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Abstract
The Pin1 prolyl isomerase regulates phosphorylation signaling by controlling protein
conformation after phosphorylation and its upregulation promotes oncogenesis via acting on
numerous oncogenic molecules. SUMOylation and deSUMOylation are dynamic mechanisms
regulating a spectrum of protein activities. The SUMO proteases (SENPs) remove SUMO
conjugate from proteins and their expression is deregulated in cancers. However, nothing is known
about the role of SUMOylation in regulating Pin1 function. Here, we show that Pin1 is
SUMOylated on Lys6 in the WW domain and on Lys63 in the PPIase domain. Pin1 SUMOylation
inhibits its protein activity and oncogenic function. We further identify that SENP1 binds to and
deSUMOylates Pin1. Importantly, either overexpression of SENP1 or disruption of Pin1
SUMOylation promotes the ability of Pin1 to induce centrosome amplification and cell
transformation. Moreover, SENP1 also increases Pin1 protein stability in cell cultures and Pin1
levels are positively correlated with SENP1 levels in human breast cancer specimens. These
results not only uncover Pin1 SUMOylation on Lys6/63 as a novel mechanism to inhibit its
activity and function, but also identify a critical role for SENP1-mediated deSUMOylation in
promoting Pin1 function during tumorigenesis.
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Introduction
Proline-directed protein phosphorylation (pSer/Thr-Pro) is a central signaling mechanism in
diverse cellular processes, notably cell proliferation and transformation. Certain pSer/Thr-
Pro motifs in polypeptides exist in two completely distinct conformations, cis and trans, the
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conversion of which is markedly slowed down upon phosphorylation, but yet specifically
catalyzed by the peptidyl-prolyl cis/trans isomerase Pin1 (1–3). This striking substrate
specificity results from the unique N-terminal WW domain and C-terminal PPIase domain
of Pin1 (1–3). The WW domain binds only to specific pSer/Thr-Pro-motifs and targets Pin1
close to its substrates, where the PPIase domain isomerizes specific pSer/Thr-Pro motifs and
induces conformational changes in proteins (1–3). These cis and trans conformation-specific
functions and their regulation by Pin1 have been directly demonstrated by the development
of cis and trans conformation-specific antibodies (4).

Importantly, such Pin1-induced conformational changes following phosphorylation control
various protein functions, including their catalytic activity, phosphorylation status, protein
interaction, subcellular location, and/or protein stability (1–3). Functionally, Pin1 is
important in many cellular processes involving Pro-directed phosphorylation, including the
cell cycle, cell signaling, transcription and splicing, DNA damage responses, germ cell
development and neuronal survival (1–3, 5, 6). Significantly, Pin1 deregulation contributes
to certain pathological conditions, notably cancer and Alzheimer’s disease (1–3, 5, 6).

In human cancers, Pin1 is prevalently overexpressed and its overexpression level correlates
with poor clinical outcome (2, 3). In contrast, the Pin1 genetic polymorphisms that reduce
Pin1 expression are associated with reduced cancer risk in humans (2, 3). Significantly, Pin1
activates numerous oncogenes/growth enhancers, including β-catenin, cyclin D1, NF-κB, c-
Jun, c-fos, Raf-1, Stat3, Neu/ErbB2, Notch, AKT, AIB1, Mcl-1, Hbx, and PKM2, and also
inactivates a large number of tumor suppressors/growth inhibitors, including FOXOs, PML,
SMRT, Smad, Pin2/TRF1, AMPK, Rb and Fbw7 (2, 3, 7–9). Furthermore, whereas Pin1
overexpression causes centrosome amplification, cell transformation and tumorigenesis (10,
11), Pin1 knockdown inhibits tumor growth in vitro and in vivo (1–3). Moreover, Pin1
knockout mice are fully resistant to tumorigenesis induced by oncogenes such as MMTV-
Neu/ErbB2 or -Ras (12). In addition, Pin1 catalytic activity and oncogenic function are
effectively suppressed by the tumor suppressor DAPK1 (13). These results demonstrate a
major role for Pin1 in cancer development and make Pin1 as an attractive anticancer target
(1, 2). However, how Pin1 function is upregulated during cancer development is still not
fully understood.

Protein modification by a small ubiquitin-like modifier (SUMO) peptide on a lysine residue
is important in controlling a spectrum of protein activities, including protein activity,
stability and localization, (14–16). The conjugation and deconjugation of SUMO
modification is a highly dynamic event, and only a small fraction of a substrate is
SUMOylated at a given time (16). Among mammalian SUMO isoforms, the conjugation of
SUMO1, SUMO2 and SUMO3 to protein substrates requires the E1-activating enzyme
(SAE1/SAE2), the E2 conjugase (Ubc9) and, in some cases, the E3 ligases(15), while little
is known about SUMO4, which has been linked to autoimmune diseases (17).
DeSUMOylation mediated by the SUMO proteases (SENPs) has been shown to be also
involved in many of the processes mentioned above (14). Six SENPs have been identified in
humans, each with different cellular locations and substrate specificities (18). SENP1, a
nuclear SUMO protease, has been shown to regulate androgen receptor transactivation by
targeting histone deacetylase 1, to induce c-Jun activity through deSUMOylation of p300
and to increase expression of the cell cycle regulator Cyclin D1 (19). SENP1 deconjugates
SUMO1 from hypoxia-inducible factor-1α (HIF1α) to control its stability and regulates
hypoxic response (20). Recently, SENP1 has been shown to regulate STAT5 activation
during early lymphoid development (21). Interestingly, SENP1 has been shown to
overexpress in some human cancers including prostate and thyroid cancer (19, 22).
However, so far only a handful of SENP1 substrates have been identified and its targets and
molecular mechanisms during oncogenesis remain poorly understood.
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In this study, we discover that SUMOylation inhibits Pin1 protein activity and cellular
function, and also identify Lys6 in the WW domain of Pin1 as a major SUMOylation site
and Lys63 in the PPIase domain as an additional site. Furthermore, either overexpression of
SENP1 or disruption of Pin1 SUMOylation promotes the ability of Pin1 to induce
centrosome amplification and cell transformation. Finally, Pin1 levels in human breast
cancer tissue are positively correlated with SENP1 levels. Thus, SUMOylation of Pin1 on
Lys6 and Lys63 is a novel mechanism inhibiting Pin1 activity and function, whereas
SENP1-mediated deSUMOylation promotes Pin1 function during oncogenesis. Given that
Pin1 activates and inactivates a large number of oncogenes and tumor suppressors,
respectively, this new connection between SNEP1 and Pin1 may also provides additional
attractive alternative targets for anticancer therapies.

Materials and Methods
Plasmids

The expression constructs for wild type and various mutants of SENP1 with N-terminal
Flag- and HA-tag were described (20). The Pin1 wild type and deletion mutants with N-
terminal GST, Flag or HA tag were described (13). The Pin1 mutants in which the Lys
residue 6 and 63 were each replaced by an Arg or Ala residue, were generated by site-
directed mutagenesis, and then subcloned to pLenti6/V5-GW/lacZ vector.

PPIase assay
The PPIase activity of Pin1 and SUMO1-modified Pin1 were determined using the protease-
free PPIase activity assay with the substrate Suc-Ala-pSer-Pro-Phe-pNA, Suc-Ala-Glu-Pro-
Phe-pNA or Suc-Ala-Ala-Pro-Phe-pNA (50 μM) in 35 mM HEPES pH 7.8 at 10°C, as
described previously (23).

Analysis of centrosome duplication during S phase
Centrosome duplication assays in NIH3T3 cells were performed, as described previously
(13). Briefly, cells were arrested in G1/S phase by adding aphidicolin at a final
concentration of 10 μg/ml for 24 hr. Cells were then fixed with cold ethanol for 5 min and
stained for centrosomes with anti-γ-tubulin antibodies and analyzed by fluorescent
microscopy, as described previously (13).

Soft agar colony formation assay
Soft agar assays were done by seeding cells at a density of 103 in 60-mm tissue culture
dishes containing 0.3% top low-melt agarose-0.5% bottom low-melt agarose as previously
described (13). Cells were fed every 4 days and colonies were counted and measured after 3
weeks.

Additional Materials and Methods can be found in the Supplementary Data with this article
online.

Results
Pin1 is modified on Lys6 and Lys63 by SUMO1 in vitro and in vivo

Pin1 is an important regulator of many cellular processes involving Pro-directed
phosphorylation (1, 2). Although recent studies have shown that Pin1 is regulated by protein
phosphorylation, little is known whether Pin1 can be modified by any other post-
translational modifications. While studying Pin1 post-translational modification (13, 24), we
found that a modified Pin1 with a slower electrophoretic mobility was detected when we
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immunoprecipitated from normal breast cells (Fig. 1A). To examine whether Pin1 is
modified by SUMOylation, we co-transfected His-Pin1 with GFP-tagged SUMO1 in 293T
cells and found a modified Pin1 with a slower electrophoretic mobility (Fig. 1B, left). To
confirm whether Pin1 is modified by SUMOylation and which residue is modified, we
purified the SUMO1-modified GST-Pin1 in E. coli cells harboring a SUMO system plasmid
(25), followed by identifying the Pin1 SUMOylation site(s) using mass spectrometric
analysis. The major SUMOylation site was found on Lys6 in the WW domain (Fig. 1B,
right). Interestingly, Lys6 in Pin1 is surrounded by EEKL, which resembles the inverted
consensus SUMOylation site, ψKXE, where ψ is a hydrophobic residue, X is any amino
acid, E is an acidic residue, and K is a lysine residue to which SUMO moiety is covalently
bound (26).

To further confirm that Pin1 is a SUMO substrate, we performed in vitro SUMOylation
assays. GST-Pin1 was SUMOylated only when SAE1/2, Ubc9, ATP and SUMO-1 were
present (Fig. 1C). To examine whether Pin1 is a SUMO1 specific substrate, we co-
transfected Pin1 with GFP-tagged SUMO1, -SUMO2, or -SUMO3 into 293T cells. Only
SUMO1 effectively promoted SUMOylation of Pin1 (Fig. 1D, left). Similarly, only wild-
type SUMO1 (GFP-SUMO1 GG), but not its conjugation-defective mutant (GFP-SUMO1
AA), promoted Pin1 SUMOylation (Fig. 1D, right and Supplementary Fig. S1A). We further
used Pin1 deletion and point mutation mutants to confirm the SUMOylation site(s) and
found that the K6R mutation completely abolished SUMOylation of Pin1 WW domain (Fig.
1E, left). Surprisingly, the separate Pin1 PPIase was also found to be SUMOylated (Fig. 1E,
left). To identify this new SUMOylation in the PPIase domain, we mutated all the seven Lys
residues in the Pin1 PPIase domain together or in different combination to Ala in full length
Pin1 and conducted in vivo SUMOylaion assay. Only the Lys63 point mutation significantly
abrogated the formation of the characteristic shifted band corresponding to a single GFP-
SUMO1 molecule conjugated to a specific Lys residue (Supplementary Fig. S1B).
Moreover, the modification sites were also identified by site-directed mutagenesis and in
vivo SUMOylation assay, which showed that the Pin1 SUMO1 modification was greatly
impaired in WWK6R, PPIaseK63R, Pin1K6R, Pin1E4A and Pin1L7A mutants (Fig. 1E, left and
Supplementary Fig. S1C). These results were also consistent with the data derived from in
vitro SUMOylation assay (Supplementary Fig. S1D) and yeast two-hybrid assay
(Supplementary Fig. S1E), as described previously (27), showing that the mutations at Lys6
and Lys63 or the surrounding inverted consensus SUMOylation sequence disrupted Pin1
SUMOylation. To further confirm that these two Lys residues are SUMO1 acceptor sites in
Pin1, in vivo SUMOylation assay was conducted using full-length Pin1 as well as its K6R or
K6/63R mutant (Fig. 1E, right). In contrast to Pin1, the SUMOylation-deficient Pin1K6/63R

mutant failed to be SUMOylated in cells (Fig. 1F). The SUMOylation of Pin1 is also
observed in different cell lines (Supplementary Fig. S1A, bottom). Taken together, these
findings demonstrate that Pin1 is modified on Lys6 and Lys63 by SUMO1 in vitro and in
vivo.

Pin1 SUMOylation inhibits its substrate binding, catalytic activity and cellular function
Given that Pin1 is SUMOylated on Lys6 in the WW domain and Lys63 in the PPIase
domain, we asked whether these modifications affect Pin1 activity and function. Structural
modeling analysis of SUMO1 (PDB code 1A5R) conjugated at Lys6 showed that the loop1
of SUMO1 was very close to the Trp34 residue of the WW domain (PDB code 1F8A) (Fig.
2A, left), the second invariant Trp residue that is essential for Pin1 to bind to its
phosphorylated substrates (3). Similarly, SUMO1 conjugated at Lys63, a positively charged
residue critical for anchoring the pSer/Thr-binding pocket in the PPIase domain (PDB code
3IK8) might prevent the substrates from entering the catalytic active site (Fig. 2A, right).
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These molecular modeling results suggest that Pin1 SUMOylation might affect its substrate
binding and catalytic activity.

To test whether Pin1 SUMOylation affects its substrate binding activity, we generated GST-
SUMO1 fused to Lys6 of Pin1 protein because the first 5 amino acid of Pin1 is unstructured
based on its X-ray structure (28). We examined the ability of GST-SUMO1-Pin1 to bind
MPM-2 antigens, known Pin1 substrates present in mitotic cells, using a GST-Pin1
pulldown assay. Unlike GST-Pin1, GST-SUMO1-Pin1 greatly impaired its ability to bind
the MPM-2 antigens (Fig. 2B), consistent with molecular modeling (Fig. 2A, left). To
examine whether Pin1 SUMOylation also affects its catalytic activity, we purified both the
unmodified and SUMO1-modified GST-Pin1 from E. coli cells harboring a SUMOylation
system plasmid and a plasmid expressing GST-Pin1 (Fig. 2C, top) (25). In contrast to Pin1
or GST-Pin1, SUMOylated Pin1 displayed little phospho-specific PPIase activity (Fig. 2C,
bottom). These results indicate that SUMOylation of Pin1 greatly inhibits its substrate
binding and catalytic activity.

The above results suggest that SUMOylation of Pin1 might inhibit its function in the cell.
One of the well-characterized Pin1 cellular functions in cell growth regulation is its ability
to activate the promoter of cyclin D1 as well as to increase cyclin D1 protein stability (29,
30). Indeed, co-transfection of Pin1 and SUMO1, but not its inactive mutant inhibited the
ability of Pin1 to activate the cyclin D1 promoter (Fig. 2D, top). Importantly, Pin1K6/63R, a
mutant that is resistant to Pin1 SUMOylation or the mutants that are disrupted the inverted
consensus SUMOylation site (Fig 1E, right and Supplementary Fig. S1C), were more active
compared to wild-type Pin1 in activating the cyclin D1 promoter (Fig. 2D, bottom and
Supplementary Fig. S2A and 2B). To examine whether SUMOylation of Pin1 affects
turnover of cyclin D1, we co-transfected cyclin D1 with Pin1 and Pin1K6/63R mutants into
Pin1−/− MEFs or MCF10A-Ras/Neu Pin1 knockdown cells, and then monitored cyclin D1
protein stability (13). Pin1 increased cyclin D1 protein stability, as shown previously (13)
and importantly, Pin1K6/63R mutant was more potent than the wild-type protein in stabilizing
cyclin D1 protein in Pin1 null cells (Fig. 2E, and Supplementary Fig. S2C). We further
performed the immunostaining experiment to show that SUMOylation did not significantly
disrupt the subcellular localization of Pin1 (Supplementary Fig. S3A). Together, these
results show that Pin1 SUMOylation not only inhibits its substrate binding and catalytic
activity in vitro, but also impairs its cellular function in cells.

SENP1 deSUMOylates Pin1
Given that Pin1 SUMOylation inhibits its protein activity and cellular function, the next
question is whether Pin1 is subject to deSUMOylation. Since SENP1, SENP2 and SENP3
are primarily localized in the nucleus (31), we first investigated which SENPs might bind
and deSUMOylate Pin1, a mainly nuclear protein (13). When SENP1, SENP2 or SENP3
were coexpressed with Pin1 in cells, we found that SENP1 was more efficient in
deSUMOylating Pin1 than SENP2, while SENP3 was barely active (Fig. 3A). When
different amounts of SENP1 and SENP2 expression plasmids were transfected to compare
their abilities to deSUMOylate Pin1 in vivo, SENP1 was more efficient than SENP2 in
promoting Pin1 deSUMOylation (Fig. 3B, top). When the same amount of recombinant
SENPs catalytic domain proteins, GST-SENP1427–644 and -SENP2364–589, were analyzed to
compare their abilities to deSUMOylate Pin1 in vitro, again SENP1 was found to be much
more proficient than SENP2 (Fig. 3B, bottom). We further examined their interactions by
coimmunoprecipitation (Co-IP) and GST pulldown assays. In both assays, SENP1 bound to
Pin1 better than SENP2 (Fig. 3C). Accordingly, SENP1 was functionally more active than
SENP2 in activating the cyclin D1 promoter activity (Fig. 3D).
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To map the Pin1 interaction domain within SENP1, we performed GST pulldown
experiments using Pin1 and its deletion mutants and found that SENP1 bound only to the
PPIase domain of Pin1 (Fig. 4A). Furthermore, we used purified SENP1 and Pin1 to show
that Pin1 directly interacted with SENP1 and that the Pin1 PPIase domain is required for this
interaction (Supplementary Fig. S3B). Given the SENP1 and Pin1 specific interaction, a
central question is whether the enzymatic activity of SENP1 is essential for Pin1
deSUMOylation in vivo. By overexpressing a SENP1 catalytically inactive/dominant
negative Cys-to-Ser SENP1 mutant (C/S) (32) or a SENP1 shRNA construct (33), we found
inhibition of endogenous SENP1 via the SENP1 dominant negative mutant or shRNA
induced Pin1 SUMOylation in vivo (Fig. 4B). Similarly, the inhibition of Pin1-mediated
cyclin D1 activation by SUMO1 was recovered only by SENP1. Pin1K6/63R was more active
than wild-type Pin1 in activating the cyclin D1 promoter, which was resistant to inhibition
of SUMO1 or activation of SENP1 (Fig. 4C). Moreover, knockdown of endogenous SENP1
expression also reduced Pin1-mediated cyclin D1 activation and again the enhanced ability
of Pin1K6/63R to activate the cyclin D1 promoter was not reduced by SENP1
(Supplementary Fig. S3C). Taken together, these data indicate that SENP1 is a Pin1
deSUMOylation protease that reverses Pin1 SUMOylation and inhibition.

Next we sought to search for signals that induce Pin1 de-SUMOylation. It has been shown
that permissive and moderate concentrations of reactive oxygen species (ROS) are not only
ubiquitous but also serve to regulate signaling events and to stimulate cell proliferation (34,
35). Furthermore, low concentrations of ROS results in the rapid disappearance of most
SUMO conjugate and upregulation of SENP3 (36, 37). Interestingly, Pin1 has been shown
to be involved in ROS production and ROS mediated cell proliferation (38, 39). These
results suggest that ROS might regulate Pin1 deSUMOylation status. To examine this
possibility, cells co-transfected with SENP1 and Pin1 were treated with H2O2. We found
that increasing concentrations of H2O2 resulted in dose-dependent decrease in Pin1
SUMOylation (Fig. 4D, top). We further addressed whether the reduced SUMOylation of
Pin1 is due to the SENP1-mediated deSUMOylation by generating stable SENP1
knockdown cells, followed by adding back SENP1 WT or its catalytic-defective(C/S)
mutant. Upon the H2O2 treatment at 0.3 mM, SUMOylation of Pin1 was significantly
reduced in SENP1 WT rescued cells, but not in the C/S mutant rescued cells (Fig. 4D,
bottom). To investigate whether the stimulatory effect of H2O2 on Pin1 deSUMOylation is
attributable to differential Pin1 and SENP1 interactions, Co-IP experiments were performed
using cells expressing epitope-tagged versions of Pin1 and SENP1 following treatment with
increasing concentrations of H2O2. Binding between Pin1 and SENP1 was increased with
increasing concentrations of H2O2 (Supplementary Fig. S3D), showing the redox-regulated
interaction between Pin1 and SENP1. These data suggest that oxidative stress induces Pin1
deSUMOylation through its interaction and deSUMOylation by SENP1.

SENP1 promotes Pin1-induced centrosome duplication, chromosome instability and cell
transformation

The above results have shown that deSUMOylation of Pin1 by SENP1 reverses Pin1
inhibition by SUMOylation and that SENP1 also promotes the ability of Pin1 to activate its
downstream targets such as cyclin D1, suggesting that SENP1 might promote Pin1-mediated
cell proliferation and transformation. It has been shown that SENP1 is upregulated in some
human cancers (18). Furthermore, tight regulation of Pin1 function during the cell cycle in
normal cells is critical for the coordination of DNA synthesis and centrosome duplication
(11, 13). By contrast, constitutive Pin1 overexpression disrupts this coordination, leading to
centrosome amplification, abnormal spindle formation, chromosome instability and cell
transformation (11, 13). Therefore, deSUMOylation of Pin1 by SENP1 might promote the
ability of Pin1 to induce centrosome amplification and cell transformation.
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To examine this possibility, we first examined the effects of Pin1 deSUMOylation on
centrosome duplication by transfecting non-transformed NIH3T3 cells with Pin1, Pin1K6/63R

or a control vector (Fig. 5A), and then arrested them in G1/S phase by aphidicolin and
counted centrosome number, as described previously (11, 13). It has been shown that these S
phase arrested NIH3T3 cells permit centrosome duplication and are easily assayed to
identify the role of a specific protein in centrosome duplication (11, 13). Indeed, more than
50% of Pin1-transfected cells contained >2 centrosomes (Fig. 5B), as described (13).
Importantly, more than 80% of Pin1K6/63R mutant-transfected cells contained >2
centrosomes, indicating that Pin1K6/63R is more active than the wild-type protein in inducing
centrosomes amplification. These results suggest that deSUMOylation of Pin1 promotes its
ability to induce centrosome amplification.

To further determine whether Pin1-drived centrosome amplification is regulated by SENP1,
we generated NIH3T3 cells overexpressing Pin1 and SENP1 or its C/S mutant (Fig. 5C).
Co-expression of SENP1 significantly increased the ability of Pin1 to induce centrosome
amplification (Fig. 5D). These results are consistent with the above findings showing that
SENP1 binding increases Pin1 activity toward cyclin D1 (Fig. 3D). More importantly, the
inhibitory effects of SENP1 on Pin1 appeared to be highly specific because they did not
occur at all when the SENP1 C/S mutant was used (Fig. 5D). These findings indicate that
deSUMOylation of Pin1 by SENP1 increases the ability of Pin1 overexpression to induce
multiple rounds of centrosome duplication in S arrested NIH3T3 cells.

Given that Pin1 SUMOylation site mutations affect Pin1-derived centrosome amplification
in non-transformed NIH3T3 cells, we next examined the functional consequences of Pin1
deSUMOylation on Pin1 function in cell proliferation. Specifically, we asked whether these
SUMOylation-resistant Pin1 mutations also affect its ability to induce the transforming
phenotypes. Firstly, we reconstituted MCF10A-Ras/Neu Pin1 knockdown cells with stably
re-expressing Pin1 and Pin1K6/63R (Supplementary Fig. S1D). The MCF10A-Ras/Neu
control, Pin1 knockdown cells and Pin1 knockdown cells stably re-expressing Pin1 or
Pin1K6/63R were seeded on plastic plates, followed by MTT proliferation assay and three
dimensional cell differentiation assay with exogenous basement membrane matrix
(Matrigel), where Pin1 overexpression has been shown to induce the early transforming
phenotype of mammary epithelial cells (10). Consistent with the previous findings (10),
inhibition of Pin1 suppressed transforming phenotypes of mammary epithelial cells induced
by Ras/Neu (Fig. 6A and B). More importantly, as compared with wild-type Pin1-expressing
cells, Pin1K6/63R-expressing cells were more proficient in promoting cell proliferation both
in MTT assay and three dimensional cell culture assay (Fig. 6A and B). Moreover,
Pin1K6/63R-expressing cells formed a higher number of foci on plastic plates and colonies in
soft agar than Pin1-expressing cells (Fig. 6C and D). These results together demonstrate that
Pin1 deSUMOylation promotes its ability to induce centrosome amplification and cell
transformation.

Pin1 levels correlate positively with SENP1 levels in human breast cancer
Pin1 plays a major role in the development of breast cancer. Intriguingly, it has been shown
that SENP1 is overexpressed in human prostate cancer tissues (19) and that SENP1
deSUMOylates HIF1α and increases HIF1α protein stability, presumably contributing to
tumorigenesis (20). Given that SENP1 deSUMOylates Pin1 and activates its function, we
asked whether SENP1 might regulate Pin1 protein stability and correlate with Pin1 levels in
human breast cancer tissues.

To investigate whether SENP1 regulates Pin1 stability, we stably knocked down SENP1 in
breast cancer cells with shSENP1 and then examined Pin1 protein stability using the
cycloheximide chase. SENP1 knockdown significantly reduced Pin1 stability (Fig. 7A).
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Moreover, we transfected Flag-Pin1, or Flag-SUMO-Pin1 in Pin1 knockdown cells and
checked the protein stability. The protein half-life of SUMOylated-mimicking Pin1 is 4 hr,
whereas Pin1 WT had a half-life longer than 12 hr (Fig. 7B). To further confirm these
results, we have examined whether Pin1 protein levels are correlated with SENP1 in
selected human normal and breast cancer cell lines, because we have previously shown that
Pin1 is overexpressed in human breast cancer cell lines (30).. SENP1 was highly expressed
and correlated with Pin1 overexpression in a number of breast cancer cell lines, including
T47D, MDA-MB231, MCF7, MDA-MB468, and BT474 (Fig. 7C). We next investigated the
relationship between SENP1 and Pin1 expression in human tissues by performing
immunocytochemistry analysis on consecutive sections of tissue microarrays derived from
human breast normal and cancer tissues using antibodies specifically against Pin1 and
SENP1. Interestingly, most tumor specimens expressing low levels of SENP1 had marked
reduced levels of Pin1, whereas most tumor specimens expressing high SENP1 had high
level of Pin1 (Fig. 7B and C). There was a significant correlation between SENP1 and Pin1
levels in cancer specimens, as determined by the Spearman rank correlation test (P<0.001).
These results on human breast cancer tissues are consistent with the findings that
deSUMOylation of Pin1 on Lys6 and Lys63 by SENP1 promotes Pin1 protein activity,
protein stability and oncogenic function (Fig. 7D).

Discussion
Pin1 regulates over 30 oncogenes and tumor suppressors (1, 3). Emerging evidence suggests
that Pin1 function may be regulated at multiple levels (2). Pin1 expression is generally
correlated with cell proliferation in normal human tissues, but further upregulated in many
human cancer tissues(2, 3). Indeed, Pin1 expression is subject to E2F-mediated
transcriptional regulation in response to growth factors (2, 3). In addition, Pin1 is one of the
genes suppressed by up-regulation of Brca1(2, 3). Pin1 belongs to a very small number of
genes whose SNPs in the germ line are linked to somatic gene expression in breast tumors
(2, 3). Indeed, the Pin1 genetic polymorphisms that reduce Pin1 expression are associated
with reduced risk for multiple cancers in humans (2, 3, 40–42). Increasing evidence suggests
that Pin1 is also subject to post-translational modifications. Pin1 Ser16 phosphorylation is
regulated in a cell cycle-dependent manner, which abolishes the ability of Pin1 to interact
with its substrates (2, 3). Pin1 is also phosphorylated on Ser65 by Polo-like kinase, which
appears to increase Pin1 protein stability (2, 3). Our recent studies show that DAPK1
phosphorylates Pin1 on Ser71 and inhibits its prolyl isomerase activity and cellular function,
providing the first explanation for the observed link between DAPK1 and Pin1 mediated
malignancy in caner progression (13). Finally, Pin1 is also modified by oxidization, which
impairs its PPIase activity (43). Nevertheless, little is known about whether Pin1 is regulated
by other post-translational modifications.

SUMOylation is a highly dynamic process and an important regulator of the functional
properties of many proteins (14). The SUMO conjugation enzymes (E1 and E2) are also
frequently up-regulated in breast cancers and closely associated with patient survival (44,
45). The current studies indicate that deregulation of either SUMO conjugation or
deconjugation can contribute to cancer progression (46–48). Most of the reports have
focused on the effect of SUMO modification through the action of the conjugation enzyme
Ubc9 or E3 ligases (14). However, the function of the SUMO deconjugating systems is still
emerging (49). In mammalian cells, there are at least six different SUMO-specific proteases
that have been identified. Notably, SENP1 was the first identified SUMO-specific protease.
Data from SENP1 knockout mice indicate that the loss of SENP1 potentiates HIF1α
degradation and consequently lowers VEGF levels (20). Reduction of VEGF hinders
development of new vasculature and contributes to the lethality of SENP1 knockout. These
studies suggest that induction of SENP1 in cancers might facilitate angiogenesis via
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enhanced stability of HIF1α. Elevated SENP1 levels are observed in thyroid oncocytic
adenocarcinoma and prostate cancer (19, 22), and the upregulation of SENP1 is a relatively
early event in the carcinogenesis of the prostate (19). While it is intriguing to speculate that
SENP1 may play an important role in the growth regulation and cancer progression, only a
handful of its substrates have been identified so far, and its targets and molecular
mechanisms during tumorigenesis remain poorly understood.

Our studies of Pin1 SUMOylation have not only identified the inhibitory role of
SUMOylation in controlling Pin1 activity and function, but also discovered a potent role of
SENP1 in promoting Pin1 activity and function during cell proliferation and transformation.
First, Pin1 is SUMOylated on Lys6 in the WW domain and Lys63 in the catalytic domain in
vitro and in vivo. Second, the Pin1 SUMOylation fully inactivates Pin1 substrate binding
and phosphorylation-specific PPIase activity. Third, SUMOylation-resistant mutation
(K6/63R) is more active than the wild-type protein in cells, as assayed by activating
transcription factors, stabilizing proteins as well as inducing centrosome amplification and
cell transformation. More importantly, SENP1 over-expression promotes the ability of Pin1
to activate transcription factors, stabilize proteins and induce centrosome amplification and
cell transformation. The significance of these findings is further substantiated by the
demonstrations that Pin1 levels correlated positively with SENP1 levels in breast cancer
tissues. Thus, Pin1 catalytic activity and cellular function is activated by SENP1 mediated
Pin1 deSUMOylation. Future studies will be required to determine the specific relationship
between overexpression of SENP1 and pathogenesis of breast cancer by using transgenic
mice model.

The findings that Pin1 is deSUMOylated and activated by SENP1 suggest an exciting novel
mechanism to control Pin1 catalytic activity in human disease. The most notable example is
cancer, where Pin1 and SENP1 have been shown to have many correlated functions in
tumorigenesis, although they have not been studied together before. Both Pin1 and SENP1
are upregulated in many human cancers (19, 22). Moreover, reducing Pin1 or SENP1
upregulation in cancer cells effectively suppresses tumorigenic phenotypes (12, 33, 50).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pin1 is modified on Lys6 and Lys63 by SUMO1 in vitro and in vivo.
A, Pin1 was immunoprecipitated from normal MCF10A breast cells after stable expression
Pin1 shRNA and lentiviral vector (LKO) virus, followed by immunoblotting. B, Pin1
SUMOylation in cells and identification of Pin1 SUMOylation on Lys6. Left, Cells
expressing GFP-SUMO1 and His-Pin1 or vector control were extracted under denaturing
conditions and GFP-SUMO1 conjugates were isolated with Ni-NTA agarose and
immunoblotted. Right, SUMO1-modified GST-Pin1 was purified in E. coli cells and then
subjected to Mass Spectrometry. C, In vitro SUMOylation reactions using recombinant Pin1
were carried out in the presence of the indicated components, followed by immunoblotting.
D and E, Pin1 is modified on Lys6 and Lys63 in cells. 293T cell were transfected with GFP-
SUMOs, together with Flag-Pin1 variants or a control vector. Cell extracts were
immunoprecipitated and immunoblotted. F, Lys6/63 mutations ablate Pin1 SUMOylation in
cells. MCF10A-Ras/Neu cells stably expressing Pin1 and Pin1K6/63R mutant were
immunoprecipitated and immunoblotted. Arrowhead: SUMO1-modified Pin1, arrow:
SUMO1-unmodified Pin1 and asterisk: IgG.
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Figure 2.
Pin1 SUMOylation inhibits its substrate binding and catalytic activity.
A, Molecular modeling using Discovery studio software and graphically depicted using
PyMol. B, Recombinant proteins were incubated with mitotic HeLa extracts followed by
pulldown before subjecting to immunoblotting. C, Purified GST-fusion proteins were
produced, as shown by Coomassie blue staining, immunoblotting. The Pin1 catalytic activity
were determined using PPIase assay. D, HeLa Pin1 knockdown cells were transfected with
SUMO1 or its inactive mutant and Pin1, or its Lys6 and/or Lys63 mutants or vector control,
along with cyclin D1 promoter reporter construct, followed by assaying the luciferase
activity and pRL-TK Renilla luciferase reporter activity as control. E, Pin1−/− MEFs were
co-transfected with Pin1 or its Lys6 and Lys63 mutants and HA-cyclin D1 and then treated
with cycloheximide.
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Figure 3.
SENP1 binds to Pin1 and promotes Pin1-mediated cyclin D1 activation.
A,. 293T cells were co-transfected with Flag-Pin1, GFP-SUMO1 and HA-SENP1, HA-
SENP2 or HA-SENP3 constructs and subjected to immunoprecipitation, followed by
immunoblotting. B, Top, 293T cells were transfected with Pin1 with different amounts of
HA-SENP1 or HA-SENP2 constructs, followed by Flag IP and immunoblotting. Bottom,
The same amount of SENP1 or SENP2 with SUMOylated Pin1 were incubated in a
deSUMOylation reaction buffer, followed by immunoblotting. C, Top, 293T cells were co-
transfected with Flag-SENP1 or Flag-SENP2 and Pin1 constructs and then subjected to
immunoprecipitation with anti-Flag, followed by immunoblotting with Pin1 Ab. Bottom,
Glutathione-agarose beads containing GST or GST-Pin1 were incubated with cell extracts
expressing Flag-SENP1 or Flag-SENP2. Proteins pulled down by GST beads were subjected
to immunoblotting. D, HeLa cells were transfected with SENP1 or SENP2, and Pin1, or
vector control, along with cyclin D1 promoter reporter construct, followed by assaying the
luciferase and pRL-TK Renilla luciferase activity as control. Arrowhead: SUMO1-modified
Pin1, arrow: SUMO1-unmodified Pin1 and asterisk: IgG.
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Figure 4.
SENP1 binds and deSUMOylates Pin1 and thereby positively regulates cyclin D1 activation.
A, 293T cells expressing SNEP1 were incubated with glutathione-agarose beads containing
GST, GST-Pin1 or GST-Pin1 truncated mutants, followed by GST-Pin1 pulldown assay. B,
293T cells were cotransfected with Flag-Pin1 and SUMO1 with Flag-SENP1, Flag-SENP1
C/S or shSENP1, followed by Flag IP and subjected to immunoblotting. C, SENP1 promotes
Pin1-mediated cyclin D1 promoter activation. 293T cells were cotransfected with control or
SENP1-shRNA followed by assaying the luciferase activity and pRL-TK Renilla luciferase
activity as control, and relative luciferase activity was plotted (mean + SEM). *p <0.03; **p
< 0.001. D, H2O2 triggers Pin1 deSUMOylation. Control cells or SENP1 knockdown cells
were transfected with Flag-Pin1 and GFP-SUMO1 with control vector, HA-SENP1 or HA-
SENP1C/S and then treated for 6 hr with increasing H2O2 concentration. Cells were
subjected to immunoprecipitation with anti-Flag, followed by immunoblotting. Arrowhead:
SUMO1-modified Pin1, arrow: SUMO1-unmodified Pin1 and asterisk: IgG.
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Figure 5.
SENP1 promotes Pin1-induced centrosome amplification.
A and B, Pin1K6/63R mutant was more potent than wild-type Pin1 in inducing centrosome
amplification. NIH3T3 cells were stably infected with lentiviruses expressing Pin1, its
K6/63R mutants or control (A) and then arrested at the G1/S boundary for 24 hr by
aphidicolin. Cells were stained with anti-γ-tubulin antibody (red) and DAPI (blue) (B, top).
Bar, 10 μm (B, top). Cells containing >2 centrosomes were scored in 300 transfected cells
(B, bottom). C and D, SENP1 promotes Pin1-induced centrosome amplification. NIH3T3H
cells were transfected with SENP1 or its mutant and Pin1 (C). Cells were arrested at the G1/
S boundary by aphidicolin. Cells were stained with anti-γ-tubulin antibody (red) and DAPI
(D, top) (E). Bar, 10 μm (D, left). Cells containing >2 centrosomes were scored in 300
transfected cells (D, right).
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Figure 6.
Pin1 SUMOylation-deficient mutant Pin1K6/63R is more potent than wild-type Pin1 in
inducing cell proliferation and cell transformation.
A and B, Pin1K6/63R mutant is more potent than wild-type Pin1 in inducing cell
proliferation. Pin1 knockdown or rescued MCF10A Ras/Neu cells were seeded on plastic
plates (A) and Matrigel gels (B), followed by MTT assay (A) or P-iodonitrotetrazolium
violet staining (B). C, Pin1 knockdown or rescued MCF10A Ras/Neu cells were seeded on
plastic plates followed by crystal violet staining (C, left). The number of colonies formed
per 250 cells was seeded (C, right). Colony numbers are the mean ±SD of three independent
experiments. D, Pin1K6/63R mutant is more potent than wild-type Pin1 in inducing cell
transformation. Pin1 knockdown or rescued MCF10A Ras/Neu cells were seeded in soft
agar (D, left) followed by P-iodonitrotetrazolium violet staining. The number of colonies
formed per 1000 cells was seeded (D, right).
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Figure 7.
SENP1 levels positively correlate with Pin1 levels in human breast cancer tissues.
A, B, MCF10 Ras/Neu cells expressing control and SENP1 shRNA or MCF10 Ras/Neu
cells expressing Pin1shRNA and SENP1 shRNA were transfected with Flag-Pin1, or Flag-
SUMO-Pin1 were treated with cycloheximide (100 μg/ml) for indicated times, followed by
immunoblotting. C, The same amounts of total lysates prepared from spontaneously
immortalized normal human mammary epithelial cell lines and human breast carcinoma-
derived cell lines were subjected to immunoblotting. D, Serial sections of tissue arrays of 50
breast cancer tissue specimen were subjected to immunohistochemistry using anti-Pin1
antibodies (upper panel) or anti-SENP1 antibodies (low panel), and visualized by the DAB
staining (B). In each sample, SENP1 expression and Pin1 levels were semi-quantified in a
double-blind manner as high or low according to the standards presented in (B) and
summarized in (C) Their correlation was analyzed by Spearman rank correlation test
(P<0.001). E, A scheme depicts that SENP1 binds and deSUMOylates Pin1 and promotes its
Pin1 activity and function.
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