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Summary

Phosphorylation of proteins on serine or threonine residues
preceding proline (Ser/Thr-Pro) is a major intracellular
signaling mechanism. The phosphorylated Ser/Thr-Pro
motifs in a certain subset of phosphoproteins are
isomerized specifically by the peptidyl-prolyl cis-trans
isomerase Pinl. This post-phosphorylation isomerization
can lead to conformational changes in the substrate
proteins and modulate their functions. Pinl interacts with
a number of mitotic phosphoproteins, and plays a critical
role in mitotic regulation. Recent work indicates that Pinl
is overexpressed in many human cancers and plays an
important role in oncogenesis. Pinl regulates the

expression of cyclin D1 by cooperating with Ras signaling
and inhibiting the interaction of -catenin with the tumor
suppressor APC and also directly stabilizing cyclin D1
protein. Furthermore, PIN1 is an E2F target gene essential
for the Neu/Ras-induced transformation of mammary
epithelial cells. Pinl is also a critical regulator of the tumor
suppressor p53 during DNA damage response. Given its
role in cell growth control and oncogenesis, Pinl could
represent a new anti-cancer target.
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Introduction

Ser/Thr-Pro motifs and thereby induces conformational

The phosphorylation of proteins on serine or threonin€hanges in its target proteins (Albert et al., 1999; Arevalo-
residues that immediately precede proline residues (Ser/THrodriguez et al., 2000; Hsu et al., 2001; Kops et al., 2002; Liou
Pro) is an important signaling mechanism controlling manyet al., 2002; Lu et al., 1999a; Lu et al., 1999b; Ryo et al., 2002;
cellular processes, such as cell cycle regulation, transcriptioRRYo et al., 2001; Shen et al., 1998; Stukenberg and Kirschner,
cell differentiation and proliferation (Blume-Jensen and2001; Wu et al., 2000; Wulf et al., 2002; Wulf et al., 2001;
Hunter, 2001; Hunter, 1995; Hunter, 1998; Lu, K. P. et al.Yaffe et al., 1997; Zacchi et al., 2002; Zheng et al., 2002; Zhou
2002b). The deregulation of this elaborate signalinget al., 2000). These conformational changes can have profound
mechanism can result in cell transformation and oncogenesigffects on the function of Pinl substrates, modulating their
Therefore, precise pre- and post-phosphorylation regulatogctivity, phosphorylation status, protein-protein interactions,
mechanisms have evolved that maintain steady-stagubcellular localization and stability (Fig. 1). For example,
intracellular signaling. Pinl can bind to and induce conformational changes in
Ser/Thr—Pro motifs are the major phosphorylation sites foihe mitotic phosphatase Cdc25C and the microtubule-
a large superfamily of ‘proline-directed’ kinases, includingbinding protein tau, after they have been phosphorylated on
cyclin-dependent kinases (CDKs), mitogen-activated proteispecific Ser/Thr-Pro motifs. Such conformational changes
kinases (MAPKSs) and glycogen synthase kings6G5K-33),  can directly inhibit the ability of phosphorylated Cdc25C
and conversely they are dephosphorylated by Ser/THp dephosphorylate and activate Cdc2 (Shen et al., 1998;
phosphatases, including PP2A, FCP1 and calcineurin (Lu, Ketukenberg and Kirschner, 2001; Zhou et al., 2000), or restore
P. et al., 2002b). Furthermore, MAPK ERK2 and CDK2, aghe ability of phosphorylated tau to promote microtubule
well as the Ser/Thr phosphatase PP2A, are conformaticassembly (Lu et al., 1999a). Furthermore, such conformational
specific, preferentially phosphorylating/dephosphorylating thehanges can also regulate the dephosphorylation of Cdc25C
trans isomer (Brown et al., 1999; Weiwad et al., 2000; Zhou etnd tau because phosphatases such as PP2A dephosphorylate
al., 2000). Ser/Thr phosphorylation has for a long time beeanly the trans isoform of phosphorylated Ser/Thr-Pro motifs
believed to regulate the function of proteins by alteringZhou et al., 2000). Thus, phosphorylation-dependent prolyl
their conformations; however, little is known about theisomerization is a new post-phosphorylation signaling
actual conformational changes and their importance. Thmechanism.
identification and characterization of a peptidyl-prolyl cis/trans Pinl was originally identified in a yeast two-hybrid screen
isomerase (PPlase), Pinl, has led to the discovery of a nowd a human protein that interacts physically and functionally
post-phosphorylation regulatory mechanism (Lu et al., 1996yith a mitotic kinase and was the first peptidyl-prolyl cis/trans
Ranganathan et al., 1997; Yaffe et al., 1997). Pinl binds to aimsbmerase (PPlase) shown to be essential for cell division in
isomerizes the peptidyl-prolyl bond in specific phosphorylategeast and human cells (Lu et al., 1996). Pin1l homologues are
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Fig. 1. A novel post-phosphorylation regulatory mechanism in phosphorylation signaling. Phosphorylation of proteins by proline-directed
kinases (e.g. CDKs, MAPKs, GSK3Bcreates binding sites for the prolyl-isomerase Pinl (1st step). Subsequent prolyl-isomerization by Pinl
induces conformational changes and thereby regulates the function of target proteins (2nd step).

highly conserved in eukaryotes (Huang et al., 2001; Landrietransition inXenopusextracts (Winkler et al., 2000). Pinl has
et al., 2000; Metzner et al., 2001; Yao et al., 2001; Zhou et abeen shown to be involved in the regulation of many other
1999), and the budding yeast homologue, Esslp/Ptrflp, wasllular events, such as cell cycle progression, transcriptional
isolated a long time ago but did not have any previously knowregulation and cell proliferation and differentiation (Albert et
activity (Hanes et al.,, 1989; Hani et al., 1995). With theal., 1999; Arevalo-Rodriguez et al., 2000; Crenshaw et al.,
exception of the plant enzymes, which appear to contain onliQ98; Gerez et al., 2000; Hani et al., 1999; Hsu et al., 2001,
PPlase domains, most other Pinl-type PPlases also containkammimoto et al., 2001; Lavoie et al., 2001, Liou et al., 2002;
N-terminal WW domain. The function of the WW domain isLiu et al., 2001; Messenger et al., 2002; Morris et al., 1999;
to target the enzyme to its substrates, where the PPlase domBathan et al., 2001; Patra et al., 1999; Rippmann et al., 2000;
is both sufficient and necessary to catalyze the conformation&yo et al., 2002; Ryo et al., 2001; Shen et al., 1998; Wu et al.,
change and to carry out the essential function of this enzym2000; Wulf et al., 2001). Furthermore, it is involved in the DNA
Depletion of Pinl causes mitotic arrest and apoptosis idamage response, regulating p53 function (Wulf et al., 2002;
budding yeast and tumor cell lines (Lu et al., 1996), and PinZacchi et al., 2002; Zheng et al., 2002). Moreover, it is also
is required for the DNA replication checkpoint and G2/Minvolved in Alzheimer’s disease (Lu et al., 1999a; Zhou et al.,
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Table 1. Representative known Pinl substrates

Protein Function References

NIMA Mitotic kinase Lu et al., 1996

Cdc25C Protein phosphatase for Cdc2 Yaffe et al., 1997; Crenshaw et al., 1998; Shen et al., 1998;
Lu et al., 1999b; Zhou et al., 2000; Stukenberg and Kirschner, 2001

Plk 1 Mitotic kinase Yaffe et al., 1997; Crenshaw et al., 1998; Shen et al., 1998

Cdc27 Anaphase-promoting complex component Yaffe et al., 1997; Shen et al., 1998

Rab4 GTP-binding protein Yaffe et al., 1997; Gerez et al., 2000

p70/S6 kinase Protein kinase Yaffe et al., 1997

Weel Mitotic kinase Shen et al., 1998

Mytl Mitotic kinase Shen et al., 1998; Wells et al., 1999

CENP-F Kinetokore protein Shen et al., 1998

Incenp Inner centromere protein Shen et al., 1998

Tau Microtubule-interacting protein Lu et al., 1999a; Zhou et al., 2000

Pol Il RNA polymerase I Albert et al., 1999; Morris et al., 1999; Verdecia et al., 2000;
Wu et al., 2000; Kops et al., 2002

Sin3-Rpd3 Histone deacetylase Arevalo-Rodriguez et al., 2000

NHERF-1 Na+/H+ exchanger regulatory factor 1 He et al., 2001

KRMP1 Kinesin-related protein Kamimoto et al., 2001

hSpt5 A DRB sensitivity-inducing factor component Lavoie et al., 2001

Bcl-2 Anti-apoptotic factor Pathan et al., 2001; Basu et al., 2002

c-Jun Transcription factor Wulf et al., 2001

[-catenin Transcription activator Ryo et al., 2001

NFAT Transcription factor Liu et al., 2001

Cf-2 Transcriptional repressor Hsu et al., 2001

Cyclin D1 Cell cycle regulator Liou et al., 2002; Ryo et al., 2002

CK2 Protein kinase Messenger et al., 2002

p53 Transcription factor Waulf et al., 2002; Zacchi et al., 2002; Zheng et al., 2002

2000) and cancer (Liou et al., 2002; Ryo et al., 2002; Ryo earget for mammary tumorigenesis. Cyclin D1 is overexpressed
al., 2001; Wulf et al., 2001). in about half of breast cancer patients (Bartkova et al., 1994;
Here we review recent studies demonstrating the role of PinGillett et al., 1994). Overexpression of cyclin D1 contributes

in cell growth control and oncogenesis and discuss th® cell transformation (Alt et al., 2000; Hinds et al., 1994),
feasibility of Pinl as a potential therapeutic target for antiinhibition of cyclin D1 expression by antisense expression
cancer treatment. Comprehensive recent reviews on functi@mauses growth arrest in tumor (Arber et al., 1997; Driscoll et
and regulation of Pinl (Lu, K. P. et al., 2002b; Zhou et al.al., 1997; Kornmann et al., 1998; Schrump et al., 1996) and
1999), as well as its specific role in transcription (Shaw, 2003]Jisruption of the cyclin D1 gene in mice completely suppresses
and in Alzheimer's disease (Lu, K. P. et al.,, 2002a), ar¢the ability of Ha-Ras or Her2/Neu to induce tumor
available elsewhere. development in mammary glands (Yu et al., 2001). In breast
cancer tissues, Her2/Neu overexpression correlates with Pinl
. . . overexpression, although this correlation did not reach
Regulation of cyclin D1 expression statistical significance, probably because of the small number
At least 20 proteins have been shown to be Pinl targets (Taldé&Her2/Neu-positive patients in the study (Wulf et al., 2001).
1). Of these known Pinl substrates, cyclin D1 is the modtis of interest, though, that Pinl levels were 1.7-2 times higher
extensively studied both in vitro and in vivo (Liou et al., 2002;in patients who are either Her2/Neu positive, or negative for
Ryo et al., 2002; Ryo et al., 2001; Wulf et al., 2001). The=strogen receptor expression (Wulf et al., 2001). Further
connection between Pinl and cyclin D1 was originallystudies in larger cohorts may clarify the relationship between
identified in screens for Pinl expression in human brea®inl expression and these unfavorable biochemical markers,
cancer tissues (Wulf et al, 2001). Indeed, Pinl isnd establish whether Pinl expression would be a useful
overexpressed in several human cancers, including breast, luadditional marker for breast cancer prognosis.
and prostate cancers and its expression levels positively
correlate with the tumor grade in breast cancer (Ryo et al,, . _ o
2001; Wulf et al., 2001). In addition, Pinl is overexpressed i0operation with the Ras/AP-1 signaling pathway
all breast cancer cell lines examined when compared with noifhe AP-1 complex, which includes transcription factors such
transformed or primary mammary epithelial cells (Wulf etas Jun, Fos and FosB, regulates a wide range of cellular
al., 2001), and Pinl is one of the genes suppressed Ipyocesses, including cell proliferation, cell death, survival and
overexpression of wild-type BRCA1l (MaclLachlan et al.,differentiation, and has a binding site in the cyclin D1 promoter
2000). (Shaulian and Karin, 2002). The significance of Jun activation
Elevated Pinl levels in breast cancer significantly correlator cell proliferation and cyclin D1 induction has been studied
with cyclin D1 overexpression (Ryo et al., 2002; Ryo etin mice lacking AP-1 componentSosFosBdouble knockout
al., 2001; Wulf et al., 2001). In fact, we have found that PinJand Jun knockout mouse embryonic fibroblasts (MEFs) have
levels in cyclin D1 overexpressing tumors are on average aborgduced cyclin D1 levels and display severe proliferative
twice as high as those in cyclin-D1-negative tumors. This islefects (Behrens et al., 1999; Brown et al., 1998; Shaulian and
significant given that cyclin D1 is an essential downstreanKarin, 2001; Shaulian and Karin, 2002). Ras signaling
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activates the proline-directed MAP kinases p38 andibronectin (Gradl et al., 1999; He et al., 1999; He et al., 1998;
JNK/SAPK, which phosphorylate Jun on two critical N- Tetsu and McCormick, 1999). Overexpression or depletion of
terminal Ser-Pro motifs at Ser63 and Ser73, thereby enhanciinl in cell lines has been shown to regulate the stability and
its transcriptional activity (Albanese et al., 1999; Albanese etubcellular localization of3-catenin (Ryo et al., 2001). In
al., 1995; Bakiri et al., 2000; Binetruy et al., 1991; Derijard etaddition, Pinl can activate the cyclin D1 promoter not only
al., 1994; Shaulian and Karin, 2001; Whitmarsh and Davighrough AP-1 sites but also through TCF-binding sites that are
1996). How the activity of Jun is further regulated afterpresent (Ryo et al., 2001). Upregulation of Pinl in breast
phosphorylation has not been known until recently. cancer strongly correlates with increaechtenin levels in the
We have found that Pinl not only binds phosphorylated Jutumors examined, wheregscatenin levels are decreased in
but also increases its ability to activate the cyclin D1 promotePinl-knockout mouse tissues (Ryo et al., 2001).
in cooperation either with activated JNK or oncogenic Ha-Ras. How does Pinl regulafgcatenin levels? As shown above,
In contrast, inhibition of endogenous Pinl reduces theonformational changes caused by Pinl-catalyzed prolyl-
transcriptional activity of phosphorylated Jun, indicating thaisomerization can affect protein stability, phosphorylation
endogenous Pinl is also required for optimal activation. Thustatus and protein-protein interactions (Hsu et al., 2001; Kops
Pinl is a potent modulator of phosphorylated Jun in inducingt al., 2002; Liou et al., 2002; Lu et al., 1999a; Lu et al., 1999b;
cyclin D1 expression, presumably by regulating theRyo etal., 2002; Ryo et al., 2001; Shen et al., 1998; Stukenberg
conformation of the phosphorylated Ser-Pro motifs in Jurand Kirschner, 2001; Wulf et al., 2002; Wulf et al., 2001; Yaffe
(Wulf et al., 2001). Jun is basically a positive regulator of celet al., 1997; Zacchi et al., 2002; Zheng et al., 2002; Zhou et
proliferation (Behrens et al., 1999; Brown et al.,, 1998al., 2000). Pinl binds exclusively to phosphorylgiethtenin,
Shaulian and Karin, 2001; Shaulian and Karin, 2002), and thend its binding site has been mapped to thef%ero motif
Pinl-induced conformational changes in Jun potentially affeqiRyo et al., 2001). This motif is located at an exposed loop
its ability to form homo- or hetero-dimers and/or its DNA region between the two helixes at the third armadillo repeat
binding activity. However, further studies are necessary tmterface, and it is next to the surface that interacts with APC
define the molecular mechanisms by which Pinl affects Jun the three-dimensional structure@tatenin (Graham et al.,
function. 2000; Huber et al., 1997; von Kries et al., 2000). APC is the
shuttling protein that exports nucleg-catenin to the
o ) cytoplasm for degradation (Bienz, 2002; Henderson, 2000;
Activation of the Wnt/ B-catenin pathway Neufeld et al., 2000; Rosin-Arbesfeld et al., 2000). Mutations
Wnt/B-catenin signaling is involved in control of gene of Ph&>3and Phé®in B-catenin abolish its ability to bind to
expression, cell adhesion and cell polarity (Kinzler andAPC (Graham et al., 2000; Huber et al., 1997; von Kries et al.,
Vogelstein, 1996; Moon et al., 2002; Morin, 1999; Polakis,2000). Similarly, Pin1 binding and isomerization specifically
2000). Activation of the Wnf§-catenin signaling pathway is a inhibits the interaction betwedscatenin and APC, resulting
major feature of human cancers (Kinzler and Vogelstein, 1996n the nuclear accumulation and stabilization atatenin.
Polakis, 2000). Deregulation of this signaling pathway ha®inl-dependent prolyl-isomerization thus appears to be a novel
been found in a subset of human malignancies that carmpechanism for the regulation @fcatenin—APC interaction.
mutations in proteins participating in this pathway, such a&iven the overexpression of Pinl in many cancers, this
APC (adenomatous polyposis coli), axin ghdatenin itself mechanism might up-regulgbecatenin activity in tumors such
(Kinzler and Vogelstein, 1996; Polakis, 2000; Satoh et al.as breast cancer, in which APC andieratenin mutations are
2000). The end result of this aberrant activation is always theot common (Ryo et al., 2001).
cytosolic stabilization of-catenin, which enhances the
transcription of a number of target genes, including the cyclin ) ) )
D1 gene andyc, which can lead to oncogenesis (Behrens eRegulation of cyclin D1 protein levels
al., 1996; He et al., 1998; Mann et al., 1999; Molenaar et alRinl-knockout mice were originally reported to develop
1996; Tetsu and McCormick, 1999). Mutations in APQor normally and to have no phenotype (Fujimori et al., 1999).
catenin are often found in certain tumor types, such as coldviore recent analyses indicate that these mice display a range
cancer (Kinzler and Vogelstein, 1996; Morin, 1999; Polakispf cell proliferative abnormalities, including decreased body
2000), but they are rarely observed in others, such as breaste, testicular atrophy and retinal degeneration, a phenotype
cancer (Jonsson et al., 2000; Lin et al., 2000; Schlosshauersttongly reminiscent of the cyclin-D1-knockout mice (Liou et
al., 2000). However, there is compelling evidence for a crucial., 2002). Most strikingly, the breast epithelial compartment
role for B-catenin signaling in the tumorigenesis of breasin Pinl-null mice cannot undergo the massive proliferative
cancer (Jonsson et al., 2000; Lin et al., 2000; Roose et athanges associated with pregnancy. Importantly, cyclin D1
1999; Schlosshauer et al., 2000). Furtherm{®eatenin levels protein levels are significantly decreased in every tissue that
are significantly upregulated and are a strong and independatisplays a severe phenotype (Liou et al., 2002). These results
prognostic factor in human breast cancer patients (Lin et alsfrongly suggest that Pinl is essential for the regulation of
2000). cyclin D1 in vivo. Interestingly, mouse models in which AP-1
A differential display screen for genes regulated by Pinl thair -catenin/APC function is perturbed do not display defects
compared inducible Pinl-overexpressing breast cancer MCFa&sociated with lack of cyclin D1 (Behrens et al., 1999; Brown
cells and control cells identified 17 known genes (Ryo et algt al., 1998; Haegel et al., 1995; Shaulian and Karin, 2001),
2001). Interestingly, four of the 12 genes whose expression isdicating that other Pinl-dependent mechanisms for
upregulated are targets @fcatenin and its transcriptional regulating cyclin D1 exist. Indeed, cyclin D1 mRNA levels in
partner TCF: those encoding cyclin D1, Myc, PPAR-delta anéinl-knockout MEFs are significantly reduced probably
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because of defective Jun/AP-1 giatatenin/TCF pathways. as described above. Phosphospecific antibodies will help us to
However, the reduction of cyclin D1 protein levels isassess more accurately the ratio of phosphorylated to
disproportionally greater (Liou et al., 2002). Phosphorylatiordephosphorylated Pinl and may become an important tool for
of cyclin D1 by GSK-B on Thr286-Pro site regulates turnover identifying the kinase/phosphatase activities regulating the
and localization of cyclin D1 by enhancing its binding tophosphorylation status of Pinl. Finally, Pinl levels have been
CRM1, a nuclear exporter of cyclin D1, which leads toshown to be decreased upon prolonged exposure to the
degradation of cyclin D1 in the cytoplasm (Alt et al., 2000;microtubule-targeting drug Taxol, which can apparently be
Diehl et al., 1998; Diehl et al., 1997; Fukuda et al., 1997). Pinprevented by some proteasome inhibitors; this suggests that
can bind to and presumably isomerize the phosphorylateinl is also subjected to proteolytic regulation (Basu et al.,
Thr286-Pro motif in cyclin D1, which may inhibit its 2002). However, direct evidence for such a regulatory
interaction with CRM1. This would stabilize cyclin D1 by mechanism has not yet been provided.
preventing its nuclear export and proteolysis in the cytoplasm
(Liou et al., 2002). Pinl thus seems to regulate cyclin D1 ) )
function at both the transcriptional and post-translationaPinl overexpression and cell transformation
levels, and this may explain why tlinl-null phenotype Recent data support the notion that Pinl can at least partially
resembles the cyclin-D1-null phenotype. It is also consisteritansform mammary epithelial cells (Ryo et al., 2002). Pinl
with the finding that Pinl-deficient MEFs cannot effectivelyconfers anchorage-independent cell growth on the non-
restart proliferation in response to serum stimulation after G&ansformed mammary epithelial cell line MCF-10A (Ryo et
arrest (Fujimori et al., 1999). These results indicate that Pindl., 2002). Furthermore, its overexpression interferes with
is required for progression through GO to S in addition tonormal cell differentiation and acinal formation in a three-
mitosis. dimensional matrigel assay (Muthuswamy et al., 2001,
Petersen et al.,, 1992; Ryo et al.,, 2002). However, Pinl
. ) o ) overexpression does not affect cell growth or cell morphology
Regulation of pinl transcription and function by under normal culture conditions. Overexpression of Pin1 might
oncogenic pathways thus trigger some early events during cell transformation (Ryo
How is Pinl activated in cancer cells? TREN1 promoter etal., 2002), although it remains to be determined whether Pinl
sequence has neither a TATA nor CAAT box but has twatself is sufficient for transformation in vivo. It is possible that
putative GC boxes and three putative E2F-binding sites (Ryelevated Pinl levels become oncogenic only after a ‘first hit’,
et al., 2002). Indeed, E2F family proteins activate Rfid1l i.e. activation of an oncogenic pathway that leads to substrate
promoter through these E2F-binding sites. E2F proteins alggthosphorylation that allows Pinl to exert this function. The
bind thePIN1 promoter in vitro and in vivo, and increased Pinlobservation that Pinl greatly enhances and facilitates
levels in breast cancer cell lines correlate with an increageansformation by oncogenic Neu and Ras in mammary
in binding of E2F to thePIN1 promoter. Moreover, epithelial cells is consistent with this hypothesis (Ryo et al.,
overexpression of E2F enhand@dN1 promoter activity and 2002).
MRNA levels in breast cancer cells. In common with many Neu or Ras signaling is frequently deregulated in breast
other E2F-target genes (Fry et al., 1997; Nevins, 2001; Ohtanancers, although mutations and amplifications of these genes
et al., 1995)PIN1 transcription and its protein levels fluctuate are rarely observed (Andrechek and Muller, 2000; Harari and
during cell cycle progression in non-neoplastic cells (Ryo eYarden, 2000). Transgenic overexpression of MMTV-Ha-Ras
al., 2002) but not in transformed cells (Shen et al., 1998pr MMTV-Neu potently induces mammary tumors by
Interestingly, aberrantly high E2F1 levels have been describestimulating cyclin D1. However, transgenic overexpression of
in breast cancer (Zhang et al., 2000), and therefore it is possitMMTV-cyclin D1 is much less tumorigenic (Muller et al.,
that deregulation of E2F plays a key role in the upregulatiod988; Sinn et al., 1987; Wang et al., 1994). In addition,
of Pinl in breast cancer. Since deregulation of the Rb/E2€onstitutive overexpression of cyclin D1 alone cannot
pathway is also found in many other cancer types anttansform MCF-10A cells, nor is it sufficient to prevent G1
contributes to the oncogenesis of a number of human cancexgest induced by EGF deprivation (Chou et al., 1999). These
(Johnson and Schneider-Broussard, 1998; Nevins, 200djscrepancies could be explained by the findings that cyclin D1
Weinberg, 1995), deregulation of the Rb/E2F pathway mais regulated not only by transcriptional activation but also by
cause Pinl overexpression in other cancer cells. the post-translational stabilization described above. In contrast
In addition to being transcriptionally regulated, Pinl is alsdo wild-type cyclin D1, the mutant cyclin D486Ais stable and
regulated by post-translational controls. One such regulatofyinctions as a constitutively active mutant that can potently
mechanism is phosphorylation. Phosphorylation of the Pinfransform fibroblasts (Alt et al., 2000). Both transcriptional
WW domain inhibits its ability to bind target proteins andactivation and post-translational stabilization of cyclin D1 thus
regulates the subcellular localization of Pinl (Lu, P. J. et alseem to be critical for tumor development induced by Neu/Ras
2002). Dephosphorylated Pinl accumulates during the G2/Igignaling.
transition in HelLa cells, whereas in G1 and S phase Similarly to cyclin D1, Pinl is highly overexpressed in the
phosphorylated Pinl is predominant (Lu, P. J. et al., 2002). Imammary glands of transgenic mice that overexpress MMTV-
human breast tumors, the dephosphorylated, and presumaNgu or MMTV-Ha-Ras (Muller et al., 1988; Ryo et al., 2002;
active, form of Pin1 accumulates (Wulf et al., 2001). It will beSinn et al., 1987). Inhibition of Pinl by a dominant negative
important to identify the specific kinase responsible becausejutant or an antisense construct dramatically reduces both cell
theoretically, this kinase would be able to inhibit Pinl functionproliferation and the transformation induced by the Neu and
thereby suppressing its ability to activate oncogenic pathwayRas oncogenes. This reduction can be reversed by expression
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of the constitutively active cyclin D1 T286A mutant that issets of genes required for cell cycle arrest and apoptosis,
resistant to Pinl inhibition (Ryo et al., 2002). These resultdepending on the cellular context and intensity and timing of
suggest that cyclin D1 is a specific downstream target of Pinthe respective DNA damage (Colman et al., 2000; Lakin and
for oncogenesis. Cyclin D1 is overexpressed in 50% of allackson, 1999; Meek, 1999; Ryan et al., 2001; Taylor and
breast cancers, but genetic amplification accounts for only 10%tark, 2001; Wahl and Carr, 2001). Careful in vivo analysis of
of this overexpression (Sutherland and Musgrove, 2002). Pirthe effects of different types of genotoxic insult may clarify
therefore probably plays an important role in maintainingvhether Pinl-mediated prolyl isomerization of p53 directs the
cyclin D1 levels sufficient for transformation of mammary cells in a given cell towards apoptosis or towards cell cycle
epithelial cells. arrest.
These results are initially counterintuitive: why would a
) ] protein that amplifies oncogenic signals also activate a tumor

Regulation of p53 in the DNA damage response suppressor gene? Proline-directed phosphorylation plays an
The tumor suppressor protein p53 regulates multiple celluldamportant role in both the promotion and suppression of
functions, including cell cycle checkpoints, genomic stabilityoncogenesis, and therefore Pinl is likely to be involved in both
and apoptosis (Colman et al., 2000; Lakin and Jackson, 1998rocesses. It has been well established that many proteins are
Meek, 1999; Ryan et al., 2001; Taylor and Stark, 2001; Wahhvolved in both processes. For example, transcription factors
and Carr, 2001). DNA damage leads to the stabilizatiosuch as Myc and E2F family members participate in a complex
and accumulation of p53, which plays a pivotal role insignaling network that regulates cell growth, differentiation,
transcriptional activation of the cell cycle inhibitor p21 and cellcell survival and apoptosis in non-malignant cells. Only in a
cycle arrest. This prolonged half-life of p53 is at least partiallypermissive environment will overexpressed or mutated forms
due to its dissociation from the ubiquitin ligase MDM2. Theof these proteins contribute to carcinogenesis (Oster et al.,
increase in p53 stability and/or transcriptional activity depend2002; Trimarchi and Lees, 2002; Zhou and Hurlin, 2001).
critically on its phosphorylation on multiple serine/threonineTherefore, it may be important to distinguish the physiological
residues, including those preceding prolines (Abraham et afynction of Pinl in normal cells from its pathological role in
2000; Blaydes et al., 2001; Bulavin et al., 1999; Buschmann eancers where Pinl is deregulated. It is likely that, under
al., 2001; Milner et al., 1990; Sakaguchi et al., 1998; Sanchephysiological conditions in normal cells, Pinl-mediated p53
Prieto et al., 2000; Turenne et al., 2001). Recent results indicategulation is important for cell cycle checkpoint regulation and
a new role of Pinl in the DNA damage response. Pinl is ahe maintenance of genomic stability. In cancer cells, however,
indispensable positive regulator of p53 in response to DNAhis mechanism may be defective because oncogenic signalling
damage induced by genotoxic drug treatment or UV radiatiopathways induced by Pinl overexpression may override the
(Zacchi et al., 2002; Zheng et al., 2002) or ionizing radiatiodNA damage repair mechanisms and/or because p53 is absent
(Wulf et al., 2002; Zacchi, 2002). DNA damage enhances ther mutated in many cancer cell types. Interestingly, Pinl1 can
specific interaction between Pinl and p53, which depends @iso stabilize p53 mutants with the same efficacy as the wild-
the WW domain in Pinl and specific phosphorylated Ser-Prtype protein (G.W. and K.P.L., unpublished results). Since a
motifs in p53. Pinl binds to p53 at phosphorylated Ser33 anckllular environment in which Myc and/or Ras expression is
Ser46 following exposure to ionizing radiation (Wulf et al.,deregulated can favor the selection of p53 mutations (Chikatsu
2002) and at phosphorylated Ser33, Thr81 and Ser31& al., 2002) and since some p53 mutants function as dominant
following exposure to UV radiation or genotoxic drug negative mutants (de Vries et al., 2002; Monti et al., 2002),
treatment (Zacchi et al., 2002; Zheng et al., 2002). Mor®inl overexpression in the context of a mutate8igene might
importantly, Pinl is required for the stabilization of the p53even contribute to genomic instability in cancer cells. However,
protein after DNA damage, preventing p53 from binding to itfurther studies are needed to define the physiological and
ubiquitin ligase, MDM2 (Wulf et al., 2002; Zacchi et al., 2002). pathological roles of Pinl-mediated p53 regulation.
In addition, Pinl increases the transcriptional activity of p53
towards thep21 and MDM2 promoters (Wulf et al., 2002; ) )
Zacchi et al, 2002; Zheng et al, 2002). Given thais Pinl an oncogene or a catalyst for oncogenic
phosphorylation of p53 by various kinases, such as Chk1, ATMctivation?
and MAP kinases, is believed to play a central role in inductioA defining feature of oncogenes is that their mutation or
of p53 by DNA damage, these results indicate that Pinlamplification is associated with oncogenesis. To date, genetic
dependent phosphorylation-dependent isomerization is a nealterations of thé?IN1 gene in cancer cells have not yet been
and critical mechanism to control p53 stability and functiondescribed. However, Pinl levels are upregulated in cancer cells,
after it has been phoshorylated. probably as a result of the deregulation of the E2F/Rb pathway,

The physiological consequences of Pinl loss in normal cellshich occurs in >80% of human malignancies (Nevins, 2001).
are still controversial. Zheng et al. (Zheng et al., 2002) andhe activity of Pinl depends critically on the phosphorylation
Wulf et al. (Wulf et al., 2002) show that Pinl is required forstatus of its substrate proteins (Liou et al., 2002; Lu et al.,
maintaining the DNA-damage cell cycle checkpoint by1999b; Ryo et al., 2001; Shen et al., 1998; Stukenberg and
inducing the cell cycle inhibitor p21, which will protect cells Kirschner, 2001; Wulf et al., 2001; Yaffe et al., 1997; Zhou et
from DNA damage-induced cell death (Wulf et al., 2002;al., 2000). Without prior phosphorylation of these targets on
Zheng et al., 2002). In contrast, Zacchi et al. claim that PinSer/Thr-Pro motifs, Pinl cannot bind and catalyze prolyl-
accelerates apoptosis by enhancing pro-apoptotic gen&omerization. In cancer cells, a wave of serine and threonine
downstream of p53, such as Bax and DR2/Killer (Zacchi et alphosphorylation occurs as a result of oncogenic signaling
2002). This discrepancy may reflect the fact that p53 inducgBlume-Jensen and Hunter, 2001; Hunter, 1995). We propose
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that Pinl overexpression cooperates with these activate Ras/Neu
kinases to promote cell proliferation and transformation. In thi:
model, Pinl would respond to and translate oncogeni /

signaling into the actual events of cancer cell growth. Where:
Pinl itself may not be sufficient for complete cell JNK

transformation, it would be an indispensable translator an .

amplifier of oncogenic signal transduction. The fact that Pin: P| ni

depends on the presence of oncogenes such as Ras or Ne APC
transform cells fully in vitro is consistent with this idea. This / \\ \(

means that the action of Pin1 might depend entirely on th
cellular context and may vary significantly with cell type, Jun ﬁ-catenin
proliferative status and age. For examplie1-knockout mice
develop normally and do not show any significant phenotyp
at a young age. However, after several months, the mice exhil \ /
age-dependent proliferative disorders in specific tissues (Lic
et al., 2002). Studies on the incidence and distribution of tumc i <
development irPinl-transgenic oPinl-deficient mice in the CYC|II1 D1 Myc
presence or absence of other oncogenes will be important
address the role of Pinl in oncogenesis in vivo.

Pin1 thus functions at multiple steps in oncogenic signalini
pathways as an ‘oncogenic catalyst’ (Fig. 2). It collaborate
with Ras/JNK signaling to increase the transcriptional activity Rb/E2F
of Jun towards cyclin D1 (Wulf et al., 2001). It also activates
[B-catenin, which can induce the transcription of the cyclin D
gene JunandMyc (Behrens et al., 1996; He et al., 1998; Mann
et al., 1999; Molenaar et al., 1996; Ryo et al., 2002; Tetsu ar P H
McCormick, 1999). In addition, Myc can enhance cyclin D1 Sﬁltl:grgggirgtlon
function by inducing Cdk4 expression (Hermeking et al., 2000, g
and also directly inducé2F family genes (Leone et al., 2000; Fig. 2. Pin1 functions as a critical catalyst for integrating multiple
Sears et al., 1997). These molecules act synergistically t#hcogenic signaling pathways. Pinl gene expression is induced by
regulate cyclin D1 and E2F function. FinalRijnl itself is  growth factor signaling through Neu and Ras signaling. Ras
further upregulated by E2F activation in a positive feedbackignaling induces JNK/SAPK activity to phosphorylate Jun.
loop (Ryo et al., 2002) (Fig. 2). The amplification of this Subsequently, Pin1 binds to and isomerizes phosphorylated Jun to

positive feedback pathway may play a role in aberrant cefinhance its transcriptional activity. In parallel, Pin1 activateg-the
proliferation and oncogenesis catenin pathway by preventifigcatenin binding to APC, which can

induce Jun gene expression. These signaling cascades eventually lead
to an increase in cyclin D1 transcription. Furthermore, Pinl also

. — directly binds to and stabilizes cyclin D1 protein. In addition, Pinl
Therapegnc |mpl|c§t|ons o ) can inéuce the c-Myc gene throzgh the ae:tivation ofthatenin

Several lines of evidence suggest that inhibition of Pinl capathway, which can then enhance cyclin D1 function by inducing
suppress oncogenesis, offering an attractive option for anttdk4 gene expression and/or directly activate E2F family genes.
cancer therapy. First, Pinl has an extraordinarily high substrafénally, E2F can induce Pinl expression in a positive feedback loop
specificity and well-defined active site (Lu et al., 1999b;nvolving the cyclin D1/E2F pathway.

Ranganathan et al., 1997; Shen et al., 1998; Verdecia et al.,

2000; Yaffe et al., 1997). Historically, it has been much easier

to develop inhibitors specific for an enzyme, such as Pinl, thatominant negative Pinl suppresses the transformed phenotypes
for a non-enzymatic protein, such as cyclin D1. Second, Pinlhduced by Ras/Neu, which can be reversed by the
is overexpressed in cancer cells and can potentiate the functiconstitutively active cyclin D1 mutant that is resistant to Pinl
of some oncogenes (Ryo et al., 2002; Ryo et al., 2001; Wuihhibition (Ryo et al., 2002). Finally, sincBinl-knockout

et al., 2001). Third, overexpression of Pinl can confemice do reach adulthood despite some cell proliferative
transforming properties on mammary epithelial cells and alsabnormalities, especially in old age (Fujimori et al., 1999; Liou
enhance transformed phenotypes of mammary epithelial celét al., 2002), an anti-Pinl therapy might not have general toxic
induced by Neu and Ras (Ryo et al., 2002). Fourth, depletiosffects.

of Pinl using antisense PIN1 or dominant negative Pinl causesThe feasibility of therapeutic inhibition of Pinl has not yet
cancer cells to enter mitotic block and apoptosis in transierteen explored. In contrast to cyclophilins and FK506-binding
transfection (Lu et al., 1996; Lu, P. J. et al., 2002; Rippmanproteins, where highly specific inhibitors are well characterized
et al., 2000). Recent reports that Pin1 associates with the ardind widely used clinically (Fischer, 1994; Hunter, 1998;
apoptotic protein Bcl-2 in mitosis (Basu et al., 2002; Pathan &chreiber, 1991), the only known Pinl inhibitor is Juglone
al., 2001) suggest that apoptosis induced by Pinl inhibitio(Hennig et al., 1998). Juglone covalently inactivates a unique
may occur via modulation of Bcl-2 function, although thecysteine residue in the active site of Pinl-type and parvulin-
biological significance of this interaction remains to betype isomerases. Juglone has some anti-cancer activity and has
elucidated. Fifth, inhibition of Pinl by stable expression ofbeen used as a Pinl inhibitor in several studies in cells (Chao
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et al., 2001; He et al., 2001; Rippmann et al., 2000). Howevesndrechek, E. R. and Muller, W. J. (2000). Tyrosine kinase signalling in
given that Juglone potently inhibits many other proteins and breast cancer: tyrosine kinase-mediated signal transduction in transgenic
enzymes (Chao et al., 2001; Duhaiman, 1996; Munday an&]mouse models of human breast canBegast Cancer Re®, 211-216.

. v ; Lo . rber, N., Doki, Y., Han, E. K., Sgambato, A., Zhou, P., Kim, N. H,,
Munday, 2000; Muto et al., 1987), it is unlikely to be Pinl""pejohery, T, Kiein, M. G., Holt, P. R. and Weinstein, I. B.(1997).
specific in the cell. Therefore, there is a need for the Antisense to cyclin D1 inhibits the growth and tumorigenicity of human
development of Pinl-specific inhibitors. In addition to colon cancer cell<Cancer Res57, 1569-1574.
providing powerful tools for dissecting Pinl function in vivo, Arevalo-Rodriguez, M., Cardenas, M. E., Wu, X., Hanes, S. D. and

P e e Heitman, J. (2000). Cyclophilin A and Essl interact with and regulate
such Pinl-specific inhibitors may open a new avenue f_or silencing by the Sin3-Rpd3 histone deacetyl&éBO J.19, 3739-3749.

anticancer treatment. They may themselves be highly effectiv@iri, L., Lallemand, D., Bossy-Wetzel, E. and Yaniv, M.(2000). Cell
anticancer drugs or become valuable adjuncts to establishedycle-dependent variations in c-Jun and JunB phosphorylation: a role in the
chemotherapeutic regimen. control of cyclin D1 expressiofeMBO J.19, 2056-2068.

Bartkova, J., Lukas, J., Muller, H., Lutzhoft, D., Strauss, M. and Bartek,

J. (1994). Cyclin D1 protein expression and function in human breast cancer.
. . Int. J. Cancer57, 353-361.

Conclusions and perspectives Basu, A., Das, M., Qanungo, S., Fan, X. J., DuBois, G. and Haldar, S.
It has become evident that phosphorylation-dependent prolyl (2002). Proteasomal Degradation of Human Peptidyl Prolyl Isomerase

isomerization is a previously uncharacterized post- Pinl-pointing Phospho Bcl2 toward Dephosphorylatibieoplasia4,
7

phosphorylation signaling mechanism in cell proliferation anqaezhj;gns, A Sibilia, M. and Wagner, E. F.(1999). Amino-terminal
transformation.  Following phosphorylation induced by phosphorylation of c-Jun regulates stress-induced apoptosis and cellular
oncogenic signaling pathwaysPinl catalyzed prolyl- proliferation.Nat Gene®1, 326-329.

isomerization is able to induce conformational changes arfghrens, J., von Kries, J. P., Kuhl, M., Bruhn, L., Wedlich, D., Grossched|,

; ; R. and Birchmeier, W. (1996). Functional interaction of beta-catenin with
thereby to regulate the function of phosphorylated proteins. the transcription factor LEF-Nature382, 638-642.

Interestingly, the level and activity of Pinl itself are alsOgjenz, M. (2002). The subcellular destinations of APC proteita. Rev. Mol.
upregulated by oncogenic pathways. Therefore, Pinl may cell Biol. 3, 328-338.
function as a critical catalyst that amplifies and translateBinetruy, B., Smeal, T. and Karin, M. (1991). Ha-Ras augments c-Jun

multiple oncogenic signaling mechanisms during Oncogenesis.i\gtzivilt)zl?nd stimulates phosphorylation of its activation donmidature351,

Inhlbltlon_ of Pinl may thus prowde a unique way of dlsruptmgBlaydes, J. P., Luciani, M. G., Pospisilova, S., Ball, H. M., Vojtesek, B. and
oncogenic pa}thways and th_erEfore become an appeallng targefiupp, T. R. (2001). Stoichiometric phosphorylation of human p53 at
for novel anticancer therapies. However, further experiments, Ser315 stimulates p53-dependent transcriptiorBiol. Chem276, 4699-

including in vivo studies using Pinl-knockout and Pinl-_ 4708.

transgenic mouse models in the presence or absence of otﬁgj{me-\]ensen, P. and Hunter, T(2001). Oncogenic kinase signallidature
11, 355-365.

oncogenes are necessary to elucidate the function agghwn, J. R, Nigh, E., Lee, R. J., Ye, H., Thompson, M. A., Saudou, F.,
regulation of Pinl in cell growth regulation and oncogenesis. Pestell, R. G. and Greenberg, M. E(1998). Fos family members induce
cell cycle entry by activating cyclin DMol. Cell Biol. 18, 5609-5619.
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