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Background: The degradation of promyelocytic leukemia (PML) protein is regulated by phosphorylation-dependent
manner.
Results: The inhibition or knockdown of ERK2 increase PML expression level and decrease the interaction between PML and
Pin1.
Conclusion: The activation of ERK2 promotes Pin1-mediated degradation of PML in response to EGF.
Significance: Understanding the mechanism by which mitogens promote PML protein turnover will have implication in
developing therapeutic agents in treating cancer.

The promyelocytic leukemia (PML) protein is a tumor sup-
pressor that has an important role in several cellular pro-
cesses, including apoptosis, viral infection, DNA damage
repair, cell cycle regulation, and senescence. PML is an essen-
tial component of sub-nuclear structures called PML nuclear
bodies (NBs). Our laboratory has previously demonstrated
that the peptidyl-prolyl cis-trans isomerase, Pin1, binds and
targets PML for degradation in a phosphorylation-dependent
manner. To further elucidate the mechanisms underlying
Pin1-mediated PML degradation, we aimed to identify one or
more factors that promote PML phosphorylation. Here we
show that treatment with U0126, an inhibitor of the ERK2
upstream kinases MEK1/2, leads to an increase in PML pro-
tein accumulation and an inhibition of the interaction
between Pin1 and PML in MDA-MB-231 breast cancer cells.
Consistent with this observation, phosphorylated ERK2 par-
tially co-localized with PML NBs. Although U0126 up-regu-
lated exogenous wild-type PML levels, it did not have an
effect on the steady-state level of a mutant form of PML that
is defective in binding Pin1. In addition, exogenous wild-
type, but not Pin1 binding-defective PML protein expression
levels were decreased by overexpression of ERK2. In contrast,
knockdown of ERK2 by siRNA resulted in an increase in PML
protein levels and an increase in the formation of PML NBs.
Using phospho-specific antibodies, we identified Ser-403 and
Ser-505 as the ERK2 targets that promote Pin1-mediated
PML degradation. Finally, we demonstrated that EGF
induced activation of ERK and interaction between PML and

phosphorylated ERK resulting in a decrease in PML protein
levels. Taken together, our results support a model in which
Pin1 promotes PML degradation in an ERK2-dependent
manner.

The promyelocytic leukemia (PML)2 gene was originally
identified in acute promyelocytic leukemia patients, as a fusion
partner of retinoic acid receptor � due to chromosomal trans-
location (1, 2). The endogenous PML protein primarily local-
izes in multiprotein subnuclear structures, termed PML
nuclear bodies (NBs), and is essential for the biogenesis of these
particles (3). Recent evidence implies that the PML NBs are
structurally and functionally heterogeneous, and their forma-
tion is intrinsically dynamic in response to stress and environ-
mental stimuli (4).Many proteins have been found to localize to
PML NBs partially or temporally, and as a consequence, PML
NBs have been implicated in diverse cellular processes such as
DNArepair, DNA replication, transcription, repression ofmes-
senger RNA nuclear export, and post-translational modifica-
tion of proteins (5–8). Although the physiological roles of PML
and PML NBs are still a matter of debate, many studies have
suggested a tumor-suppressive role for PML (9, 10). PML�/�

mice are highly susceptible to tumor development in chemical
and physical models of carcinogenesis, and PML�/� cells are
resistant to lethal doses of gamma irradiation and treatment
with Fas antibody (11, 12). A recent report demonstrated that a
cytoplasmic form of PML is localized in complex with the ino-
sitol 1,4,5-triphosphate receptor, Akt, and protein phosphatase
2a and regulates apoptosis via increasing Ca2� release from the
endoplasmic reticulum (13). Moreover, PML recruits mamma-
lian target of rapamycin to PMLNBs during hypoxia and inhib-
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its mammalian target of rapamycin activity; as a result, PML
negatively regulates HIF-1� translation and tumor angiogene-
sis (14). It is known that a decrease or loss of PML protein
expression is frequently observed in leukemia and in various
solid tumors (15). Therefore, understanding the mechanism by
which the expression of PML is regulated is an important issue.
Expression levels of PML can be regulated at the transcrip-

tional and post-translational levels. Type I and II interferons
increase both the size and number of PMLNBs through STAT-
and IRF8-mediated transcriptional induction of PML mRNA
(16–19).3 Furthermore, PML is a direct transcriptional target
of p53 in mouse embryonic fibroblasts (20). Various mecha-
nisms have been suggested to reduce cellular PML protein lev-
els. Treatment with arsenic trioxide causes SUMOylation of
PML and its proteasome-dependent degradation in Chinese
hamster ovary (CHO) cells (21–23). Arsenic trioxide binds
directly to cysteine residues located within the N-terminal
RING finger/B-box/coiled coil (RBCC) domain of PML in a
reactive oxygen species-dependent manner, and this binding
increases the interaction between PML and SUMO-conjugat-
ing enzyme UBC9, resulting in enhanced SUMOylation and
degradation of PML (24, 25). Viral infection also results in deg-
radation of PML protein and disruption of the PML NBs (26,
27).We have previously demonstrated that tumor necrosis fac-
tor � (TNF�) significantly induces PML accumulation in
human umbilical vascular endothelial cells (28) and that
HDAC7 is critical for TNF�-induced NB formation by modu-
lating PML SUMOylation (29). We also reported that PML
interacts with the peptidyl-prolyl cis-trans isomerase, Pin1, in a
phosphorylation-dependent manner and that this interaction
promotes PML degradation (30). Additionally we showed that
IGF-1 negatively regulates PML protein abundance through a
Pin1-dependent mechanism to promote cell migration (31).
These observations are consistent with the notion that PML
NBs are a dynamic subnuclear structure that undergoes con-
stant re-organization.
In the present work, we identify the MAPK ERK2 as a nega-

tive PML regulator. We found that treatment with U0126, an
inhibitor of the ERK1/2 upstream kinases MEK1/2, increased
PML protein levels and the formation of PML NBs. Impor-
tantly, U0126 decreased the interaction between PML and
Pin1. Furthermore, knockdown of ERK2 increased the expres-
sion levels of PML without altering PML mRNA expression,
andoverexpression of ERK2promoted the degradation of exog-
enous wild-type PML protein but had no effect on the levels of
PMLmutant defective in Pin1 binding.We conclude that ERK2
phosphorylates PML and promotes its interaction with Pin1,
leading to PML degradation.

EXPERIMENTAL PROCEDURES

Cell Lines and Medium—MDA-MB-231 (breast cancer
cells), HeLa, CV-1, PML�/� mouse embryonic fibroblasts and
HEK293 cells were grown at 37 °C in 5% CO2 in 1� Dulbecco’s
modified Eagle’s medium with 4.5 g/liter glucose, L-glutamine,
and sodium pyruvate (Cellgro) supplemented with 10% char-
coal-stripped fetal bovine serum (FBS), 50 units/ml penicillin

G, and 50 �g/ml streptomycin sulfate. PML�/� mouse embry-
onic fibroblasts were a gift from Dr. Kun-Sang Chang.
Chemicals and Antibodies—U0126 was used at 20 �M and

was purchased from Calbiochem. EGF was used at 100 ng/ml
and was purchased from Promega (Madison, WI). Antibodies
used were as follows: PML (Santa Cruz Biotechnology, H-238
and PG-M3), p-ERK (Santa Cruz Biotechnology, Tyr-204),
ERK2 (Santa Cruz Biotechnology, C-14), �-tubulin (Sigma,
B-5-1-2),�-actin (Sigma, AC-15), GFP (SantaCruz Biotechnol-
ogy, B-2), HA-HRP (Roche Applied Science), and FLAG
(Sigma, M5). Anti-Pin1 and anti-phospho-specific PML anti-
bodies were produced according to the manufacturer’s proto-
col (ABR).
Plasmid Construction and Transfection—CMX-HA-PML4,

CMX-HA-PML4 (4�), and CMX-GFP have been described
previously (30). CMX-FLAG-ERK2 and CMX-FLAG-PML4
were generated by PCR and subcloned into CMX-1F vector
(28). HeLa, CV-1, and HEK293 cells were treated with the indi-
cated drug and/or transfected as indicated with �5 �g of plas-
mid DNAusing Lipofectamine 2000 following themanufactur-
er’s protocol (Invitrogen).
Immunofluorescence Microscopy—Immunostaining was car-

ried out as described previously (30) with the following
changes. Primary antibody incubation with anti-PML (Santa
Cruz Biotechnology, PG-M3), anti-p-ERK (Santa Cruz Bio-
technology, Tyr-204), or anti-ERK2 (Santa Cruz Biotechnol-
ogy, C-14) was carried out at room temperature for 2 h. The
secondary antibodies used were Alexa Fluor 488 and Alexa
Flour 594 (Invitrogen). All images were takenwith a LeicaWet-
zlar Gbmhmicroscope. Data acquisitionwas donewith a SPOT
camera and software (Diagnostic Instruments, Inc.).
Western Blotting and Immunoprecipitation—Whole cell

extracts were prepared at the indicated time after U0126 treat-
ment or 48 h after transfection using a radioimmune precipita-
tion assay (RIPA) buffer (1� PBS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% SDS) plus protease inhibitors
and phosphatase inhibitors (Roche Applied Science). After 90
min of incubation with the RIPA buffer, insoluble components
were removed and the resulting cell extracts were separated by
SDS-PAGE. Proteins were transferred to PVDF membranes,
and products were visualized by immunoblotting. Blocking was
performed in 10% nonfat milk in 1� PBS with 0.1% Tween-20
(PBST), and primary and secondary antibodies were incubated
in 5%milk/PBST. Primary antibody incubation was carried out
overnight at 4 °C. Detection was performed using an ECL
detection kit (Pierce). To detect endogenous interactions,
MDA-MB-231 cell extracts were prepared using NETN buffer
(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 10%
glycerol, 1 mM dithiothreitol, 0.1% Nonidet P-40) with a mix-
ture of protease inhibitors (RocheApplied Science). The result-
ing cell extracts were immunoprecipitated with anti-Pin1 anti-
body in NETN buffer for 4 h. The immunoprecipitated
complexes were resolved by SDS-PAGE and immunoblotted
with anti-PML and anti-Pin1 antibodies.
GST Pulldown Assay—For glutathione S-transferase (GST)

pulldown assays, whole cell lysates were prepared using RIPA
buffer and incubated for 60min on a Nutator at 4 °C with GST-
PML4 conjugated glutathione-Sepharose beads in NETN3 J. H. Lim, Y. Liu, E. Reineke, and H.-Y. Kao, submitted for publication.
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buffer with protease inhibitors and phosphatase inhibitors
(Roche Applied Science). After incubation, the beads were
washed three timeswithNETNand collected by centrifugation,
and the pulldown fractions were resolved on SDS-PAGE gels
and immunoblotted with anti-phospho-ERK antibody.
siRNA—MDA-MB-231 cells were grown to 50–60% conflu-

ency in 6-well cell culture plates in the medium noted above
without the antibiotics. Cells were treated with either a non-
targeting small interfering RNA (siRNA) oligonucleotide
(Dharmacon, D-001810-01-50) or siRNA directed against
ERK2 (Dharmacon, LQ-003555-00), according to themanufac-
turer’s protocol using the Dharmafect 1 reagent. Each well
received 200 pmol of siRNA. Forty-eight hours after transfec-
tion, cells were harvested, and immunoprecipitation/immuno-
blotting was performed. HEK293 cells were transfected with
Pin1-targeting siRNA (Dharmacon, J-003291-13) or non-tar-
geting siRNA. Forty-eight hours after transfection with siRNA,
cells were transfected with plasmid expressing HA-PML4
and/or FLAG-ERK2, and 24 h after plasmid transfection, cells
were harvested and analyzed by immunoblotting.
Quantitative RT-PCR—MDA-MB-231 cellswere transfected

with siRNA as described previously. Forty-eight hours after

transfection, cells were harvested, and total RNA was prepared
using PrepEase RNA Spin kits (USB). cDNA was generated
using Superscript III reverse transcriptase with oligo-dT
according to the manufacturer’s protocol (Invitrogen). For
quantitative real-time PCR, reactions were performed using iQ
SYBR Green supermix (Bio-Rad) and analyzed as previously
described (32). Primers used were as follows: PML forward,
5�-GAATCAACGGAATGAATGGCT-3�; PML reverse, 5�-
CCAGGGACTCAGAATACAGG-3�; ERK2 forward, 5�-TAC-
ACCAACCTCTCGTACATCG-3�; ERK2 reverse, 5�-CATGT-
CTGAAGCGCAGTAAGATT-3�; GAPDH forward, 5�-GAA-
GGTGAAGGTCGGAGT-3�; and GAPDH reverse, 5�-GAA-
GATGGTGATGGGATTTC-3�.

RESULTS

U0126 Up-regulates PML Protein Levels—We have previ-
ously demonstrated that the peptidyl-prolyl cis-trans isomer-
ase, Pin1, binds and targets PML for degradation in a phosphor-
ylation-dependent manner (30). To further elucidate the
mechanisms underlying Pin1-mediated PML degradation, we
aimed to identify one or more factors that promote PML phos-
phorylation. It has been previously suggested that arsenic tri-

FIGURE 1. Effects of U0126 on the formation of PML NBs and PML expression levels. A, MDA-MB-231 were treated with or without 20 �M U0126 for 2 h. Cells
were immunostained with anti-PML and anti-phospho-ERK antibodies, and images were taken by fluorescence microscopy. DAPI-stained nuclei (a and g);
phosphorylated ERK1/2 (b and h); endogenous PML (c and i); merged staining of phosphorylated ERK1/2 and DAPI (d and j); merged staining of endogenous
PML and DAPI (e and k); merged staining of endogenous PML and phosphorylated ERK1/2 (f and l). The arrows mark cells in which PML and phosphorylated
ERK2 co-localize. B, HeLa cells were treated with or without 20 �M U0126 for 1 h. Cells were immunostained with anti-PML antibodies followed by fluorescence
microscopy. Left panel: DAPI-stained nuclei (a and d); endogenous PML (b and e); merged staining of endogenous PML and DAPI (c and f). Right panel: numbers
of PML NBs in each cell were scored. Over 100 cells in duplicated experiments were scored. Error bars indicate �S.D. C, MDA-MB 231 cells were treated with
U0126 for the times indicated, and whole cell extracts were prepared as described under “Experimental Procedures.” Upper panel: whole lysates were analyzed
by Western blotting with anti-PML, anti-phospho-ERK, and anti-Pin1 antibodies. Anti-�-tubulin was used as a loading control. Lower panel: whole cell extracts
were immunoprecipitated with anti-Pin1 antibody and analyzed by immunoblotting with anti-PML and anti-Pin1 antibodies.
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oxide (As2O3) induces ERK2-mediated phosphorylation of
PML (33). To examine whether modulation of the MEK/ERK
pathway influences the expression level of PML protein, we
examined changes in PML NBs and PML protein levels using
the inhibitor of ERK upstream kinases MEK1/2, U0126, by
immunofluorescence and immunoblotting, respectively. We
found that U0126 treatment resulted in an increase in PMLNB
size and number in MDA-MB-231 cells (Fig. 1A) and in HeLa
cells (Fig. 1B), whereas there was no apparent change in PML
localization. In HeLa cells, the number of PML NBs increased
�3-fold after 1 h ofU0126 treatment. In addition,we found that
PML and phosphorylated ERK1/2 partially co-localized in the
nucleus through 1 h of treatment (Fig. 1A, panel f). The increase
in PML NB number correlated with increased PML protein
levels (Fig. 1C, upper panels). To determine whether Pin1 plays
a role in U0126-mediated increase in PML protein levels, we
examined the interaction between PML and Pin1 in U0126-
treated cells by immunoprecipitation. Indeed, the interaction
between PML and Pin1 was significantly decreased in U0126-
treated samples (Fig. 1C, lower panels). Similarly, U0126
induced PML protein accumulation and decreased Pin1-PML
interaction in HeLa cells (supplemental Fig. S1). These results
suggest that U0126 up-regulates PML protein abundance by
inhibiting its interaction with Pin1.
The Formation of PML NBs and Expression Levels of PML

Protein Were Increased in ERK2 Knockdown Cells—To further
investigate the mechanism underlying U0126-induced forma-
tion of PML NBs and protein levels, we examined changes in
the formation of PML NBs and expression levels of PML pro-

tein in ERK2 knockdown cells and found that the size and num-
ber of PMLNBswere increased in ERK2 knockdownHeLa cells
(Fig. 2A, left panels) andMDA-MB-231 cells (Fig. 2A, right pan-
els). The expression level of PMLproteinwas increased in ERK2
knockdown MDA-MB-231 cells (Fig. 2B). In contrast, PML
mRNA level remains unchanged in ERK2 knockdown cells (Fig.
2C). These results suggested that ERK2 negatively regulates
PML expression at the protein level.
A PML Mutant Defective in Binding Pin1 Is Resistant to

ERK2-mediated Degradation—Because we have previously
demonstrated that the four putative phosphorylated serines
(Ser-403, Ser-505, Ser-518, and Ser-527) of PML (Fig. 3A, right
panel) are required for interaction with Pin1 (30), we investi-
gated the effect of U0126 on wild-type and a Pin1 binding-
defective mutant PML (4�). HeLa cells were co-transfected
with expression plasmids containing HA-tagged wild-type
(WT) or the PML4 (4�) mutant and GFP (as an internal con-
trol) followed by U0126 treatment. We prepared whole cell
extracts and performed Western blotting to examine the
expression levels of wild-type and 4�mutant PMLprobedwith
anti-HA and anti-GFP antibodies. The protein expression level
of transfected wild-type PML4 was increased by U0126 treat-
ment, but there was no change in the expression level of PML4
(4�) observed (Fig. 3A, left panels). Next, to determine the
effect of ERK2 overexpression on exogenous expression of
wild-type and mutant PML, we co-transfected HeLa or CV-1
cells with varying amounts of expression plasmids encoding
HA-taggedwild-type or the PML (4�)mutant in the absence or
presence of FLAG-tagged ERK2. The exogenous expression of

FIGURE 2. ERK2 knockdown increases the expression of PML and formation of PML NBs. A, non-targeting siRNA or ERK2-targeting siRNAs were transfected
into HeLa (left panels) or MDA-MB-231 (right panels) cells. Transfected cells were immunostained with anti-PML and anti-ERK2 antibodies, and images were
taken by fluorescence microscopy. DAPI shows staining for DNA. B, MDA-MB-231 cells were transfected with non-targeting siRNA or ERK2 targeting siRNA, and
whole cell extracts were analyzed by immunoblotting with anti-PML, anti-ERK2, and anti-�-actin antibodies. C, MDA-MB-231 cells were transfected with
non-targeting siRNA or ERK2-targeting siRNAs, and total RNA was isolated and analyzed by real-time quantitative RT-PCR to determine the mRNA expression
levels of PML and ERK2. GAPDH was used as an internal control. Error bars indicate �S.D.
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ERK2 decreased the expression of wild-type PML in dosage-de-
pendent manner, but not PML (4�) in both cell lines (Fig. 3B).
Furthermore, to determine whether phosphorylated ERK2
physically interacts with PML4, immobilized GST-PML4
fusion proteins were incubated with HeLa whole cell extracts
expressing phosphorylated ERK2. We found that GST-PML4
but not GST alone was capable of pulling down phosphorylated
ERK2 (Fig. 3C). These results suggest that activated ERK2
might bind to and phosphorylate PML.
U0126 Treatment and ERK2 KnockdownDecrease Phosphor-

ylation of PML at Ser-403 and Ser-505—It was previously
reported that ERK2 phosphorylates PML in vitro (33). These
data alongwith our observation thatU0126 increases PMLpro-
tein levels suggest that ERK2 enhances PMLphosphorylation in
mammalian cells. To test this, we determined whether U0126
treatment alters phosphorylation levels at these four residues of
PML. We first generated phospho-specific antibodies that rec-
ognize PML-phosphorylated serine residues (pS403, pS505,
pS518, or pS527). As shown in Fig. 4A, these antibodies recog-
nize wild-type PML, but not mutant PML (4�) (Fig. 4A). Fur-
thermore, calf intestine phosphatase treatment significantly
reduced the ability of these antibodies to recognize PML (Fig.
4B). To examine the effect of U0126 on phosphorylation of

PML at Ser-403, Ser-505, Ser-518, and Ser-527, HeLa cells
transfectedwithHA-PML4were treatedwith vehicle orU0126,
whole cell extracts prepared and immunoprecipitated with
anti-HA antibodies followed by immunoblotting with phos-
pho-specificanti-PMLantibodies.Wefoundthat thephosphor-
ylation level at Ser-403 and Ser-505 of PML was decreased by
�70% in U0126-treated cells. In contrast, phosphorylation at
Ser-518was only slightly decreased andphosphorylation at Ser-
527 was not changed (Fig. 4C and supplementary Fig. S2). To
further confirm the role of ERK2 on PML phosphorylation, we
determined whether knockdown of ERK2 or Pin1 alters PML
phosphorylation. HeLa cells were transfected with ERK2
or Pin1-targeting siRNAs followed by transfection with HA-
PML4.Whole cell extracts were prepared and immunoprecipi-
tated with anti-HA antibody followed by immunoblotting with
phospho-specific anti-PML antibodies. Knockdown of ERK2
did not alter Pin1 protein accumulation. Similarly, knockdown
of Pin1 did not affect ERK2 protein abundance (Fig. 4D). We
found that the phosphorylation level of Ser-403 and Ser-505 of
PML was decreased in ERK2 knockdown cells but remained
unchanged in Pin1 knockdown cells (Fig. 4E). Based on these
results, we conclude that ERK2 is capable of PML phosphory-
lation at Ser-403 and Ser-505 in mammalian cells.

FIGURE 3. ERK2 overexpression promotes PML degradation. A, HeLa cells were transfected with wild-type or mutant HA-PML expression plasmids and
treated with U0126 for the time indicated. Whole cell extracts were prepared in RIPA buffer and analyzed by immunoblotting with anti-HA and anti-GFP
antibodies (left panels). GFP was used as a transfection and loading control. The four serine residues mutated to alanine in PML4 (4�) are indicated (right panel).
B, HeLa and CV-1 cells were transfected with expression plasmids for HA-PML, GFP, and FLAG-ERK2 as indicated. Whole cell extracts were analyzed by
immunoblotting with anti-HA, anti-FLAG, and anti-GFP antibodies. GFP was used as a transfection and loading control. C, whole cell extracts of HeLa cells were
prepared for pulldown assays with immobilized GST-PML4 proteins. The pulldown fractions were analyzed by immunoblotting with anti-phospho-ERK
antibody. 0.5% of the input is shown.
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MAPK ERK2 Promotes PML Degradation via Pin1-depen-
dent Pathway—As shown in Fig. 1C, inhibition of ERK2 activity
by U0126 resulted in a reduced interaction between PML and
Pin1. Next, to determine the effect of Pin1 on ERK2-mediated
degradation of PML protein, HEK293 cells were co-transfected
with combinations of HA-tagged PML, FLAG-tagged ERK2,
and HA-tagged Pin1. The expression of PML was decreased by
�40% in ERK2-overexpressing cells and by�50% in ERK2- and
Pin1-overexpressing cells (Fig. 5A). We further investigated
ERK2-mediated degradation of PML in Pin1 knockdown cells.
HEK293 cells were transfected with non-targeting siRNA or
Pin1-targeting siRNA followed by co-transfection of
HA-tagged PML with or without FLAG-tagged ERK2 (Fig. 5B).
We found that overexpressed ERK2 failed to decrease PML
protein levels in Pin1 knockdown cells. Taken together, these
results indicate that ERK2 promotes Pin1-dependent degrada-
tion of PML.
EGF Down-regulates the Expression of PML in an ERK2-de-

pendentManner—The canonical ERKpathway is stimulated by
extracellular growth factors such as EGF, VEGF, IGF, and
PDGF binding to their cognate receptors (34). To determine
whether EGF had an effect on PML protein accumulation, we
transiently transfected HA-tagged PML and a GFP expression
plasmids (as an internal control) into HEK293 cells followed by
EGF treatment for the times indicated. We used HEK293 cells
because of its low basal level of activated ERK compared with

other cancer cell lines. Whole cell extracts were prepared, and
immunoblotting was performed to determine the expression
level of PML and phospho-ERK. The activation of ERK1/2
peaked at 15minwhile the exogenous PMLprotein didn’t show
a significant decrease until 1 h after EGF treatment (Fig. 6A).
This suggests that EGF signaling promoted the PML degrada-
tion and that activation of ERK preceded PML degradation. In
contrast, there was no significant change in the expression lev-
els of ERK2 and GFP (Fig. 6A). To further investigate whether
EGF-mediated ERK activation results in PML degradation, we
transfected HEK293 cells with HA-tagged PML and GFP
expression plasmid and treated the cells with EGF in the pres-
ence or absence of U0126 for the times indicated. We found
that the EGF-induced decrease in PML protein accumulation
was blocked by U0126 (Fig. 6B). Next, we determined the phos-
phorylation status of PML at Ser-403 and Ser-505 in EGF in
U0126-treated cells. Whole cell extracts were prepared from
HeLa cells transfected with HA-tagged PML followed by EGF
treatment in the presence or absence of U0126. We performed
immunoprecipitation with anti-HA antibody-conjugated
beads after normalizing HA-PML expression levels and immu-
noblotting using anti-phospho-specific PML antibodies. We
observed that phosphorylation of PML at Ser-403 and Ser-505
was induced by EGF treatment, and this increase was abolished
by U0126 treatment (Fig. 6C, 0.8–0.9 versus 1.4). Next, to
investigate whether EGF-mediated PML degradation is Pin1-

FIGURE 4. The effect of ERK2 on phosphorylation status of PML. A, immortalized PML�/� mouse embryonic fibroblasts were transfected with either
HA-PML4 or HA-PML4 (4�). Whole cell extracts were prepared in RIPA buffer, which contained the phosphatase inhibitors sodium fluoride and sodium
orthovanadate. The resulting whole cell extracts were analyzed by immunoprecipitation with anti-HA antibody followed by immunoblotting with either
anti-HA antibody or anti-phospho-specific PML antibodies as indicated. B, HeLa whole cell extracts expressing wild-type FLAG-PML4 were immunoprecipi-
tated with anti-FLAG antibodies. The immunoprecipitates were treated with or without calf intestinal phosphatase for 30 min at 30 °C and then analyzed by
immunoblotting with anti-FLAG or anti-phospho-specific PML antibodies as indicated. C, HeLa cells were transfected with HA-PML4 and treated with U0126 for
the indicated time. Whole cell extracts were prepared and were immunoprecipitated with anti-HA antibody followed by immunoblotting with anti-HA and
anti-phospho-PML-specific antibodies as indicated. D, knockdown of ERK2 or Pin1 in HeLa cells. E, HeLa cells were transfected with HA-PML4 following
transient transfection with a non-targeting siRNA, ERK2-targeting siRNAs (left panel), or a Pin1-targeting siRNA (right panel).as described in D. Whole cell
extracts were prepared and followed by immunoprecipitation with anti-HA antibody and immunoblotting with anti-HA and anti-phospho-PML-specific
antibodies as indicated.
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dependent, we examined whether knockdown of Pin1 has an
effect on EGF-mediated PML degradation. HEK293 cells were
transfected with a control or Pin1 siRNA followed by transfec-
tion with HA-PML4 and GFP expression plasmids. Cells were
treated with EGF for the indicated times, and whole cell
extracts were prepared. We found that PML protein accumu-
lation was decreased by EGF treatment in cells transfected with
control siRNA. In contrast, knockdown of Pin1 abolished the
ability of EGF to down-regulate PML accumulation (Fig. 6D).
This observation was accompanied by the finding that EGF
increased the interaction between PML and Pin1 in HEK293
cells (Fig. 6E and supplemental Fig. S3) and the interaction
between PML and phospho-ERK (Fig. 6F). Taken together, we
conclude that EGF promotes PML protein degradation via an
ERK2-Pin1 axis.

DISCUSSION

In this study, we investigated the mechanisms by which the
PMLprotein accumulation is regulated by phosphorylation and
identified a kinase responsible for PML phosphorylation. Our
data show that U0126, an inhibitor of the ERK1/2 upstream
kinase MEK1/2, increased the expression of PML and the for-
mation of PML NBs via inhibition of Pin1-dependent degrada-
tion (Fig. 1). Furthermore, knockdown of ERK2 increased the
expression of PML protein, and overexpression of ERK2
decreased the expression of PML (Figs. 2 and 3). The expression
of the PML4�mutant, which ismutated at four serine residues
(S403/505/518/527A) that are potential sites of phosphoryla-
tion and is resistant to Pin1-dependent degradation, was not
changed by the treatment of U0126 and overexpression of
ERK2 (Fig. 3). In addition, we verified that U0126 treatment
decreased PML phosphorylation at Ser-403 and Ser-505 (Fig.
4C). We have previously reported that Pin1 promotes the deg-
radation of PML protein in a phosphorylation-dependentman-
ner (30). We further show that reducing Pin1 levels blocks
ERK2-mediated PMLdown-regulation (Fig. 5). Taken together,
our present study supports a model in which activated ERK2
decreases PMLprotein accumulation via phosphorylating PML
at Ser-403 and Ser-505 and promoting its interactionwith Pin1.
ERK1/2 are kinases that phosphorylate serines and thre-

onines of target protein substrates and regulate a wide range of
cellular processes: gene expression, cell growth, differentiation,

meiosis, mitosis, cell motility, metabolism, apoptosis, and
embryogenesis (35, 36). Oncogenic Ras constitutively activates
the ERK1/2 pathways, which contributes to the increased pro-
liferation rate of tumor cells (37). Because growth factors gen-
erally activate the Ras-MEK1/2-ERK1/2 pathway, our results
suggest that Ras is involved in EGF/ERK-dependent PMLphos-
phorylation (Fig. 6). For this reason, it is possible that activated
ERK2 enhances cell growth by promoting the degradation of
the tumor-suppressive PMLprotein in cancer cells. This notion
is consistent with the observation that ERK2 is often found
highly activated in cancer cells, whereas PML protein levels are
low in cancerous tissues comparing to adjacent normal tissues
(15, 38). Mitogenic stimulation triggers the translocation of
ERK1/2 from the cytoplasm to the nucleus (39). Our observa-
tion that PML and activated ERK2 partially co-localize in the
nucleus suggests that EGF promotes the activation and trans-
location of ERK2 into nucleus and ERK2-mediated PML phos-
phorylation. Indeed, U0126 inhibits EGF-induced PML phos-
phorylation and down-regulation in HEK293 cells (Fig. 6).
Several reports have also suggested that PML is phosphorylated
at different residues by ERK, although we did not detect phos-
phorylation at these residues by mass spectrometry in HeLa
cells (30, 33, 40). Furthermore, BMK1/ERK5, the latest mam-
malian MAP kinase discovered, phosphorylates PML at Ser-
403 and Thr-409 in an in vitro kinase assay (41). These data
support a model that PML protein abundance is regulated by
multiple phosphorylation-dependent mechanisms in response
to extracellular stimuli. By doing so, eachmechanism is respon-
sible for distinct physiological conditions to control PML pro-
tein stability or protein-protein interactions and therefore cell
proliferation, differentiation, and survival.
We show that inactivating ERK2 with U0126 disrupted the

interaction between PML (Fig. 1C) and Pin1 and the ability of
EGF to promote PML-Pin1 interaction (Fig. 6E and supplemen-
tal Fig. S3), PML-ERK2 interaction (Fig. 6F), and PML protein
down-regulation (Fig. 6B). Furthermore, knockdown of Pin1
blocked the ability of ERK2 to promote PML protein degrada-
tion (Fig. 5B) and the ability of EGF to induce PML degradation
(Fig. 6D). These data indicate that ERK2-mediated PML down-
regulation depends on Pin1. Consistent with this notion, we
found that inactivating ERK2 decreased phosphorylation of

FIGURE 5. ERK2 promotes the degradation of PML in Pin1-dependent pathway. A, HEK293 cells were transfected with plasmids encoding HA-PML,
FLAG-ERK2, HA-Pin1, and GFP, and whole cell extracts were prepared and analyzed by immunoblotting with anti-HA, anti-FLAG, and anti-GFP antibodies.
B, HEK293 cells were transfected with HA-PML, FLAG-ERK2, and GFP, 48 h after cells had been transfected with Pin1-targeting siRNA as indicated. Whole cell
extracts were analyzed by immunoblotting with anti-HA, anti-FLAG, anti-GFP, anti-Pin1, and anti-�-actin. GFP was used as transfection and loading control.
�-Actin was used as an internal control for protein loading.
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Ser-403 and Ser-505 and treatment with EGF increased this
phosphorylation (Figs. 4C and 6C). In contrast, we found that
phosphorylation of Ser-518 and Ser-527 remained unchanged,
suggesting that phosphorylation of these residues likely regu-
lates the interaction of PMLwith Pin1 in response to alternative
kinase pathways as well. Indeed, a recent report indicated that
Cdk2 phosphorylates Ser-518 and promotes PML degradation
(42). Taken together, our data support a model in which the
ERK2-Pin1 axis mediates EGF-induced PML protein turnover.
It will be interesting to know whether such regulation is

adopted by other mitogens and whether this axis acts upon
other tumor-suppressor proteins.
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