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An Unusual Two-Step Control of CPEB Destruction by Pin1

Morris Nechama, Chien-Ling Lin, Joel D. Richter

Program in Molecular Medicine, University of Massachusetts Medical School, Worcester, Massachusetts, USA

Cytoplasmic polyadenylation is a conserved mechanism that controls mRNA translation and stability. A key protein that pro-
motes polyadenylation-induced translation of mRNAs in maturing Xenopus oocytes is the cytoplasmic polyadenylation element
binding protein (CPEB). During this meiotic transition, CPEB is subjected to phosphorylation-dependent ubiquitination and
partial destruction, which is necessary for successive waves of polyadenylation of distinct mRNAs. Here we identify the peptidyl-
prolyl cis-trans isomerase Pin1 as an important factor mediating CPEB destruction. Pin1 interacts with CPEB in an unusual
manner in which it occurs prior to CPEB phosphorylation and prior to Pin1 activation by serine 71 dephosphorylation. Upon
induction of maturation, CPEB becomes phosphorylated, which occurs simultaneously with Pin1 dephosphorylation. At this
time, the CPEB-Pin1 interaction requires cdk1-catalyzed CPEB phosphorylation on S/T-P motifs. Subsequent CPEB ubiquitina-
tion and destruction are mediated by a conformational change induced by Pin1 isomerization of CPEB. Similar to M phase pro-
gression in maturing Xenopus oocytes, the destruction of CPEB during the mammalian cell cycle requires Pin1 as well. These
data identify Pin1 as a new and essential factor regulating CPEB degradation.

Cytoplasmic polyadenylation is a widespread phenomenon
that controls the translation and stability of mRNAs. Al-

though some molecular details may differ according to species
and/or cell type, much of the biochemistry of cytoplasmic poly-
adenylation that has been elucidated in Xenopus oocytes during
meiotic progression serves to illustrate the general features of this
regulatory process (1). A subset of RNAs that acquire a near-con-
stitutive and typical long poly(A) tail in the nucleus undergo dead-
enylation in the cytoplasm where they are stored in a translational
silent form (2). When the oocytes resume meiosis in response to
hormonal (progesterone) stimulation, the activation of a kinase
cascade culminates in poly(A) tail lengthening and the initiation
of translation (3, 4). The 3= untranslated region (UTR)-residing
cytoplasmic polyadenylation element (CPE) dictates which mR-
NAs undergo these changes in poly(A). Cytoplasmic polyadenyl-
ation element binding protein (CPEB), an RNA recognition motif
(RRM) and zinc finger-containing protein, associates with the
CPE and a number of other factors, including Gld2, a noncanoni-
cal poly(A) polymerase; PARN, a deadenylating enzyme; symple-
kin, a ribonucleoprotein (RNP) assembly factor; and maskin, a
eukaryotic translation initiation factor 4E (eIF4E) binding pro-
tein. Gld2 and PARN are constitutively active, but PARN activity
is the more robust, and thus, cytoplasmic CPE-containing mR-
NAs are deadenylated and stored in an inactive form (5, 6).
Maskin binding to eIF4E prevents the assembly of the initiation
complex on the 5= end of the mRNA, thus inhibiting translation
(7, 8). Upon reentry into the meiotic divisions, CPEB is subjected
to two waves of phosphorylation with two different outcomes. In
the first wave, CPEB is phosphorylated by the kinase Aurora A on
serine residue 174, which facilitates PARN expulsion from the
RNP complex, resulting in Gld2-catalyzed polyadenylation of tar-
get mRNAs (5, 6, 9). In a second wave, CPEB undergoes six addi-
tional phosphorylation events that are catalyzed by cdk1; these
phosphorylations are necessary for ubiquitin-mediated partial de-
struction of CPEB at the end of meiotic maturation (10).

Although several signaling events lead to ubiquitination and
protein destruction, a prevalent one involves phosphorylation of
S/T-P (Ser/Thr-Pro) motifs (11–13). For example, the SCF (Skp1–
cullin–F-box) E3 complex directs phosphoproteins to be ubiquiti-

nated and destroyed (14, 15). In many cases, phosphorylation-
mediated protein destruction involves the peptidyl-prolyl cis-
trans isomerase Pin1, which binds phosphorylated S/T-P motifs
and enhances a normally slow cis-trans isomerization of the pep-
tide bond. Pin1 is composed of an amino-terminal WW (Trp-
Trp) domain that serves as a phosphoprotein binding domain and
a carboxy-terminal peptidyl-prolyl cis-trans isomerase (PPIase)
domain, which is essential for catalysis. Because of its broad range
of target proteins, Pin1 functions in diverse cellular processes,
such as cell cycle control, transcription, splicing regulation, DNA
replication, and the DNA damage response (16). Not surprisingly,
Pin1 activity is tightly regulated, mainly by phosphorylation, and
its misregulation is associated with numerous human diseases,
including cancer and neurologic disorders (17, 18).

The conformational changes induced by Pin1 affect the prop-
erties of a variety of target proteins. Nevertheless, changes in pro-
tein stability are the most common consequence (12). It has been
suggested that the cis/trans isomerization and subsequent confor-
mational change imposed by Pin1 establishes a proper three-di-
mensional architecture for E3 ligase (such as the SCF complex)
recognition, resulting in the ubiquitination and destruction of
target proteins (12, 14, 19).

We surmised that Pin1 might be involved in CPEB ubiquitina-
tion and degradation because it requires cdk1-catalyzed CPEB
phosphorylation on S/T-P pairs (10). Here, we identify Pin1 as a
major component of the CPEB destruction machinery. Surpris-
ingly, we find that CPEB and Pin1 interact in arrested (immature)
oocytes prior to any detectable CPEB phosphorylation. Following
hormonal treatment to induce meiotic progression, Pin1 is de-
phosphorylated and, as a result, its activity is elevated. Coinciden-
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tally, CPEB is phosphorylated on 6 S/T-P pairs, which alters its
interaction with Pin1 such that their association becomes CPEB
phosphorylation dependent. By using a combination of neutral-
izing Pin1 antibody, Pin1 small interfering RNA (siRNA) deple-
tion, and ectopic expression of wild-type (WT) and mutant Pin1
proteins, we find that it directly mediates CPEB ubiquitination
and destruction in maturing Xenopus oocytes and cycling mam-
malian cells.

MATERIALS AND METHODS
Regents and antibodies. The antibodies used in this study include those
against Pin1 (H-123; Santa Cruz Biotechnology), CPEB (20), hemagglu-
tinin (HA; Covance), tubulin (Sigma), green fluorescent protein (GFP;
Abcam), and cyclin B1 (a kind gift of James Maller, University of Colo-
rado Health Sciences Center). Recombinant Flag-ubiquitin was pur-
chased from Boston Biochem, nontargeting siRNA from Dharmacon, and
Pin1 targeting siRNA (Hs_PIN1_5 FlexiTube siRNA) from Qiagen.

Immunoprecipitation assays. Fifty oocytes [some injected with 10 ng
of mRNA synthesized with an Ambion mMESSAGE kit and polyadenyl-
ated in vitro with Escherichia coli poly(A) polymerase (New England Bio-
Labs)] or HEK293T cells from one 10-cm dish were homogenized in lysis
buffer containing 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1%
SDS, 50 mM Tris-HCl (pH 7.7), 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM dithiothreitol, and protease inhibitor cocktail (Roche).
The lysis buffer in some experiments also contained 10 �g/ml RNase A
(Sigma). Clarified supernatants were incubated with Dynabeads protein A
(Invitrogen) premixed with Pin1 or CPEB antibody or, as a control, IgG
overnight at 4°C. The beads were washed extensively with lysis buffer
before elution in SDS sample buffer.

GST pulldown assays. Glutathione-Sepharose 4B (Amersham) cou-
pled with glutathione S-transferase (GST) or GST-Pin1 and washed with
150 mM NaCl, 20 mM Tris-HCl (pH 8), 1 mM MgCl2, and 0.1% NP-40
was mixed with 1 mg of oocyte extract overnight at 4°C. The beads were
then washed, and the protein was eluted with 20 mM reduced glutathione.
The proteins were resolved by SDS-PAGE and visualized by Western anal-
ysis or autoradiography.

Pin1 phosphorylation and activity assays. To examine Pin1 phos-
phorylation, oocytes, some of which were matured with progesterone,
were homogenized in 80 mM �-glycerophosphate, 20 mM EGTA, 15 mM
MgCl2, 50 mM NaVO4, and a protease inhibitor cocktail. The lysate was
centrifuged for 5 min at 4°C, and the kinase assay performed at 37°C for 30
min in a 50-�l reaction volume containing 50 mM Tris-HCl (pH 7.5), 10
mM MgCl2, 50 mM KCl, 1 mM dithiothreitol (DTT), 1 mM EGTA, 0.16
mCi/ml [�-32P]ATP, and 20 �l oocyte extract. The beads were then
washed, and the protein was eluted with reduced glutathione.

The method outlined by Nechama et al. (21) was used to investigate
Pin1 activity. Briefly, oocytes were homogenized in reaction buffer con-
taining100 mM NaCl, 50 mM HEPES (pH 7), 2 mM DTT, and 0.04 mg/ml
bovine serum albumin (BSA) and the lysates were cleared by centrifuga-
tion at 12,000 � g for 10 min (4°C). PPIase activity was measured using
equal amounts of oocyte cytoplasmic lysates and �-chymotrypsin (Sigma-
Aldrich) using a synthetic tetrapeptide substrate Suc-Ala-Glu-Pro-Phe-
pNa (Peptides International). Absorption at 390 nM was measured using
an Ultraspec 2000 spectrophotometer. The results were expressed as the
mean of three independent measurements at each time point.

Analysis of Pin1-CPEP interaction in mammalian cells. Plasmid-
transduced HEK293T cells were split into four 10-cm plates and cultured
for 24 h. The medium was then replaced with Dulbecco’s modified Eagle’s
medium (DMEM) lacking L-methionine and L-cysteine (Invitrogen) and
then supplemented with [35S]methionine (6 �Ci/ml) for 45 min. The cells
were then washed with cold phosphate-buffered saline (PBS) and replaced
with fresh DMEM supplement with 10% fetal calf serum (FCS). At the
indicated times, the cells were washed with cold PBS, lysed, and processed
for protein analysis.

For cell cycle analysis, HEK293T cells were arrested at S phase using

double thymidine block as described previously (22). Briefly, 30% of con-
fluent cells were incubated with DMEM supplemented with 2 mM thymi-
dine for 18 h. The cells were washed and maintained in fresh DMEM for 9
h previous to a second block with 2 mM thymidine for another 17 h. The
cells were then released by replacement of the culture medium. At the
different time points after the release, the cells were washed and fixed
using ice-cold 95% ethanol. The cells were sorted at the University of
Massachusetts Medical Flow Cytometry Core Facility.

Statistics. Values are reported as means � standard errors of the
means (SEM) unless otherwise stated; the data were analyzed by a Stu-
dent’s two-tailed t test with the significance set at a P value of �0.05.

RESULTS
Pin1 interacts with CPEB in a phosphorylation-independent
manner. To investigate the possible involvement of Pin1 in CPEB
destruction, extracts from Xenopus oocytes treated with proges-
terone to induce oocyte maturation were probed for Pin1, CPEB,
and tubulin. The Western blots in Fig. 1A show that, as expected,
CPEB decreased in amount as maturation progressed (10) while
Pin1 levels were mostly unchanged. Because CPEB-mediated de-
struction requires cdk1-catalyzed, proline-directed serine/threo-
nine phosphorylation (10), which also serves as recognition sites
for Pin1, we examined a possible CPEB and Pin1 interaction. Ex-
tracts from oocytes treated with progesterone for varying times
were used for immunoprecipitation of Pin1 and Western blotting
for both Pin1 and CPEB (Fig. 1B). Pin1 and CPEB coimmunopre-
cipitated at 2, 4, and 6 h after progesterone treatment, which was
coincident with CPEB phosphorylation (10). This interaction oc-
curred in the presence or absence of RNase, indicating that RNA
binding was not essential. Surprisingly, however, Pin1 and CPEB
coimmunoprecipitated even from oocytes not exposed to proges-
terone when CPEB is not phosphorylated (3, 10). This unexpected
and highly unusual result prompted us to examine this interaction
further in a number of different ways. First, RNA encoding Flag-
Pin1 was injected into oocytes, followed by an overnight incuba-
tion and Flag immunoprecipitation and Western blotting for Flag
and CPEB. Figure 1C shows that CPEB was coimmunoprecipi-
tated with ectopically expressed Pin1 from oocytes not exposed to
progesterone. Second, to assess CPEB phosphorylation during
maturation, some oocytes injected with [�-32P]ATP and treated
with progesterone for 4 h were used for CPEB immunoprecipita-
tion and phosphorimaging; Fig. 1D shows that 32P-labeled CPEB
was detected after, but not before progesterone application. Third,
extracts from control or progesterone-treated oocytes were ap-
plied to GST or GST-Pin1 columns, followed by Western blotting
for CPEB and tubulin as a negative control. We also blotted for
maskin, a well-known CPEB-interacting protein (23) that is phos-
phorylated by cdk1 after progesterone treatment (8) and serves as
a positive control for the GST-Pin1 pulldown (Fig. 1E). CPEB
interacted with Pin1 irrespective of whether the oocytes were ex-
posed to progesterone. On the other hand, maskin interaction
with Pin1 was evident only after progesterone treatment when
maskin is phosphorylated on S/T-P motifs. Fourth, to assess
whether CPEB from immature oocytes might be phosphorylated,
which previously went undetected, oocyte extracts were treated
with calf intestinal alkaline phosphatase (CIP) and then subjected
to CPEB-Pin1 coimmunoprecipitation. Figure 1F demonstrates a
strong interaction between these proteins irrespective of CIP
treatment. Finally, to identify the Pin1 interaction site(s) on CPEB
prior to its phosphorylation, mRNA encoding HA-tagged CPEB
deletion mutants (Fig. 1G) were injected into oocytes and, after
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overnight incubation, extracts were subjected to Pin1 immuno-
precipitation and Western blotted for HA. Figure 1H (center
panel) shows that the deletion of three regions, the RRMs, residues
48 to 183, and residues 211 to 290 abrogated the CPEB-Pin1 in-
teraction. To further assess the need for these regions for Pin1
interaction, the different CPEB mutant proteins were ectopically
expressed in oocytes as before. Extracts were then applied to GST
or GST-Pin1 columns, followed by Western blotting for HA (Fig.
1H, right panel). As with the coimmunoprecipitation assay, dele-
tion of the RRMs, residues 48 to 183, and residues 211 to 290
prevented the CPEB-Pin1 interaction. To identify the minimal
region needed for Pin1 interaction, the three regions deleted in the
experiments noted above were HA tagged and ectopically ex-
pressed by mRNA injection (Fig. 1I). Pin1 interacted with CPEB
residues 48 to 183 but not the RRMs. We were unable to detect
residues 211 to 290, probably because of the region’s small size
(�7 kDa). We conclude that Pin1 associates with CPEB residues
48 to 183 in a phosphorylation-independent manner.

Pin1 interacts with CPEB in two steps. The data in Fig. 1 dem-
onstrate that the interaction of CPEB with Pin1 is CPEB phos-
phorylation independent in immature (G2-arrested) oocytes. To
evaluate the interaction of Pin1 and CPEB in vitro and the contri-
bution of each of the Pin1 domains to this interaction, mRNAs
encoding WT CPEB and the 	48 –183 CPEB mutant were trans-
lated in rabbit reticulocyte lysates in the presence of [35S]methio-
nine. The lysates were then subjected to pulldown experiments
using GST, GST-Pin1, and GST-WW and GST-PPIase proteins,
which correspond to the Pin1 WW domain and Pin1 PPIase do-
mains, respectively. As expected, GST-Pin1 interacted with full-
length CPEB and not with the 	48 –183 CPEB mutant (Fig. 2A).
Interestingly, full-length CPEB interacted with the GST-WW do-
main to the same extent as it did with GST-Pin1 but failed to
interact with the GST-PPIase domain alone. As negative controls,
neither of them interacted with the 	48 –183 CPEB mutant. These
results indicate that the interaction between CPEB and Pin1, prior
to detectable CPEB phosphorylation, requires the WW domain

FIG 1 CPEB and Pin1 interact in a phosphorylation-independent manner. (A) Western blots of CPEB and Pin1 during progesterone-induced oocyte matura-
tion. Tubulin served as a loading control. (B) Extracts from oocytes exposed to progesterone for 0 to 6 h were subjected to Pin1 immunoprecipitation in the
absence or presence of RNase A and Western blotting for Pin1, CPEB, and tubulin. The input represents 10% of the total lysate. (C) Oocytes were injected with
mRNA encoding Flag-Pin1 and subjected to Flag immunoprecipitation and Western blot analysis for Flag and CPEB. Control refers to nonspecific IgG
immunoprecipitation. (D) Oocytes were injected with [�-32P]ATP, followed by treatment with progesterone for 0 or 4 h, immunoprecipitation of CPEB, and
SDS-PAGE and autoradiography. (E) Extracts from oocytes exposed to progesterone for 0 to 6 h were applied to GST or GST-Pin1 columns, followed by Western
blotting for CPEB, tubulin, and maskin. (F) Oocyte extracts were treated with calf intestinal alkaline phosphatase (CIP) prior to immunoprecipitation of Pin1 and
CPEB and blotting for CPEB, Pin1, and tubulin. (G) Schematic of CPEB deletion mutants. (H) mRNA encoding HA-tagged CPEB deletion mutants (numbered
in panel G) were injected into oocytes, followed by Pin1 immunoprecipitation and Western blotting for Pin1 and HA (center panel) or chromatography on a GST
or GST-Pin1 column (right panels). The asterisk denotes the HA-CPEB proteins. (I) mRNA encoding HA-tagged CPEB proteins 48 to 183 and RRM were
injected into oocytes, followed by Pin1 immunoprecipitation and Western blotting for HA and Pin1. The asterisk denotes CPEB HA 48 –183.
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and the region spanning amino acids 48 to 183 of CPEB. Because
CPEB has six known cdk1 S/T-P phosphorylation sites (10), we
decided to investigate whether they might be involved in the Pin1-
CPEB interaction after oocyte maturation. Consequently, mRNAs
encoding WT HA-CPEB or a HA-CPEB mutant with alanine sub-
stitutions for the six phospho-S/T residues (referred to as CPEB-
6A) were injected into oocytes that were then stimulated with
progesterone. As demonstrated previously, Pin1 interacted with
WT CPEB both before and after progesterone treatment (Fig. 2B).
However, although CPEB-6A interacted with Pin1 prior to pro-
gesterone stimulation, it interacted only very weakly after stimu-
lation (Fig. 2B). To examine this further, extracts from oocytes
either before or after 4 h of progesterone treatment were mixed
with bacteriophage 
 phosphatase, which dephosphorylates S/T
residues. The extracts were then subjected to chromatography on
GST or GST-Pin1 columns followed by Western blotting for
CPEB. As shown in Fig. 2C and D, the CPEB interaction with Pin1
before progesterone treatment was not affected by 
 phosphatase
treatment. Conversely, treatment of mature oocyte extracts with 

phosphatase reduced the CPEB-Pin1 interaction by more than
50%. These data suggest that CPEB interacts with Pin1 in two
steps: step 1 occurs in immature oocytes and does not involve
phosphorylation, while step 2 takes place after progesterone treat-
ment and is mediated by the phosphorylation of CPEB on one or
more S/T-P pairs.

To assess the contribution of each of the Pin1 domains to the
interaction with CPEB either before or after progesterone treat-
ment, we altered GST-Pin1 in either its WW domain (W34A) or
its PPIase domain (K63A) and used these mutant proteins for
GST-Pin1 pulldown experiments with oocyte extracts before or
after progesterone treatment. As shown in Fig. 2E, GST-Pin1 and
both mutant proteins interacted with CPEB from untreated
oocyte extracts. In contrast, when progesterone-treated oocyte ex-
tracts were used, the GST-Pin1 W34A mutant protein failed to
interact with CPEB. This result reinforces the notion that the
Pin1-CPEB interaction is altered upon CPEB phosphorylation
and becomes dependent on phospho-S/P sites. It is worth men-
tioning that the Pin1 K63A mutation had little effect on the Pin1-
CPEB interaction compared to the W34A mutation, which em-
phasizes the importance of the WW domain in the second step of
the interaction. These results suggest that there may be an en-
hanced Pin1 affinity for phosphorylated CPEB. Because CPEB is a
highly insoluble protein, we could not determine the kinetics of
CPEB-Pin1 interaction in vitro with purified components. There-
fore, we performed a reciprocal immunoprecipitation of Pin1 or
CPEB from either untreated or progesterone-treated oocytes and
blotted for CPEB or Pin1. As shown in Fig. 2F, when Pin1 was
immunoprecipitated, it interacted with CPEB from both un-
treated and progesterone-treated oocytes. As expected, this inter-
action was reduced after progesterone treatment because CPEB is

FIG 2 A two-step interaction between CPEB and Pin1. (A) mRNA encoding WT HA-tagged CPEB or the 	48 –183 CPEB mutant was in vitro translated in the
presence of [35S]methionine and used for pulldown assays with GST-Pin1, the GST-WW domain, or the GST-PPIase domain as the bait. (B) mRNA encoding
WT HA-tagged CPEB or a CPEB mutant with alanine substitutions for serine or threonine residues that are phosphorylated during maturation (CPEB 6A) was
injected into oocytes that were then treated with progesterone for 0 or 4 h. Pin1 was then immunoprecipitated and Western blots probed for Pin1 or HA. A mock
immunoprecipitation with nonspecific IgG was also performed. (C) Extracts from oocytes treated with progesterone for 0 or 4 h were treated with 
 phosphatase
and then applied to GST or GST-Pin1 columns. The eluted material was probed for CPEB and tubulin. At right is a Coomassie blue-stained gel showing the
integrity of recombinant GST and GST-Pin1. (D) Quantification of the three experiments in panel B. The error bars refer to SEM, and the asterisk indicates
statistical significance (P � 0.05). (E) Extracts from untreated or progesterone-treated oocytes were applied to GST, GST-Pin1, GST-Pin1 W34A, or GST-Pin1
K63A columns, followed by Western blotting for CPEB. (F) Control or progesterone-treated oocyte extracts were reciprocally immunoprecipitated for CPEB and
Pin1 and blotted for Pin1 and CPEB, respectively.
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partially destroyed in mature oocytes. However, although the re-
ciprocal experiment shows that less CPEB was immunoprecipi-
tated from mature versus immature oocyte extracts, nearly the
same amount of Pin1 was coprecipitated from each extract. These
results suggest that the elevated Pin1-CPEB interaction after pro-
gesterone treatment might be the result of an increased affinity of
phospho-CPEB for Pin1.

Pin1 is phosphorylated and inactive prior to progesterone
treatment. Pin1 catalytic activity is tightly regulated under normal
physiological conditions and is mediated by at least two posttrans-
lational events: protein kinase A (PKA)-mediated phosphoryla-
tion of serine 16, which affects its ability to interact with target
proteins (24), and DAPK1-catalyzed phosphorylation of serine
71, which inhibits its isomerization activity (25). An additional
phosphorylation on serine 65 is catalyzed by PLK (polo-like ki-
nase) (26); however, this phosphorylation event seems to increase
Pin1 protein stability rather than affect its activity. To assess
whether Pin1 activity is regulated during oocyte maturation, ex-
tracts from control and progesterone-treated oocytes were incu-
bated with a synthetic peptide containing a Pin1 interaction site in
a cis orientation attached to p-nitroanilide; Pin1 catalyzes a rela-
tively slow peptidyl-prolyl isomerization of the target peptide to
the trans conformation, allowing for chymotrypsin cleavage and
release of the p-nitroanilide moiety, which is monitored by an
absorbance of 390 nm of light (Fig. 3A). Figure 3B shows that
progesterone treatment significantly elevated Pin1 activity com-
pared to untreated controls.

To examine whether the activation of Pin1 was due to changes
in phosphorylation, recombinant GST-Pin1 was incubated with
[�-32P]ATP and extracts from untreated or progesterone-treated
oocytes. Figure 3C demonstrates that Pin1 was strongly phos-

phorylated when incubated with extracts from control oocytes,
and this phosphorylation was reduced by �60% when incubated
with extracts from progesterone-treated oocytes. To investigate
whether Pin1 phosphorylation occurs in vivo, [�-32P]ATP was
injected into oocytes that were then incubated with progesterone
for 4 h, followed by Pin1 immunoprecipitation. Figure 3D shows
that Pin1 was phosphorylated in control oocytes but that this
phosphorylation was reduced by almost 70% after progesterone
treatment. To determine which residues on Pin1 were phosphor-
ylated in oocytes, serine 16 or 71 was mutated to alanine and the
same experiment as in Fig. 3C was performed. As before, GST-
Pin1 was phosphorylated using extracts derived from untreated
oocytes, which was reduced when extracts from progesterone-
treated oocytes were used (Fig. 3E). There was no detectable phos-
phorylation of the GST-Pin1 S71A mutant protein irrespective of
whether extracts from control or progesterone-treated oocytes
were used. Interestingly, mutation of serine 16 did not abrogate
Pin1 phosphorylation when extracts from control oocytes were
used, indicating that serine 16 is not phosphorylated prior to mat-
uration. However, in contrast to WT GST-Pin1, there was no re-
duction in phosphorylation of the GST-Pin1 S16A mutant protein
when extracts from progesterone-treated oocyte extracts were
used in the assay. This result might indicate that serine 16 is re-
quired for serine 71 dephosphorylation during maturation.
Therefore, Pin1 is phosphorylated on serine 71 prior to oocyte
maturation and is inactive. After progesterone-induced matura-
tion, Pin1 is dephosphorylated and consequently activated.

Pin1 promotes CPEB destruction. Nearly simultaneous with
Pin1 activation are cdk1-catalyzed CPEB phosphorylation, ubiq-
uitination, and partial destruction. We suspected that these events
would be linked and began to test this hypothesis by inhibiting

FIG 3 Pin1 is activated during oocyte maturation. (A) Schematic to measure Pin1 activity (see the text for details). (B) Extracts from oocytes treated with
progesterone for 0 to 6 h were used to assay for Pin1 activity as illustrated in panel A. (C) Extracts from oocytes treated with progesterone for 0 or 4 h were
incubated with GST-Pin1 and [�-32P]ATP; GST-Pin1 was then detected by Coomassie blue staining, and 32P-labeled GST-Pin1 was detected by autoradiography.
(D) Oocytes were injected with [�-32P]ATP, followed by progesterone treatment, immunoprecipitation of Pin1, and detection by Western blotting and
autoradiography. (E) Oocytes and mature oocyte extracts were incubated with [�-32P]ATP and GST-Pin1 or the GST-Pin1 S16A or GST-Pin1 S71A mutant
proteins and analyzed by autoradiography. The lower panel shows Coomassie blue-stained GST-Pin1 isoforms.
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Pin1 activity via injection of neutralizing Pin1 antibody into
oocytes. Although control IgG injection had no effect on Pin1
isomerase activity during maturation, Pin1 antibody significantly
inhibited its activation (Fig. 4A). To assess whether Pin1 mediates
CPEB destruction, oocytes were injected with nonspecific IgG or
Pin1 antibody, followed by progesterone treatment. The Western
blot in Fig. 4B shows that, compared to IgG, Pin1 antibody low-
ered the rate of CPEB destruction. This result was also confirmed
in Fig. 4C; in this case, oocytes injected with IgG or Pin1 antibody
were incubated with [35S]methionine for 3 h and then with radio-
inert methionine, followed by progesterone treatment and immu-
noprecipitation of CPEB. Pin1 antibody lowered the rate of de-
struction of newly synthesized CPEB.

We next performed a reciprocal experiment by examining
whether CPEB destruction would be accelerated by the ectopic
expression of Pin1. Oocytes were injected with Flag-Pin1 or con-
trol noncoding RNA, followed by metabolic labeling of protein
with [35S]methionine for 3 h. The oocytes where then chased with
radio-inert methionine and treated with progesterone for the in-
dicated times. CPEB was then immunoprecipitated and analyzed
by SDS-PAGE (Fig. 4D). Converse to the data shown with neu-
tralizing Pin1 antibody, ectopic Pin1 expression enhanced CPEB
destruction, reducing its half-life (t1/2) from 5 h in control oocytes
to �3 h. These results demonstrate that Pin1 accelerates CPEB
destruction.

The phosphorylation of CPEB leads to its ubiquitination and
destruction (10, 27, 28). To assess whether Pin1 controls CPEB
ubiquitination, oocytes were injected with Flag-ubiquitin peptide
and IgG or Pin1 antibody, followed by a 1-h incubation with
MG132 to prevent proteosome-mediated protein destruction.
The oocytes were then incubated with progesterone, followed by
CPEB or Flag immunoprecipitation and probing of Western blots
for Flag or CPEB. Figure 4E (left panel) shows that CPEB antibody
precipitated Flag-ubiquitin at 4 and 6 h after progesterone treat-
ment when IgG was injected but not when Pin1 antibody was
injected. Conversely, immunoprecipitation of Flag and probing
with CPEB antibody again showed ubiquitinated CPEB when IgG
was injected but not when Pin1 antibody was injected.

In Xenopus oocytes, CPEB destruction is vital for meiotic pro-
gression and cyclin B1 mRNA translation (10). To assess whether
Pin1 control of CPEB destruction is necessary for cyclin B1 syn-
thesis, oocytes were injected with IgG or Pin1 antibody as above,
followed by progesterone treatment and Western blotting for
cyclin B1. As demonstrated previously (10), cyclin B1 synthesis
increased dramatically after progesterone treatment, which was
abrogated by Pin1 antibody (Fig. 4F). These data show a close
correlation for Pin1-mediated CPEB destruction, which is neces-
sary for cyclin B1 mRNA translation.

Pin1 regulates CPEB destruction in mammalian cells. We
next determined whether Pin1 regulates CPEB activity in mam-

FIG 4 Pin1 enhances ubiquitination and destruction of CPEB. (A) Extracts from oocytes, some of which were treated with progesterone, were injected with IgG
or Pin1 antibody, and the cis-trans isomerization analysis as depicted in Fig. 3A was performed. (B) Oocytes were injected with IgG or Pin1 antibody, treated with
progesterone, and immunoblotted for CPEB or tubulin. (C) Oocytes were injected with IgG or Pin1 antibody, followed by incubation in [35S]methionine-
containing medium for 3 h and progesterone treatment. At the indicated times, the extracts were subjected to CPEB immunoprecipitation and analysis by
SDS-PAGE and autoradiography. (D) Oocytes were injected with Flag-Pin1 or control RNA, followed by incubation in [35S]methionine-containing media for 3
h and then treated with progesterone. At the indicated times, the extracts were subjected to CPEB immunoprecipitation and analysis by SDS-PAGE and
autoradiography. (E) Oocytes were injected with Flag-ubiquitin peptide together with IgG or Pin1 antibody. CPEB was then immunoprecipitated and probed for
CPEB and Flag-ubiquitin (left) or Flag immunoprecipitated and probed for CPEB (right). NS refers to a nonspecific band. (F) Oocytes were injected with IgG or
Pin1 antibody, treated with progesterone, and then probed in Western blots for cyclin B and tubulin.
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malian cells. To do this, Flag-CPEB was ectopically expressed in
HEK293 cells, followed by Pin1 immunoprecipitation and West-
ern blotting for Flag. As shown in Fig. 5A, tagged CPEB was co-
immunoprecipitated with Pin1. We also pulse-labeled cells coex-
pressing Flag-CPEB and GFP-Pin1, or GFP as a control, with
[35S]methionine, followed by a chase with radio-inert methio-
nine. CPEB was then immunoprecipitated and analyzed by SDS-
PAGE. Ectopic Pin1 reduced the half-life of CPEB by �50%, from
�6 h in control cells to less than 3 h in GFP-Pin1– expressing cells
(Fig. 5B). Conversely, depletion of Pin1 with siRNA resulted in a
2-fold increase in the CPEB half-life, from 5 h to almost 9 h (Fig.
5C). Therefore, Pin1 regulates CPEB destruction in mammalian
cells and in Xenopus oocytes.

To determine which of the Pin1 domains is required for regu-
lating CPEB degradation, we repeated the pulse-chase experiment
with the Pin1 W34A mutant protein in the WW domain, the Pin1
K63A mutant protein, and the Pin1 R68/69A double mutant pro-
tein in the PPIase domain (Fig. 5D). As expected, ectopic GFP-
Pin1 expression decreased the CPEB half-life as above. However,
in the presence of the Pin1 W34A mutant protein, the CPEB half-
life remained mainly unchanged compared to the control ectopic
GFP-Pin1-expressing cells. Interestingly, neither the K63A mu-

tant protein nor the R68/69A double mutant protein had a signif-
icant effect compared to GFP-Pin1 in that they both significantly
reduced the CPEB half-life. To examine whether the Pin1 WW
domain is sufficient to induce CPEB destruction, we performed
the [35S]methionine pulse-chase experiment as before using ecto-
pic expression of the WW domain or the PPIase domain. In con-
trast to full Pin1 expression, ectopic expression of either domain
had a smaller effect on the CPEB half-life, indicating that both of
the domains are necessary for full Pin1 activity.

CPEB becomes phosphorylated and partially destroyed during
oocyte maturation, a phase of meiosis that closely resembles the
G2-to-M phase transition in mitotic cells. To assess whether CPEB
is similarly phosphorylated and destroyed at M phase in the mam-
malian cell cycle, HEK293 cells were transduced with Flag-CPEB
and then synchronized at S phase by a double thymidine block.
The cells were then released from the block and monitored for cell
cycle progression by flow cytometry (Fig. 6A) and for Flag-CPEB
protein levels and CPEB-Pin1 interaction. The flow cytometry
analysis shows that the G2-to-M transition occurred 6 to 9 h after
entry into the cell cycle. Although there was no change in Pin1
levels at any phase, Flag-CPEB protein levels diminished by 9 h
post-entry into the cell cycle (Fig. 6B). This reduction was not due

FIG 5 Pin1 controls CPEB destruction in mammalian cells. (A) HEK293T cells were transfected with Flag-CPEB, followed by IgG or Pin1 immunoprecipitation
and Western analysis for Flag and Pin1. (B) Cells cotransfected with Flag-CPEB and either control GFP vector or GFP-Pin1 were pulse-labeled with [35S]
methionine, followed by a chase of radio-inert methionine for the indicated times. The extracts were subjected to Flag immunoprecipitation and analyzed by
SDS-PAGE and autoradiography. (C) Cells were cotransfected with Flag-CPEB and either control or Pin1 siRNA followed by pulse-labeling with 35S-methionine
and chased with radio-inert methionine for the times indicated, immunoprecipitated for Flag and analyzed by SDS-PAGE and autoradiography. The quantifi-
cation of 3 experiments is shown on the bottom panel. (D) Cells expressing ectopic WT or W34A or K34A mutant Pin1 proteins (left panel) or R68/69A double
mutant Pin1 protein (right panel) were [35S]methionine labeled, followed by a chase of radio-inert methionine, and then immunoprecipitated for Flag-CPEB.
(E) Cells expressing ectopic full-length Pin1, Pin1 WW domain, or Pin1 PPIase domain were [35S]methionine labeled, followed by a chase of radio-inert
methionine, and then immunoprecipitated for Flag-CPEB. The quantification of three experiments is shown in the right panel.
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to altered RNA levels, as measured by reverse transcriptase PCR
(RT-PCR) (Fig. 6C), or a change in translation, as determined by
the polysome/monosome ratio of Flag-CPEB mRNA (Fig. 6C).

To examine whether the Pin1-CPEB interaction correlates
with CPEB destruction during cell cycle progression, Pin1 was
immunoprecipitated at different phases of the cell cycle and West-
ern blotted for Flag-CPEB. Figure 6B shows that, although there
was very little interaction of Pin1 with CPEB at S phase (t � 0), a
Pin1-CPEB association was clearly evident 3 h after release from
the thymidine block. By 6 h and, especially, 9 h (G2 to M), when
CPEB levels were low, there was a corresponding decrease in Pin1-
CPEB interaction. At 12 h after the release, when the Flag-CPEB
protein levels increased, there was a restoration of Pin1-CPEB
association (Fig. 6B).

Because there is little information regarding CPEB phosphor-
ylation during mitosis in mammalian cells, we double thymidine
blocked the cells as before and labeled them in vivo by adding
[�-32P]ATP to the culture medium 3 h prior to release from the
block. At the indicated times after the release, the cells were sub-
jected to immunoprecipitation of Flag-CPEB, followed by auto-
radiography. As shown in Fig. 6D, CPEB was phosphorylated be-
fore the release, where the cells were S phase arrested. However,
CPEB phosphorylation diminished by 9 h post-entry into the cell
cycle, which corresponded to a reduced Pin1-CPEB interaction.

These results indicate that, although CPEB is phosphorylated at S
phase, it does not interact with Pin1. However, upon cell cycle
progression from G2 to M, the CPEB-Pin1 interaction is evident,
as was shown in Xenopus oocyte maturation upon hormonal in-
duction. Taken together, we infer that, as shown for Xenopus
oocytes, the interaction between CPEB and Pin1 leads to CPEB
destruction in HEK293 cells.

Figure 6E summarizes the interaction of CPEB and Pin1. In
immature oocytes, Pin1 is phosphorylated on serine 71 and there-
fore is enzymatically inactive. After progesterone treatment, Pin1
is dephosphorylated and then associates with CPEB that is phos-
phorylated on S/T-P residues. Pin1 then isomerizes one or more of
these phosphoresidues, leading to ubiquitination and partial de-
struction of CPEB.

DISCUSSION

It may seem counterintuitive that CPEB destruction during
oocyte maturation is necessary for stimulating the polyadenyla-
tion and translation of mRNAs. However, the polyadenylation of
CPE-containing RNAs is hierarchical; that is, the polyadenylation
of different mRNAs occurs in a temporal-specific manner that is
governed by the levels of CPEB. For example, the single-CPE-
containing c-mos mRNA is among the first to be polyadenylated
while polyadenylation of the two-CPE-containing cyclin B1

FIG 6 Cell cycle regulation of CPEB destruction by Pin1. (A) Fluorescence-activated cell sorter (FACS) analysis in HEK293T cells after release from double
thymidine block. (B) Flag-CPEB transduced cells were synchronized by double thymidine block, released, and Pin1 immunoprecipitated at the times indicated
and probed for Pin1 and Flag-CPEB. (C) Analysis of total CPEB RNA and the amount in polysomes (expressed as the polysome to monosome ratio), as quantified
by quantitative reverse transcriptase PCR (qRT-PCR; average of two experiments) (D) As described for panel A, HEK293 cells were double thymidine blocked;
3 h prior to their cell cycle release, 10 �Ci/ml [�-32P]ATP was added to the culture media. At the indicated times, the cells were lysed and immunoprecipitated
for Flag-CPEB. (E) Model for two-step interaction between CPEB and Pin1. In oocytes, unphosphorylated CPEB interacts with Pin1 that is phosphorylated on
serine 71. Following progesterone stimulation, Pin1 is dephosphorylated and thereby activated; it then binds and isomerizes phospho-CPEB, resulting in
ubiquitination of CPEB and its destruction.
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mRNA takes place at a later time after CPEB has been partially
destroyed (10, 29, 30). There are now thought to be a number of
mRNAs whose time-dependent polyadenylation may be regulated
by the number of CPEs they contain (31). Thus, the partial de-
struction of CPEB, which is necessary for oocyte development, is
complex and involves multiple posttranslational modifications
and recognition factors. Several phosphorylation events and two
distinct pools of CPEB are involved in the regulation of its destruc-
tion. During oocyte maturation, CPEB becomes phosphorylated
on 6 S/T-P pairs by cdk1, although the one on S210 is particularly
important for protein destruction (10). CPEB also contains a
PEST (proline, glutamic acid, serine, and threonine) domain,
which often mediates the protein half-life. Within the PEST do-
main is a TSG (threonine, serine, and glycine) motif, which resem-
bles the binding site for �-TrCP, the F-box protein of the SCF
complex (28). Plx1, a polo-like kinase, recognizes a CPEB cdk1
phosphorylation site and in turn phosphorylates the TSG motif,
which is recognized by �-TrCP that then ubiquitinates CPEB,
resulting in proteasome-mediated destruction (28). Recent evi-
dence also demonstrates that CPEB resides in two distinct pools in
oocytes: one pool is bound to RNA while the second forms a
homodimer through its RNA binding regions and thus does not
bind RNA. The homodimers are destroyed very rapidly upon
oocyte maturation, perhaps releasing essential factors to associate
with the cytoplasmic polyadenylation complex (32).

In this study, we show that Pin1 is a new CPEB-interacting
protein that mediates CPEB degradation. It was surprising to find
that Pin1, which selectively recognizes and isomerizes phosphor-
ylated S/T-P bonds, associates with CPEB prior to detectable
CPEB phosphorylation. However, this finding is consistent with
previous observations, indicating that Pin1 might have two differ-
ent modes of protein interaction: a preferred one that is phos-
phorylation dependent and a secondary one that is phosphoryla-
tion independent (33, 34). Abrahamsen et al. (33) showed that,
upon Pin1 interaction with and subsequent isomerization of pro-
tein kinase C (PKC), the conventional PKC isozymes are con-
verted into species that are rapidly ubiquitinated following phor-
bol ester stimulation. Interestingly, Abrahamsen et al. also showed
that the Pin1-PKC interaction is based on a hydrophobic motif in
the C-terminal segment of the substrate and does not require
phosphorylation, even though the interaction is strengthened
when the Pin1 target sites are phosphorylated after phorbol ester
treatment. This observation is consistent with our findings, indi-
cating a two-step mode of Pin1-substrate interaction. Using a
number of CPEB deletion mutants, we identified a site on CPEB
corresponding to residues 48 to 183 that is necessary and sufficient
for Pin1 interaction. It is worth noting that this domain (48 to
183) contains �30% hydrophobic amino acids, although they are
not organized in any detectably conserved motif. Because the
three-dimensional structure of CPEB is not known, we do not
know which of these amino acids are solvent exposed and might
serve as a platform for Pin1 interaction. An alternative hypothesis
might be that several hydrophobic amino acids are needed to
build a charged region for this interaction to occur. However, two
additional regions of CPEB, the RRMs and residues 211 to 290,
abrogate Pin1 interaction when deleted, which suggests that the
tertiary structure of CPEB or multiple contact points are impor-
tant for Pin1 binding prior to CPEB phosphorylation. Further-
more, we show that, at least in vitro, this first phase interaction is
dependent on the WW domain of Pin1 (Fig. 2A). Although sur-

prising, this first phosphorylation-independent interaction that
does not induce substrate destruction may serve another purpose.
Consider that Xenopus oocytes are exceptionally large (volume of
1 �l) and that CPEB must be rapidly destroyed after progesterone
treatment. Therefore, to facilitate this rapid destruction, CPEB is
“preloaded” with Pin1, where it may function as a molecular
switch to coordinate subsequent cellular processes like matura-
tion. Indeed, other proteins in the CPEB complex are subjected to
cdk1-mediated phosphorylation upon progesterone stimulation
and also might be subjected to Pin1-mediated regulation. Maskin,
for example, is an eIF4E binding protein that prevents the assem-
bly of the initiation complex (eIF4E-eIF4G) on the 5= end of the
mRNA, thus inhibiting translation (7, 8). Upon progesterone
stimulation, maskin is phosphorylated by cdk1, inducing its dis-
sociation from eIF4E, thereby ensuring the translation initiation
complex assembly. CPEB destruction and maskin dissociation
need to occur simultaneously to activate the translation of these
mRNAs. Therefore, Pin1 assembly into this complex before pro-
gesterone treatment will ensure rapid isomerization of both CPEB
and maskin for this manner.

Following the induction of oocyte maturation, nearly simulta-
neous CPEB phosphorylation on S/T-P pairs and Pin1 dephos-
phorylation of serine 71 cause the Pin1 interaction with CPEB to
become CPEB phosphorylation dependent. We suspect that the
affinity of Pin1 for CPEB might be higher when the substrate is
phosphorylated because the ratio of immunoprecipitated CPEB to
coprecipitated Pin1 is greater after maturation than before. How-
ever, this inference is somewhat speculative because we cannot
perform an in vitro kinetic analysis of purified components due to
the fact that it is difficult to isolate soluble recombinant CPEB.

This change in interaction sites and the isomerization of the
phosphorylated residues results in CPEB ubiquitination and sub-
sequent destruction. Accordingly, Pin1 dephosphorylation and
subsequent enzymatic activation is a crucial step in CPEB ubiq-
uitination. Although the inhibitory serine 71 phosphorylation is
catalyzed by DAPK1 in mammalian cells (17), we do not know
whether the same kinase acts in Xenopus oocytes. In addition, we
find that serine 16 is not phosphorylated, but that its mutation
abrogates serine 71 dephosphorylation during oocyte maturation.
This result might indicate that serine 16 is necessary and acts as a
docking site for recruitment of a phosphatase such as PP2A to
Pin1 during maturation; such an enzyme could then dephosphor-
ylate serine 71 for Pin1 activation. Irrespective of the kinase/phos-
phatase involved, an intriguing question is how does the Pin1-
induced conformational change in CPEB control ubiquitination?
Liou et al. (12) suggested that cis-trans isomerization of Pin1 sub-
strates establishes a conformation needed for E3 ligase recogni-
tion, and possibly other regulatory proteins such as phosphatases
(35, 36). Our data support this hypothesis and suggest that, upon
Pin1 activation and simultaneously CPEB phosphorylation, Pin1
induces a CPEB conformational change that favors its interaction
with the E3 ligase �-TrCP.

In maturing mouse oocytes, CPEB undergoes phosphoryla-
tion/destruction similar to that in Xenopus oocytes (37, 38). In
mitotically cycling Xenopus embryonic cells, polyadenylation in-
creases during M phase and decreases during interphase, which
also occurs in cyclin mammalian cells (39). This observation
prompted us to investigate whether CPEB undergoes an M phase
destruction (like that which occurs during oocyte maturation, an
M phase progression) and, if so, whether Pin1 might be involved.
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Indeed, Fig. 6 demonstrates that, in synchronized HEK293T cells,
CPEB is partially destroyed at M phase and interacts with Pin1
prior to its destruction (as in Xenopus oocytes). However, it
should not be assumed that maturing Xenopus oocytes and cycling
mammalian cells are equivalent vis-à-vis cell cycle progression or
by how mRNA translation is regulated. For example, oocytes are
arrested at a G2-like phase and then enter M phase; there is no S
phase in maturing oocytes. Xenopus CPEB is hyperphosphory-
lated only during the G2-to-M phase transition. At the same time,
Pin1-CPEB interaction is evident before and after maturation. In
mammalian cells, CPEB is phosphorylated at S phase and during
other phases of the cell cycle. However, the CPEB-Pin1 interaction
is only evident after cell cycle progression into the G2-to-M phase.
The lack of Pin1-CPEB interaction in S phase likely indicates that
the phospho-CPEB residues are not involved in recruiting Pin1.
Despite the differences between these two systems, in both cases,
the CPEB-Pin1 interaction is evident during the G2-to-M transi-
tion and precedes CPEB destruction. Moreover, ectopic Pin1 ex-
pression dramatically reduced the CPEB half-life while ectopic
expression of a dominant negative Pin1 W34A mutant protein
partially prevented CPEB destruction; mutations in the PPIase
domain had no effect on Pin1’s capability to promote CPEB de-
struction.

Fujimoto et al. (40) previously reported that Pin1 may affect
the function and degradation of a target protein, peroxisome pro-
liferator-activated receptor � (PPAR�), solely by the interaction
between the N-terminal activation function 1 (AF-1) domain of
PPAR� and the WW domain in Pin1. In this case, the proline
isomerization by the PPIase domain seemed to be dispensable.
This prompted us to investigate the contribution of each Pin1
domain separately on CPEB destruction. We found that, in con-
trast to full-length Pin1, expression of either the WW or PPIase
domain had minor effects on the CPEB half-life, indicating that
both domains are needed for full Pin1 activity to promote CPEB
destruction. These results may also indicate that other amino acids
in the PPIase domain, such as C113, which was shown to be im-
portant for Pin1 isomerization activity (40), are needed for Pin1-
mediated CPEB destruction.

Based on the functions of its interacting substrates, Liou et al.
(12) suggest that Pin1 induces the destruction or inactivation of
tumor suppressors but enhances the stability of proteins involved
in malignant transformation. Although we have focused most of
this present work on Xenopus oocytes, it is important to note that
CPEB might be considered to be a tumor suppressor, and thus
Pin1 could have important implications for oncogenic transfor-
mation via translation. That is, CPEB knockout (KO) mice, while
not developing cancer spontaneously, contract papillomas much
more readily than wild-type animals when challenged with a DNA
damaging agent (41). Moreover, mouse embryo fibroblasts
(MEFs) lacking CPEB do not senesce as do wild-type MEFS, but
instead are immortal (42, 43). Primary human cells depleted of
CPEB also bypass senescence (41, 44). Because the lack of CPEB
leads to reduced translation of p53 mRNA, and because reduced
p53 immortalizes primary cells, it may be inferred that CPEB can
also act as a tumor suppressor. Although we do not know whether
Pin1 control of CPEB destruction leads to a bypass of senescence,
we speculate that it might and are presently investigating this phe-
nomenon.
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