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PTEN (phosphatase and tensin homolog deleted on chromo-
some 10) is well characterized for its role in antagonizing the
phosphoinositide 3-kinase pathway. Previous studies using size-
exclusion chromatography demonstrated PTEN recruitment
into high molecular mass complexes and hypothesized that
PTEN phosphorylation status and PDZ binding domain may be
required for such complex formation. In this study, we set out to
test the structural requirements for PTEN complex assembly
and identify the component(s) of the PTEN complex(es). Our
results demonstrated that the PTEN catalytic function and PDZ
binding domain are not absolutely required for its complex for-
mation. On the other hand, PTEN phosphorylation status has a
significant impact on its complex assembly. Our results further
demonstrate enrichment of the PTEN complex in nuclear
lysates, suggesting a mechanism through which PTEN phos-
phorylation may regulate its complex assembly. These results
prompted further characterizationof other protein components
within the PTEN complex(es). Using size-exclusion chromatog-
raphy and two-dimensional difference gel electrophoresis fol-
lowed bymass spectrometry analysis, we identified heterogene-
ous nuclear ribonucleoprotein C (hnRNP C) as a novel protein
recruited to higher molecular mass fractions in the presence of
PTEN. Further analysis indicates that endogenous hnRNP C
and PTEN interact and co-localize within the nucleus, suggest-
ing a potential role for PTEN, alongside hnRNP C, in RNA
regulation.

Phosphatase and tensin homolog deleted on chromosome 10
(PTEN)4 was cloned in 1997 (1–3) and has been well character-
ized for its tumor-suppressive role by dephosphorylating phos-
phatidylinositol 3,4,5-trisphosphate to phosphatidylinositol
4,5-bisphosphate and antagonizing the phosphoinositide 3-ki-
nase pathway (4–7). PTEN also regulates cell migration, cell
cycle progression, DNA damage response, and chromosome
stability independently of its lipid phosphatase activity through
its potential protein phosphatase activity and/or protein-pro-
tein interaction (8–11) (for recent reviews, see 12–14).
PTEN is composed of an N-terminal catalytic domain and a

C-terminal regulatory domain. The catalytic domain contains a
conserved signature motif (HCXXGXXR) found in dual-spe-
cific protein phosphatases, and mutations within this catalytic
domain, including the C124S mutation, are known to abrogate
PTEN catalytic activity (4). The C terminus of PTEN contains a
PDZ (PDS-95/Disc-large/Zo-1) binding domain, which inter-
acts with PDZ-containing proteins such asMAGI-1b,MAGI-2,
MAGI-3, hDLG, hMAST and NHERF (15–19). In addition to
the PDZ binding domain, several key serine and threonine
phosphorylation sites (Ser380, Thr382, Thr383, and Ser385) at the
PTEN C terminus are reported to play an important role in
regulating its stability, localization, and activity (20–26).
Recent studies suggest that PTEN may function within

higher molecular mass complexes. Through size-exclusion
chromatography, Vazquez et al. (27) demonstrated that PTEN
can be separated into two populations: a monomeric hyper-
phosphorylated subpopulation and a higher molecular mass
hypophosphorylated subpopulation. It was hypothesized that
PTEN in its dephosphorylated form can interact with PDZ-
containing proteins such as hDLG and be recruited into a
higher molecular mass complex. Although the components
within PTEN complex(es) have not been systematically studied
and purified,MAGI-2, hDLG (27), NHERF2, PDGFR (19), NEP
(28), and MVP (29) have been identified as potential compo-
nents of the PTENcomplex using the same size-exclusion chro-
matography methodology.
In this paper, we aim to (i) investigate the essential elements

of PTEN required for its complex formation and (ii) dissect the
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components of the PTEN-associated complex(es). Our results
indicate that PTEN catalytic activity or its PDZ binding domain
is not absolutely required for complex assembly. PTEN phos-
phorylation status on amino acids Ser380, Thr382, Thr383, and
Ser385, on the other hand, has a significant role in complex
formation. In addition,we demonstrate that the PTENcomplex
is enriched in nuclear lysates, which suggests a mechanism
through which phosphorylation can regulate complex assem-
bly. Using two-dimensional difference gel electrophoresis
(DIGE) analysis and comparing proteins present in higher
molecular mass fractions in the presence and absence of PTEN
followed bymass spectrometry analysis, we have identified het-
erogeneous nuclear ribonucleoproteinC (hnRNPC) as a poten-
tial componentwithin the PTENcomplex. PTENand hnRNPC
are shown here to interact and co-localize in the nucleus. We
hypothesize that the PTEN and hnRNP C complex may play a
role in RNA regulation.

EXPERIMENTAL PROCEDURES

Constructs—PTEN expression plasmids pSG5L A4-PTEN
(S380A, T382A, T383A, and S385A), pSG5L E4-PTEN (S380E,
T382E, T383E, and S385E), andNLS-PTENwere generous gifts
from Dr. W. R. Sellers. The pCMV FLAG WT-PTEN and
pCMV FLAG �PDZ-PTEN (1–400) constructs were made by
cloningWT-PTENand�PDZ-PTEN, lacking the 3 amino acids
of the PDZ binding domain at the C terminus, into the pCMV-
Tag2B vector (Stratagene) using BamHI and EcoRI sites. Con-
structs used to make the PC3 PTEN-inducible lines were gen-
erated using the pLenti4/V5-DEST Gateway Vector system
(Invitrogen). WT and C124S PTEN cDNAs were recombined
to entry vectors followed by recombination to destination, lenti
vectors.
Cell Lines andTreatmentConditions—For generation of PC3

WT-PTEN- and C124S-PTEN-inducible cell lines, PC3 paren-
tal cells were transiently transfected with eitherWT or C124S-
PTENpLenti4/V5-DESTclones in conjunctionwith pLenti/TR
(tet repressor). Generation of stable lines was then achieved
using co-selection with blasticidin and zeocin. The PC3-induc-
ible and PC3 parental cells were maintained in RPMI 1640
medium andHeLa cells inDulbecco’smodified Eagle’smedium
containing 10% fetal bovine serum and 100 units/ml penicillin-
streptomycin (Invitrogen). For H2O2 treatments, cells were
incubated with 1 mM H2O2 and harvested after 1 h. For PTEN
induction, 2 �g/ml doxycycline (Dox) was added to the PC3
PTEN-inducible cells, and proteins were harvested 36–48 h
after treatment.
Nuclear/Cytosol Fractionation—HeLa cells were harvested,

and the nuclear and cytoplasmic extracts were prepared using
the NE-PER extraction reagents (Thermo Scientific). For NLS-
PTEN-transfected PC3 cells, fractionation was performed
using the Nuclear Extract kit (Active Motif). Following that, 2
mg of nuclear lysate and 7mg of cytosolic lysate were loaded on
the gel filtration column.
Transfection and Western Blot Analysis—Constructs were

transfected into PC3 cells using the Lipofectamine Plus
reagents (Invitrogen), and 48 h after transfection cells were
lysed in radioimmune precipitation assay buffer (50 mM Tris,
pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, and 0.5%

sodium deoxycholate) containing phosphatase (Sigma) and
protease inhibitors (Roche Applied Science). Proteins were
quantitated, and after preparation in Laemmli buffer contain-
ing �-mercaptoethanol, equal amounts were run on SDS-poly-
acrylamide gels with 4% stacking and 10% resolving layers. Pro-
teins were transferred overnight onto nitrocellulose and after
blocking with 2% milk incubated with antibodies made in 5%
bovine serum albumin overnight. Following washing and incu-
bation for 1 h with secondary antibodies conjugated to horse-
radish peroxidase (GE Healthcare), the blots were further
washed and developed using ECL reagents (Pierce). The follow-
ing antibodies were used for immunoblotting: Pan Actin
(A5060; Sigma), AKT (9272; Cell Signaling), P-AKT (9271; Cell
Signaling), GRP78 (3183; Cell Signaling), HDAC (sc-7872;
Santa Cruz Biotechnology), hDLG (610874; BD Biosciences),
hnRNP C (ab10294; Abcam), PTEN (9552, 9556; Cell Signal-
ing), PTEN P380 (9551; Cell Signaling), and V5 (46-0705;
Invitrogen).
Co-immunoprecipitation—For whole lysate co-immunopre-

cipitation, cells were lysed in immunoprecipitation buffer (20
mMTris, pH 7.4, 150mMNaCl, 1mMEDTA, 1%Nonidet P-40),
and 1 mg of protein in immunoprecipitation buffer was pre-
cleared using A/G Plus agarose beads (Upstate) and incubated
overnight with IgG control (sc-2028; Santa Cruz Biotechnolo-
gies) or PTEN (sc-6818; Santa Cruz Biotechnologies) antibod-
ies. Samples were washed three times with the immunoprecipi-
tation buffer, and proteins were eluted by boiling in Laemmli
buffer containing�-mercaptoethanol followed byWestern blot
analysis. For co-immunoprecipitation done on nuclear and
cytoplasmic fractions, cells were fractionated (as described
above), and 200 �g of nuclear and 1 mg of cytoplasmic lysates
were used.
Immunofluorescence Staining—Cells were grown on cover-

slips in 6-well plates, and PC3 WT-PTEN-inducible cells were
induced for 36 h. After fixing with methanol, samples were
blocked with 0.5% normal goat serum in 1% phosphate-buff-
ered saline/Tween 20 and incubated with primary antibodies:
hnRNP C (ab10294; Abcam) and PTEN (9559; Cell Signaling)
for 1–2 h followed by incubation with secondary antibodies
conjugated with Alexa Fluor 594 or 488 (Molecular Probes).
The coverslips weremounted usingmountingmedium (Vector
Laboratories).
Gel Filtration—Cells were lysed in TNN buffer (50 mM Tris,

pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 5 mM EDTA) con-
taining protease inhibitors (Roche Applied Science) and
phosphatase inhibitor mixtures (Sigma). After lysis and cen-
trifugation, samples were applied to a Sephacryl S-300 col-
umn (Amersham Biosciences) and eluted with phosphate-
buffered saline in 2-ml fraction volumes with a 0.5 ml/min
flow rate. For immunoblot analysis, proteins in each fraction
were precipitated using cold acetone and resuspended in
Laemmli buffer containing �-mercaptoethanol followed by
Western blot analysis as described previously. For quantita-
tive immunoblotting, fractions were concentrated using
Amicon Ultra Centrifugal filter devices (UFC8 003 24; Mil-
lipore). Bradford assay was performed on these fractions,
and an equal amount of protein was loaded on the SDS-poly-
acrylamide gels.
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DIGE Analysis—PC3 WT-PTEN-induced and uninduced
samples were lysed in lysis buffer (50 mM Tris, pH 7.0, 150 mM

NaCl, 0.5% Nonidet P-40, phosphatase inhibitors, protease
inhibitors, 50�g/mlDNase I, 20�g/ml RNaseA) and applied to
a Sephacryl S-300 column. Sampleswere elutedwith EB (20mM

Tris, pH 7, 150mMNaCl, 20mMEDTA, and 1mMphenylmeth-
ylsulfonyl fluoride). Protein fractions 19 and 20 from PTEN-
induced and uninduced samples were selected and concen-
trated by using Microcon ultracentrifugal filtration devices
(3-kDa molecular mass cutoff). Samples were precipitated
with a two-dimensional Clean-up kit (GE Healthcare) and
suspended in labeling buffer (7 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 30 mM Tris, pH 8.5). Protein concentration in the
induced and uninduced fractions (19 and 20, respectively)
was determined with the two-dimensional Quant protein
quantitation kit (GE Healthcare), and fractions 19 and 20
from induced and uninduced samples were combined,
respectively. Protein samples were labeled according to the
manufacturer’s minimum labeling protocol (GE Healthcare)
with the N-hydroxysuccinimidyl ester derivatives of the cya-
nide dyes Cy2, Cy3, and Cy5. Briefly, each sample was
divided into three equal volumes containing a 30 �g of pro-
teins each and individually labeled with 1 �l (240 pmol/�l) of
Cy3 and Cy5, while the remaining 30 �g of each induced and
uninduced protein samples were pooled and labeled with
Cy2. Equal amounts of Cy3-labeled and Cy5-labeled,
induced and uninduced protein samples were combined
with the Cy2-labeled pool sample. The labeled samples were
applied to immobilized pH 3–11 nonlinear gradient isoelectric
focusing gel strips, and isoelectric focusing of passively rehy-
drated immobilized pH gradient strips was performed on an
Ettan IPGphor II apparatus. After isoelectric focusing, immo-
bilized pH gradient strips were equilibrated in equilibration

buffer containing 50 mM Tris-HCl,
pH 8.8, 6 M urea, 30% glycerol, 2%
SDS, 1% dithiothreitol for 15 min at
room temperaturewith gentle shak-
ing and then reequilibrated in the
equilibration buffer containing 4%
iodoacetamide instead of dithio-
threitol. Immobilized pH gradient
strips were placed on top of the SDS
gradient gels (12–16%) for the sec-
ond dimension separation. Gel
images of the Cy2, Cy3, Cy5, and
Sypro Ruby were scanned by using a
Typhoon TRIO Variable Mode
Imager (GE Healthcare).

RESULTS

PTENCatalytic Activity and PDZ
Binding Domain Are Not Absolutely
Required for PTEN Complex As-
sembly—Many point mutations
associated with human cancer are
found in the catalytic domain of
PTEN (30). To test whether PTEN
catalytic activity is required for its

complex formation, we performed size-exclusion chromatog-
raphy analysis using PC3-inducible cell lines carrying either
WT or the catalytic inactive C124S (CS) PTEN construct. Con-
sistent with previous studies (19, 27, 28), PTEN can be detected
in two main fractions: a lower molecular mass monomer
(depicted as I) and a higher molecular mass complex (depicted
as II) (Fig. 1A). Importantly, bothWT and CS PTEN are able to
form higher molecular mass complexes at comparable effi-
ciency, indicating that the catalytic activity of PTEN is not
essential for its complex assembly. As validation, the V5-tagged
WT and CSmutant PTEN could be detected in the presence of
the tetracycline analog, Dox, andWTbut not CSmutant PTEN
could reduce endogenous AKT phosphorylation upon Dox
treatment (Fig. 1B).
The PDZ binding domain has been implicated in facilitating

the interaction of PTEN with several PDZ domain-containing
proteins, such as hDLGandNHERF2 (18, 19). In addition, these
proteins have been shown to co-fractionate with PTEN in high
molecularmass fractions (19, 27). To test the importance of the
PTEN PDZ binding domain in facilitating complex assembly,
we transfected WT-PTEN (pCMV FLAG WT-PTEN) and
PTEN with a truncated PDZ binding domain (pCMV FLAG
�PDZ-PTEN) into the PTEN-null PC3 parental cells. Interest-
ingly, we observed no significant change in complex assembly
efficiency of �PDZ-PTEN (Fig. 1C). Because hDLG has been
suggested as a potential component of the PTEN complex
through interaction with its PDZ binding domain, we tested
the recruitment of hDLG into high molecular mass fractions
under PTEN-induced and uninduced conditions. As shown,
in our PC3-inducible cells, hDLG recruitment to high
molecular mass fractions takes place independently of PTEN
status (Fig. 1D). Although we cannot rule out hDLG as a
component of the PTEN complex, our result indicates that

FIGURE 1. PTEN catalytic activity and PDZ binding domain are not absolutely required for complex
assembly. A, PC3 WT- and CS (inactive)-PTEN-inducible cells were induced with Dox and run through a gel
filtration column. Fractions were collected and immunoblotted with anti-PTEN antibody. Higher molecular
mass and monomeric fractions are depicted as II and I, respectively. B, PC3 WT- and CS-PTEN-inducible cells
were treated with 2 �g/ml Dox for 36 h, and cell lysates were immunoblotted (IB) with antibodies against PTEN,
V5 tag and the PTEN downstream target, P-AKT, and total AKT, using anti-actin as a loading control. C, PC3 cells
were transfected with WT- or �PDZ-PTEN (PTEN lacking the PDZ binding domain) and run on a gel filtration
column. Complex (19 –21) and monomer (33–36) fractions were collected and immunoblotted with PTEN
antibody. D, complex fractions (19 –21) from PC3 WT-PTEN-induced (�Dox) and uninduced (�Dox) were
immunoblotted with an antibody against hDLG.
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PTEN is not required for hDLG to
be recruited to the high molecular
mass complex. Moreover, our
results suggest that neither the
catalytic activity nor the PDZ
binding domain of PTEN is essen-
tial for its complex formation.
Phospho-mimicking of PTEN on

Ser380, Thr382, Thr383, and Ser385
Significantly Diminishes Complex
Assembly—It has been proposed
that PTEN activity and localization
are regulated through phosphoryla-
tion and dephosphorylation of the
Ser/Thr residues 380, 382, 383, and
385; we therefore tested whether
PTEN phosphorylation status on
these four residues affects complex
formation. Size-exclusion chroma-
tography and Western blot analysis
were performed using PC3 WT-
PTEN-induced cells, and phos-
phorylated PTEN was detected
with P380PTEN antibody (rabbit)
followed by stripping and reprob-
ing with total PTEN (mouse) anti-
body. The results demonstrated
that phosphorylated PTEN was
present in both the monomer (I)
and complex (II) fractions (Fig.
2A). However, similar to the obser-
vation made by Vazquez et al. (27),
quantitative analysis demonstrated
that phosphorylated PTEN is pref-
erentially enriched in the mono-
meric fractions (Fig. 2B). To deter-
mine whether complex assembly
depends on phosphorylation of Ser/
Thr residues 380, 382, 383, and 385,
we transfected PTEN-null PC3
parental cells with either A4-
PTEN (S380A, T382A, T383A, and
S385A), mimicking dephosphoryla-
ted PTEN, or E4-PTEN (S380E,
T382E, T383E, and S385E), mim-
icking phosphorylated PTEN and
applied the proteins to a size-exclu-
sion column. As shown in Fig. 2C,
although both mutants can partici-
pate in complex assembly, there is
significantly less E4-PTEN mutant
being recruited into high molecular
mass fractions. Using monomeric
PTEN levels as controls for protein
stability, we found 6- and 2.7-fold
less E4-PTEN proteins being
recruited to fractions 19 and 20,
respectively, suggesting that Ser380,

FIGURE 2. Dephosphorylation of PTEN on Ser380, Thr382, Thr383, and Ser385 is critical for complex assem-
bly. A, PC3 WT-PTEN-induced cells were run through a gel filtration column, and fractions were collected and
immunoblotted (IB) with anti-phospho-PTEN (P380) and total PTEN antibodies. B, relative proportion of
P380PTEN to unphosphorylated PTEN (calculated by subtracting P380PTEN from total PTEN) was quantified
from A for each fraction by densitometry analysis. C, PC3 cells were transfected with E4 (4 Ser/Thr amino acids
being mutated to glutamic acid) and A4 (4 Ser/Thr amino acids being mutated to alanine) PTEN mutant
constructs. After gel filtration, complex (19 –22) and monomer (34 –37) fractions were collected and immuno-
blotted with PTEN antibody.

FIGURE 3. PTEN complex is enriched in the nucleus. A, WT-PTEN and NLS-PTEN were transfected into PC3
cells. Cell lysates were applied to a gel filtration column. Fractions were collected and subjected to immuno-
blotting (IB) with anti-PTEN antibody. The percentage of PTEN in the complex fractions was calculated by
dividing the amount of PTEN in the high molecular mass fractions by total PTEN (complex � monomer). The
amount of PTEN in these fractions was determined through densitometry analysis. B, NLS-PTEN was trans-
fected into PC3 cells, the nuclear and cytoplasmic fractions were prepared and run through a gel filtration
column, and fractions were collected and immunoblotted with anti-PTEN antibody. C, percentage of NLS-PTEN
in the complex fractions was calculated for nuclear (Nuc) and cytosolic (Cyt) extracts as described in A and
depicted in a bar graph. D, nuclear and cytosolic fractions (column input) were immunoblotted with anti-PTEN
and anti-HDAC (nuclear marker) antibodies.
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Thr382, Thr383, and Ser385 are important for PTEN complex
assembly.
PTEN Complex Is Enriched in the Nucleus—Our previous

work suggests that the phosphorylation status of PTEN may
regulate its nuclear localization. Specifically, dephosphoryla-
tion of PTEN at Ser380 leads to increased nuclear retention (26).
To address whether the enrichment of unphosphorylated
PTEN in the higher molecular mass fractions is due to the pref-
erential enrichment of the complex in the nucleus, the com-
plex-forming potentials of WT versus NLS-PTEN, in which
PTEN is fused to a nuclear localization sequence (26), were
directly compared. In this experiment, NLS-PTEN or WT-
PTEN was transfected into the PTEN-null PC3 cell line, and
lysateswere applied to a size-exclusion column.NLS-PTENhas
significantly increased complex-forming capability compared
with that of WT-PTEN (Fig. 3A). Because PTEN contains sev-
eral nuclear exclusion signals, (31) and therefore, a significant
portion of NLS-PTEN can also be found outside of the nucleus,
we addressed this issue by performing nuclear and cytoplasmic
fractionation followed by size-exclusion column. Although
PTEN is present in high and low molecular mass fractions in
both extracts, quantitative analysis, by normalizing the amount
of PTEN protein in the complex fractions to total PTEN, dem-
onstrated that PTEN complex is significantly enriched in the
nuclear fraction (Fig. 3B). These results suggest that a larger
proportion of PTEN high molecular mass complex is in the
nucleus. PTEN complexes found in the cytosolic compartment
either belong to different complexes or are due to a contamina-
tion of nuclear/cytosol pools, which can happen during the
fractionation process.
Identification of Components within PTEN-associated Com-

plex via DIGE Analysis—To characterize the PTEN complex
further and identify major components associated with it, we
employed a two-dimensional DIGE approach. In this method,
proteins from two or more samples are labeled with either Cy3
or Cy5 fluorescent dyes, resolved via two-dimensional gel elec-
trophoresis, and differentially expressed proteins are identified
using mass spectrometry analysis (32, 33). As shown in Fig. 4A,
complex fractions 19 and 20 from PC3 WT-PTEN-inducible
cells in the presence (�Dox) and absence (�Dox) of Dox were
collected and labeled with Cy5 and Cy3, respectively. The pool
of these two samples was labeled with Cy2 and served as a
standard control for normalization and quantitation of Cy5-
and Cy3-labeled samples. The samples were combined and
resolved on two-dimensional DIGE gels. Fig. 4A shows one of
the representative two-dimensional DIGE images, where false-
colored Cy5 (red) or Cy3 (green) spots indicate proteins that are
potentially recruited to or excluded from the high molecular
mass complex in the presence of PTEN, respectively, whereas
Cy3/Cy5 (yellow) spots identify those proteins in the higher
molecular mass fraction whose presence is independent of
PTEN. Following this methodology, several proteins with
altered abundance were discovered and further identified using
mass spectrometric analysis. HnRNP C was one of the proteins
identified through thismethodology (supplemental Fig. S1) and
was enriched by 2.2-fold in the presence of PTEN (Fig. 4B). To
eliminate anyCyDye labeling bias, a CyDye-swapping approach
was used, and the PTEN-induced and uninduced samples were

reversely labeled with Cy3 and Cy5, respectively. The results
further validate that hnRNP C is enriched in PTEN� fractions
(Fig. 4B).
HnRNPC Is a Candidate Component of the PTEN-associated

Complex—Following identification of hnRNP C, PC3 WT-
PTEN-induced cells fractionated through size-exclusion chro-
matography were immunoblotted with hnRNP C and PTEN.
The hnRNPCantibody recognized twobands corresponding to
hnRNP C1 and C2 (41 and 43 kDa, respectively), which repre-
sent alternatively spliced variants of the same gene (34). Inter-
estingly, PTEN and hnRNP C co-fractionated only in the high
molecular mass fractions (Fig. 5A). By immunoblotting of
higher molecular mass fractions (19 and 20) in the presence or
absence of PTEN, we demonstrated increased recruitment of
hnRNP C into these fractions (Fig. 5B). In addition, comparing
hnRNP C levels in fractions 17–26 under PTEN-induced and
uninduced conditions showed a shift of hnRNP C toward

FIGURE 4. Schematic outline of isolation and two-dimensional DIGE anal-
ysis of the PTEN-associated protein complex. A, proteins from PC3 WT-
PTEN-inducible cells under induced (�Dox) and uninduced (�Dox) condi-
tions were extracted and separated using the same parameters through a gel
filtration Sephacryl S-300 column. PTEN-associated complex fractions 19 and
20 in the presence of Dox (PTEN-induced) and in the absence of Dox (PTEN
uninduced) were combined and labeled with Cy5 and Cy3, respectively,
whereas the pool of these two samples was labeled with Cy2. Protein samples
were combined, and isoelectric focusing was performed on pH 3–11 nonlin-
ear strips and then separated on 12–16% SDS gradient gels. False-colored Cy5
(red)-labeled PTEN-induced and Cy3 (green)-labeled PTEN uninduced repre-
sentative gel images are shown. B, three-dimensional profiles and the graph-
ical view of fold changes are shown for hnRNP C protein under PTEN-induced
and uninduced conditions.
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higher molecular mass fractions in the presence of PTEN (Fig.
5C). To rule out the possibility that PTEN regulates overall
hnRNP C protein levels, whole lysates from PC3 WT-PTEN-
induced and uninduced cells were subjected to immunoblot
analysis. No change in the levels of hnRNP C was detected
under PTEN-induced and uninduced conditions (Fig. 5D), sug-
gesting that PTEN does not alter hnRNP C expression.
PTEN Interacts and Co-localizes with HnRNP C in the

Nucleus—To investigate the interaction of PTEN and hnRNP
C, co-immunoprecipitation was performed using PC3 PTEN-
induced cells with an antibody specific to the N terminus of
PTEN and IgG control. The results demonstrated an interac-
tion between PTEN and hnRNP C in these cells (Fig. 6A). The
interaction between PTEN and hnRNP C was also present
when PC3 cells were transiently transfected with WT-PTEN
but absentwith theC terminus of PTEN (supplemental Fig. S2).
This suggests that the C terminus of PTEN on its own is not
sufficient for complex formation with hnRNP C. Interaction of
PTEN and hnRNP C was further validated in HeLa cells
expressing endogenous levels of both proteins (Fig. 6B). We
hypothesized that the interaction between PTEN and hnRNPC
is taking place in the nucleus because of the higher relative
levels of hnRNP C found in the nucleus and enrichment of

PTEN-associated complex in nu-
clear lysates (Fig. 3). To test this, we
used hydrogen peroxide to trigger
nuclear retention of PTEN (26).
Hydrogen peroxide treatment re-
sulted in higher nuclear PTEN (Fig.
6C) and increased the interaction
between PTEN and hnRNP C (Fig.
6B). To test further the interaction
of PTEN and hnRNP C in the
nucleus, nuclear and cytoplasmic
fractions from HeLa cells were
immunoprecipitated with PTEN
and IgG control. Immunoblotting
for hnRNP C showed specific inter-
action between endogenous hnRNP
C and PTEN in the nuclear com-
partment (Fig. 6D). Further analysis
using immunofluorescent-labeled
antibodies showed the two proteins
co-localized within the nucleus (Fig.
6E). As a negative control, PC3WT-
PTEN uninduced cells (�Dox) were
used and showed undetectable
PTEN levels and no co-localization
between PTEN and hnRNP C.
Taken together, our data show a
physical interaction between PTEN
and hnRNP C in the nucleus, which
can be further enhanced with stim-
ulation known to promote PTEN
nuclear retention, such as H2O2
treatment.
To address the functional signifi-

cance of the interaction between
PTEN and hnRNP C, we have investigated a possible role for
hnRNP C in interacting with PTEN and regulating its lipid
phosphatase activity by knockdown of hnRNP C expression in
PC3WT-PTEN-inducible cells. Compared with the uninduced
cells, hnRNP C knockdown did not lead to detectable changes
in either total PTEN or P-AKT levels (supplemental Fig. S3A).
In addition, hnRNP C small interfering RNA did not decrease
nuclear PTEN levels (supplemental Fig. S3B), suggesting that
hnRNPC is not affecting PTEN localization and lipid phospha-
tase activity. The functional significance of this interaction and
the regulation of hnRNP C function by PTEN remain to be
studied further.

DISCUSSION

In this study, we set to understand the key elements involved
in PTEN complex assembly. Using inducible PTEN expression
in PTEN-null cells, we demonstrated that the catalytic activity
of PTEN is not absolutely required for its higher molecular
mass assembly because the catalytically dead mutant, C124S,
has similar complex assembly capability compared with the
WT-PTEN protein. Previous reports have suggested that the
PTEN complex forms through interaction with PDZ-contain-
ing proteins, such as NHERF2 and hDLG (19, 27). By deleting

FIGURE 5. HnRNP C is a candidate component of the PTEN-associated complex. A, PC3 WT-PTEN-inducible
cells were treated with Dox and run through a gel filtration column. Fractions were collected and immuno-
blotted (IB) with hnRNP C and PTEN antibodies. B, fractions 19 and 20 from the PC3 WT-PTEN-inducible cells in
the presence and absence of Dox were immunoblotted with PTEN and hnRNP C. The histogram on the right
represents the quantitative densitometry analysis of bands shown on the left. C, fractions 17–26 from PC3
WT-PTEN-inducible cells under induced and uninduced conditions were run on SDS-polyacrylamide gels and
immunoblotted for hnRNP C and GRP78 control. D, whole lysates from PC3 WT-PTEN-inducible cells in the
presence and absence of Dox were analyzed with the indicated antibodies.
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the key amino acids of the PTEN PDZ binding domain, we
showed that the absence of a functional PDZ domain does not
prevent PTEN from being recruited to higher molecular mass
fractions. These results open up the possibility that PTEN can
exist inmultiple highmolecularmass complexes, and the PTEN
PDZ binding domain may be required for the formation of cer-
tain complexes but dispensable for others. Interestingly, the
presence of hDLG in the higher molecular mass complex is
independent of PTEN.
PTEN phosphorylation at its C-terminal tail has been shown

to play a critical role in its regulation (20–26, 35), and previ-
ously it has been suggested that phosphorylation of PTEN in
this region, measured by P380 antibody, negatively regulates its
complex assembly (27). Our results agree with these findings

and demonstrate that phosphoryla-
ted PTEN is enriched inmonomeric
fractions and that a phospho-mim-
icking mutation of PTEN on Ser380,
Thr382, Thr383, and Ser385 (E4-
PTEN mutant) leads to decreased
complex assembly. To identify fur-
ther the mechanism through which
phosphorylation of PTEN may reg-
ulate its complex assembly, we
investigated the cellular localization
of the PTEN complex. A previous
study demonstrated that PTEN
nuclear retention is positively regu-
lated through dephosphorylation of
its P380 residue.Our results showed
that NLS-PTEN has increased com-
plex-forming potential and such an
increase is due, at least in part, to the
enrichment of the PTEN-associated
complex in the nuclear fraction.
Characterization of novel PTEN-

interacting partners is critical in
understanding PTEN tumor-sup-
pressive functions. To find new
components to the PTEN-associ-
ated complex(es), DIGE was used to
identify those proteins specifically
being recruited to the complex in
the presence of PTEN. Our
approach led to the identification of
hnRNP C. Interestingly, in a pull-
down experiment performed by
Crockett et al. (36), a novel protein
similar to hnRNPCwas identified as
an interacting partner of PTEN, but
the interaction was not validated.
Our results demonstrated that
hnRNP C and PTEN co-fractionate
only in high molecular mass com-
plexes and that hnRNP C is signifi-
cantly recruited into these fractions
in the presence of PTEN. Further
analysis using co-immunoprecipita-

tion and co-localization experiments showed complex assem-
bly between hnRNP C and PTEN in the nucleus.
Our results have identified hnRNP C as a component of the

PTEN nuclear complex and show an interaction between these
two proteins. To take an initial step in understanding the func-
tional significance of this interaction, we have investigated the
effect of hnRNP C on PTEN function. Our results demonstrate
that under hnRNP C knockdown conditions, no significant
changes in PTEN, P-AKT, and nuclear PTEN levels can be
detected, suggesting that the interaction between these two
proteins might be more important in regulating hnRNP C
functions.
HnRNP C is a very abundant nuclear protein and binds to

RNA through its RNA binding domains (34, 37). It is a compo-

FIGURE 6. Physical interaction of PTEN and HnRNP C. A, PC3 WT-PTEN-inducible cells treated with Dox were
immunoprecipitated (IP) using PTEN and IgG control antibodies and immunoblotted (IB) with PTEN and hnRNP
C. B, HeLa cells under control conditions or treated with 1 mM H2O2 for 1 h were immunoprecipitated with PTEN
and IgG antibodies and immunoblotted with anti-PTEN and -hnRNP C antibodies. Bottom, quantitation of
hnRNP C immunoprecipitated with PTEN antibody in the presence and absence of H2O2, (normalized to IgG
controls). C, cytoplasmic (Cyt) and nuclear (Nuc) fractions from HeLa cells untreated and treated with 1 mM H2O2
for 1 h were immunoblotted with the indicated antibodies. D, cytoplasmic and nuclear fractions from HeLa cells
were immunoprecipitated using PTEN and IgG control antibodies and immunoblotted with PTEN and hnRNP
C antibodies. The nuclear and cytoplasmic inputs were immunoblotted with anti-PTEN, anti-hnRNP C, and
anti-HDAC antibodies. E, PTEN and hnRNP C co-localize in the nucleus. PC3 WT-PTEN-inducible cells with and
without Dox were co-stained with anti-PTEN and -hnRNP C antibodies and counterstained with DAPI.
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nent of the spliceosome complex (38), and a recent study using
a hnRNP C knockdown approach identified BCL2L12 and
PCBP4 as genes whose splicing is regulated by hnRNP C (39).
Additional functions, such as regulating telomerase activity
(40), XIAP translation through the IRES promoter (41), and
response to hydrogen peroxide stress (42, 43) have been attrib-
uted to hnRNP C. The interaction of PTEN with hnRNP C and
the complex assembly may be important in regulating these
known hnRNP C functions.
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