of Pin2 to induce apoptosis 
depends on telomere length may provide an explana- 
tion for why TRFl has not been shown to induce 
apoptosis in some cells, including HT1080 cells 
(Karlseder et al, 1999; van Steensel and de Lange, 
1997). It is also consistent with the recent demonstra- 
tion that the abiUty of inhibiting telomerase to induce 
apoptosis highly depends on the length of telomeres 
(Zhang et al, 1999). Expression of dominant-negative 
telomerase mutants induces apoptosis only in cells that 
contain short telomeres, although it does not induce 
further shortening of telomeres (Zhang et al, 1999). 
Similarly, expression of Pin2 in those cells containing 
short telomeres does not further shorten telomeres 
(data not shown). Since telomere length is sensed by 
the concentration of bound telomeric proteins, as 
shown in the case of Raplp (Marcand et al, 1997), a 
high concentration of bound Pin2/TRF1 in long 
telomere cells could be a signal that the telomeres are 
long enough for cells to continue dividing. Conversely, 
a high concentration of unbound Pin2/TRF1 in short 
telomere cells could indicate that the telomeres are too 
short for the cell to divide. This latter possibility is 
supported by our findings that the point mutant in the 
DNA-binding domain does not bind to the telomeric 
DNA but still potently induces apoptosis. Therefore, 
telomere length and the concentration of unbound Pin2 
may be important signals for cell proliferation. 

Although modulating the function of telomerase or 
either telomeric protein Pin2/TRF1 or TRF2 can all 
lead to apoptosis, the molecular pathways involved 
seem quite different. It has been demonstrated that 
apoptosis induced by inhibition of TRF2 is ATM- and 
p53-dependent (Karlseder et al, 1999). However, p53 is 
also functionally absent from all of cell lines sensitive 
to Pin2/TRFl-induced apoptosis in our studies due to 
the presence of HPV E6 or SV40 T antigen in these 
cells. Together with findings that Pin2 or TRFl also 
potently induced apoptosis in ATM-negative A- 
T22IJE-T cells, these results indicate that Pin2/TRF1 
induced apoptosis is ATM- and p53-independent. 
Similarly, p53 is also not required for apoptosis 
observed in telomerase-inhibited cells (Zhang et al, 
1999). Given that both overexpression of Pin2/TRF1 
and inhibition of telomerase inhibit telomere elonga- 
tion (Hahn et al, 1999; Herbert et al., 1999; van 
Steensel and de Lange, 1997; Zhang et al, 1999), it is 
conceivable that Pin2/TRF1 may induce apoptosis via 
a mechanism similar to that of telomerase inhibition, 
although the actual signal to activate apoptosis remains 
to be elucidated. At least two different signaling 
pathways exist in telomere-mediated apoptosis. One is 
the ATM- and p53-dependent pathway that is 
activated by inhibition of TRF2 and the other is the 
ATM- and p53-independent pathway that is activated 
by inhibition of telomere elongation via up-regulating 
Pin2/TRF1 or inhibiting telomerase. The ability to 
pinpoint the induction of apoptosis in these two 
pathways may provide a powerful tool to investigate 

1S05 

Oncogens 



m Apoptosis Induced 1^ Momeric proMn Ptoa/lUFl 
S Kishi et a( 

1506 

the molecular nature of the apoptotic response to 
telomere dysfunction. 

Although it remains to be determined whether Pin2/ 
TRFl is able to induce mitosis and apoptosis under 
physiological conditions, there are at least two 
pathological conditions where Pin2/TRF1-induced 
apoptosis may be important. One condition is the 
genetic disorder ataxia-telangiectasia caused by ATM 
mutations. These patients are hypersensitive to irradia- 
tion and cells derived from the patients contain short 
telomeres and display a prominent G2/M checkpoint 
defect upon irradiation. These ATM-negative cells fail 
to delay entry into mitosis and instead are prone to 
enter mitosis and apoptosis after irradiation (Metcalfe 
etal, 1996; Pandita et at, 1995; Smilenov et al, 1997; 
Xia et al, 1996). Significantly, the hypersensitivity to 
ionizing radiation is correlated with telomere loss 
(Metcalfe et al, 1996; Pandita et al, 1995; Smilenov 
et al, 1997; Xia et al, 1996). Interestingly, we have 
shown that ATM binds and negatively regulate the 
function of Pin2/TRFi presumably via phosphoryla- 
tion (Kishi et al, a manuscript submitted). More 
significantly, if the function of endogenous Pin2/ 
TRFl in ATM-negative cells is inhibited by stably 
expressing dominant-negative Pin2, cells are no longer 
sensitive to irradiation. Following irradiation, the Pin2/ 
TRFl-inhibited A-T cells do not enter mitosis and 
apoptosis, but instead delay entry into mitosis, which is 
a normal DNA damage response for repairing 
damaged DNA. These results indicate that inhibition 
of endogenous Pin2/TRF1 function is sufficient to 
prevent DNA damage-induced mitosis and apoptosis, 
and also suggest that endogenous Pin2/TRF1 in ATM- 
negative cells is able to induce mitosis and apoptosis, at 
least upon DNA damage (Kishi et al, manuscript 
submitted). Another pathological condition where 
Pin2/TRFl-induced apoptosis may be significant is 
cancer cells. In contrast to most somatic cells, where 
telomeres are shortened vrith each cell division and 
there is a limited Ufe span, cancer cells have an 
unlimited cell division potential and have to maintain 
their telomeres (Greider and Blackburn, 1996; Lund- 
blad, 2000; Zakian, 1995). To maintain this continuous 
cell division, the function of Pin2/TRF1 is likely to be 
down-regulated in these cancer cells since up-regulation 
of Pin2/TRF1 results in telomere shortening, as shown 
previously (van Steensel and de Lange, 1997), and 
induces apoptosis, as shown here. Indeed, we have now 
found that Pin2/TRF1 is significantly down-regulated 
in most human breast cancer samples, as confirmed 
both by immunostaining and immunoblotting analysis. 
A recent immunohistochemical study also revealed a 
similar down-regulation of Pin2/TRF1 in gastrointest- 
inal tumors (Aragona et al, 2000). Although the 
relationship between down-regulation of Pin2 and 
telomere length in tumor cells remains to be addressed, 
these results suggest that down-regulation of Pin2/ 
TRFl may be a general phenomenon in cancer and 
this down-regulation may allow cancer cells to extend 
their proUferative potential. Further studies on the role 
of Pin2/TRF1 in modulating cell proUferation and cell 

death may  help  understand  the  role  of telomere 
maintenance in cellular aging and transformation. 

Materials and methods 

Transient transfection and apoptosis assays 

For detecting apoptosis using ^-gal assay, cells were co- 
transfected with pSV2-lacZ and vector encoding wild-type or 
mutant Pin2 for 48-60 h by using the Superfect reagents 
(Qiagen), fixed with 0.5% glutaraldehyde and stained with X- 
gal, as described (Kumar et al, 1994; Mayo et al, 1997). For 
the TUNEL assay, cells were cotransfected with Pin2 
expression construct and the cell surface marker CD20 for 
36 h and then stained with anti-CD20 antibody (Pharmin- 
gen), as described (Zhu et al., 1993). The stained cells were 
subjected to TUNEL staining and analysed by flow 
cytometry, as described (Douglas et al., 1998; GavrieU et 
al., 1992). To directly observe the morphology of Pin2 
expressing cells, Pin2 and its various mutants were expressed 
as C-terminal fusion proteins with GPP in cells (Clontech). 
Respective vectors were used in all transfections as controls. 
Transfected living cells were monitored over time and fixed at 
various time points. The indexes of interphase, mitotic and 
apoptotic cells were determined after staining the cells with 
the DNA-binding dye DAPI or the mitosis-specific mono- 
clonal antibody MPM-2, as described (Lu and Hunter, 1995; 
Shen et al, 1997). The apoptosis rate was determined by 
counting about 300-400 GFP-positive cells. 

Analysis of telomere restriction fragment length 

Telomere restriction fragment length was determined, as 
described previously (van Steensel and de Lange, 1997). In 
brief, gnomic DNA was isolated from the cultured cells 
using QIAamp Tissue Kit (QIAGEN), and digested with 
Hinfl and ^S^I (New England Bio Labs) to generate the 
telomere restriction enzyme fragments. Ten /xg of genomic 
DNA was separated on a 0.7% agarose gel. This gel was 
hybridized directly to a "P-labeled telomere probe, which was 
made with (AATCCC) primer using pSP73 Sty 11 plasmid as 
a template in Klenow fragment. 

Cell cycle analysis 

To enrich cells in Gl, cells were treated with 20 fiu lovastatin 
for 20 h, as described (Jakobisiak et al, 1991; Keyomarsi et 
al, 1991). To block cells at mitosis, cells were incubated 
lOD ng/ml nocodazole for 16 h. For cell cycle analysis, cells 
were harvested by trypsinization, re-suspended in DMEM 
supplemented with 10% serum, washed in PBS, and then 
fixed in 70% ethanol. After washing cells once with PBS 
containing 1% BSA, DNA was stained with propidium 
iodide (10 /ig/ml) containing 250 im/ml of ribonuclease A, 
followed by flow cytometry analysis (Becton-Dickinson), as 
described (Lu and Hunter, 1995). 

Flow cytometric analysis ofcaspase-3 activation and treatment 
ofcaspase-3 inhibitor 

After 28 h of transfection with GFP-Pin2 or TM-GFP 
expression construct, HeLa cells were fixed and then 
immunostained with cleaved caspase-3 antibody (Cell Signal- 
ing Technology), followed by Rhodamine-conjugated anti- 
rabbit secondary antibodies, as described (Belloc et al, 2000). 
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The stained cells were analysed by flow cytometry for the 
detection of caspase-3 activation. To inhibit caspase-3, 10 nM 
of Ac-Asp-Glu-Val-Asp-CHO (Ac-DEVD-CHO) was added 
to cells before transfection. 

Expression of PinllTRFl in human cancer tissues 

Fifty-one cancerous and 10 normal breast tissue specimen 
were randomly selected. Tissue from the core of the tumor 
had been snap frozen in liquid nitrogen and powderized using 
a Microdismembrator (Braxm). About 10 ^g of the powder- 
ized tissues were re-suspended in 100/<1 of SDS sample 
buffer. Immunoblotting analysis with anti-Pin2/TRFl and 
anti-actin antibodies was performed as described (Shen et al., 
1997). Levels of Pin2/TRF1 were semi-quantified using 
Imagequant and the significance of the differences in Pin2/ 
TRFl levels between normal and cancer tissues was analysed, 
as described (Lu et al, 1999a). To detect the localization of 
Pin2/TRF1 in human tissues, 50 /an sections were cut from 
breast cancer tissues, and then microwaved in an antigen 
retrieval buffer (Biogenex), as described by the manufacturer. 

Endogenous peroxidase activity was blocked with H2O2, the 
sections were incubated with anti-Pin2/TRFl antibodies that 
had been purified using GST-Pin2 glutathione beads (Shen et 
at., 1997), and visualized by the immimoperoxidase staining 
protocol, as described (Lu et al., 1999a). 
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