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The crucial function of the PTEN tumor suppressor in multiple cellular processes suggests that its activity must be tightly
controlled. Both, membrane association and a variety of post-translational modifications, such as acetylation, phosphorylation,
and mono- and polyubiquitination, have been reported to regulate PTEN activity. Here, we demonstrated that PTEN is also post-
translationally modified by the small ubiquitin-like proteins, small ubiquitin-related modifier 1 (SUMO1) and SUMO2. We
identified lysine residue 266 and the major monoubiquitination site 289, both located within the C2 domain required for PTEN
membrane association, as SUMO acceptors in PTEN. We demonstrated the existence of a crosstalk between PTEN SUMOylation
and ubiquitination, with PTEN-SUMO1 showing a reduced capacity to form covalent interactions with monoubiquitin and
accumulation of PTEN-SUMO2 conjugates after inhibition of the proteasome. Moreover, we found that virus infection induces
PTEN SUMOylation and favors PTEN localization at the cell membrane. Finally, we demonstrated that SUMOylation contributes
to the control of virus infection by PTEN.
Cell Death and Disease (2012) 3, e393; doi:10.1038/cddis.2012.135; published online 27 September 2012
Subject Category: Cancer

The PTEN (phosphatase and tensin homolog deleted for
chromosome 10) tumor suppressor gene, located at human
chromosome 10q23, is frequently mutated in a number of
tumor types, including glioblastoma, melanoma, and carcino-
mas of the prostate, breast, and endometrium.1–3 PTEN is a
phosphatase antagonizing the actions of phosphoinositide
3-kinase (PI3K) by dephosphorylating the lipid second
messenger phosphatidylinositol 3,4,5-triphosphate, at the
plasma membrane,4–7 thus opposing the activation of the
AKT kinase and its downstream cellular survival and growth
responses.8–11 Although its membrane association is essen-
tial for its lipid phosphatase activity, there are only a few
specific situations where PTEN shows membrane localiza-
tion. PTEN also possesses numerous biological functions
independent of its lipid phosphatase activity. These include
regulation of cell migration, cell cycle transition, chromosomal
integrity and virus replication.12–18 The crucial function of
PTEN in multiple cellular processes suggests that the enzyme
needs to be tightly regulated. PTEN is indeed controlled by
both, membrane association and multiple post-translational
modifications, such as acetylation, phosphorylation, and
mono- and polyubiquitination.19

Attachment of small ubiquitin-related modifier (SUMO) to
target proteins is an important post-translational regulatory
mechanism. Mammalian cells express SUMO1 and the
highly-related proteins SUMO2 and SUMO3. These proteins
are structurally related to ubiquitin and are covalently attached

to target proteins by a SUMO-conjugation system consisting
of an E1 activating enzyme (SAE1/SAE2), an E2 ligase
(UBC9, also known as UBE2I), and various E3 ligases with
differing target-protein specificities.20,21 SUMO conjugation
controls diverse cellular functions,20–22 sometimes through
counteracting or contributing to ubiquitin conjugation.23,24

Thus, SUMO1 modification serves to protect Smad4 or the
NFkB (nuclear factor kB) regulator IkBa (inhibitory kBa) from
ubiquitin-dependent degradation.25,26 In contrast, SUMOyla-
tion of NEMO (NF-kB essential modulator) that results in
response to genotoxic stress allows its accumulation in the
nucleus, thus facilitating its phosphorylation by the DNA-
damage-induced kinase ATM (ataxia telangiectasia mutated),
and allowing its subsequent ubiquitination at the same lysines
originally targeted for SUMOylation to ultimately activate IKK
(IkB kinase) and NFkB.27 SUMO and ubiquitin can also act
sequentially in the regulation of the promyelocytic leukemia
protein (PML). Formation of SUMO2/3 chains recruits the
SUMO-binding ubiquitin ligase RNF4 (ring finger protein 4),
which mediates the ubiquitination of the SUMO chains,
targeting the PML protein for degradation.28–30

Here, we demonstrated that PTEN is regulated by
SUMOylation. We identified the major SUMO attachment
lysine residues in PTEN and we evaluated the interplay
between this SUMOylation and ubiquitin conjugation. We also
discovered that virus infection induces PTEN SUMOylation
and its membrane localization, and finally we demonstrated
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that SUMOylation contributes to the control of virus infection
by PTEN.

Results

PTEN is modified by SUMO. In silico analysis of the PTEN
sequence revealed different lysine residues susceptible to
work as SUMO acceptors. In addition, PTEN was shown
previously to associate with the SUMO-conjugating enzyme
Ubc9.31 For this reason, we decided to evaluate the putative
conjugation of PTEN to SUMO. In vitro SUMOylation assays
were done using recombinant PTEN protein, or in vitro
translated [35S]methionine-labeled PTEN protein, as a
substrate. We detected PTEN protein as a single band of
the expected 55-kDa predicted molecular weight. When the
reaction was incubated with SUMO1, we observed higher
molecular weight bands of around 70–75 kDa, and a faint
band of around 100 kDa (Figure 1a). In addition, when the
reaction was incubated with SUMO2, we visualized a thinner
band of 70–75 kDa and additional higher molecular weight
bands (Figure 1a). These results indicate that PTEN is
modified by SUMO1 and SUMO2 in vitro. To further prove
that the bands correspond to PTEN-SUMO conjugates, we
incubated PTEN-SUMO1 protein with the recombinant

deSUMOylase enzyme SENP1. The high molecular weight
bands detected in the lane corresponding to PTEN-SUMO1
disappeared after incubation of the reaction with SENP1
(Figure 1b). All together, these results demonstrate that
PTEN is SUMOylated in vitro by SUMO1 and SUMO2. In
addition, the presence of several bands corresponding to
SUMO1-PTEN in the in vitro assay indicates that SUMOyla-
tion occurs at more than one site.

Then, to determine whether PTEN also conjugates to
SUMO1 and SUMO2 within the cell, HEK-293 cells were
co-transfected with HA-tagged PTEN together with Ubc9 and
His6-tagged SUMO1, SUMO2, or pcDNA plasmids. At 48 h
after transfection, His6-tagged proteins were purified in
denaturing conditions using nickel beads. Western-blot
analysis of the purified extracts with anti-HA antibody
revealed bands of the expected size corresponding to
PTEN-SUMO1 or PTEN-SUMO2 only in those cells co-
transfected with His6-SUMO1 or His6-SUMO2, respectively,
indicating that PTEN is SUMOylated in vivo (Figure 1c). To
confirm that endogenous PTEN protein is also SUMOylated,
protein extracts and His-tagged purified proteins obtained
from HEK-293 cells transfected with His6-SUMO2 and Ubc9
were analyzed by western blot using anti-PTEN antibody. We
detected an enrichment of the band of the expected size

Figure 1 Covalent modification of PTEN by SUMO1 or SUMO2 in vitro and in vivo. (a) Recombinant PTEN protein (left panel) or in vitro translated [35S]methionine-labeled
PTEN protein (right panel) was used as a substrate in an in vitro SUMOylation assay in the presence of SUMO1 or SUMO2. The reaction products were resolved on an 8%
SDS-polyacrilamide gel and analyzed by western blot with anti-PTEN antibody (left panel) or dried for 1 h and exposed to X-ray film (right panel). (b) Deconjugation of SUMO1
from PTEN by SENP1. [35S]methionine-labeled PTEN-SUMO1 obtained in an in vitro SUMOylation reaction was incubated with GST-SENP1 as described in Materials and
Methods. The reaction products were resolved on an 8% SDS-polyacrilamide gel, dried for 1 h, and exposed to X-ray film. (c) HEK-293 cells were co-transfected with
HA-PTEN together with pcDNA, pcDNA-Ubc9 and pcDNA-His6-SUMO1 or pcDNA-Ub9 and pcDNA-His6-SUMO2. Total protein extracts and the Histidine-tagged proteins
purified using nickel columns were then resolved on an 8% SDS-polyacrilamide gel and analyzed by western blot with anti-HA antibody. (d) HEK-293 cells were transfected
with pcDNA or pcDNA-Ubc9 and pcDNA-His6-SUMO2. Total protein extracts and the Histidine-tagged proteins purified using nickel columns were then analyzed by western
blot with anti-PTEN antibody
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corresponding to PTEN-SUMO protein in the cells transfected
with SUMO2 (Figure 1d). All together these data demonstrate
that PTEN conjugates to SUMO1 and SUMO2 in the context
of the cell. Of note, the bands corresponding to PTEN-
SUMO1 or PTEN-SUMO2 detected in transfected cells were
clearly wider than those detected after in vitro SUMOylation
assays, suggesting that additional modifications may be also
occurring within the cell.

Lysines 266 and 289 are SUMO-acceptor sites in PTEN.
The SUMOplot prediction system identified a 252IKVE257-
conserved SUMOylation sequence and three more lysines
as putative SUMO-conjugation residues (K102, K266, and
K289). We constructed single or double PTEN mutants in the
putative lysine residues and analyzed their SUMOylation
in vitro. We only observed a significant reduction in SUMO1
conjugation in the single mutant in lysine residue 266,
PTENK266A (Figure 2a). Interestingly, additional mutation of
the lysine residue 289 further decreased the conjugation of
SUMO1 to the PTENK266A mutant (Figure 2a). These
results pointed to the lysine residues 266 and 289 as SUMO-
acceptor sites in PTEN. Then, we analyzed the conjugation
of SUMO to PTEN mutants when expressed in cells. HEK-
293 cells were transfected with WT HA-PTEN or the
indicated HA-PTEN mutants, together with Ubc9 and His6-
SUMO2 or pcDNA and the His6-tagged proteins were then
purified and analyzed by western blot with anti-HA antibody.
We detected a clear reduction in the conjugation of SUMO2
to the single PTENK266A mutant (Figure 2b). Importantly,
this decrease in SUMO conjugation was most evident when
we used the double PTENK266AK289A mutant as a
substrate (Figure 2b). These results indicate that lysine
residues 266 and 289 in PTEN are implicated in the

conjugation to SUMO. Interestingly, both lysine residues,
266 and 289, localize in the C2 domain and are conserved in
vertebrate PTEN (Trotman et al.32 and Supplementary
Figure S1).

PTEN mutants with reduced SUMOylation capacity are
located at the cell cytoplasm. SUMO conjugation is
involved in regulating the subcellular localization of different
substrates. Thus, we decided to analyze the subcellular
localization of the PTEN mutants that showed reduced
SUMOylation. We transfected MCF-7 cells with WT HA-
PTEN or the PTEN SUMOylation mutants and we performed
immunofluorescent staining for PTEN using anti-HA anti-
body. WT HA-PTEN protein was detected preferentially in
the nucleus of MCF-7 cells (Figure 3a), as expected.33

Confocal analysis and quantification of at least 200 trans-
fected cells showed a predominant cytoplasmic localization
of the PTENK289A mutant, as reported previously. Similarly,
both PTENK266A and the double PTENK266AK289A
mutant were prevalently detected in the cell cytoplasm
(Figure 3a). To verify this result, we performed western-blot
analysis of the nuclear and cytoplasmic fractions of MCF-7
cells transfected with WT HA-PTEN or the HA-PTEN
mutants. The results confirmed the information obtained by
immunofluorescence (Figure 3b). In addition, subcellular
localization of the transfected WT HA-PTEN or the HA-PTEN
mutants was also analyzed in the PTEN-deficient prostate
cancer cell line PC3. Confocal analysis and quantification of
at least 200 transfected cells showed that WT PTEN is found
mainly in the nucleus of PC3 cells 24 h after transfection
(Figure 3c). Interestingly, at this time point all the mutants
analyzed showed dominant cytoplasmic accumulation in
most cells (Figure 3c).

Figure 2 Identification of Lysines 266 and 289 as SUMO targets. (a) [35S]methionine-labeled wild-type or mutant PTEN proteins were used as substrates in an in vitro
SUMOylation assay in the presence of SUMO1 as indicated. The reaction products were resolved on an 8% SDS-polyacrylamide gel, dried for 1 h, and exposed to an X-ray
film. The intensity of SUMO-modified and -unmodified PTEN bands was quantified by densitometry using ImageJ software, and the ratio of SUMOylated to non-SUMOylated
PTEN was normalized to that of the WT protein (right panel). The data represented in right panel are means± S.D. of five independent experiments. *Po0.05; **Po0.005,
by Student’s t-test compared with PTENWT. (b) Total protein extracts and Histidine-tagged purified proteins prepared from HEK-293 cells co-transfected with WT HA-PTEN or
the different HA-PTEN mutants together with pcDNA or pcDNA-Ubc9 and pcDNA-His6-SUMO2, were resolved on an 8% SDS-polyacrilamide gel and analyzed by western
blot with anti-HA antibody
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Interplay between SUMOylation and ubiquitination of
PTEN. Previously, it has been demonstrated that lysine 289
is a major site for PTEN monoubiquitination and that this
modification leads to the nuclear translocation of PTEN.32 In
addition, we have shown that a mutant in lysine 266 was
mainly detected in the cell cytoplasm, raising the possibility
that this residue could also be a site for monoubiquitin
conjugation in PTEN. To evaluate this possibility, we decided
to study the effects of mutating lysine residue 266 on the
monoubiquitination of PTEN by performing ubiquitination
in vitro using the ubiquitin K all R mutant (Ub-KO), in which
each lysine residue in ubiquitin is replaced by an arginine,
blocking the formation of polyubiquitin chains. We observed
a slight but reproducibly significant reduction in the Ub-KO
conjugation to PTENK266A, PTENK289A or PTEN-
K266AK289A mutant (Figure 4a), indicating that both lysine
residues, 266 and 289, are susceptible to conjugate
ubiquitin.

Our results indicated that the lysine residues 266 and 289
are implicated in the conjugation to SUMO, and that the lysine
residue 266, in addition to the already known monoubiquitina-
tion of lysine 289, is also susceptible to conjugate mono-
ubiquitin. Based on these data, we hypothesized that PTEN
SUMOylation could modulate the covalent interaction of
PTEN with monoubiquitin. To evaluate this possibility, we

carried out an in vitro monoubiquitination assay using
recombinant PTEN or PTEN-SUMO1 as a substrate and then
we analyzed the modified proteins by western blot using anti-
PTEN or anti-ubiquitin antibodies. As shown in Figure 4b, we
noticed that the anti-ubiquitin antibody recognized monoubi-
quitin-PTEN protein but anti-PTEN antibody did not. PTEN-
SUMO1 bands detected using anti-PTEN antibody were
similar independently of its subsequent incubation with
monoubiquitin. In addition, the smear of monoubiquitinated
PTEN detected when we used PTEN as a substrate was
clearly reduced when we employed PTEN-SUMO1 as a
substrate (Figure 4b). These results indicate that conjugation
of SUMO1 to PTEN reduces its conjugation with
monoubiquitin.

It has been also shown that, upon inhibition of the
proteasome, the amount of SUMO2 conjugates of a large
set of target proteins accumulate.23 We then decided to
evaluate whether PTEN is one of these substrates. HEK-293
cells were co-transfected with HA-PTEN together with pcDNA
or pcDNA-His6-SUMO2, and Ubc9, and then treated with the
proteasome inhibitor MG132. His6-SUMO2-PTEN conju-
gates were purified, and immunoblot experiments using anti-
HA, anti-SUMO2 or anti-ubiquitin antibodies were carried out.
As shown in Figure 4c, we detected the accumulation of
PTEN-SUMO2-purified conjugates in those cells treated with

Figure 3 Cytoplasmic localization of SUMOylation-deficient PTEN mutants. (a) MCF-7 cells were transfected with plasmids encoding WT or mutant HA-PTEN proteins
and then stained with anti-HA antibody followed by Alexa 594-conjugated anti-mouse antibody and DAPI. Subcellular localization of the expressed proteins was analyzed
under a confocal laser scanning microscope. Images were processed with Adobe Photoshop. Right panel shows quantification of the subcellular distribution of PTEN in at least
200 transfected cells per sample. (b) MCF-7 cells were transfected as described above and at 48 h after transfection, nuclear and cytoplasmic fractions were isolated, resolved
on an 12% SDS-polyacrylamide gel and analyzed by western blot with the indicated antibodies. (c) PC3 cells were transfected with plasmids encodingWT or mutant HA-PTEN
proteins, then stained with anti-PTEN antibody followed by Alexa 488-conjugated anti-mouse antibody and DAPI, and finally analyzed by confocal microscopy. Right panel
shows quantification of the subcellular distribution of PTEN in at least 200 transfected cells per sample. **Po0.005, ***Po0.0005, by Student’s t-test compared with PTEN
WT
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MG132, suggesting that conjugation of SUMO2 to PTEN
might positively modulate its covalent interaction with
ubiquitin.

Vesicular stomatitis virus (VSV) infection induces
SUMOylation of PTEN and its translocation to the cell
membrane. There is evidence that virus infection can alter
the SUMOylation status of host cell proteins34 and results
from our laboratory suggested that PTEN was one of these
altered cellular proteins. To study this possibility, we infected
mouse embryo fibroblasts (MEFs) derived from WT mice
with VSV at a MOI of 5 PFU/ml and at different times after
infection, we analyzed the PTEN protein by western blot. As
shown in Figure 5a, we did not detect significant changes in
PTEN protein levels at any time. However, we detected an

additional band of B70–75 kDa only in those cells infected
with VSV (Figure 5a, left panel). A similar additional band
was also detected by western blot analysis of cells
transfected with HA-PTEN and infected with VSV using an
anti-HA antibody (Figure 5a, right panel). These results
suggested that VSV infection induced a post-translational
modification of PTEN and we speculated that this modifica-
tion might correspond with our previously identified SUMO
conjugation. To evaluate this hypothesis, we analyzed PTEN
SUMOylation in uninfected cells and at different times after
VSV infection. HEK-293 cells were co-transfected with
HA-PTEN, Ubc9, and His6-SUMO2, and after 24 h, cells
were infected with VSV and at different times after infection,
His6-tagged proteins were purified, and analyzed with anti-HA
antibody. We detected PTEN-SUMO2 bands in those cells

Figure 4 Crosstalk between SUMOylation and ubiquitination of PTEN. (a) [35S]methionine-labeled wild-type or mutant PTEN proteins were used as substrates in an
in vitro ubiquitination assay in the presence of Ub-KO as indicated. The reaction products were resolved on an 8% SDS-polyacrylamide gel, dried for 1 h, and exposed to an
X-ray film. The intensity of ubiquitin-modified and -unmodified PTEN bands was quantified by densitometry using ImageJ software, and the ratio of ubiquitinated to non-
ubiquitinated PTEN was normalized to that of the WT protein (lower panel). The data represented are means±S.D. of at least three independent experiments. *Po0.05, by
Student’s t-test compared with PTENWT. (b) Recombinant PTEN protein was used as a substrate in an in vitro SUMOylation assay in the presence or absence of SUMO1 and
then the products of the SUMOylation reactions were used as substrates in an in vitro ubiquitination assay as indicated. The reaction products were then resolved on an 8%
SDS-polyacrylamide gel and analyzed by western blot with anti-PTEN antibody. Membranes were subsequently washed and then incubated with anti-ubiquitin antibody.
(c) HEK-293 cells were co-transfected with HA-PTEN together with pcDNA or Ubc9 and His6-SUMO2 and at 24 h after transfection cells were treated with MG132 (25mM) for
12 h. Total protein extracts and the Histidine-tagged proteins purified using nickel columns were then resolved on an 8% SDS-polyacrylamide gel and analyzed by western blot
with the indicated antibodies. Ub, ubiquitin

SUMO modification of PTEN
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transfected with HA-PTEN, Ubc9, and His6-SUMO2
(Figure 5b), as expected. The amount of PTEN-SUMO2-
conjugated protein clearly increased in those cells infected
with VSV in a time-dependent manner (Figure 5b), indicating
that VSV infection stimulates PTEN SUMOylation. Then, we
decided to analyze the subcellular localization of PTEN in
cells infected with VSV. HA-PTEN transfected U251MG
cells, and MEFs, were infected with VSV at a MOI of 5, and
4 h after infection cells were immunostained with anti-HA or
anti-PTEN antibodies, respectively. Confocal analysis and
quantification of at least 200 cells revealed that PTEN was
localized at the plasma membrane in 45% of the infected
cells, whereas only 2% of the non-infected cells showed
PTEN at this subcellular localization (Figure 6a). Similarly,
we also detected the translocation of HA-PTEN to the plasma
membrane in 39% U251MG cells infected with VSV in
comparison with 3% of the non-infected cells (Figure 6b).
These data suggested that, in response to VSV infection, a
specific pool of PTEN moves to the cell membrane and is
post-translationally modified. Thus, we decided to analyze
the putative co-localization of SUMO and PTEN in the
plasma membrane of the infected cells. MEFs uninfected, or
at 4 h after infection with VSV, were immunostained with both

anti-PTEN, and anti-SUMO1 or anti-SUMO2 antibodies.
Confocal analysis revealed that both, PTEN and SUMO1 or
SUMO2, were mainly detected in the cell nucleus of the
uninfected cells (only 4% of the non-infected cells showed
PTEN and SUMO1 or SUMO2 co-localizing at the cell
membrane), whereas 42% and 40% of the VSV infected cells
showed co-localization between PTEN and SUMO1 or
SUMO2 at the cell membrane, respectively (Figure 6c). All
together, these data indicate that VSV infection induces the
SUMOylation of PTEN and its translocation to the cell
membrane.

SUMOylation of PTEN contributes to the control of
VSV. It has been previously demonstrated that replication of
VSV in mice and Drosophila can be modulated by PTEN.13,15

Thus, we decided to evaluate the consequences of PTEN
SUMOylation on the replication of the virus. First, we
analyzed whether VSV replication in PTEN-null U251MG
cells was affected by the expression of PTEN. We infected
U251MG cells, previously transfected with PML-IV, as a
positive control, HA-PTEN or an empty vector, with VSV at a
MOI of 5 PFU/ml and virus titers in the supernatants, after all
cells died as a result of the infection, were determined.

Figure 5 VSV infection promotes SUMOylation of PTEN. (a) MEFs WT (left panel) or MCF-7 cells transfected with HA-PTEN (right panel) were left uninfected (U) or
infected with VSV for the indicated times and then cell lysates were resolved on an 8% SDS-polyacrylamide gel, and analyzed by western blot with anti-PTEN (left panel) or
anti-HA antibody (right panel). (b) HEK-293 cells were co-transfected with HA-PTEN together with pcDNA, pcDNA-Ubc9 and pcDNA-His6-SUMO2 and 24 h after transfection
cells were infected with VSV at MOI of 5 PFU/ml. Total protein extracts and the Histidine-tagged proteins purified using nickel columns at the indicated times after infection
were resolved on an 8% SDS-polyacrylamide gel and analyzed by western blot with the indicated antibodies
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Figure 6 VSV infection promotes membrane localization of PTEN. (a) MEFsWT uninfected or infected with VSV for 4 h were analyzed by immunofluorescence staining for
subcellular localization of PTEN. Cells were stained with anti-PTEN antibody followed by Alexa 488-conjugated anti-mouse antibody and DAPI, and finally analyzed by
confocal microscopy. Digital zoom (� 2) of the indicated area is shown in the right panels. (b) PTEN-null U251MG cells transfected with HA-PTEN, uninfected or infected with
VSV for 4 h were analyzed by immunofluorescence staining for subcellular localization of PTEN. Cells were stained with anti-HA antibody followed by Alexa 488-conjugated
anti-mouse antibody and DAPI, and finally analyzed by confocal microscopy. (c) Co-localization of PTEN and SUMO at the plasma membrane. MEFs were infected with VSV,
fixed and stained with anti-PTEN and anti-SUMO1 or anti-SUMO2 antibodies and DAPI. The images were analyzed by confocal microscopy
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We detected a decrease in the number of infectious viral
particles produced in U251MG cells transfected with PML in
comparison with the number detected in the supernatant of
pcDNA transfected cells (Figure 7a), as expected.35 In
addition, we observed that expression of PTEN resulted in
a similar decrease in the viral titer (Figure 7a), indicating that
PTEN expression inhibits VSV replication in U251MG cells.
Then, we analyzed the replication of VSV in U251MG cells
transfected with WT PTEN or the PTEN SUMOylation
mutants. We observed a statistically significant reduction in
the VSV titer recovered from U251MG cells transfected with
WT PTEN in comparison with the titer observed in pcDNA
transfected cells (Figure 7b), reinforcing the data shown
above. Expression of the PTEN SUMOylation mutants
partially reduced the antiviral effect mediated by the WT
protein (Figure 7b). Finally we evaluated the effect of WT
PTEN or the PTENK266AK289A mutant on VSV protein
synthesis. We detected a decrease in the levels of VSV M
protein in those PTEN± MEFs nucleofected with WT PTEN
that was not observed after expression of the PTEN
SUMOylation mutant (Figure 7c). All together these results

indicate that SUMOylation of PTEN is a mechanism that
contributes to the cellular antiviral response.

Discussion

Here we have demonstrated that PTEN is conjugated to both,
SUMO1 and SUMO2. Covalent interaction of PTEN with
SUMO1 in vitro led to the formation of PTEN-SUMO1
conjugates with different molecular weights, indicating that
different lysine residues in PTEN are susceptible to conjugate
SUMO. The analysis of several PTEN mutants using in vitro
and in vivo SUMOylation assays led us to identify lysine
residues 266 and 289 as SUMO acceptors in PTEN. However,
SUMOylation was not totally absent, indicating the presence
of additional non-consensus site for SUMO modification.
Lysine 289 has been previously identified as a major
monoubiquitin acceptor in PTEN.32 Our results also showed
that lysine residue 266 is part of the set of ubiquitin target
lysines of PTEN, suggesting that SUMO and ubiquitin might
counteract each other by competing for the same acceptor
lysine, as it occurs with IkBa or PCNA.24,25,27 The role of

Figure 7 Effect of PTEN WT or PTEN SUMOylation mutants on VSV replication. (a) U251MG cells were transfected in triplicate with the indicated plasmids and at 48 h
after transfection, cells were infected with VSV at MOI of 5 and quantification of the virus yield after total destruction of the monolayer was assessed. Data represents
means±S.E. for one experiment. *Po0.05, compared with pcDNA transfected cells, Student’s t-test. Protein extracts from the transfected cells were loaded on an 8% SDS-
polyacrylamide gel and revealed on western blot by the indicated antibodies. The lower panel represents the expression levels of PML-IV (positive control) and PTEN genes
transfected in two wells of one experiment. (b) U251MG cells were transfected in triplicate with the indicated plasmids and at 48 h after transfection cells were infected with
VSV at MOI of 5 and quantification of the virus yield after total destruction of the monolayer was assessed. Data represents means±S.E. for one experiment. *Po0.05,
Student’s t-test. Protein extracts from the transfected cells were loaded on an 8% SDS-polyacrylamide gel and revealed on western blot by PTEN antibody. (c) PTENþ /�

MEFs were nucleofected with the indicated plasmids and at 48 h after transfection, cells were infected with VSV at MOI of 5. At the indicated times, protein extracts were
loaded on a 12% SDS-polyacrylamide gel and revealed on western blot by antibodies against the M protein from VSV. The right panel represents the expression levels of
PTEN genes transfected in the cells
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monoubiquitination in promoting the nuclear localization of
PTEN36 might explain the cytoplasmic localization of the
double SUMOylation and monoubiquitination-deficient PTEN
proteins. We also observed a defect in the monoubiquitin
conjugation to PTEN-SUMO1 complexes using in vitro
assays. However, there are other situations in which SUMO
and ubiquitin pathways can intersect. In this sense, it has been
recently demonstrated that there are SUMO-targeted ubiqui-
tin ligases, which ubiquitinate and consequently target
SUMO-modified proteins to the proteasome for degrada-
tion.28,29 Here we demonstrated that PTEN is SUMO2
modified in a proteasome inhibitor-sensitive manner, as
reported also for other substrates.23 The reason for the
PTEN-SUMO2 or SUMO2-ubiquitin chains accumulation after
proteasome inhibition is unknown. One possibility would be
that the protein is targeted to the proteasome via these chains,
as reported for PML28,29 or that these chains regulate
degradation-independent processes.

The SUMOylation system can be regulated through multi-
ple mechanisms, including the modulation of the expression of
various components of the SUMOylation pathway, and the
regulation of the activity of SUMO enzymes. In addition,
SUMOylation of a specific protein can be influenced by its
cellular localization, the presence of specific stimuli, or the
availability and activity of SUMO conjugation enzymes. In this
sense, different stresses, such as heat shock and osmotic
stress can increase SUMOylation of different proteins in cells
in culture, whereas moderate levels of oxidative stress
inactivate SUMO conjugation enzymes. Viruses can also
work as a stimulus that lead to the deregulation of the SUMO
pathway,37,38 downmodulate the levels of specific SUMOy-
lated proteins39,40 or induce the SUMOylation of cellular
proteins.41–45 Our results demonstrate that VSV infection
induces PTEN SUMOylation. In parallel to its SUMOylation,
VSV infection induces the translocation of PTEN to the
plasma membrane, where it co-localizes with SUMO1 or
SUMO2, suggesting that both PTEN SUMOylation and
membrane localization could be related. The localization of
PTEN at the plasma membrane requires the C2 domain and is
negatively regulated by a phosphorylation-dependent intra-
molecular interaction.46 The phoshorylated C-terminal
domain of PTEN associates with the C2 domain in the
N-terminus of the protein in a closed conformation, negatively
regulating the interaction of PTEN with the plasma mem-
brane, while an ‘open’ conformation of PTEN favors such
interaction.46 Based on this model and our results, we
hypothesize that the covalent interaction of SUMO with lysine
residues within the C2 domain of PTEN may negatively
regulate its association with the C-terminal fragment of the
protein, maintaining PTEN in an ‘open’ conformation, and
favoring the interaction between PTEN and the plasma
membrane.

SUMOylation has been involved in multiple vital cellular
processes, such as oncogenesis, cell cycle control, nucleo-
cytoplasmic traffic, apoptosis and response to virus infec-
tion.20,24,34,47–49 There are some reports that suggest that
PTEN may have a role in the antiviral response. Viral proteins
that contribute to the pathogenesis of human immunodefi-
ciency virus type-1, simian immunodeficiency virus or
Hepatitis B virus, downmodulate the levels of PTEN

protein.50,51 Furthermore, the replication of VSV was modu-
lated in a PTEN-dependent manner in both Drosophila and
mice.13,15 In addition, it has been extensively reported that
VSV infection rapidly induces an antiviral state in the host cell,
as exemplified by the induction of an interferon response.52–54

Thus, we hypothesized that the induction of PTEN SUMOyla-
tion by VSV infection may have a role in the antiviral response.
To address this issue, we evaluated how PTEN SUMOylation
affects VSV replication. Our results show that VSV replication
is reduced after PTEN WT reintroduction in PTEN-null
U251MG cells, but not when the PTEN SUMOylation mutants
were used, indicating that this pathway has a role in the
antiviral response. Hence, the induction of PTEN SUMOyla-
tion by VSV may be considered as a means to boost a cellular
response to virus replication.

In summary, our data demonstrate that PTEN is modified by
SUMO1 and SUMO2, and reveal the existence of a crosstalk
between SUMOylation and ubiquitination of PTEN. In addi-
tion, our work demonstrates that VSV infection stimulates
PTEN SUMOylation and its localization at the cell membrane,
a previously unknown mechanism for modulating virus
replication. Finally, we propose that SUMOylation may work
as a mechanism to inhibit the intramolecular interaction in
PTEN and to increase PTEN membrane association. The
modification of PTEN by SUMO1 as a mechanism controlling
its association with the plasma membrane has been published
recently while our manuscript was under review,55 further
supporting our results. The identification of VSV infection as a
mechanism modulating PTEN post-translational modification
provides a novel means of controlling PTEN function and
offers new ideas for the development of new therapies for
PTEN-associated diseases.

Materials and Methods
Cell lines and transfections. MEFs derived from heterozygous PTEN
(PTENþ /� )56 or WT mice, and the cell lines MCF-7, HEK-293, BSC-40,
U251MG, and PC3 were maintained in DMEM supplemented with 10% heat-
inactivated-fetal calf serum (Gibco, Life Technologies SA, Madrid, Spain),
5 mmol/l L-glutamine (Invitrogen, Life Technologies SA, Madrid, Spain) and 1%
penicillin-streptomycin solution (Sigma-Aldrich Quimica SA, Madrid, Spain,
10 000 U/ml penicillin and 10mg/ml streptomycin). Transfection of HEK-293 and
PC3 was done using X-treme (Roche Farma, SA, Madrid, Spain), MCF-7 cells
were transfected with X-treme-HD and MEFs were transfected using the Amaxa
Biosystems (Lonza, Porriño, Spain) nucleofection system, following the
manufacturer’s instructions. Infections were carried out using VSV of Indiana
strain and virus yields were measured by plaque assays in BSC-40 cells.

Plasmids and reagents. HA-PTEN plasmid has been previously
described.57 The GFP plasmid was purchased from Clontech (Saint-Germain-
en-Laye, France). All site-directed mutagenesis were carried out using the
QuickChange polymerase chain reaction-based mutagenesis kit (Stratagene, La
Jolla, CA, USA), and the HA-PTEN plasmid as a template. Oligonucleotides used in
the site-directed mutagenesis are listed in Supplementary Table 1. pcDNA-His6-
SUMO1, pcDNA-His6-SUMO2, and pcDNA-Ubc9 have been previously
described.25,58

In vitro SUMO conjugation assay. In vitro SUMO conjugation assay was
performed on recombinant PTEN protein (Upstate, Izasa SA, Barcelona, Spain) or
[35S]methionine-labeled in vitro transcribed/translated PTEN proteins as described
previously59 using recombinant E1 (Biomol, Enzo Life Sciences, Lausen,
Switzerland), Ubc9, and SUMO1 or SUMO2. Reaction products were fractionated
on an 8% SDS-polyacrylamide gel. Recombinant PTEN protein was analyzed
using western-blot analysis with anti-PTEN antibody and [35S]methionine-labeled
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in vitro transcribed/translated PTEN protein was detected by autoradiography. In
vitro transcription/translation of proteins was performed using 1 mg of plasmid DNA
and rabbit reticulocyte-coupled transcription/translation system according to the
instructions provided by the manufacturer (Promega Biotech Iberica, SL, Madrid,
Spain).

In vitro deSUMOylation assay. PTEN-SUMO1 obtained in an in vitro
SUMOylation reaction as described above was incubated with 2 mg of GST-
SENP1 (Biomol) in 30ml reaction buffer containing 50mM Tris (pH 7.5), 2 mM
MgCl2, and 5mM b-mercaptoethanol. Reactions were incubated at 37 1C for 1 h
and terminated with SDS sample buffer containing mercaptoethanol. Reactions
products were then fractionated on an 8% SDS-polyacrylamide gel, dried for 1 h,
and exposed to X-ray film.

In vitro ubiquitylation assay. [35S]methionine-labeled in vitro transcribed/
translated PTEN was incubated in a 10 ml reaction including an ATP regenerating
system (50mM Tris pH 7.6, 5 mM MgCl2, 2mM ATP, 10mM creatine phosphate,
3.5 U/ml of creatine kinase and 0.6 U/ml of inorganic pyrophosphatase), 10 ng
human E1, 12 ng E2, and 10mg of a ubiquitin mutant in which each lysine residue
within ubiquitin is mutated to arginine (referred to as ubiquitin-KO) to block the
formation of polyubiquitin chains. After incubation at 30 1C for 45min, the reaction
products were treated as described for the SUMO conjugation assay.

Western-blot analysis and antibodies. For western-blot analysis, cells
were washed in PBS, scraped in SDS gel-loading buffer and boiled for 5 min.
Proteins of total extracts were separated by SDS-PAGE and transferred to
nitrocellulose membrane. The following antibodies were used: anti-SUMO1
(sc-9060, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-PML (sc-5621,
Santa Cruz), anti-SUMO2 (51-9100, Zymed Laboratories, Life Technologies SA,
Madrid, Spain), anti-actin (69100, MP Biomedicals, Europe, Illkirch, France), anti-
B23 (sc-5564, Santa Cruz), anti-HA (MMS-101P, Covance, Inc., Madrid, Spain),
anti-PTEN (9556, Cell Signaling, Izasa SA, Barcelona, Spain), anti-ubiquitin
(sc-8017, Santa Cruz), anti-VSV M protein (EB0011, KeraFAST), anti-tubulin
(MCA78G, AbD serotec, Düsseldorf, Germany), anti-GAPDH (MAB374, Millipore
Iberica SAU, Madrid, Spain), Alexa 488-conjugated anti-mouse antibody (A-11029,
Molecular Probes, Life Technologies SA, Madrid, Spain), Alexa 594-conjugated
anti-mouse antibody (A-11005, Molecular Probes), and Alexa 594-conjugated anti-
rabbit antibody (A-11037, Molecular Probes).

Immunofluorescence staining. Immunofluorescence staining and con-
focal analysis were performed as described.59 Analysis of the samples was carried
out on a Leica TCS SP5 confocal laser microscope (Leica Microsistemas SLU,
Barcelona, Spain) using simultaneous scans to avoid shift between the optical
channels. Images were exported using Adobe Photoshop CS2 version 9.0.2
(Hewlett Packard Company, Boise, ID, USA).

Purification of His-tagged conjugates. Purification of His-tagged
conjugates using Ni2þ -NTA-agarose beads was performed as described.60

Statistical analysis. For statistical analysis between control and different
groups the Student’s t-test was applied. The significance level chosen for the
statistical analysis was Po0.05.
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