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Phosphorylation of proteins on serine/threonine residues preceding
proline is a key signaling mechanism. The conformation and function
of a subset of these phosphorylated proteins is regulated by the prolyl
isomerase Pin1 through isomerization of phosphorylated Ser/Thr-Pro
bonds. Although young Pin1~/~ mice have been previously shown to
develop normally, we show here that they displayed a range of
cell-proliferative abnormalities, including decreased body weight and
testicular and retinal atrophies. Furthermore, in Pin1~/~ adult fe-
males, the breast epithelial compartment failed to undergo the
massive proliferative changes associated with pregnancy. Interest-
ingly, many of these Pin1-deficient phenotypes such as retinal hy-
poplasia and mammary gland impairment are also the characteristic
of cyclin D1-deficient mice. Cyclin D1 levels were significantly reduced
in many tissues in Pin1-deficient mice, including retina and breast
epithelial cells from pregnant mice. Moreover, Pin1 directly bound to
cyclin D1 phosphorylated on Thr-286-Pro increased cyclin D1 in the
nucleus and stabilized cyclin D1. These results indicate that Pin1
positively regulates cyclin D1 function at the transcriptional level, as
demonstrated previously, and also through posttranslational stabili-
zation, which together explain why Pin1 loss-of-function phenotypes
in the mouse resemble cyclin D1-null phenotypes. Our results provide
genetic evidence for an essential role of Pin1 in maintaining cell
proliferation and regulating cyclin D1 function.

hosphorylation of proteins on serine/threonine residues pre-
ceding proline (pSer/Thr-Pro) is a key regulatory mechanism
for the control of various cellular processes, including cell division
and transcription (for reviews see refs. 1-3). The pSer/Thr-Pro
moiety in peptides and proteins exists in two distinct cis and trans
conformations, whose conversion is catalyzed specifically 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 changes in
phosphorylated proteins, thereby regulating their biological func-
tion (7, 11-20). Thus, Pinl-dependent prolyl isomerization is an
essential and novel postphosphorylation regulatory mechanism.
Given its phosphorylated Ser/Thr-Pro substrate specificity, Pinl
has also been shown to be essential for maximal cell growth in
different systems (4, 5). Interestingly, we have recently found that
Pin1 is strikingly overexpressed in most human breast cancer tissues
(21, 22). Pinl levels are correlated with cyclin D1 mRNA and
protein levels in human cancer tissues. Moreover, Pinl can activate
the cyclin D1 promoter in cell lines via binding phosphorylated
c-Jun and B-catenin and increasing their transcriptional activity (21,
22). These results suggest that Pinl may play an important role in
regulation of cyclin D1 expression and also contribute to neoplastic
transformation. Interestingly, disruption of cyclin D1 results in
several prominent phenotypes, including retinal degeneration and
mammary gland impairment (23, 24). However, disruption of the
Pin1 gene in mice has been previously reported to develop normally
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(25). Therefore, the genetic connection between Pinl and cyclin D1
remains to be established. Furthermore, although turnover and
subcellular localization of cyclin D1 is regulated by phosphorylation
on Thr-286-Pro motif by GSK-33 (26-28), it is unknown whether
it is further regulated after phosphorylation.

Here, we found a range of cell-proliferative abnormalities, in-
cluding decreased body weight and testicular and retinal atrophies.
Interestingly, some of these phenotypes are also characteristic of
cyclin D1-deficient mutant mice. In addition, we found that Pinl
directly bound to and stabilized cyclin D1 in nucleus, indicating that
Pin1 regulates stability and subcellular localization of cyclin D1, in
addition to the transcriptional regulation of the cyclin D1 gene we
reported previously (21, 22). This study provides direct evidence
that Pinl plays a critical role in the regulation of cyclin D1 and
suggests a novel mechanism for regulating cyclin D1 function.

Materials and Methods

Immunohistochemical Analysis. For immunohistochemical analysis,
both age-matched wild-type and knockout mice tissues were per-
fused 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 um. The dissected
sections were deparaffinized in xylene, hydrated through an alcohol
series from 100 to 50%. To inhibit endogenous peroxidase, sections
were treated with H,O,. Antigen recapture was done by boiling
slides in 1X antigen retrieval Citra (Biogenex Laboratories, San
Ramon, CA). Primary antibody incubations were performed over-
night at 4°C in a humidified chamber. Affinity-purified anti-Pinl
antibodies were as described (13), and polyclonal cyclin D1 anti-
bodies were raised against a C-terminal peptide and purified by
using the antigen peptide, as described (13). For the cyclin D1
control slides, cyclin D1 primary antibody was incubated with the
excess antigenic peptide for 2 h before use. Immunohistochemical
analysis and DAB staining were performed by 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
Pin1~/~ 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% AIK(SO4),, dehydrated in graded ethanol solutions,
followed by clearing in toluene and methyl salicylate. Photos
were taken by using a dissecting microscope (23, 29).

Glutathione S-Transferase (GST)-Pull Down Assay. Hela cells were
transiently transfected either hemagglutinin (HA)-tagged cyclin
D1-wild type or HA-tagged cyclin D172 mutant for 24 h. Cell
lysates were incubated with 20 ul of agarose beads containing
GST-Pinl or GST 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).

Pulse-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. Cells were
transfected with HA-cyclin D1 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 (GIBCO/BRL) supplemented with 4 mM glutamine/
10% dialyzed FCS/100 pCi of [»S]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-
cipitation with the 12CA5 monoclonal antibody.

Expression and Localization of Cyclin D1 in MFE Cells. Exponentially
growing Pin1~/~ or wild-type MEF cells were placed on glass plates
and stained with anti-cyclin D1 polyclonal antibody (Santa Cruz
Biotechnology). Total DNA was visualized with 4',6-iamidino-2-
phenylindole (DAPI) staining followed by the fluorescent micro-
scopic analysis as described (22, 28). For localization experiment,
Pin1~/~ MEF cells transfected with either GFP or GFP-Pin1 were
arrested in Go by serum deprivation and contact inhibition, and
then cells were fixed with 3.7% formaldehyde at 18 h after serum
addition. Subcellular localization of cyclin D1 was determined by
staining with cyclin D1 antibodies and DAPI as described above.

Preparation of Nuclear Extracts. A nuclear fraction was prepared as
described (22). Briefly, cells were washed with PBS and resus-
pended in hypotonic solution (10 mM Hepes, pH 7.8/10 mM
KCl/2 mM MgCl,/1 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 centrifuged for 1 min, and the
nuclear pellet was briefly washed with hypotonic buffer and
resuspended in SDS sample buffer.

Results

Phenotype of Pin1~/~ Mice. By careful analysis of Pin1~/~ 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,
Pin1~/~ mice were indistinguishable from their wild-type con-
trols, but adult Pin1~/~ mice appeared smaller than wild-type
controls (Fig. 1 4 and B). At the age of ~7 months, the body
weight of Pin1~/~ mice was significantly smaller for both male
and female animals, with the average weight being only 71% of
that of Pin1™/* mice (Fig. 1 A4 and B).

Effects on Seminiferous Tubules. Although Pin1~/~ female and male
mice were fertile, the fact that the success rate of homozygous cross
breeding was much lower or took much longer than that of
wild-type or heterozygous mice led us to suspect that Pin1~/~ mice
might develop fertility problems. To determine whether Pinl
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Fig. 1. Reduced body weight and testicular atrophy in Pin1~/~ mice. (A and

B) Reduced body weight. Representative adult wild-type mouse (Left) and
Pin1~/~ mouse (Right) are shown in A. A comparison of body weight of 10
wild-type and Pin1~/~ mutant male and female mice at ~3.5 and ~7 months
isshown in B. (Cand D) Testicular atrophy, as indicated by representative testis
from wild-type or Pin1~/~ mouse at ~3.5 months old (C) or by histopatholog-
ical comparison (D). Testicular sections obtained from ~3.5- and ~16-month-
old mice were stained with hematoxylin and eosin.

affects sexual maturation, we first examined the development of the
ovary and testis. Ovarian tissues lacking Pinl appeared to have
normal morphology and histology. On the other hand, all autopsied
Pin1~/~ males had testicular atrophy. By 3-5 months of age, the
average weight of six Pinl™/~ testes was only 56% of that of
wild-type controls (Fig. 1C, data not shown). Moreover, 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. 1B). Histological examination
revealed that the seminiferous-tubule degeneration could be de-
tected at the age of ~3.5 months old (Fig. 1D). By ~15 months and
even more pronounced by 18 months old, the seminiferous tubules
in Pin1~/~ mice degenerated, with basically no mature sperm in the
lumen, whereas age-matched wild-type mice exhibited healthy
seminiferous tubules (Fig. 1D). These observations suggest that
Pin1 may play a critical maintenance role in adult spermatogenesis,
and its absence of Pinl may result in defects in spermatogonial cell
division, meiosis, or sperm maturation.

Effects on Retinal Tissue. As part of our analysis of the phenotypes
of Pin1~/~ mice, we found that Pin1~/~ mice exhibited retinal
degeneration at ~16 months of age. The thickness of retinal layers
in Pin1 ™/~ mice was strikingly reduced (Fig. 24). To quantify the
retinal degeneration, we determined the number of nuclear cell
layers in six retinas. Wild-type mice contained an average of ~7-cell
diameter thickness in the inner and 13-cell diameter thickness in the
outer nuclear layers, whereas Pin1 '~ mice contained only ~4-cell
diameter thickness in the inner and 7-cell diameter thickness in the
outer nuclear layers (Fig. 2C). Given the retinal degenerative
phenotype in old Pin1~/~ mice, we also examined the eyes at 1 day
after delivery and at 4—-6 months to examine whether younger
Pin1~/~ mice have a similar abnormality. Although the retinal
layers in Pin1~/~ mice were similar to those of Pin1*/* mice at birth
(data not shown), about 50% of Pin1~/~ eyes displayed mild retinal
degradation by 4—6 months of age (Fig. 2B). These results indicate
that the Pin1~/~ retina undergoes degeneration and that, like the
testicular atrophy, this is also age-dependent (Fig. 1 C and D),
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Fig. 2. Retinal atrophy in Pin1~/~ mice. (A and B) Histopathological examina-
tion of retinas. Sections through age-matched wild-type (Left) and Pin1~/~ (Right)
retinas at ~16-month-old (A) or ~4-month-old (B) mice were stained with he-
matoxylin and eosin. The layers indicated are as follows: G, surface ganglion cell
layers; OP, outer plexiform layer; ON, outer nuclear layer; IN, inner nuclear layer;
P, photoreceptor cell layer; C&P, choroid and pigment cells. (C) Comparison of the
number of the nuclear layers. The numbers of the inner and outer nuclear layers
were counted from six age-matched wild-type (Left) and Pin1~/~ (Right) retinas,
with the 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 cyclin D1 mutant mice was that the mammary gland fails to
undergo full lobuloalveolar development during pregnancy. These
observations prompted us to examine whether Pinl-deficient mice
also display impaired mammary gland associated with pregnancy.
As shown in Fig. 3 4 and B, the adult epithelial ducts from both
Pin1™/* and Pin1~/~ female mice developed normally and formed
side branches before pregnancy. As seen in normal mice (23, 24),
the Pin1*/* females underwent the normal massive expansion
during pregnancy; the mammary epithelial ducts significantly ex-
tended their side branches and built up numerous alveolar struc-
tures, which replaced the mammary fat pad and formed lobules
(Fig. 3 C and E). In sharp contrast to this normal pregnancy-
induced response, 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 D and F). Consistent with these whole mount
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
Pinl1~/~ pregnant mice showed a severe impairment in the devel-
opment and proliferation of mammary epithelial cells (Fig. 3H).

Effects on Cyclin D1 Levels in Various Tissues. To detect the cyclin D1
protein in retina, we used immunostaining with affinity-purified
anti-cyclin D1 antibodies. The cyclin D1 antibodies strongly stained
the wild-type retina of 4-16 months of age (Fig. 44; data not
shown), which is consistent with high levels of cyclin D1 mRNA in
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Fig. 3. Impaired mammary epithelial expansion during pregnancy in Pin1~/~
mice. The whole mount (A-F) and histological (G and H) appearance of mammary
glands derived from 3-4-month-old wild-type (A, C, E, and G) or Pin1~/= (B, D, F,
and H) mice of ~4 months of age. The whole mounts of inguinal mammary glands
were prepared, and the epithelial component was stained with carmine red.
Histological sections were stained with hematoxylin and eosin. (A) Nulliparous
wild-type mouse. (B) Nulliparous mutant mouse. (C, £, and G) Wild-type mouse,
1 day after delivery. (D, F, and H) Mutant mouse, 1 day after delivery.

this tissue as shown by in situ hybridization (23). In contrast, the
antigenic peptide-blocked antibodies failed to detect any specific
signal on retinal sections (Fig. 44). In addition, the strong Pinl-
staining signals obtained with affinity-purified anti-Pin1 antibodies
(13) on wild-type tissues were in contrast to the lack of staining of
Pinl1~/~ tissues (Fig. 4 B and C), confirming that Pin1~/~ mice do
not express Pinl protein. Similar strong staining patterns were
observed for both Pinl and cyclin D1 in the retina (Fig. 4 B and C).
More importantly, the cyclin D1 protein level in Pin1-deficient mice
was strikingly lower than that in the age-matched wild-type mice
both in the retina and mammary glands in pregnant mice (Fig. 4 B
and C). To examine the effects on cyclin D1 levels in other tissues,
several selected tissues from wild-type and Pinl™/~ mice were
subjected to immunoblotting analysis with anti-cyclin D1 antibod-
ies. Although cyclin D1 levels appeared not to be affected in heart
and kidney, cyclin D1 was significantly reduced in testis, spleen,
liver, and lung in Pinl-deficient mice (Fig. 4D). These results
indicate that mice lacking Pinl display a significant reduction in
cyclin D1 protein level in many tissues, including retina, spleen, and
testis, and in the mammary gland in pregnant females, and suggest
that Pinl affects cyclin D1 levels in tissues that contain actively
dividing cells.

Pin1 Regulates Cyclin D1 Turnover and Subcellular Localization in
Addition to Its Transcription. The above results indicate that Pinl
loss-of-function in the mouse resembles many of the cyclin D1-null
mouse phenotypes. Our previous studies have shown that Pinl
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Fig. 4. Expression of Pin1 and cyclin D1 in various mouse tissues. (A) Speci-
ficity of immunostaining with anti-cyclin D1 antibodies. Anti-cyclin D1 anti-
bodies that raised against the C-terminal peptide of cyclin D1 were affinity
purified by using the cyclin D1 peptide. A retinal paraffin section was stained
with the affinity-purified anti-cyclin D1 antibodies in the absence (Left) or
presence (Right) of the cyclin D1 peptide (Ag) that was used as the antigen. (B
and () Sections of retina (B) and mammary gland in pregnant females (C)
derived from Pin1*/* and Pin1~/~ mice were stained with affinity-purified
anti-Pin1 or anti-cyclin D1 antibodies. (D) Immunoblotting analysis of selected
tissues with anti-cyclin D1 antibodies. Several selected tissues from Pin1+/* and
Pin1~/~ mice were lysed in SDS-sample buffer and subjected to immunoblot-
ting analysis with anti-cyclin D1 antibodies. The same membranes were also
probed with anti-tubulin antibodies as a loading control.

enhances the transcription of cyclin D1 through c-Jun/AP-1 and
B-catenin/TCF in cancer cells. However, mouse models in which
AP-1 or B-catenin/APC function is perturbed do not display strong
cyclin D1-related phenotypes (30-32). This led us to speculate that
an additional molecular mechanism may contribute to the drastic
phenotypes observed in the Pinl-deficient mice.

To test this hypothesis, we first examined cyclin D1 mRNA and
protein levels in Pin1~/~ embryonic fibroblasts (MEFs). The cyclin
D1 mRNA level was lower in Pin1 ™/~ MEFs than that in wild-type
MEFs (Fig. 5A4), consistent with Pinl being involved in regulation
of cyclin D1 transcription (21, 22). However, the cyclin D1 protein
level was decreased to a significantly greater extent in Pinl~/~
MEFs (Figs. 5B and 6A), suggesting that Pin1 might also affect the
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Fig. 5. Pin1 binds cyclin D1 phosphorylated on Thr-286 and stabilizes cyclin D1
protein. (A) Total RNA was isolated from wild-type (Pin1+/*) or Pin1~/~ MEFs and
then subjected to Northern blot analysis, with glyceraldehyde-3-phosphate de-
hydrogenase as a loading control. (B) Reduced cyclin D1 protein in Pin1~/~ MEFs.
The same MEFs as described in A were subjected to immunoblot analysis with
anti-cyclin D1, anti-tubulin, and anti-Pin1 antibodies. (C and D) Pin1 stabilizes
cyclin D1 protein. Pin1*/*, Pin1~/~ MEFs, or Pin1~/~ MEFs engineered to express
Pin1 were transfected with HA-tagged cyclin D1 and CDK4. After 16 h, cells were
metabolically labeled with [3°S]Met for 40 min. Cells were washed with complete
medium containing excess unlabeled Met and collected at indicated times. Cells
were lysed and immunoprecipitated with 12CA5 antibody, followed by autora-
diography (C). The radioactivity of immunoprecipitated cyclin D1 was quantified
with a Phosphoimager and normalized to the 0-h point. Results shown are
means = SD for three independent experiments (D). (E) Pin1 binds cyclin D1
phosphorylated on Thr-286. Cells were transfected with either wild-type HA-
tagged cyclin D1 or HA-tagged cyclin D1 mutant (T286A) for 24 h. Cell extracts
were incubated with glutathione agarose beads containing GST or GST-Pin1.
After washing, binding proteins were subjected to immunoblotting analysis with
12CA5 mouse monoclonal antibody to HA peptide.

stability of cyclin D1 protein. To test this idea, we investigated the
stability of exogenously expressed cyclin D1 by using pulse—chase
experiments. Although the stability of cyclin D1 in wild-type MEFs
was almost the same as those in other cells reported earlier (26, 27),
its stability in Pin1~/~ MEFs was significantly decreased (Fig. 5 C
and D). Moreover, reexpression of Pinl in Pin1~/~ MEFs restored
the stability of cyclin D1 (Fig. 5 C and D). These results indicate that
Pinl increases the stability of cyclin D1 protein.

Because previous evidence indicates that the phosphorylation on
Thr-286 by GSK-3 is a critical factor for cyclin D1 localization and
turnover (26, 27), we asked whether Pinl binds cyclin D1 phos-
phorylated on Thr-286 and whether Pinl affects its subcellular
localization. GST-pull down analyses revealed that Pinl directly
bound to cyclin D1 but not to its T286 A mutant (Fig. SE), indicating
that Pinl binds to cyclin D1 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-

Liou et al.



A Cyclin D1

B Transfected Pin1™ Cells C

GFP

Pin1™"

Pin1**

GFP-Pin1

a & Nuclear Fraction
c ] GFP  GFP-Pin1
5 :
3 Cyclin D1 | ™=« e
E =
£ LaminB | S S—
S
E u
=12
3 i
[Z]
e 3 08
o B
< 3 os
= S
£ 04
@
2 o2
=
2 o :

Merged

Merged

Fig. 6.

GFP  GFP-Pin1

Pin1 increases cyclin D1 protein level and increases its nuclear localization. (A) Reduced cyclin D1 in Pin1~/~ MEFs. Growing wild-type or Pin1~/~ MEFs

were fixed and stained with anti-cyclin D1 antibodies and DAPI. (B) Pin1 increases the nuclear localization of cyclin D1. Pin1~/~ MEF cells transfected with either
GFP or GFP-Pin1 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 immunostaining with cyclin D1 antibodies and DAPI. Arrows point to GFP-Pin1-expressing cells. (C) The nuclear
fraction was isolated from cells transfected as described in B by using hypotonic buffer and then subjected to immunoblotting analysis with anti-cyclin D1 and

anti-lamin B antibodies. Relative amounts of nuclear cyclin D1 was semiquantified and normalized with lamin.

ing Pin1~/~ MEFs, the level of endogenous cyclin D1 was not only
significantly reduced compared with that in wild-type MEFs, but
cyclin D1 was also primarily localized in cytoplasm of Pinl~/~
MEFs, whereas it was largely nuclear in wild-type MEFs (Fig. 64).
In addition, the cyclin D172864 mutant remained in the nucleus even
in Pin1~/~ MEFs (data not shown) (28). These results suggest that
Pinl might affect localization of cyclin D1. To confirm this, we
looked at the cyclin D1 localization during S phase, when cyclin D1
is known to be exported to cytoplasm (26-28). Pin1~/~ MEFs
transfected with either GFP or GFP-Pinl were arrested in Gy by
serum starvation and allowed to enter the cell cycle by the addition
of serum. At 18 h after the serum addition, when cells were in S
phase, as monitored by BrdU incorporation (data not shown), cells
were fixed and subjected to immunostaining with cyclin D1 anti-
bodies (Fig. 6 A and B), or the nuclear fraction was isolated and
subjected to immunoblotting analysis with cyclin D1 antibodies
(Fig. 6C). As shown (26, 27), cyclin D1 was primarily localized in the
cytoplasm in nontransfected or GFP-transfected Pin1~/~ MEFs
(Fig. 6 4 and B). In contrast, cyclin D1 was mainly localized in the
nucleus in over 90% GFP-Pinl-transfected cells (Fig. 6B, data not
shown). Furthermore, levels of cyclin D1 in the nucleus were
significantly higher in GFP-Pinl-transfected cells than control
GFP-transfected Pin1~/~ MEFs (Fig. 6C). Together, these results
indicate that Pinl regulates the turnover and subcellular localiza-
tion of cyclin D1.

Discussion

We report here that Pin1 =/~ mice display many severe pheno-
types, including decreased body weight, retinal degeneration,
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mammary gland retardation, and testicular atrophy. Most of
these phenotypes are remarkably similar to those of cyclin
D1-deficient mouse phenotypes. Of several phenotypes ob-
served in Pinl™/~ mice, the alterations in retina and mammary
gland seemed to be most drastic. We found that Pin1~/~ 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 Pinl~/~ female, mammary epithelia
cells fail to undergo massive proliferation in the development of
alveolar structures and ductal side branching. Our study dem-
onstrated that Pinl is highly expressed in retina and mammary
gland compared with other tissues (data not shown), and the
depletion of Pinl causes a dramatic retinal atrophy and mam-
mary gland impairment. Furthermore, disruption of Pinl affects
the level of cyclin D1 in the tissues that contain actively
proliferative cells, such as spleen, retina, and mammary gland in
pregnant females. Moreover, cyclin D17/~ mice also display a
very similar phenotype in the retina and mammary gland. These
results suggest that Pinl could play an essential role in main-
taining survival or proliferation of cells through regulating cyclin
D1 expression. One notable difference between Pinl- and cyclin
D1-deficient mice is that cyclin D1 mutant mice display a
dramatic reduction in retinal layers at an early stage develop-
ment because of proliferative failure (23, 24). However, in
Pin1~/~ 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 Pinl™/~ 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 cyclin D1 function by Pin1. In addition to
that Pin1 enhances cyclin D1 promoter activity through AP-1 and TCF sites as
aresult of activation and/or stabilization of phosphorylated c-Jun and gB-cate-
nin, respectively, our current results demonstrate that Pin1 directly regulates
the stability and subcellular localization of cyclin D1 itself.

survival and/or proliferation after birth because there is no obvious
difference in the retina between Pinl~/~ and wild-type mice at
birth. This might be due to the fact that cyclin D1 level in Pin1~/~
mice is lower, but not completely absent as in the case of cyclin D1
knockout mice. Thus, this level of cyclin D1 may become a limiting
factor with aging and thereby affect survival or cell proliferation.

Our results strongly suggest that Pin1 regulates cyclin D1 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 enhances cyclin D1
promoter activity through AP-1 and TCF sites as a result of
activation and/or stabilization of phosphorylated c-Jun and S-cate-
nin, respectively (21, 22). Here, we demonstrate that Pinl also
regulates the stability and subcellular localization of cyclin D1 itself.
Phosphorylation of cyclin D1 on the Thr-286 site regulates turnover
and localization of cyclin D1 by enhancing its nuclear export, which
leads to degradation of cyclin D1 in the cytoplasm (26, 27). We have
shown that Pinl1 can bind to the phosphorylated Thr-286—Pro motif
in cyclin D1 and stabilize cyclin D1, presumably by preventing
nuclear export of cyclin D1 and proteolysis in cytoplasm. Interest-
ingly, Pin1 regulates the turnover and localization of B-catenin in a
similar manner (22). Thus, Pinl positively regulates cyclin D1
function at both transcriptional and posttranslational levels (Fig. 7),
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resembles the cyclin D1-null phenotypes. Because cyclin D1 plays
a critical role in oncogenesis (23, 24, 33-38), our current results
further support a role of Pinl in breast cancer (21, 22).

Pin1 has been demonstrated to have many functions; however,
we have demonstrated here that Pinl~/~ mice display rather
restricted phenotypes that are related to those observed in cyclin
D17/~ mice. The lack of more severe phenotypes can be ex-
plained by the idea that there are other Pinl-like genes that can
compensate for the functions of Pinl. This idea is supported by
our recent isolation of a second Pinl-like gene from Drosophila
(A.R. and K.P.L., unpublished data). This finding 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 D1-null mice but seen
in cyclin D2 knockout mice (39) or the cyclin D-dependent
kinase inhibitors (40, 41), suggests that Pinl 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 Pinl do display a range
of severe cell-proliferative abnormalities, many of which resemble
those in cyclin D1-deficient mice. Furthermore, disruption of Pinl
also causes a striking reduction in cyclin D1 level in many tissues,
including the retina and mammary epithelial cells of pregnant
females, the two most affected tissues. Using Pin1~/~ MEF cells, we
demonstrate that Pinl binds and stabilizes cyclin D1 and increases
its nuclear localization in addition to affecting cyclin D1 transcrip-
tion. These results provide insight for an essential role of Pinl in
maintaining cell proliferation and regulating cyclin D1.
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