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PIASx« Ligase Enhances SUMO1 Modification of PTEN

Protein as a SUMO E3 Ligase™
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Background: The activity of PTEN tumor suppressor is tightly controlled.

Results: SUMOylation of PTEN enhanced by PIASxa regulates PTEN activity.

Conclusion: PIASxa is a novel SUMO E3 ligase to promote SUMOylation of PTEN.
Significance: PIASxa-mediated SUMOylation of PTEN has a central role in tumor inhibition.

The tumor suppressor PTEN plays a critical role in the regu-
lation of multiple cellular processes that include survival, cell
cycle, proliferation, and apoptosis. PTEN is frequently mutated
or deleted in various human cancer cells to promote tumorigen-
esis. PTEN is regulated by SUMOylation, but the SUMO E3
ligase involved in the SUMOylation of PTEN remains unclear.
Here, we demonstrated that PIASxa is a SUMO E3 ligase for
PTEN. PIASxa physically interacted with PTEN both in vitro
and in vivo. Their interaction depended on the integrity of phos-
phatase and C2 domains of PTEN and the region of PIASx«
comprising residues 134 —347. PIASxa enhanced PTEN protein
stability by reducing PTEN ubiquitination, whereas the muta-
tion of PTEN SUMO1 conjugation sites neutralized the effect of
PIASxa on PTEN protein half-life. Functionally, PIASx«, as a
potential tumor suppressor, negatively regulated the PI3K-Akt
pathway through stabilizing PTEN protein. Overexpression of
PIASxaled to G,/G; cell cycle arrest, thus triggering cell prolif-
eration inhibition and tumor suppression, whereas PIASxa
knockdown or deficiency in catalytic activity abolished the inhi-
bition. Together our studies suggest that PIASx« is a novel
SUMO E3 ligase for PTEN, and it positively regulates PTEN
protein level in tumor suppression.

PTEN? (phosphatase and tensin homologue deleted on chro-
mosome TEN) (1) is a well defined tumor suppressor that plays
a critical role in multiple cellular processes, such as cell prolif-
eration, apoptosis, cell cycle arrest, and genomic stability main-
tenance (2-7). PTEN is reduced in expression, deleted, or
mutated with high frequency in various types of human cancers
and is considered to function as a tumor suppressor (8, 9). The
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classic function of PTEN is to inhibit the phosphatidylinositol
3-kinase (PI3K)-Akt signaling pathway through its lipid phos-
phatase activity. PTEN dephosphorylates phosphatidylinositol
3,4,5-triphosphate and converts it to phosphatidylinositol 4,5-
bisphosphate to antagonize PI3K activity (10, 11). In addition to
its phosphatase activity for lipid, PTEN is also found to function
as a protein phosphatase (12).

It has been demonstrated that the PTEN level in cells is cru-
cial for predicting tumor susceptibility (8, 9). Indeed, several
mechanisms are involved in the exquisite regulation of PTEN
protein level in vivo. Several transcription factors have been
identified to bind directly to the specific sites of PTEN pro-
moter and regulate PTEN transcription, such as transcription
factor EGR1, which up-regulates PTEN, and NF«B, which neg-
atively regulates PTEN (13-18). At the post-translational level,
PTEN is regulated by manifold modifications including oxida-
tion, acetylation, phosphorylation, and ubiquitination. Monou-
biquitination and polyubiquitination serve to regulate PTEN
nuclear import and its degradation, respectively (19-23).
Recently, PTEN has been reported to be SUMOylated at both
Lys-254 and Lys-266 sites. SUMO1 modification of Lys-266 is
mainly responsible for PTEN association with the plasma mem-
brane and the inhibition of PI3K-Akt signaling pathway (24).
However, it remains unclear which SUMO E3 ligase is involved
in the SUMOylation of PTEN.

SUMO (small ubiquitin-related modifier) is structurally sim-
ilar to ubiquitin (25). So far three SUMO family members,
SUMO1, SUMO2, and SUMO3, have been identified to exist in
mammals (26, 27). These SUMO homologs conjugate to the
lysine residue in target protein mostly by recognizing the con-
sensus sequence YKX(D/E) (is a hydrophobic amino acid, and
X is any amino acid) (28). SUMOylation, analogous to ubiquiti-
nation, is catalyzed by a set of enzymes: El-activating enzyme
(Aosl and Uba2), E2-conjugating enzyme (Ubc9), and E3 ligase
(29, 30). To date, three different types of proteins have been
suggested to have SUMO E3 ligase activity: PIAS (protein
inhibitor of activated STAT), RanBP2, and Pc2 (31-33). The
PIAS proteins were initially described to inhibit DNA binding
and transcriptional activation by STAT proteins. In mammals
five PIAS family members were identified, including PIASI,
PIAS3, PIASxa, PIASxB, and PIASy (34-36). The PIAS pro-
teins, similar to ubiquitin E3 ligases, contain a RING domain
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that is required for their SUMO E3 ligase activity. In addition,
the PIAS proteins contain a SAP domain and SUMO binding
domain required for noncovalent binding to SUMO. The vari-
ous SUMO E3 ligases select different target proteins properly
and promote their SUMOylation efficiently.

In this study we investigated the effect of PIAS proteins on
the SUMO1 modification of PTEN and found an intricate post-
translational mechanism involved in regulating tumorigenesis.
We demonstrated that PIASxa is a novel SUMO E3 ligase for
PTEN. Specifically, PIASxa promoted the SUMO1 modifica-
tion of PTEN by physically interacting with PTEN both in vivo
and in vitro. The interaction between PIASxa and PTEN was
dependent on the integrity of the phosphatase and C2 domains
of PTEN and the region of PIASxa comprising residues 134 —
347. Then we further assessed the regulation of SUMOylation
on PTEN. The SUMOylation of PTEN enhanced by PIASx«a
increased PTEN protein stability by reducing its ubiquitination.
Thus, PIASxa inhibited PI3K-Akt pathway by up-regulating
PTEN at post-translational level and caused cell cycle arrest
and proliferation inhibition. Overexpression of PIASxa in
tumor cells even inhibited their tumorigenesis in nude mice,
whereas PIASxa knockdown or deficiency in catalytic activity
abolished the inhibition. Together, our data suggest that
PIASx« functions as a positive regulator of PTEN through pro-
moting its SUMO1 modification and highlight the importance
of PIASxa/PTEN in tumor-suppressive functions.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and RNA Interference—The
human cell lines HEK293T, HeLa, U20S, PC-3, PC-3M-2B4,
H1299, A549, HCT116, and MDA-MB-231 cells were procured
from ATCC and cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% fetal bovine
serum, 100 unit/ml penicillin, and 100 pg/ml streptomycin at
37 °C in 5% CO,. Cells were transiently transfected with plas-
mid using TurboFect in vitro Transfection Reagent (Fermen-
tas) following the manufacturer’s protocol. 48 h after transfec-
tion, cells were harvested and lysed to evaluate the transfection
efficiency. PIASxa target siRNA sequence was 5'-AAG ATA
CTA AGC CCA CAT TTG-3'. The lentivirus vector pLL3.7-
shPTEN expresses shRNA that targets PTEN mRNA (5'-AAG
ATCTTG ACC AAT GGC TAA-3').

Real-time PCR—Total RNA was isolated using the RNApure
High-purity Total RNA Rapid Extraction kit (BioTeke) follow-
ing the manufacturer’s protocol. Then the cDNA was synthe-
sized using ReverAid First Strand cDNA Synthesis kit (Fermen-
tas) followed by real-time PCR analysis with Maxima SYBR
Green qPCR Master Mix (Fermentas). The DNA sequences of
the human PIASxa primers are 5'-CTCATCAAGCCCAC-
GAGTTTAG-3" and 5'-CCAGGCAAAGTCTCAACTGAA-
3'. These primers result in a product of 169 bp. The DNA
sequences of the human PTEN primers are 5'-TTTGAAGAC-
CATAACCCACCAC-3" and 5-ATTACACCAGTTCGTC-
CCTTTC-3'. These primers result in a 134-bp product. The
DNA sequences of the human p27*®*! primers are 5'-AACGT-
GCGAGTGTCTAACGG-3' and 5'-CCCTCTAGGGGTTT-
GTGATTCT-3', and the amplicon size is 209 bp. The human
GAPDH primers are 5'-CCATGGAGAAGGCTGGGG-3' and
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5'-CAAAGTTGTCATGGATGACC-3" with a 195-bp product
(37). GAPDH is applied as an internal control for normalizing
the real-time PCR results.

Western Blot and Antibodies—The whole cell lysates for
Western blot analysis were prepared in radioimmune precipi-
tation assay buffer (25 mm Tris-HCI, pH 7.6, 150 mm NaCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) containing
Protease Inhibitor Mixture (Amresco). After the insoluble part
of the lysates was cleared by centrifugation, protein concentra-
tions were measured by the BCA Protein Assay kit (Pierce). 25
ug of proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
onto nitrocellulose membrane. The primary antibodies used
for immunoblotting analysis were against FLAG (F1804,
Sigma), HA (MMS-101P, Covance), GST (IT003M, Macgene),
His (ITO05M, Santa Cruz), PIAS1 (sc-8152, Santa Cruz), PIAS3
(sc-46682, Santa Cruz), PIASxa (sc-30879, Santa Cruz),
PIASxp (sc-18245, Santa Cruz), PIASy (sc-30875, Santa Cruz),
PTEN (sc-6817-R, Santa Cruz), Phospho-Akt (Ser473) (4060,
Cell Signaling Technology), Akt (4685, Cell Signaling Technol-
ogy), p27<"P* (554, B&M Biotech Co., Ltd.), GAPDH (KM9002,
Sungene), SUMO1 (sc-5308, Santa Cruz), and ubiquitin
(D058-3, B&M Biotech Co., Ltd.). The secondary antibodies
anti-mouse IgG antibody IRDye 800 conjugated (610-132-121)
and DyLight 800 conjugated affinity-purified anti-rabbit IgG
(611-145-002) were purchased from Rockland.

Immunoprecipitation—Cells for immunoprecipitation assay
were lysed in immunoprecipitation lysis buffer (25 mm Tris-
HCI pH 7.4, 150 mMm NaCl, 1% Nonidet P-40, 1 mm EDTA, 5%
glycerol) containing Protease Inhibitor Mixture (Amresco).
The whole cell lysates obtained by centrifugation were incu-
bated with specified antibodies and protein A-Sepharose (GE
Healthcare) overnight at 4 °C with constant rotation. The
immunocomplexes were then washed with immunoprecipita-
tion lysis buffer three times, boiled in SDS sample buffer, and
subjected to SDS-PAGE followed by Western blot analysis.

GST Pulldown Assay—The control GST and GST-tagged
proteins were expressed in Escherichia coli strain BL21 (DE3).
Then the bacterial lysates were prepared in ice-cold binding
buffer (PBS) by sonication and incubated with glutathione-Sep-
harose beads (GE Healthcare) overnight at 4 °C with rocking.
After the incubation, His-tagged proteins were added to each
tube for 4 h at 4 °C. The beads were washed with binding buffer
three times and eluted with elution buffer (50 mm Tris-HCI, pH
8.0) containing 10 mm reduced glutathione. The elution was
separated by SDS-PAGE, and the interactions were analyzed by
Western blot with specified antibody.

Purification of Recombinant Proteins—The His-tagged
recombinant protein expression vectors pET-SUMO1, pET-
Aos1&Uba2 (38), pET-Ubc9, pET-PIAS1, pET-PIAS3, pET-
PIASxa, pET-PIASxS, pET-PIASy, pET-p53, pET-K386R, and
pET-PTEN were constructed on the base of pET-28b (+) vec-
tor. The vectors were transformed into E. coli strain BL21
(DE3), and recombinant protein expression was induced by 0.1
mM isopropyl-B-p-thiogalactoside at 30 °C for 8 h. After soni-
cation, the bacterial lysates were incubated with Ni**-Sephar-
ose beads (GE Healthcare) overnight at 4 °C with rotation. Then
the beads were washed with binding buffer (20 mm sodium
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phosphate, 0.5 M NaCl, 40 mMm imidazole, pH 7.4) 3 times, and
the purified proteins were eluted using elution buffer (20 mm
sodium phosphate, 0.5 M NaCl, 500 mm imidazole, pH 7.4). The
purification efficiency and protein concentration were deter-
mined using silver staining as described previously (39). The
purified proteins were stored at —20 °C in small aliquots for
further experiment.

In Vitro SUMOI1 Conjugation Assay—His-tagged PTEN,
SUMOYI, Aos1&Uba2 (SUMO El-activating enzyme) and Ubc9
(SUMO E2-conjugating enzyme) expressed in E.coli BL21
(DE3) were purified by Ni**-Sepharose beads (GE Healthcare).
Each in vitro SUMOylation reaction mixture contained 125 ng
of PTEN, 1 ug of SUMO1, 250 ng of Aosl&Uba2, 500 ng of
Ubc9, and 8 ul of 5X reaction buffer (100 mm Hepes, pH 7.5, 25
mM MgCl,, 125 mMm NaCl, 1 mm DTT, 2 mm ATP); H,O was
added to make the final volume of 40 ul. The reaction mixture
was incubated at 37 °C for 1.5 h and stopped by adding SDS
sample buffer. The reaction mixture was separated by SDS-
PAGE and immunoblotted with anti-PTEN antibody to detect
the SUMO1 modification level of PTEN.

In Vivo SUMO1 Conjugation Assay—HeLa cells were trans-
fected with either control plasmid or PIASx« plasmid. 48 h after
transfection, cells were harvested and lysed in SDS buffer (5%
SDS, 0.15 M Tris-HCI, pH 6.7, 30% glycerol) diluted 1:3 in radio-
immune precipitation assay buffer (25 mm Tris-HCI, pH 7.6,
150 mm NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1%
SDS) containing 10 mm iodoacetamide, 20 mm N-ethylmaleim-
ide, and Protease Inhibitor Mixture (Amresco). Lysates were
sonicated briefly and cleared by centrifugation. Then the cell
lysates were diluted in PBS, 0.5% Nonidet P-40 before incuba-
tion with anti-PTEN antibody and Protein A-Sepharose (GE
Healthcare) overnight at 4°C. The beads were collected,
washed 3 times with ice-cold PBS, 0.5% Nonidet P-40, and the
antigen-antibody complexes were recovered by boiling in SDS
sample buffer. The samples were subjected to Western blot
with anti-PTEN antibody or anti-SUMO]1 antibody.

In Vivo Ubiquitination Assay—HeLa cells were transfected
with various plasmids as indicated in individual experiments.
36 h after transfection, cells were treated with 10 um MG, 32 for
6 h, and the whole cell lysates were prepared by immunopre-
cipitation lysis buffer containing Protease Inhibitor Mixture
were subjected to immunoprecipitation with anti-PTEN anti-
body. The immunoprecipitated PTEN were released from the
beads by boiling in SDS sample buffer. The analysis of ubiquiti-
nation was carried out by immunoblotting with anti-ubiquitin
antibody.

Protein Half-life Assay—HeLa cells were transfected with 3
pg/dish PTEN plasmid and 3 pg/dish PIASxa plasmid or con-
trol plasmid. 36 h after transfection, 100 ug/ml cycloheximide
was added to the dishes, and the cycloheximide treatment was
terminated at 0, 3, 6, 9, and 12 h time points as indicated. The
whole cell lysates were made, and protein concentration was
determined. Subsequently, 25 ug of total protein from each
sample was analyzed by immunoblotting with anti-PTEN anti-
body. Quantification of PTEN protein level was determined
using TotalLab software, normalized to GAPDH.

Flow Cytometry Assay—The cells transfected with various
plasmids as indicated in individual experiment were washed
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with PBS when the confluency was 70—80%. After digestion
with 0.25% trypsin, cells were fixed with 70% ethanol overnight
at 4 °C. The cells were resuspended in PBS buffer treated with
150 pg/ml RNase A (Sigma) at 37 °C for 30 min. Then the cells
were stained with 25 ug/ml propidium iodide (PI) in the dark at
4 °Cfor 30 min. The cell cycle was measured using the FACScan
flow cytometry system (BD Biosciences).

MTT (3-[4, 5-Dimethylthyazol-2-yl]-2,5-diphenyltetrazo-
lium Bromide) Assay—HeLa and U20S cells were stably trans-
fected with either control vector or PIASx« vector. After puro-
mycin selection, cells were seeded into 96-well plates at a
density of 1000 cell/well. After culturing for 1, 2, 3, 4, 5, 6, 7, or
8 days, 20 ul of MTT solution (5 mg/ml) was added to each well
followed by further incubation at 37 °C for 4 h. Medium was
removed, and 150 ul of DMSO was added to each well to dis-
solve the formazan crystals. The absorbance at 490 nm was read
using the microplate reader.

Soft Agar Colony Formation Assay—Single-cell suspensions
of 1.5-3 X 10* cells were plated per 60-mm dish in 3 ml of
DMEM containing 10% FBS and 0.35% agar on a layer of 5 ml of
the same medium containing 0.7% agar. 1-2 weeks after cul-
ture, the colonies were stained with 0.05% crystal violet in PBS.
Photographs were taken, and the number and size of colonies
were determined by TotalLab software (40).

Tumorigenicity in Nude Mice—HeLa and U20S cells were
stably transfected with either control vector or PIASx« vector.
After puromycin selection, 3 X 10° cells were suspended in 200
wl of PBS and subcutaneously injected into the left or right hind
leg of 6-week-old female nude mice. 3—4 weeks after injection,
the mice were killed, the tumors were weighed, and the size was
measured. Each cell subline was evaluated in three different
animals.

Statistical Analysis—The data are expressed as the mean *=
S.E. (standard error of the mean) from an appropriate number
of experiments as indicated in the figure legends. The statistical
analysis was done by using Student’s ¢ test, and p < 0.01 or 0.05
was considered significant.

RESULTS

PTEN Is Modified by SUMOI in Vitro—To determine
whether PTEN is modified by SUMOL1 in vitro, we established
an in vitro system for SUMO1 modification as described previ-
ously (41). In this system the substrates were incubated with
assay mix containing SUMO1, Aosl&Uba2 (El-activating
enzyme), and Ubc9 (E2-conjugating enzyme) in the presence of
ATP. The inspection of p53 protein indicated the presence of a
sequence (F-K386-T-E) that fits the conserved motif (YKX(D/
E)) of SUMO conjugation, and it has been reported that p53 is
modified by SUMOL1 at lysine 386 (42, 43), so we took wild-type
p53 and its point mutant K386R (change lysine of 386 to argi-
nine) as controls in SUMO1 modification in vitro system (Fig.
1B). First, we purified reaction reagents His-SUMO1, His-
Aos1&Uba2, and His-Ubc9 with Ni**-Sepharose beads. West-
ern blot was carried out to analyze the protein purification effi-
ciency (Fig. 1A). The substrates of His-p53 and His-K386R were
also tagged with HA at C-terminal (Fig. 1C). The purified HA-
tagged p53 or Lys-386 were incubated with SUMOI,
Aos1&Uba2, and Ubc9 in the absence or presence of ATP fol-
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FIGURE 1. PTEN is modified by SUMO1 in vitro. A, purified proteins used for SUMOylation assay in vitro. His-tagged proteins were expressed in E. coli strain
BL21 (DE3) and purified with Ni?*-Sepharose. The purified proteins were detected by Western blot with anti-His antibody. The protein ladder in the left lane was
used to evaluate the molecular size of purified proteins. B, schematic representation of wild-type p53 and its point mutant K386R. p53 is modified by SUMO1
at lysine 386 site. C, the wild-type p53 and its mutant K386R were purified and subjected to Western blot. D, the SUMOylation assay in vitro was carried out to
detect SUMO1 modification of p53 and K386R. The assay mix contained SUMO1, Aos1&Uba2 (E1-activating enzyme), Ubc9 (E2-conjugating enzyme), and ATP.
p53 and K386R were used as the substrates. The reaction mix was detected by Western blot with anti-p53 antibody. E, schematic diagram of SUMO1
modification sites in PTEN. PTEN is modified by SUMO1 at lysine 254 and 266 sites. F, the wild-type PTEN was purified and subjected to Western blot. G, SUMO1
modification of PTEN in vitro relies on every component in the assay mix. The SUMOylation assay in vitro was performed with components added as indicated.
The reaction mix was incubated and subjected to Western blot to detect the SUMO1 modification of PTEN. H, PTEN was incubated with assay mix containing

SUMO1 or SUMO2. The reaction mix was subjected to Western blot with anti-PTEN antibody. /, PTEN or its point mutant K254R, K266R, or K254R/K266R were
incubated with assay mix separately and then subjected to Western blot.

lowed by Western blot analysis with anti-HA antibody. As
shown in Fig. 1D, in the absence of ATP, p53 was not modified
by SUMO1 (p53 band was detected between 55 and 72 kDa),
whereas in the presence of ATP, p53 was modified by SUMO1
(SUMO1-p53 band was detected between 72 and 95kDa). But
either way, in the absence or presence of ATP, K386R was not
modified by SUMOL1. This result indicated that p53 was modi-
fied by SUMOL at Lys-386 in vitro, which confirmed the previ-
ous result (42, 43). The established system can be used to test
the SUMO1 modification in vitro.

PTEN protein contains two sequences (IKVE, Lys at 254;
LKKD, Lys at 266) that fit the conserved motif (yKX(D/E)) of
SUMO conjugation (Fig. 1E). It was reported that PTEN can be

3220 JOURNAL OF BIOLOGICAL CHEMISTRY

SUMOylated in cells and there are two SUMO1 modification
sites, lysine 254 and lysine 266 (Fig. 1E) (24). Next, we tried to
test whether PTEN can be SUMOylated in vitro with the estab-
lished system. The purified HA-tagged PTEN (Fig. 1F) were
incubated with SUMO1, Aos1&Uba2, and Ubc9 in the absence
or presence of ATP, then immunoblotted against HA tag. As
presented in Fig. 1G, the band detected between 72 and 95 kDa
was SUMO1-modified PTEN in the presence of ATP. The
covalent bonding of SUMO1 to PTEN was an ATP-consuming
reaction dependent on the catalysis of Aos1&Uba2 and Ubc9.
Taken all together, we confirmed that PTEN is definitely mod-
ified by SUMOL in vitro with our established system. At the
same time, we took SUMO2 as a control and assessed the
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FIGURE 2. PIASxa stimulates SUMO1 modification of PTEN in vitro. A, the purified His-tagged recombinant proteins (SUMO E3 ligase) used for SUMOylation
assay in vitro. His-tagged PIAS1, PIAS3, PIASxa, PIASxf3, and PIASy were expressed in E. coli strain BL21 (DE3) and purified with Ni**-Sepharose. The purified
proteins were detected by Western blot against the His tag. Protein ladder in the left lane was used to evaluate the molecular size of purified proteins, and
arrows denoted the different PIASs. B, PIAS3 promotes SUMOylation of p53 in vitro. PIAS3 and p53 were purified and incubated with the assay mix containing
SUMO1, Aos1&Uba2 (E1-activating enzyme), and Ubc9 (E2-conjugating enzyme) either in the absence or presence of ATP. PIAS3 was added at concentrations
of 0,125, and 250 ng. C, the effect of PIAS1, PIAS3, PIASxa, PIASx3, and PIASy on SUMOylation of PTEN in vitro. Different PIASs were expressed and purified then
incubated with PTEN in assay mix. The reaction products were separated by SDS-PAGE and immunoblotted with anti-PTEN antibody. The arrow denotes that
a high level SUMOylation of PTEN was detected in assay mix containing PIASxa. D, PIASxa enhances SUMOylation of PTEN in a dose-dependent manner.
Different concentrations of PIASxa were incubated with PTEN in the assay mix. Then the samples were analyzed by Western blot with anti-PTEN antibody.
PIASxa was added at concentrations of 0, 50, 150, and 450 ng. E, PIASxa and its deletion mutant ARING were incubated with PTEN in assay mix and then
subjected to Western blot.

SUMO?2 modification of PTEN. The data indicated that only conjugation (44, 45). Next, we asked if any known SUMO E3
slight amount of SUMO2-modified PTEN, compared with ligase could enhance the SUMO1 modification of PTEN. We
SUMO1-modified PTEN, was detected (Fig. 1H). It has been  expressed His-tagged SUMO E3 ligase PIAS1, PIAS3, PIASxa,
reported that PTEN is heavily conjugated with SUMO1 at both  PIASxf, and PIASy in E. coli strain BL21 (DE3) and purified
Lys-254 and Lys-266 sites (24). Based on our observation and  these proteins with Ni*" -Sepharose beads. Western blot anal-
the report, our studies were focused on SUMO1 modificationof  ysis with anti-His antibody shown in Fig. 24 indicated the puri-
PTEN. To confirm this result, we evaluated the SUMO1 mod- fication efficiency of the SUMO E3 ligases. In the SUMO1 mod-
ification of point mutants (K254R, K266R, and K254R/K266R) ification in vitro system, different concentrations of PIAS3 were
of PTEN. As shown in Fig. 1/, the double mutant K254R/K266R  incubated with p53 in the presence of SUMO1, Aosl&Uba2,
completely abolished SUMOylation, whereas the single and Ubc9 as the positive control (46, 47). The result confirmed
mutants K254R or K266R greatly reduced SUMOylation in  that the SUMO E3 ligase PIAS3 enhances SUMO1 modifica-
comparison with wild-type PTEN. However, we did not tion of p53 in a dose-dependent manner (Fig. 2B).
observe a shift in PTEN from 55 to 95 kDa, which is presumably To further find out which one of the PIAS proteins can stim-
conjugated with two molecules of SUMO1: (SUMO1),-PTEN. ulate PTEN SUMOI1 modification in vitro, we performed the
The reason is that the SUMOL1 protein contains more than 90  SUMO1 modification assay in the presence of PIASs. We incu-
residues, and the requirement of space near the modified siteis  bated PTEN with PIAS1, PIAS3, PIASxa, PIASxf3, or PIASy in
much larger than for other posttranslational modifications (for  the presence of SUMO1, Aos1&Uba2, and Ubc9 and carried
example, methylation, acetylation, phosphorylation), leadingto  out Western blot to detect the SUMO1 modification of PTEN.
the impossibility of dual SUMOylation of adjacent Lys-254 and ~ Among all of the various PIAS proteins, PIASxa was able to
Lys-266. Our data are consistent with the previous studies (24).  facilitate the conjugation of SUMO1 to PTEN more signifi-
PIASxa Promotes SUMOI Modification of PTEN in Vitro—In  cantly (Fig. 2C). To further confirm the SUMO1 modification
the SUMOylation process, the SUMO E3 ligases interact with  assay result, we incubated PTEN with 0, 50, 150, or 450 ng of
both the E2-conjugating enzyme and the substrate, bringingthe =~ PIASx« in the presence of SUMO1, Aos1&Uba2, and Ubc9.
two together and thereby increasing the efficiency of SUMO  Western blot results indicated that the SUMO E3 ligase PIASx«
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FIGURE 3. PIASxa promotes SUMO1 modification of PTEN in vivo. A, the whole cell lysates from several different tumor cell lines, PC-3, PC-3M-2B4, H1299,
A549, HCT116, MDA-MB-231, U20S, and Hela, were subjected to Western blot with anti-PIASxa antibody to check the endogenous protein level of PIASxa.
HelLa cells overexpressing PIASxa were used as positive control. The mRNA level of PIASxa in tumor cells was evaluated by real-time PCR analysis, normalized
to the mRNA level of GAPDH (middle panel). The expression levels of PIAS1, PIAS3, PIASx3, and PIASy in these cancer cell lines were evaluated by Western blot
analysis as well (right panel). B, HeLa cells were transfected with either control vector or PIASxca. 48 h after transfection cells were harvested and lysed. The whole
cell lysates were subjected to immunoprecipitation with anti-PTEN antibody. The immunoprecipitation (/P) products of PTEN were detected by Western blot
(IB) with anti-PTEN antibody. Western blot results with short exposure (left panel) and long exposure (right panel) were shown. C, the same nitrocellulose
membrane used above was stripped. After stripping, the membrane was detected with anti-SUMO1 antibody. Western blot results with short exposure (left
panel) and long exposure (right panel) were shown in the same way. D, HeLa cells transfected with FLAG-SUMO1, HA-PTEN, and control vector or PIASxa were
subjected to an in vivo SUMO1 conjugation assay described above (left panel). The cells in the right panel were transfected with FLAG-SUMO1, HA-PTEN, and
control siRNA or PIASxa siRNA.

efficiently stimulated SUMO1 modification of PTEN in a dose-  the PIASxa was expressed at low levels in these tumor cell lines,
dependent manner in vitro (Fig. 2D). Previous studies indicated ~ whereas HeLa cells overexpressing PIASxa were used as a pos-
that the RING domain is indispensible to the catalytic activity of  itive control. To confirm this result, we carried out real-time
PIASxa (48, 49). Then we constructed the deletion mutant PCR to check the mRNA level of PIASx« in the various tumor
ARING to examine whether the catalytic activity of PIASxa is  cells (Fig. 34, middle panel). We found that the mRNA level of
important for its role in SUMOylation. As presented in Fig. 2E, PIASxa was also low in the tumor cells. Furthermore, we also
PIASxa deletion mutant ARING expectedly failed to stimulate  evaluated the protein levels of PIAS1, PIAS3, PIASxB and
SUMO1 modification of PTEN. PIASy in these cancer cell lines by carrying out Western blot
PIASxo Promotes SUMO1 Modification of PTEN in Vivo—  (Fig. 3A, right panel). The results showed that the protein levels
Using the in vitro SUMOI1 modification system described werelow. Together, our data indicated that the five members of
above, we have demonstrated that PTEN is modified by PIAS family, as specific SUMO E3 ligases, were expressed at low
SUMO1 and PIASxa stimulates SUMO1 modification of PTEN  levels in tumor cells.
in vitro. Next, we addressed the issue as to whether the same Next we took advantage of a HeLa cell line overexpressing
result could be shown with the SUMO1 modification assay in  PIASxa to perform a in vivo SUMO1 modification assay. HeLa
vivo. Before verifying this hypothesis, we first checked the cells were transfected with either control plasmid or PIASx«
endogenous protein level of PIASx« in several tumor cell lines, plasmid. 48 h after transfection, cells were lysed and subjected
such as PC-3, PC-3M-2B4, H1299, A549, HCT116, MDA-MB- to immunoprecipitation with anti-PTEN antibody. The immu-
231, U20S, and Hela cells. The whole cell lysates were noprecipitated PTEN were released from the beads and sepa-
extracted and subjected to Western blot with anti-PIASxa anti- rated by SDS-PAGE. Western blot analysis with anti-PTEN
body. As shown in Fig. 3A, left panel, the results indicated that —antibody (Fig. 3B) indicated that an additional band between 72
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FIGURE 4. PIASx« and PTEN interact with each other both in vivo and in vitro. A, co-immunoprecipitation of PIASxa with PTEN from HeLa cells. Cells were
transfected with FLAG-PIASxa. 48 h after transfection, cells were harvested and lysed. The whole cell lysates were immunoprecipitated with either control IgG
or anti-PIASxa antibody, and co-immunoprecipitated (/P) PTEN was subsequently detected by Western blot (/B) with anti-PTEN antibody (top panel). The same
samples were immunoblotted against PIASxa to determine co-immunoprecipitation efficiency (bottom panel). B, the interaction of PTEN with PIASx« in cells
was further confirmed by reciprocal experiment analysis using co-immunoprecipitation as described above. C, GST-tagged PIASx« pulls down PTEN in vitro. A
GST pulldown assay was carried out using immobilized control GST or GST-tagged PIASxa on glutathione-Sepharose followed by incubation with extracts
prepared from E. coli strain BL21 (DE3) expressing His-PTEN. The interaction of PIASxa with PTEN was assessed by Western blot against the His tag (top panel).
The same samples were immunoblotted with anti-GST antibody to evaluate GST pulldown efficiency (bottom panel). D, the interaction of PTEN with PIASxa in

vitro was further confirmed by reciprocal experiment analysis. A GST pulldown assay was carried out as described above.

and 95 kDa was detected and enhanced by PIASxa overexpres-
sion. Judging from the molecular mass of PTEN (between 55
and 72 kDa), we considered the additional band to represent
SUMO1-modified PTEN. To assess that this additional slower-
migrating band above PTEN was SUMO1-PTEN, we had the
same nitrocellulose membrane stripped and immunoblotted
with anti-SUMO1 antibody. A Western blot result as shown in
Fig. 3C confirmed that the additional slower-migrating band
above PTEN was SUMO1-modified PTEN.

To further confirm our findings, we overexpressed or
knocked down PIASxa by siRNA in HeLa cells transiently over-
expressing FLAG-tagged SUMO1 and HA-tagged PTEN. As
shown in Fig. 3D, PIASxa overexpression enhanced the conju-
gation of FLAG-SUMOI1 to HA-PTEN, whereas PIASx«a
knockdown caused a decrease in the SUMO1 modification of
PTEN.

PIASxcand PTEN Interact with Each Other Both in Vivo and
in Vitro—It has been established that PIASxa enhances
SUMO1 modification of PTEN as a SUMO E3 ligase in vitro and
in vivo from the data described above, and it has been reported
that PTEN associates with SUMO E2-conjugating enzyme
Ubc9 in cells (50). With this background, we assumed that
PIASxa and PTEN might interact with each other. To investi-
gate this possibility, we first carried out the co-immunoprecipi-
tation experiment. Cells were transfected with either control
plasmid or FLAG-PIASxa plasmid, and the whole cell lysates
were subjected to immunoprecipitation with anti-PIASxa anti-
body followed by Western blot analysis against PTEN. The
result indicated that PIASxa interacted with PTEN in HelLa
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cells (Fig. 4A). The reciprocal co-immunoprecipitation analysis
with anti-PTEN antibody was conducted, and the immunopre-
cipitated complex was immunoblotted against PIASxa. As
shown in Fig. 4B, PTEN also interacted with PIASx« in HeLa
cells.

Next, we performed the GST pulldown assay to identify
whether PTEN and PIASxa physically interact with each other
directly in vitro. The purified protein GST or GST-PIASx«a
were incubated with the bacterially expressed PTEN in vitro
and subjected to the GST pulldown assay. As shown in Fig. 4C,
a Western blot result indicated that GST-PIASxa but not GST
alone pulled down PTEN in vitro. Subsequently, we conducted
the reciprocal GST pulldown assay to further test the interac-
tion of PIASxa and PTEN in vitro. The assay confirmed that
GST-PTEN also pulled down PIASx« in vitro (Fig. 4D). In sum-
mary, it can be concluded that PIASx« physically interacts with
PTEN as a SUMO E3 ligase both in vivo and in vitro.

The Interaction between PIASxa and PTEN Depends on the
Integrity of Phosphatase, C2 Domains of PTEN, and the Region
of PIASxa Comprising Residues 134—-347—The full-length
PTEN has four domains that are critically important for its
function, and they are phosphatase domain, C2 domain, CT
domain, and PDZ binding domain. Based on the observation
that PIASxa and PTEN interacted with each other directly, we
further tried to define the structural requirements for their
interaction. To test this possibility we carried out the GST pull-
down assay with full-length PTEN and its various generated
deletion mutants lacking different function domains (Fig. 54).
To map the PIASxa binding region on PTEN, we incubated
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FIGURE 5. The interaction between PIASxa and PTEN depends on phosphatase and C2 domains of PTEN but not on SAP, RING, and SUMO binding
domains of PIASxa. A, schematic representation of N-terminal GST-tagged full-length PTEN (FL) along with its various deletion mutants (M1, M2, M3, M4, and
M5).The full-length PTEN has four domains (phosphatase, C2, CT, and PDZ binding domains). B, a GST pulldown assay was carried out to determine the domain
of PTEN essential for its interaction with PIASxa. The protein control GST, full-length PTEN, and its deletion mutants immobilized on glutathione-Sepharose
were incubated with extracts prepared from E. coli stain BL21 (DE3) expressing His-tagged PIASxa. Then the interaction was assessed by a Western blot (/B) with
anti-PIASxa antibody (top panel). GST pulldown efficiency was evaluated by immunoblotting with anti-GST antibody (bottom panel). C, schematic diagram of
N-terminal GST-tagged full-length PIASx« (FL) and its generated deletion mutants (M1, M2, M3, M4, and M5). The known PIASxa domains (SAP, RING, and SUMO
binding domains) are indicated in dark gray. D, the interactions of full-length PIASxa and its deletion mutants with PTEN were determined by GST pulldown
assay. The experiment procedure was carried out as described above. PTEN was detected by Western blot with anti-PTEN antibody (top panel), and immuno-

blotting against GST-tag was to evaluate GST pulldown efficiency (bottom panel).

GST, GST-PTEN, GST-M1 (1-187), GST-M2 (1-350),
GST-M3 (1-400), GST-M4 (188 —403), or GST-M5 (351-403)
with bacterially expressed PIASxa in vitro followed by immu-
noblotting against PIASxa. As shown in Fig. 5B, the deletion
mutants containing either phosphatase domain (M1) or C2
domain (M4) alone reduced the ability of interacting with
PIASxa, whereas the double deletion mutant (M5) abolished
the ability completely. The result indicated that the integrity of
both the phosphatase domain and C2 domain is essential to the
interaction of PTEN and PIASxa.

Next, we tried to delimit the regions of PIASxa responsible
for its interaction with PTEN. According to the structural func-
tion domains of PIASxa, SAP domain, RING domain, and
SUMO binding domain, we constructed GST-tagged full-
length PIASxa and a series of its deletion mutants (Fig. 5C). For
the GST pulldown assay, the purified proteins GST, GST-
PIASxe, GST-M1 (134-572), GST-M2 (1-418), GST-M3
(1-347), GST-M4 (134 —418), and GST-M5 (A134—347) were
incubated with bacterially expressed PTEN in vitro. After the
incubation, we carried out Western blot with anti-PTEN anti-
body. As shown in Fig. 5D, the deletion mutants of PIASxq,
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lacking the SAP domain, RING domain, or SUMO binding
domain, were still able to pull down PTEN in vitro. We further
delimited the structural requirement of PIASxa for its interac-
tion with PTEN within a region comprising residues 134 —347.
Therefore, these observations strongly suggested that the inter-
action between PIASxa and PTEN depends on the integrity of
phosphatase, C2 domains of PTEN, and the region of PIASx«
comprising residues 134 —347.

The SUMOylation of PTEN Enhanced by PIASxa Promotes
PTEN Protein Stability by Reducing PTEN Ubiquitination—
Similar to the post-translational modification by ubiquitin, the
SUMO modification regulates protein degradation and stabili-
zation. In some cases SUMOylation stabilizes protein by
decreasing its ubiquitination. There has been evidence that
SUMO can act as an antagonist of ubiquitin, as SUMO-modi-
fied IkBa and PCNA are resistant to proteasome-mediated
degradation (51, 52). Because PIASx« interacts with PTEN and
stimulates its SUMO1 modification, it is now a matter of inter-
est to check whether PIASxa can enhance PTEN protein sta-
bility by reducing its ubiquitination. We performed in vivo
ubiquitination assay in HeLa cells. We overexpressed control
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FIGURE 6. PIASxa enhances PTEN protein stability by reducing PTEN ubiquitination level. A, overexpression of SUMO1 and PIASxa has no effect on the
global ubiquitination level in cells. HeLa cells were transfected with control vector, FLAG-SUMO1, or FLAG-PIASxa. 36 h post-transfection, cells were treated
with MG132 (10 um) for 6 h and harvested. The whole cell lysates were subjected to Western blot with anti-ubiquitin antibody. The protein expression was
confirmed by immunoblotting using anti-FLAG antibody. B, SUMO1 and PIASxa reduce ubiquitination of PTEN. HeLa cells were transfected with control vector,
SUMOT, or PIASx«. 36 h after transfection cells were treated with 10 um MG132 for 6 h. Subsequently, the cells were harvested and lysed. The PTEN ubiquiti-
nation level was evaluated by immunoprecipitation (/P) with anti-PTEN antibody followed by anti-ubiquitin immunoblotting (/B). C, PIASxa overexpression
increases PTEN stability (top panels). HeLa cells were transfected with either control vector or FLAG-tagged PIASxa. 36 h post-transfection, cells were treated
with 100 ug/ml cycloheximide (CHX) and collected at the indicated time points. Then immunoblotting against FLAG, PTEN, and GAPDH was performed.
Quantification of PTEN protein level was determined using TotalLab software normalized to GAPDH. PIASxa knockdown with siRNA technology in Hela cells
followed by Western blot analysis was carried outin the bottom panels. D, schematic diagram of wild-type PTEN and its generated point mutants (K254R, K266R,
and K254R/K266R). All of them were fused with a HA tag at both the N and C termini. £, mutation at both Lys-254 and Lys-266 of PTEN increases PTEN
ubiquitination level. Hela cells were cotransfected with FLAG-PIASxa and HA-PTEN, HA-K254R, HA-K266R, or HA-K254R/K266R. Then the ubiquitination of
wild-type PTEN and its generated point mutants was assessed by carrying out the experiment procedure described above. F, protein half-life assay of wild-type
PTEN and its point mutant K254R/K266R. HelLa cells transiently expressing FLAG-tagged PIASxa were transfected with either HA-PTEN or HA-K254R/K266R. 36
post-transfection cells were subjected to protein half-life assay described above. Quantification of relative PTEN and K254R/K266R protein level was shown in
the right panel. G, Hela cells transfected with HA-PTEN, HA-K254R, HA-K266R, or HA-K254R/K266R were subjected to immunoprecipitation with anti-HA
antibody followed by Western blot against Ser(P) (pSer) and Thr(P) (pThr; left panel). The SUMO1 modification of PTEN and its deletion mutant AC-terminal were
assessed by SUMO1 conjugation assay (right panel).

vector, FLAG-SUMOI, or FLAG-PIASx« in HelLa cells. 36 h
after transfection, cells were treated with MG132 for 6 h and

It has been known that PTEN is modified by SUMOL1 at both
lysine 254 and lysine 266 sites in vivo (24), so we raised the

lysed. The whole cell lysates were directly subjected to Western
blot with anti-ubiquitin antibody to evaluate the total ubiquiti-
nation level in cells. As shown in Fig. 64, overexpression of
SUMOL1 or PIASxa had no effect on the total ubiquitination
level in cells. To further determine PTEN ubiquitination level,
the whole cell lysates were immunoprecipitated with anti-
PTEN antibody and analyzed by immunoblotting against ubiq-
uitin. As shown in Fig. 6B, PTEN ubiquitination level was
reduced by overexpression of SUMO1 or PIASxa. The ubiquiti-
nation of PTEN regulates its proteasome-mediated degrada-
tion. To examine the rate of PTEN degradation, protein half-
life assay was performed. As shown in Fig. 6C, PTEN protein
level was detected at the indicated time points. The result
showed that overexpression of PIASxa caused an increase in
PTEN protein half-life (Fig. 6C, upper panels), whereas PIASx«a
knockdown led to diminished PTEN protein half-life (Fig. 6C,
bottom panels).
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question of whether the SUMOylation at Lys-254 and Lys-266
sites could interfere PTEN ubiquitination. Based on the wild-
type PTEN overexpression plasmid, we constructed its point
mutant plasmids K254R, K266R, and K254R/K266R with over-
lap PCR (Fig. 6D). The HA-tagged plasmid PTEN, K254R,
K266R, or K254R/K266R were cotransfected with FLAG-
tagged PIASxa overexpression plasmid into HeLa cells. 36 h
after transfection cells were treated with MG132 for 6 h and
lysed. The whole cell lysates were subjected to immunoprecipi-
tation with anti-HA antibody followed by Western blot against
ubiquitin. The result showed that the mutation of either Lys-
254 or Lys-266 site did not increase PTEN ubiquitination level,
but the mutation at both Lys-254 and Lys-266 sites significantly
increased PTEN ubiquitination level (Fig. 6E). To further deter-
mine the effect of mutation on protein degradation, we also
conducted a protein half-life assay in HeLa cells. As shown in
Fig. 6F, the mutation of PTEN at both Lys-254-and Lys-266 sites
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caused a decrease in PTEN protein half-life. The phosphoryla-
tion of PTEN in CT domain, which is mainly phosphorylated on
Ser and Thr, also has the function to stabilize PTEN (53). To
further figure out the relationship between SUMOylation and
phosphorylation of PTEN, we evaluated the phosphorylation
level of wild type PTEN and its various point mutants without
SUMO1-modified sites, respectively (Fig. 6G). The result indi-
cated that SUMO1 modification of PTEN had no effect on its
phosphorylation. In addition, we constructed a CT deletion
mutant (deficiency in phosphorylation) and performed in vitro
SUMOL1 conjugation assay with the mutant. The data also indi-
cated that phosphorylation deficiency of PTEN did not inter-
fere with its SUMO1 modification. Together, we concluded
that there is no functional interaction between phosphorylation
of PTEN in the CT domain and SUMO1 modification of PTEN
protein.

In sum, our data indicate that the SUMOylation of PTEN
enhanced by PIASxa increases PTEN protein stability by
reducing PTEN ubiquitination, and the integrity of SUMO1-
modified sites (Lys-254/266) is required for sustaining PTEN
ubiquitination level. We demonstrated that there is no func-
tional relationship between phosphorylation of PTEN in CT
domain and SUMO1 modification of PTEN.

PIASxo Inhibits PI3K-Akt Pathway by Up-regulating the
PTEN Protein Leve[—PTEN acts as a potent tumor suppressor
that negatively regulates the PI3K-Akt pathway. PI3K phospho-
rylates phosphatidylinositol 4,5-bisphosphate and converts it
to phosphatidylinositol 3,4,5-triphosphate. In turn, phosphati-
dylinositol 3,4,5-triphosphate accumulation at the cellular
membrane results in the recruitment of Akt, leading to Akt
activation by phosphorylating Akt. PTEN, as a lipid phospha-
tase, inhibits the PI3K-Akt pathway by dephosphorylating
phosphatidylinositol 3,4,5-triphosphate to phosphatidylinosi-
tol 4,5-bisphosphate. Therefore, PIASxc, being a SUMO E3
ligase and a positive regulator of PTEN, might inhibit the PI3K-
Akt pathway by regulating the PTEN protein level. To test this
possibility we assessed the effect of PIASx«a overexpression and
knockdown on the PI3K-Akt pathway. HeLa cells with PIASxa-
overexpressing or knockdown were harvested, and the whole
cell lysates were subjected to Western blot with antibodies as
indicated in Fig. 7A. Consistent with our previous results,
PIASxa overexpression caused an increase in endogenous
PTEN. The phosphorylation of Akt at serine 473 site was
decreased in PIASx«a overexpression cells without any detecta-
ble change in the total Akt protein level. p27*'P!, as a target of
the PI3K-Akt pathway and a cyclin-dependent kinase inhibitor,
was found to be increased in PIASxa overexpression cells. And
PIASxa knockdown by siRNA resulted in opposite effects. To
further confirm that PIASx« caused an increase in PTEN and
p27" P! protein levels but not mRNA levels, we conducted the
real-time PCR to detect the specific mRNA levels. As shown in
Fig. 7B, the results indicated that mRNA levels of PTEN and
p27" P! were not increased in PIASxa overexpression cells.

Considering the significant role of p27""** in the progression
of cell cycle, as a cyclin-dependent kinase inhibitor, we per-
formed a flow cytometry assay to determine the effect of
PIASxa on the cell cycle in HeLa and U20S cells. Cells tran-
siently expressing PIASx« were stained with propidium iodide,
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and the distribution of cells in G,/G;, S, and G,/M phases of the
cell cycle was measured by the FACScan flow cytometry system.
The overexpression of PIASx«a induced G,/G; cell cycle arrest
in HeLa and U20S cells compared with the control cells (Fig.
7C).

To confirm the direct connection between PIASxa and
PTEN, we applied a human prostate cancer cell line (PC-3)
deficient for PTEN. As shown in Fig. 7D, we found that in PC-3
cells, which are PTEN null, PIASxa overexpression had no
effect on PI3K-Akt pathway. This indicates that PIASx« inhib-
its PI3K-Akt pathway by definitely regulating PTEN protein
level. Furthermore, we established the PTEN knockdown cell
line with lentivirus vector pLL3.7-shPTEN and came to the
same result that PIASxa was not able to decrease phosphoryl-
ation of Akt in HeLa-shPTEN cells (Fig. 7E, middle panels). The
flow cytometry assay also indicated that PTEN played a critical
role in PIASxa-mediated G,/G; cell cycle arrest (Fig. 7E, right
panel).

PIASx« Causes Cell Proliferation Inhibition and Tumor Sup-
pression in a PTEN-dependent Manner—With the finding that
PIASx« inhibits the PI3K-Akt pathway through positively reg-
ulating PTEN SUMOylation, we further tried to determine the
effect of PIASxa on cell proliferation. First, MTT assay was
carried out to determine the impact of PIASxa on cell growth in
the four cell lines, such as HeLa, U20S, PC-3, and HeLa-
shPTEN cells. As shown in Fig. 84, stable overexpression of
PIASx« resulted in a decreased rate of cell proliferation in HeLa
and U20S cells, whereas there was no change in PC-3 and
HeLa-shPTEN cells when compared with that in control cells.
Second, soft agar colony formation assay was performed to
measure the anchorage-independent growth of the tumor cells
overexpressing PIASxa. As shown in Fig. 8B, both colony num-
ber and colony size were decreased in HeLa and U20S cells
stably expressing PIASxa compared with those in control cells,
whereas no significant changes in PC-3 and HeLa-shPTEN cells
were shown. Collectively, these results indicated that PIASx«,
as an inhibitor of PI3K-Akt pathway, caused cell growth inhibi-
tion by regulating PTEN protein level. Therefore, PIASxa func-
tions as a potential tumor suppressor in a PTEN-dependent
manner. Furthermore, the tumor suppression potential of
PIASxa was also supported by our tumorigenicity in nude mice
experiments (Fig. 8C). Nude mice injected with HeLa or U20S
cells overexpressing PIASxa showed reduced tumor growth
rate when compared with those injected with the cells trans-
fected with control plasmid, whereas no significant change was
found in nude mice injected with HeLa-shPTEN cells overex-
pressing PIASxa. Based on our findings that PIASxa deletion
mutant ARING failed to stimulate SUMO1 modification of
PTEN, we further examined whether the catalytic activity
domain of PIASxa is important for its tumor suppressor activ-
ity. As shown in Fig. 8C, right panels, overexpression of ARING
failed to suppress tumor growth in nude mice. Our data indi-
cate that PIASxq, as a SUMO E3 ligase for PTEN, might be a
potential tumor suppressor to prevent tumorigenesis.

DISCUSSION

The activity of the PTEN tumor suppressor protein is regu-
lated by post-translational modifications, such as phosphoryla-
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FIGURE 7. PIASx« inhibits PI3K-Akt signaling by up-regulating PTEN protein level. A, Western blot showing the inhibition of PI3K-Akt signaling by PIASx«.
Hela cells were transfected with either control vector or FLAG-PIASxa. 48 h after transfection the whole cell lysates were subjected to Western blot with
anti-FLAG, anti-PTEN, anti-pAkt (Ser-473), and anti-p27""P" antibodies. Akt and GAPDH were detected by immunoblotting as controls (left panel). The cells
transfected with either control siRNA or PIASxa siRNA were lysed and immunoblotted with the antibodies indicated above (right panel). B, real-time PCR
analysis of PIASxa, PTEN, and p27""" mRNA levels. HeLa cells were transfected with either control vector or PIASxa. 48 h post-transfection cells were harvested,
and RNA was extracted. Then the cDNA was synthesized and subjected to real-time PCR to check the mRNA levels of PIASxa, PTEN, and p27K”‘”, normalized to
the mRNA level of GAPDH. Results are representative of three independent experiments, and values are the mean * S.E.*, p < 0.01. C, flow cytometry analysis
of HeLa and U20S cells transfected with either control vector or PIASx«. 48 h after transfection cells were stained with Pl, and DNA contents were measured by
flow cytometry to evaluate the effect of PIASxa on cell cycle. The percentages of each cell type at the Go/G;, S, and G,/M phases are shown in panels as the
mean * S.E.*, p < 0.01; **, p < 0.05. The PIASxa and p27X"P" protein levels were assessed by Western blot. D, PC-3 cells (PTEN-null) transfected with control or
PIASxa plasmid were lysed and subjected to Western blot with antibodies indicated above. E, HeLa-shPTEN cell line (PTEN-null) was established by using
lentivirus transfection and infection system. A Western blot was carried out to assess knockdown efficiency of PTEN (left panel). HeLa-Vector and HeLa-shPTEN
cell lines transiently transfected with FLAG-PIASxa were subjected to Western blot (middle panels). The effect of PIASxa on the cell cycle in HeLa-shPTEN cells
was evaluated by flow cytometry analysis (right panel).
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FIGURE 8. PIASx« causes cell proliferation and tumorigenesis inhibition in a PTEN-dependent manner. A, Hela, U20S, PC-3, and HeLa-shPTEN cells were
stably transfected with either control vector or PIASxc. After puromycin selection, growth rates of cells were measured by MTT assay. OD, optical density. B, soft
agar colony formation assay of HeLa, U20S, PC-3, and HeLa-shPTEN cells stably transfected with control vector and PIASxa. Cells were cultured in soft agar for
1-2 weeks. The colonies were stained with 0.05% crystal violet, and the photographs of the stained colonies were taken. The number and size of colonies in
three different microscope fields were determined by TotalLab software and are shown as the mean = SEE. *, p < 0.01; **, p < 0.05. C, Hela, U20S, and
HeLa-shPTEN cells stably transfected with control plasmid or PIASx«a plasmid were subcutaneously injected into the left or right hind leg of three nude mice.
Four weeks after injection the tumors were weighed, and size was measured. Data are shown as the mean = S.E, n = 3.*, p < 0.01; **, p < 0.05). HeLa cells
overexpressing PIASxa deletion mutant ARING were also subjected to the assay of tumorigenicity in nude mice.

tion, acetylation, or ubiquitination. In addition, covalent
attachment of the ubiquitin-like modifier SUMO appears to
modulate PTEN activity. SUMOylation proceeds via an enzy-
matic pathway that is mechanistically analogous to ubiquitina-
tion but requires a different El-activating enzyme and a
SUMO-specific E2-conjugating enzyme. Here, we show that
one member of the PIAS family, PIASxa, acts as specific E3
ligase that promotes SUMOylation of PTEN in vitro and in vivo.

PIASxa Is a SUMO E3 Ligase for PTEN—Our work is con-
sistent with a model in which PIASx« regulates PI3K-Akt sig-
naling pathway and cell proliferation by enhancing PTEN
SUMOylation (see the model in Fig. 9). PIASx« is a SUMO E3
ligase for PTEN. It activates SUMOylation of PTEN. The
SUMO1 modification of PTEN enhances its protein stability by
protecting PTEN from ubiquitin modification and proteasome-
mediated degradation. These conclusions are supported by the
following experimental results. (i) PTEN is definitely modified
by SUMOL1 at Lys-254 and Lys-266 with our established system
(Fig. 1). (ii) PIASxa stimulates SUMO1 modification of PTEN
in a dose-dependent manner. The catalytic activity of PIASx«
(RING domain) is indispensable for its role in SUMOylation
(Figs. 2 and 3). (iii) PIASxa physically interacts with PTEN as a
SUMO E3 ligase both in vivo and in vitro. The integrity of both
the phosphatase domain and the C2 domain of PTEN and the
region comprising residues 134 —347 of PIASxa is essential to
the interaction of PTEN and PIASxa. Actually, the physical
interaction of PIASx« with PTEN is a prerequisite for promot-
ing SUMO1 modification of PTEN (Figs. 4 and 5). (iv) PIASx«
enhances PTEN protein stability by reducing PTEN ubiquitina-
tion, and the integrity of SUMO1-modified sites (Lys-254/266)
is required for sustaining PTEN ubiquitination level. SUMO1
modification of PTEN has no effect on its phosphorylation in
CT domain. There is no functional interaction between phos-
phorylation and SUMO1 modification of PTEN protein (Fig. 6).
(v) PIASxa-mediating PTEN protein level results in the down-
regulation of the PI3K-Akt pathway and, consequently, sup-
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pression of anchorage-independent cell proliferation and
tumor growth in vivo (Figs. 7 and 8).

SUMOylation involves a three-enzyme cascade: a single E1-ac-
tivating enzyme, a SUMO-specific E2-conjugating enzyme, and a
substrate-specific E3 ligase. E3 ligase binds both the target protein
and the E2 enzyme to facilitate SUMO conjugation. SUMOyla-
tion regulates several aspects of a target protein including pro-
tein stability, subnuclear localization, transcriptional activity,
and protein-protein interactions. It has been reported that
PTEN is SUMOylated at Lys-254/266 (24), but the molecular
mechanisms underlying PTEN SUMOylation are unknown. In
this study we demonstrate that PIASxa enhances SUMO1
modification of PTEN as a SUMO E3 ligase. PIASx« promotes
PTEN protein stability by reducing PTEN ubiquitination,
which indicates the existence of cross-talk between PTEN
SUMOylation and ubiquitination. The integrity of SUMO1-
modified sites (Lys-254/266) is also required for sustaining the
PTEN ubiquitination level. These results suggest that the
SUMOylation-ubiquitination interaction plays a critical role in
the regulation of PTEN degradation and stability.

PTEN is heavily phosphorylated on Ser and Thr in the C-ter-
minal region by a series of kinases, such as RhoA-associated
kinase, glycogen synthase kinase 383, and casein kinase 2, which
regulates protein stability and function in cells. A reasonable
question was raised of whether there is a relationship between
phosphorylation and SUMO1 modification of PTEN. As shown
in Fig. 6G, our data indicate that there is no functional interac-
tion between phosphorylation and SUMO1 modification of
PTEN.

PIASxa Is a Potential Tumor Inhibitor—The model in Fig. 9
also represents that PIASxa-enhanced PTEN SUMOylation
inhibits PI3K-Akt signaling pathway and thus triggers G,/G;
cell cycle arrest, cell proliferation inhibition, and tumor sup-
pression. Tumor suppressor PTEN participates in regulating
multiple important cellular processes, such as cell cycle, cell
proliferation, and tumorigenesis. Molecularly, PTEN acts as a
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tumor suppressor by negatively regulating PI3K-Akt signaling
pathway. The overexpression of PIASxa caused an increase in
PTEN protein level by stabilizing PTEN. Next we investigated
whether PIASxa, a SUMO E3 ligase for PTEN, was involved in
these cellular processes by regulating PTEN. Indeed, our find-
ings indicated that PIASxa was able to negatively regulate
PI3K-Akt signaling pathway through up-regulating PTEN pro-
tein level. Furthermore, we found that overexpression of
PIASxa caused G,/G; cell cycle arrest, cell proliferation, and
tumor inhibition both in HeLa and U20S cells (proficient for
PTEN) but no influence in PC-3 and HeLa-shPTEN cells (defi-
cient for PTEN). We also showed that catalytic activity of
PIASxa (RING domain) is indispensable for its tumor suppres-
sion. The results indicate that PIASxa causes G,/G, arrest, pro-
liferation, and tumorigenesis inhibition in a PTEN-dependent
manner.

All these data suggest that PIASxe, acting as a SUMO E3
ligase for PTEN, has the potential to function as a novel tumor
suppressor by positively regulating PTEN. The PIASxa-PTEN
interaction provides a new perspective on regulating of PTEN,
which warrants future studies. The studies in this paper are the
first steps toward understanding this circuitry, of which the
PIASxa-mediated regulation of PTEN has a central role in
tumor inhibition. Our studies underscore the need to elevate
PIASxa level as part of therapeutic regiments to improve can-
cer prognosis.
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