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Promyelocytic leukemia protein (PML) is an important regulator due to its role in numerous cellular
processes including apoptosis, viral infection, senescence, DNA damage repair, and cell cycle regulation.
Despite the role of PML in many cellular functions, little is known about the regulation of PML itself. We show
that PML stability is regulated through interaction with the peptidyl-prolyl cis-frans isomerase Pinl. This
interaction is mediated through four serine-proline motifs in the C terminus of PML. Binding to Pinl results
in degradation of PML in a phosphorylation-dependent manner. Furthermore, our data indicate that sumoy-
lation of PML blocks the interaction, thus preventing degradation of PML by this pathway. Functionally, we
show that in the MDA-MB-231 breast cancer cell line modulating levels of Pinl affects steady-state levels of
PML. Furthermore, degradation of PML due to Pinl acts both to protect these cells from hydrogen peroxide-
induced death and to increase the rate of proliferation. Taken together, our work defines a novel mechanism
by which sumoylation of PML prevents Pinl-dependent degradation. This interaction likely occurs in numer-
ous cell lines and may be a pathway for oncogenic transformation.

Recent work has suggested a role for PML (promyelocytic
leukemia protein) in many cellular processes including apop-
tosis, viral infection, transcription regulation, cell cycle regu-
lation, and DNA damage repair (2, 5, 29). The role of PML in
different cellular processes largely depends on its ability to
form PML nuclear bodies (PML NBs). PML NBs are discrete
nuclear structures which are thought to be organizing centers
that serve to bring together proteins in a manner that allows
more efficient regulation of cellular outcomes. Proteins local-
ized to PML NBs include p53, CBP/p300, Daxx, BLM, Myc,
and pRB (3, 56). Formation of PML NBs is thought to require
PML based on their absence in PML ™/~ primary cells (3, 18,
23, 56) and their disruption in blast cells derived from acute
promyelocytic leukemia patients that express PML-retinoic
acid receptor a (RARa) (8, 10, 21).

Since its discovery, PML has been implicated in playing a
role in carcinogenesis. PML was identified due to its involve-
ment in acute promyelocytic leukemia as part of a chromo-
somal translocation with the RARa gene (30). The transfor-
mation potential of PML-RAR« is dependent on the RBCC/
TRIM motif found in the N terminus of PML, which is
comprised of a RING finger, two B boxes, and a predicted
coiled-coil (RBCC) domain (19). Subsequent studies show that
PML ™/~ mice are prone to develop tumors in chemical and
physical models of carcinogenesis (45). This may be due to
defects in apoptotic responses to insults such as irradiation and
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oxidative stress (22, 28). Furthermore, PML protein expression
is reduced or greatly diminished in tumor cell lines derived
from prostate adenocarcinomas, colon adenocarcinomas,
breast carcinomas, lung carcinomas, lymphomas, central ner-
vous system tumors, and germ cell tumors; however, there is no
change to PML transcript levels in these tissues compared to
their normal counterparts (14).

Regulation of PML levels is critical to maintain proper cel-
lular functions. Expression of PML can be regulated at both
the transcriptional and posttranslational levels. PML mRNA
can be increased by interferon treatment, which signals
through Jak/Stat and interferon-stimulated response elements
at the PML promoter (4, 24, 40). Ras transformation of mouse
embryonic fibroblasts also induces PML in a p53-dependent
manner (7, 12). On the other hand, there are various mecha-
nisms that reduce cellular PML protein levels. PML degrada-
tion in Chinese hamster ovary cells can be induced by As,Os,
which leads to PML sumoylation and proteosome-dependent
proteolysis (23, 31). A recent report proposes that As,Oj
induces PML phosphorylation in an extracellular signal-regu-
lated kinase 2 (ERK2)-dependent manner, consequently lead-
ing to PML sumoylation (16), although the proteins responsi-
ble for PML sumoylation in this response are not well defined.
The increased PML sumoylation, which results in additional
PML NB formation, is thought to increase the expression of
apoptotic genes. PML sumoylation is thus an intriguing regu-
latory target in carcinogenesis (22, 28). Due to PML’s integral
role in regulating PML NB formation as well as its other roles
in the cell, it is important to understand how PML is regulated.

To uncover cellular factors that may directly regulate PML
protein levels, we focused on proteins that are overexpressed
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in other cancers and that can directly affect the stability of their
target proteins. One intriguing target is the peptidyl-prolyl
isomerase Pinl, which is overexpressed in many human cancers
and can function to facilitate the timing of cell proliferation
(49).

Pinl is a member of the pavrulin family of peptidyl-prolyl
cis-trans isomerases (PPlases) (46). It is composed of an N-
terminal WW domain, which is a protein-protein interaction
domain, and a C-terminal PPIase domain. The WW domain of
Pin1 preferentially binds to peptides containing a phospho-Ser/
Thr-Pro (pS/T-P), whereas the PPlase domain catalyzes cis-
trans isomerization of the peptide bond on the amino-terminal
side of the proline residue (32, 38, 53). Through associations
with its targets, Pinl has been found to affect phosphorylation
status, protein-protein interactions, subcellular localization,
and protein stability (13, 15, 20, 25, 35, 36, 43, 51). Further-
more, Pinl overexpression has been correlated with oncogen-
esis (51), leading us to hypothesize that Pinl overexpression
may decrease PML protein levels, thereby decreasing apop-
totic potential and increasing cellular proliferation.

Our work shows that Pinl is capable of binding to PML,
resulting in decreased levels of PML. This interaction is me-
diated by four key serine residues in the C-terminal half of
PML that are phosphorylated in mammalian cells. Further-
more, knockdown of Pinl levels in MDA-MB-231 breast can-
cer cells, where Pinl is normally overexpressed, results in an
increase in PML levels. Our work indicates that the interaction
between Pinl and PML in these cells is at least partially re-
sponsible for increasing their ability to resist hydrogen perox-
ide-induced death as well as the rate of proliferation.

MATERIALS AND METHODS

Plasmid construction. The construct CMX-HA-PML4 (where CMX is a cy-
tomegalovirus-based promoter and HA is hemagglutinin) was cloned by conven-
tional methods from a previously characterized PML construct (9) and follows
the PML isoform labeling as outlined previously (19). The single PML mutants
used (S403A, S518A, S527A, and S530A) have been previously described (52).
The PML fragments used (residues 1 to 325 and 331 to 633) have been previously
described (48). The mutants CMX-HA-PML4 (4X mutant, S403/505/518/527A;
3KR mutant, K65/160/490R) were created by multiple rounds of PCR site-
directed mutagenesis using Pfu Turbo on the template CMX-HA-PMLA.
pGEX4T-1-Pinl was cloned in our laboratory from a HeLa cDNA library.
CMX-FLAG-SUMOI1 was derived from a construct generously provided by
Hsiu-Ming Shih. CMX-HA-PML-RAR« has been described previously (33).

Cell culture. CV-1 cells were maintained at 37°C in 7% CO, in Dulbecco’s
modified Eagle medium supplemented with 10% charcoal-stripped fetal bovine
serum, 50 units/ml of penicillin G, and 50 pg/ml of streptomycin sulfate. MDA-
MB-231 cells were grown under similar conditions in 1X Dulbecco’s modified
Eagle medium with 4.5g/liter glucose, L-glutamine, and sodium pyruvate (Cell-
gro) supplemented with 10% charcoal-stripped fetal bovine serum, 50 units/ml of
penicillin G, and 50 pg/ml of streptomycin sulfate. MDA-MB-231 and HeLa
control short hairpin RNA (shRNA) and pSuper-shPinl cell lines were created
as described in Yi et al. (55). These were grown in the same medium as regular
MDA-MB-231 cells with the addition of 0.5 pg/ml puromycin to maintain selec-
tion for cells with stably integrated DNA.

GST pull-down assays. For glutathione S-transferase (GST) pull-down assays,
cells were transfected with =10 pg of the indicated plasmid DNA. In cases where
multiple pull-down assays were compared, all lanes received equal amounts of
DNA. The transfections were carried out according to the manufacturer’s pro-
tocol using Lipofectamine 2000 (Invitrogen). Whole-cell lysates were prepared
48 h after transfection using radioimmunoprecipitation assay (RIPA) buffer (1x
phosphate-buffered saline [PBS], 1% NP-40, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate [SDS]) plus protease inhibitors. Whole-cell lysates
were incubated for 60 min on a Nutator at 4°C with GST-Pinl-conjugated
glutathione-Sepharose beads in NETN buffer (20 mM Tri-HCI, pH 8.0, 100 mM
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NaCl, 1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, 0.1% NP-40) with a
mixture of protease inhibitors (Sigma). After incubation, the beads were washed
three times with NETN and collected by centrifugation; the proteins were eluted
and denatured by placing the samples at 100°C for 5 min and then run on 10%
SDS-polyacrylamide gel electrophoresis (PAGE) gels. The products were visu-
alized by immunoblot analysis with anti-HA-horseradish peroxidase (HRP)
(Roche) followed by detection using an ECL detection kit (Pierce). For the
experiment shown in Fig. 2B, prior to pull-down, the lysates were incubated with
calf intestinal phosphatase (CIP) for 30 min at 30°C for concentrations from 0 to
25% of the total volume of CIP (10 U/ml).

MS. CV-1 cells were transfected with 10 pg of FLAG-PML4 using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Whole-
cell lysates were made using NETN buffer with protease inhibitors (Sigma) and
lysed by sonication. The resulting lysates were immunoprecipitated in NETN
using red anti-FLAG (M2) affinity gel (Sigma) for 4 h at 4°C. The products were
then washed and separated on a 10% SDS-PAGE gel. The gel was stained using
Coomassie stain, and the band corresponding to PML4 was excised and sent for
mass spectrometry (MS) analysis by Mike Kinter at the Cleveland Clinic Foun-
dation. Briefly, the gel pieces were washed with water, dehydrated with aceto-
nitrile, reduced with dithiothreitol, and alkylated with iodoacetamide. In-gel
proteolytic digestion was performed using trypsin overnight at room tempera-
ture. The resulting products were eluted using 50% acetonitrile and 5% formic
acid and then processed down to 1% acetic acid for use in liquid chromatogra-
phy-MS.

Immunoprecipitation. To detect endogenous interactions, lysates of MDA-
MB-231 cells were prepared using RIPA buffer with a mixture of protease
inhibitors (Sigma). The resulting lysates were immunoprecipitated in NETN
buffer for 4 h with antibody (anti-PML [5261; Santa Cruz] or anti-Pinl [Upstate
Biotechnology]). The immunoprecipitated complexes were resolved by SDS-
PAGE and immunoblotted with the same antibodies. For overexpression immu-
noprecipitation analysis, CV-1 cells were transfected with 10 pg of DNA com-
posed of CMX-FLAG-Pinl and CMX-HA-PML4 or CMX alone using
Lipofectamine 2000 following the published protocol from Invitrogen. Forty-
eight hours after transfection, whole-cell lysates were made using RIPA buffer
plus protease inhibitors and then immunoprecipitated by RIPA using red anti-
FLAG (M2) affinity gel (Sigma) for 4 h at 4°C. The immunoprecipitates were
analyzed by immunoblotting using anti-FLAG (Sigma) and anti-HA-HRP
(Roche). Corresponding secondary antibodies were used, and visualization of the
products was done using an ECL detection kit (Pierce).

Confocal microscopy. Immunostaining was performed on endogenous proteins
using MDA-MB-231 wild-type, control shRNA, or Pinl shRNA cell lines. The
cells were fixed in 3.7% paraformaldehyde in 1X PBS for 30 min at room
temperature and permeabilized in 1X PBS with the addition of 0.1% Triton
X-100 and 10% goat serum for 10 min. The cells were washed three times with
1X PBS and incubated in a PBS-10% goat serum-0.1% Tween-20 solution
(ABB) for 60 min. Incubation with primary antibodies was carried out for 120
min in ABB. The cells were washed three times in 1X PBS, and the secondary
antibodies were added for 30 to 60 min in the dark at room temperature in ABB.
Coverslips were mounted to slides using Vectashield mounting medium with
DAPI (4',6'-diamidino-2-phenylindole) (H-1200; Vector Laboratories, Inc.).
The primary antibodies used were anti-Pin1 (purified in our own laboratory) and
anti-PML (mouse) (Santa Cruz). All confocal images were acquired using a Zeiss
LSM 510 inverted laser scanning confocal microscope. A 63X (numerical aper-
ture, 1.4) oil immersion Plan Apochromat objective was used for all experiments.
To investigate the localization of the endogenous Pinl, images of Alexa Fluor
488 were collected using a 488-nm excitation light from an argon laser, a 488-nm
dichroic mirror, and 500- to 550-nm band-pass barrier filter. For endogenous
PML, images of Alexa Fluor 594 were collected using a 633-nm excitation light
from an He/Ne2 laser, a 633-nm dichroic mirror, and 650-nm long-pass filter. All
DAPI-stained nuclear images were collected using a Coherent Mira-F-V5-XW-
220 (Verdi 5W) Ti-Sapphire laser tuned at 750 nm, a 700-nm dichroic mirror,
and a 390- to 465-nm band-pass barrier filter.

Cycloheximide. For cycloheximide assays, MDA-MB-231 cells were trans-
fected with either wild-type or mutant HA-PMIL4 as indicated (see Fig. 5) using
Lipofectamine 2000 following the manufacturer’s protocol (Invitrogen). Twenty-
four hours after transfection, the transfected cells were collected and split evenly
into five 35-mm plates. The next day (48 h after transfection), the cells were
treated with cycloheximide (20 pg/ml; Biomol) for the indicated times (see Fig.
5). Following treatment, whole-cell lysates were prepared using RIPA buffer with
protease inhibitors. Equal amounts of protein for each time point were then run
on an 8% SDS-PAGE gel, and immunoblotting was performed for visualization.
The primary antibodies used were anti-HA-HRP (Roche) and anti-a-tubulin
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(Sigma). Quantification was performed using a VersaDoc imager (Bio-Rad).
Graphs are representative of at least three replicate experiments.

Cell proliferation. MDA-MB-231 control and Pinl shRNA cell lines were
grown to 30 to 40% confluence in six-well cell culture plates in the medium noted
above without the antibiotics. Cells were treated with either a control random
small interfering RNA (siRNA) oligonucleotide or siRNA directed against PML
obtained from Dharmacon, according to the manufacturer’s protocol using the
Dharmafect 1 reagent. Each well received 10 g of siRNA. Forty-eight hours
after introduction of the siRNA, the cells were trypsinized and plated into
96-well plates. At times 0, 24, 48, 72, and 96 h after plating, cell proliferation was
measured using an Aqueous One CellTiter reagent according to the manufac-
turer’s protocol (Promega). Briefly, 20 pl of the CellTiter reagent was placed in
each well and placed at 37°C for 1.5 h, after which the total volume of liquid was
brought to 200 pl using deionized water; the absorbance was then read using a
SpectraMax M2 plate reader at 4A,9,. Each time point was determined in tripli-
cate, and the results are representative of at least three independent experi-
ments. In parallel, a second set of six-well plates was similarly treated with
siRNA, but after trypsinization, the cells were collected, and the RNA was
isolated using an RNeasy RNA isolation kit from Qiagen. siRNA knockdown
was assessed by comparing the amounts of RNA in the control and PML siRNA-
treated cells by performing reverse transcription-PCR (RT-PCR) to analyze
RNA levels of PML, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
used as a control. RT-PCR was performed using a One-step RT-PCR kit from
Invitrogen. Primer sequences are available upon request.

Cell death. MDA-MB-231 cell lines were treated with control oligonucleotide
or siRNA directed against PML as described above. siRNA effectiveness was
assayed by RT-PCR as described above. After 48 h of siRNA treatment, the cells
were trypsinized and replated in equal numbers in six-well plates. Twenty-four
hours later, the cells were treated with hydrogen peroxide (0, 50, 100, 150, or 200
wM). Twenty-four hours after treatment, cells and medium were collected and
analyzed using trypan blue staining. Briefly, the cells were treated with trypan
blue (MP Biochemicals) for 5 min at room temperature, and then the percentage
of blue cells was counted using a hemocytometer. Each well was counted in
triplicate, and data are representative of at least three independent experiments.

RT-PCR. Total RNA was isolated from MDA-MB-231 luciferase (Luc)
shRNA and MDA-MB-231 Pinl shRNA cell lines using an RNeasy Mini Kit
(Qiagen). RT-PCR was performed using a One-Step RT-PCR kit from Invitro-
gen according to the manufacturer’s protocol. Sequences for PML and GAPDH
primers are available upon request. A total of 200 ng of RNA was used in each
reaction mixture.

RESULTS

We hypothesized that for Pinl to promote cell growth, it
may need to down-regulate factors that promote cell death,
such as PML. To evaluate if Pin1 may control PML activity, we
first tested whether Pinl and PML can interact in mammalian
cells. We performed endogenous coimmunoprecipitation ex-
periments using anti-Pinl or anti-PML antibodies (Fig. 1A).
We found that immunoprecipitation with either of the anti-
bodies was able to pull down the other protein, indicating that
they interact in mammalian cells. The association was observed
in all cell lines tested including Hep2 and HeLa cells (data not
shown). In order to further investigate this interaction, we
cotransfected cells with HA-PML4 and FLAG-Pinl and per-
formed immunoprecipitations on the whole-cell lysates to de-
termine if PML and Pinl interact when overexpressed (Fig.
1B). The results confirm that Pinl interacts with PML when
these proteins are cooverexpressed. Furthermore, using con-
focal immunofluorescence microscopy, we observed that Pinl
is a mostly nuclear protein and that the majority of PML is
localized in discrete nuclear speckles typical of PML NBs (Fig.
1C). When the images for Pinl and PML were overlaid, we
observed partial colocalization. Taken together, these results
indicate that PML and Pinl interact and can colocalize in
mammalian cells.

Since Pinl interacts with proteins in a phosphorylation-de-
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FIG. 1. PML interacts with Pinl. (A) Pin1 can interact with PML in
cells. Whole-cell lysates from MDA-MB-231 cells were immunopre-
cipitated with anti-Pin1 antibodies. The immunopellets were separated
by SDS-PAGE, and immunoblotting was performed with anti-PML
and anti-Pinl antibodies. Ten percent input is shown. The asterisk
indicates a nonspecific band. (B) Overexpressed Pinl and PML inter-
act. CV-1 cells were transfected with HA-PML4 and FLAG-Pin1 con-
structs, and whole-cell lysates were immunoprecipitated with anti-
FLAG antibodies. The products were analyzed by immunoblotting
with anti-HA and anti-FLAG antibodies. Ten percent input is shown.
(C) PML partially colocalizes with Pinl. MDA-MB-231 cells were
immunostained with anti-PML and anti-Pinl antibodies, and images
were taken by confocal microscopy. DAPI shows staining for DNA.
Arrows indicate a few points of colocalization. «, anti; IP, immuno-
precipitation; Ab, antibody; WCE, whole-cell extract.

pendent manner and catalyzes cis-trans isomerization of se-
lected prolyl bonds, we determined whether the interaction
between PML and Pinl was dependent on PML phosphoryla-
tion. Whole-cell lysates from cells transfected with HA-PML4
were treated with increasing amounts of phosphatase and an-
alyzed for their ability to bind to GST-Pinl in a pull-down
experiment (Fig. 2A). As expected, increasing the concentra-
tion of phosphatase resulted in decreased interaction between
PML and Pinl (lane 7 versus lane 2), suggesting that the
interaction is phosphorylation dependent. Next, we performed
a GST pull-down using three previously characterized Pinl
mutants to determine which ones interacted with PML. The
S16A/Y23A and R17A mutations are located in the WW do-
main and have been shown to interrupt the ability of Pinl to
bind to target proteins (27, 39). The C113A/A118T mutations
are located in the PPlase domain of Pinl and result in de-
creased catalytic activity but can still interact with target pro-
teins (27, 39). We used lysates from cells transfected with
HA-PML4 and performed a pull-down using either wild-type
or mutant GST-Pinls (Fig. 2B). We found that both wild-type
Pinl and the PPIase mutant were capable of interacting with
PML (lanes 3 and 4), while the two WW domain mutants could
not interact with PML (lanes 5 and 6). Thus, the nature of the
interaction between PML and Pinl appears to be similar to
that established between Pinl and other targets. Next, we eval-
uated which portions of PML are required for the interaction
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FIG. 2. Mapping the motifs required for the interaction between
PML and Pinl. (A) The interaction between PML and Pin1 is phos-
phorylation dependent. CV-1 cells were transfected with HA-PMLA4,
and the resulting cell lysates were subjected to digestion with increas-
ing amounts of CIP followed by GST pull-down with GST-Pin1 beads.
The inputs (I) are 20%. The top panel shows an immunoblot of the
pull-down products (P) probed with anti-HA antibody, and the lower
panel shows Coomassie staining of the beads and CIP used in the
experiments. (B) Pinl must have an intact WW domain to interact with
PML. CV-1 cells were transfected with HA-PML4, and whole-cell
lysates were used in GST pull-down experiments with either wild-type
or the indicated mutants of GST-Pinl or GST alone. Immunoblot
analyses were performed with anti-HA antibody and are shown in the
upper panel. The lower panel shows Coomassie staining of the mem-
brane to indicate equal loading of the GST beads. (C) The C-terminal
region of PML is required for interaction with Pinl. Whole-cell
lysates from CV-1 cells transfected with the PML fragments shown
were subjected to GST pull-down with GST alone or GST-Pinl and
analyzed by Western blotting with anti-PML antibodies. WT, wild
type; a, anti.

with Pinl by performing GST pull-down assays with fragments
of PML (Fig. 2C). Deletion of the C-terminal region (starting
at amino acid 325) almost completely abrogated the interac-
tion with Pinl (lanes 4 to 6), indicating that the C terminus is
required for the interaction. When the N-terminal region of
PML (residues 331 to 633) was deleted, there was also de-
creased interaction with Pinl, although binding was not com-
pletely abrogated (lanes 7 to 9). This suggests that the N
terminus may play a role in stabilizing the protein-protein
interaction. Taken together, our results indicate that the inter-
action between PML and Pinl is phosphorylation dependent
and requires the WW domain of Pinl and the C-terminal
region of PML.

Pinl is known to target S/T-P motifs, when the serine or
threonine preceding the proline is phosphorylated (32, 53).
There are 12 S/T-P motifs in PML4 (Fig. 3A). Since the C-
terminal region of PML is required for the interaction with
Pinl, we mutated all of the S/T residues that followed a P in
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this region of PML to A and investigated the ability of this
nonphosphorylated mutant to bind to Pinl in GST pull-down
assays (Fig. 3B). We found that mutation of the six S/T sites in
the C-terminal half of PML led to a significant loss of binding
between PML and Pinl, indicating that at least some of these
residues are involved in the interaction with Pinl. In order to
further define which of these residues are important, we ques-
tioned which residues of PML were phosphorylated in vivo at
levels high enough to detect. To answer this question, we
overexpressed FLAG-PML4, immunoprecipitated the protein
with anti-FLAG antibodies, isolated the band corresponding to
PML, and analyzed the protein by MS. Our results show that
four S/T residues of S/T-P motifs are phosphorylated in vivo, as
indicated in bold in the schematic shown in Fig. 3A. Three of
these sites are located in the region of PML found to be
required for the interaction with Pin1, S403, S505, and S527,
and one more residue, S518, may be phosphorylated at low
levels, but the MS peak was not strong enough for an unam-
biguous identification. We used GST pull-down assays to test
the effect of single mutations of each of these residues on their
ability to bind to Pinl (Fig. 3C). Our data show that mutation
of S403 and S518 led to a partial decrease in the ability of PML
to bind to Pinl, while S505A did not appear to significantly
affect binding when mutated alone. Due to the close proximity
of S527 to another S/T-P site (S530), we first generated and
evaluated a double mutant and found a significant decrease in
binding (data not shown). However, when single mutants con-
taining S530A or S527A were made, S527A showed a signifi-
cant loss of binding whereas S530A did not, indicating that
only S527 appears to be involved in binding to Pinl. Finally, we
generated an HA-PML4 4X mutant and tested its ability to
interact with Pinl. In this assay, we performed the pull-down
on lysates from MDA-MB-231 cells; we had previously ob-
served an interaction between endogenous PML and Pinl (Fig.
1C) in these cells, which overexpress Pinl. The MDA-MB-231
cells were transfected with either wild-type or mutant HA-
PMLA4 (Fig. 3D). As shown in lane 6, the HA-PML4 4X mutant
displayed reduced binding to Pinl (lane 6 versus lane 3). We
conclude that phosphorylation of one or more of these four
residues is likely required for Pinl binding. It is important to
note that overall binding of transfected wild-type PML to Pinl
is lower in MDA-MB-231 cells than in CV-1 cells based on
previous data. This decrease may reflect the amount of steady-
state phosphorylation of PML in the different cell lines or
other cell-type-specific differences. Taken together, we have
identified residues important for interaction of Pinl with PML.

We next investigated whether increasing the amount of Pinl
affected PML protein levels in a cotransfection assay and
found that as the amount of Pinl increased, the amount of
PML decreased (Fig. 4A, left panels). Pin1 had no effect on the
levels of the oncogenic protein PML-RAR«, which contains
only the first 363 amino acids of PML (Fig. 4A, right panels).
Furthermore, both the ability of Pinl to bind to PML and the
Pinl PPlase activity are required for this effect because co-
transfection of equal of amounts of mutant Pinl (C115A/
A118T has no PPIase activity; SI6A/Y23A and R17A cannot
bind to phospho-S/T-P motifs) with PML results in a higher
level of PML expression than cotransfection with wild-type
Pinl (Fig. 4B, lanes 2 to 4 versus lane 1). In order to investigate
whether Pinl regulates the steady-state levels of PML, we
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FIG. 3. Four serine residues in the C terminus of PML are important for the interaction with Pinl. (A) A schematic representation of PML4
depicting all of the S/T-P motifs. Asterisks indicate residues that were found to be phosphorylated in vivo. Bold type indicates the four mutants
found to be important for interaction with Pinl. The RBCC motif is included, noting the RING, B boxes 1 and 2 (B1 and B2), and coiled-coil
domains (CC). (B) Mutation of the C-terminal S/T-P motifs in PML results in loss of binding to Pinl. CV-1 cells were transfected with wild-type
PML or with a construct in which the six most C-terminal S/T-P motifs were mutated to alanines. The resulting lysates were used in a GST
pull-down using either GST alone or GST-Pin1 beads. Immunoblot analysis was performed using anti-PML antibodies. (C) Single mutations at four
of the C-terminal S/T-P motifs reduced the ability of PML to bind to Pinl. Experiments were performed as described for panel B using constructs
harboring single serine-to-alanine mutations at the specified residues. (D) Mutation of four of the S/T-P motifs in combination abrogates PML
binding to Pinl. MDA-MB-231 cells were transfected with constructs for wild-type or the HA-PML4 4X mutant, and GST pull-downs were
performed with GST-Pinl followed by immunoblotting with anti-HA antibodies. Note that the decrease in the amount of binding to Pinl by
wild-type PML in panel D compared to panel B is a result of the different cell lines used. WT, wild type.

utilized MDA-MB 231 cells that are stably transfected with
either a control shRNA (Luc shRNA) or shRNA directed
against Pinl (Pinl shRNA) and contain markedly reduced
levels of Pinl. First, we performed immunofluorescence mi-
croscopy for PML in these cell lines to determine how knock-
down of Pinl affects PML localization and signal intensity.
Figure 4C shows that when there is less Pinl, the intensity of
PML is stronger and there are larger PML NBs, suggesting the
presence of more PML in these cells. We did not observe any
significant change in the localization of PML due to loss of
Pinl. To confirm these observations, we performed immuno-
blot analysis with anti-PML and anti-Pin1 antibodies on whole-
cell lysates from these cells. We also performed immunoblot
analysis of HeLa cell lines that were stably transfected with the
same control and Pinl shRNA constructs (Fig. 4D). The mul-
tiple bands detected with the anti-PML antibody reflect mul-
tiple isoforms of PML (19). As a control to confirm that the
changes we observed were not due to increased PML transcrip-
tion in the absence of Pinl, we performed RT-PCR of total
RNA isolated from the MDA-MB-231 Luc control and MDA-
MB-231 Pinl shRNA cell lines. There was no difference in
PML mRNA levels, indicating that the Pinl-mediated regula-
tion of PML expression occurs at the protein level (Fig. 4E).
The results confirm the microscopy experiments and indicate
that knocking down the amount of Pin1 in these cells results in
an increase in PML levels. As a whole, these experiments

suggest that Pinl participates in the regulation of PML protein
levels.

To evaluate if Pinl mediates changes in PML stability, we
performed a translation shut-off experiment in MDA-MB-231
Luc shRNA control and MDA-MB-231 Pinl shRNA cells.
Cells were treated with cycloheximide, and then PML was
detected by immunoblotting of whole-cell lysates to investigate
the half-life of PML protein in the presence or absence of Pinl.
Our results indicate that Pinl can decrease the half-life of
PML in the cell as when Pinl expression is knocked down, the
half-life of PML is increased about threefold (Fig. 5A). In
order to test this hypothesis and ensure that the change in
stability between the two cell lines is a result of the loss of Pinl
and not a nonspecific effect of the shRNA, we performed a
similar cycloheximide study on MDA-MB-231 cells transfected
with wild-type HA-PML4 and HA-PML4 4X (Fig. 5B). We
found that the HA-PML4 4X mutant, which is unable to bind
to Pinl, has a 3.5- to 4-fold longer half-life than wild-type
PML, further suggesting that the effects we observe on PML
stability are due to Pinl binding to PML.

Because the binding of Pinl to PML is dependent on the
phosphorylation of PML and because studies indicate a link
between phosphorylation and sumoylation of PML, we inves-
tigated how PML sumoylation may affect the ability of Pinl to
bind to PML. To do this, we transfected cells with either
HA-PML4 or HA-PML4 3KR; the three previously character-
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FIG. 4. Pinl decreases the steady—state levels of PML. (A) Increasing amounts of Pinl result in decreasing amounts of PML but have no effect
on PML-RARa. CV-1 cells were cotransfected with HA-PML or HA-PML-RAR« constructs and increasing amounts of a FLAG-Pin1 expression
construct. Vector DNA was used to maintain equal amounts of DNA transfected into each lane. The whole-cell lysates were analyzed by
immunoblotting with anti-HA and anti-FLAG antibodies. A green fluorescent protein expression construct was also transfected and used as a
control to show equal transfection efficiency and loading. The values under the top panel indicate the percentage of PML remaining compared to
the green fluorescent protein control. (B) Pinl must have intact WW and PPlase domains to affect PML levels. CV-1 cells were cotransfected with
HA-PML and wild-type or mutant FLAG-Pin1 constructs. Whole-cell lysates were analyzed by immunoblotting with anti-HA and anti-FLAG

antibodies. (C) Decreased Pin1 levels result in increased steady-state PML

NB intensity. MDA-MB-231 cells stably transfected with either control

Luc shRNA or shRNA directed against Pinl were immunostained with anti-PML antibodies, and confocal microscopy images were taken. DAPI
staining was used to detect DNA. (D) Decreased Pinl levels result in increased steady-state PML protein levels. Whole-cell lysates of the control
or Pinl shRNA cell lines from both MDA-MB-231 cells and HeLa cells were analyzed by immunoblotting with anti-Pinl and anti-PML antibodies.
Immunoblotting with anti-actin antibody was used as a loading control. (E) PML levels are unaffected by knocking down Pinl expression. Total
RNA was isolated from the MDA-MB-231 Luc control siRNA and MDA-MB-231 Pin1 shRNA cells, and RT-PCR was performed to analyze PML

and GAPDH protein levels. WT, wild type; a, anti.

ized lysines on PML that are SUMOylated (K65/160/490) were
mutated to arginine to prevent sumoylation. Whole-cell lysates
from these cells were then used in a GST pull-down assays to
compare the ability of wild-type and mutant PML to bind to
Pinl (Fig. 6A). We found that there was more HA-PML4 3KR
bound to Pinl than wild-type HA-PMLA4. These results are
consistent with the hypothesis that sumoylation of PML inhib-
its binding to Pinl. To further test this hypothesis, we trans-
fected cells with HA-PML4 with or without FLAG-SUMOL1
and investigated the ability of SUMOL to affect binding of
PML to Pinl by GST pull-down assays (Fig. 6B). CV-1 cells
were chosen for the experiment because we observed a higher
percentage of binding between PML and Pinl in these cells,
allowing changes in the amount of binding to be more easily
observed. As shown in Fig. 6B, the presence of overexpressed
SUMOL1 and sumoylated PML species, indicated by the higher
molecular weight bands (lane 4), results in a large decrease in
the amount of PML that interacts with GST-Pin1 (lane 6 ver-
sus 3). The presence of sumoylated PML species was con-
firmed by stripping the membrane and reprobing with a FLAG
antibody (lanes 7 to 12). Furthermore, the lack of FLAG signal
in any of the other lanes indicates that any PML which was
bound to Pinl in this assay was not SUMOylated. Taken to-
gether, these results indicate that sumoylation of PML pre-
cludes Pinl from binding to PML and suggest that sumoylated
PML blocks Pinl-dependent degradation.

In order to determine the physiological significance of the
interaction between PML and Pin1, we investigated the effects
of altering this interaction on pathways in which PML has been
previously shown to be involved. As PML is known to be
involved in inducing cell death as a result of many cellular
insults (reviewed in references 1, 17, and 42), we established
MDA-MB-231 Luc shRNA control or MDA-MB-231 Pinl
shRNA cell lines and used them to evaluate whether decreases
in Pin1 levels have effects on the ability of the cells to respond
to hydrogen peroxide-induced death. We examined whether a
change in PML levels, due to a change in Pin1 levels, affects the
ability of hydrogen peroxide to induce the death of MDA-MB-
231 cells. We treated MDA-MB-231-Luc shRNA control or
MDA-MB-231-Pinl shRNA cells with hydrogen peroxide, as-
sayed the amount of cell death by trypan blue staining, and
found that when Pinl was knocked down by shRNA, the cells
showed greater sensitivity to hydrogen peroxide (Fig. 7A, open
symbols). To test whether this change resulted from different
PML levels in the two cell lines and not to off-target effects of
the Pinl knockdown, we knocked down PML levels using
siRNA and performed the same cell assay measuring cell
death. In both MDA-MB-231 Luc shRNA control and MDA-
MB-231 Pinl shRNA cells, when PML is decreased by siRNA,
less cell death is observed (Fig. 7A, compare solid symbols to
open symbols). These results indicate that the levels of PML
are important in the cellular response to hydrogen peroxide.
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FIG. 6. Sumoylation of PML inhibits the interaction with Pinl.
(A) A PML mutant which is unable to be SUMOylated interacts with
Pinl more strongly than wild type. MDA-MB-231 cells were trans-
fected with either wild-type or 3KR mutant HA-PML4 constructs, and
cell lysates were used in GST pull-down experiments with either
GST alone or GST-Pinl. Immunoblot analyses were performed with
anti-HA antibodies. (B) Increased sumoylation of PML decreases the
amount of PML that interacts with Pin1. CV-1 cells were cotransfected
with DNA for HA-PML and either FLAG vector alone (—F-Sumo) or
FLAG-SUMOL1 (+F-Sumo). The resulting whole-cell lysates were sub-
jected to GST pull-downs with either GST alone or GST-Pinl and
analyzed by immunoblotting with anti-HA and anti-FLAG antibodies.
a, anti; WT, wild type.

Furthermore, the amount of Pinl in the cell, which affects the
amount of PML, is involved in the control of the cellular
response to hydrogen peroxide.

Finally, since PML has previously been shown to be involved
in the cell cycle (11), we hypothesized that decreases in PML
due to Pinl may contribute to an increase in the rate of pro-
liferation. To test this, we used the same cell lines and analyzed
their rates of proliferation. When we compared the growth of
the MDA-MB-231 Luc control cells to that of the MDA-MB-
231 Pinl shRNA cells, we observed a decrease in the rate of
proliferation when Pinl was knocked down (Fig. 7B, open
symbols). To determine if PML levels played a role in the
decreased proliferation, we performed knockdown of PML by
siRNA in both cell lines and compared the resulting changes in
proliferation. In support of our hypothesis, when the levels of
PML were knocked down in both cell lines, the rate of prolif-
eration increased (Fig. 7B, compare solid symbols to open
symbols). These results indicate that the level of PML, as
regulated by Pinl, is an important determinant in the rate of
proliferation. Taken together, our results imply that PML pro-
tein levels are involved in regulating both the cellular response
to hydrogen peroxide and the rate of proliferation.

DISCUSSION

There has been a recent realization that PML is involved in
many cellular processes and is not just a passive translocation
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FIG. 7. Knockdown of PML reduces cellular sensitivity to hydro-
gen peroxide and increases cellular proliferation. (A) Changes in PML
levels affect the response of cells to treatment with hydrogen peroxide.
MDA-MB-231 control and Pin1 shRNA cells were treated with control
oligonucleotide or siRNA directed against PML. Cells were then
treated with hydrogen peroxide, and cell death was analyzed by trypan
blue staining. Each cell line was analyzed in triplicate. The percentage
of cell death was calculated by comparing the number of blue cells to
the total number of cells counted. Each cell death percentage was
adjusted relative to the basal rate of cell death of each set of cells so
that the results shown indicate the percentage of cell death due to
hydrogen peroxide. (B) Changes in PML levels contribute to the rate
of cellular proliferation. MDA-MB-231 control and Pinl shRNA cells
were treated with control oligonucleotide or siRNA directed against
PML. Cells were then analyzed at the time points indicated using an
MTS [3,4-(5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-
sulfophenyl)-2H-tetrazolium salt] assay to obtain a value indicative of
the number of cells present. Each time point was determined in trip-
licate. Con, control.

partner with RARa. It is thus important to understand how
this versatile protein is regulated both at steady-state levels and
in response to various extracellular stimuli and, in turn, how
this regulation may affect formation of PML NBs. Our work
indicates that PML interacts with Pinl, which leads to degra-
dation of PML protein. We observed no change in PML
mRNA levels due to Pinl knockdown (Fig. 4E). We show that
PML interaction with Pinl can be detected both in vitro and in
mammalian cells. We believe that the small amount of inter-
action observed is primarily due to two factors. First, both
PML and Pinl bind many different proteins in the cell, and any
specific complexes that contain both PML and Pinl are likely
only a small fraction of protein complexes that contain either
protein alone. This is supported by our immunofluorescence
microscopy studies that indicate only fractional colocalization
between the proteins (Fig. 1C). Second, the interaction be-
tween PML and Pinl is likely transient, where Pinl binds to
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PML, enzymatically induces a conformational change in PML,
and then dissociates to allow other proteins to interact with
PML. Such transient interactions have been reported to occur
between Pinl and other target proteins such as c-Myc and
SRC-3 (54, 55). While we cannot decisively conclude that there
is a direct interaction between the two proteins from out data,
there are several lines of evidence that strongly suggest a direct
interaction. First, our data show that the interaction is depen-
dent on phosphorylation of PML and is mediated through the
WW domain of Pinl, which is known to bind pS/T-P motifs in
other protein targets. Furthermore, we have generated a mu-
tant of PML with S-to-A substitutions at four pS/T-P motifs
that no longer binds to Pinl. Taken together, these data sup-
port the idea that it is Pinl binding to one or more of these
four sites on PML rather than another cellular protein as well
as that the phosphorylation of these Ser residues is important
in the interaction rather than a different modification on an-
other location of PML. Lastly, we know that the C-terminal
region of PML is important for the Pinl interaction, specifi-
cally with regard to the four S/T-P motifs. However, there also
appears to be some contribution of the N-terminal region of
PML that remains to be explored in detail. We hypothesize
that the folding of PML is disrupted when half of the protein
is deleted, and as a result the stable binding of PML to proteins
such as Pinl is disrupted. Predictions based on consensus mo-
tifs for candidate kinases suggest that possibilities include mi-
togen-activated protein kinases (including ERK1 and ERK2),
GSK-3B, CDK2, and protein kinase A. The possibility of the
involvement of a mitogen-activated protein kinase is strength-
ened by the fact that S527 has previously been shown to be
phosphorylated in vitro by ERK2 (16). We believe that iden-
tification of the relevant kinases is an important future objec-
tive in our quest to elucidate the signaling cascades that may
influence the interaction between Pinl and PML in order to
regulate PML protein levels.

Our data further suggest that the result of the interaction
between PML and Pinl is a decrease in the steady-state level
of PML. Increasing levels of Pinl result in decreased PML
levels, whereas decreased Pinl levels result in increased PML
levels. While we cannot conclude that this reciprocal relation-
ship between PML and Pinl is a direct consequence of the
binding of PML to Pinl, our results with mutants of Pinl and
PML strongly support this conclusion. When mutated, neither
the Pinl mutants unable to bind to PML nor a catalytically
inactive Pinl mutant was able to promote PML degradation.
Finally, the HA-PML4 4X mutant that cannot bind Pinl is
more stable than wild-type HA-PML4. While we are unsure of
the mechanisms by which PML is degraded in response to Pinl
binding, previous work by others has shown that Pinl works
with many different E3 ligases to target proteins for degra-
dation, such as the SCF ubiquitin ligases which target c-Myc
(44), cyclin E1 (41) and SRC-3 (47); Hdm2 which targets
Che-1 (6); and the p65 subunit of NF-«kB which is bound by
SOCS-1 (36). We have begun to evaluate potential effects of
these and other E3 ligases in facilitating the Pin1-dependent
degradation of PML.

Work by other investigators has suggested that phosphory-
lation and sumoylation of PML are involved in both PML
regulation and localization (16, 31). It has long been specu-
lated that PML sumoylation is linked to regulation of its
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steady-state level. Our work is the first to demonstrate that
sumoylation of PML can protect it from Pinl-mediated deg-
radation. We show that overexpression of SUMOI1 leads to
decreased interaction between PML and Pinl and that a
sumoylation-defective mutant of PML shows more binding to
Pinl than wild-type PML. We were not able to separate the
effects of PML sumoylation on stability and localization, so we
are unable to confirm the relationship between sumoylation
and PML activity in a cell culture system.

Intriguingly, our data indicate that MDA-MB-231 breast
cancer cells exploit the interaction between PML and Pinl to
promote malignant characteristics. Pinl has been reported to
be up-regulated in many breast cancers (50), and one mecha-
nism proposed involves activation of the Her2/Neu/ErbB2 re-
ceptor (34). Since MDA-MB-231 cells express the Her2/Neu/
ErbB2 receptor, it seems likely that these breast cancer cells
also stably overexpress Pinl, which we show correlates with
decreased steady-state PML expression. Due to PML’s ability
to promote apoptosis by both intrinsic and extrinsic pathways
(17, 42), it acts to protect cells against transformation. We
show that knocking down Pin1 in the breast cancer cells results
in increased PML and sensitizes them to hydrogen peroxide-
induced death. Knockdown of the increased PML level due to
the decrease in Pinl can reverse these effects, suggesting that
by maintaining high levels of Pinl, these cells are less suscep-
tible to oxidative stress-induced death. Next, PML has also
been characterized as a growth suppressor because adenoviral
infection of MCF-7 and SK-BR-3 breast cancer cells with PML
leads to cell cycle arrest at the G, phase (26). Correlating with
this, our data indicate that when Pin1 levels are decreased and
PML is increased, there is less proliferation that can be rescued
by a transient decrease in PML levels. These data strongly
suggest that the decreased cell proliferation that we observed
in MDA-MB-231 cells when Pinl is knocked down is at least
partially due to an increase in PML expression.

In addition to the regulation of PML by Pinl in MDA-MD-
231 cells reported herein, other studies have suggested a role
for PML in cancer phenotypes since PML levels are lower in
many oncogenic samples relative to corresponding normal tis-
sues (14). Recent work showing that casein kinase 2 can phos-
phorylate PML and lead to its degradation highlights the re-
lationship between PML levels and transformation in that it
provides additional evidence for an inverse correlation be-
tween PML protein levels and casein kinase 2 activity in human
lung cancer-derived cell lines (37). This appears to be one
important mechanism in the regulation of PML that bears
directly on its role as a tumor suppressor. Our work with the
breast cancer-derived cell line MDA-MB-231 indicates that
regulation of PML by Pinl represents another mechanism by
which PML is deregulated. The reduction of PML protein
levels in these cells may be an important step in the series of
events that lead to their transformation, and this idea may hold
true for other cancers with decreased cellular levels of PML.

Our research reveals a previously uncharacterized mecha-
nism of PML regulation. This mechanism allows control of
cellular PML levels and thus governs the role of PML in its
functions inside and outside of the NBs. A better understand-
ing of the mechanisms that conspire to regulate PML may lead
to identification of novel targets for therapeutic development.
In this regard, it will be important to identify the additional
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cellular signals and pathways that modulate the association
between PML and Pinl.
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