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Abstract

The PI3K-Akt pathway is activated in cancer by genetic or epigenetic events and efforts are under
way to develop targeted therapies. PTEN tumor suppressor is the major brake of the pathway and
a common target for inactivation in glioblastoma, one of the most aggressive and therapy-resistant
cancers. To achieve potent inhibition of the PI3K-Akt pathway in glioblastoma, we need to
understand its mechanism of activation by investigating the interplay between its regulators. We
show here that PTEN modulates the PI3K-Akt pathway in glioblastoma within a tumor suppressor
network that includes NHERF1 and PHLPP1. The NHERF1 adaptor, previously characterized by
our group as a PTEN ligand and regulator, shows also PTEN-independent Akt-modulating effects
that led us to identify the PHLPP1/PHLPP2 Akt phosphatases as NHERF1 ligands. NHERF1
interacts via its PDZ domains with PHLPP1/PHLPP2 and scaffolds heterotrimeric complexes with
PTEN. Functionally, PHLPP1 requires NHERF1 for membrane localization and growth
suppressive effects. PHLPP1 loss boosts Akt phosphorylation only in PTEN-negative cells and
cooperates with PTEN loss for tumor growth. In a panel of low-grade and high-grade glioma
patient samples, we show for the first time a significant disruption of all three members of the
PTEN-NHERF1-PHLPP1 tumor suppressor network in high-grade tumors, correlating with Akt
activation and patients’ abysmal survival. We thus propose a PTEN-NHERF1-PHLPP PI3K-Akt
pathway inhibitory network that relies on molecular interactions and can undergo parallel
synergistic hits in glioblastoma.
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INTRODUCTION

The phosphatidylinositol-3-OH kinase (PI3K)-Akt pathway is a major signaling cascade
activated in a large variety of human cancers (Carnero et al., 2008). The oncogenic
activation of the pathway can take place at different levels in tumor cells, either by mutation
or amplification of the activators of the pathway or by inactivation of the inhibitors of the
pathway (Georgescu, 2010). Once activated, the PI3K-Akt pathway promotes growth,
survival, motility and invasion of the transformed cells. The enzymatic product of the PI3K,
phosphatidylinositol 3,4,5-trisphosphate (PIP3), acts as second messenger and recruits the
serine-threonine kinase Akt through binding to its pleckstrin-homology (PH)-domain. This
binding releases the PH domain from masking the kinase domain (Franke, 2008), and allows
the phosphorylation of Akt on Thr308 in the activation loop and on Ser473 in the carboxyl-
terminal (CT) hydrophobic motif (Alessi et al., 1998; Sarbassov et al., 2005). The recently
described PH domain leucine-rich repeat protein phosphatases (PHLPP) 1 and 2 have been
shown to specifically dephosphorylate Akt on Ser473, appearing thus to be the second major
brake of the pathway (Brognard et al., 2007; Gao et al., 2005). PHLPP phosphatases contain
an amino-terminal (NT) Ras-association domain, a PH domain, a leucine-rich-repeat region,
a PP2C phosphatase domain and a tail region ending in a PDZ (PSD-95/Disc-large/Z0-1)-
binding motif. The PDZ-binding motif has been shown to be required for Akt
dephosphorylation and the pro-apototic effects of PHLPP1 (Gao et al., 2005), but the
mechanism underlying these processes has not been fully explored.

The most upstream inhibitor of the pathway, PTEN tumor suppressor, directly antagonizes
the activity of PI3K by dephosphorylating PIP3 (Maehama and Dixon, 1998). PTEN
mutation with loss of heterozygosity (LOH) is one of the major genetic alterations in
glioblastoma (Li et al., 1997; Steck et al., 1997). PTEN is formed of an NT phosphatase
domain, a phospholipid-binding C2 domain and a CT tail-region ending also in a PDZ-
binding motif (Georgescu et al., 1999; Lee et al., 1999). Via the PDZ-binding motif, PTEN
can associate to adaptor PDZ-domain containing proteins, including the Na*/H* exchanger
regulatory factor 1/ezrin-radixin-moesin (ERM)-binding phosphoprotein 50 (NHERF1/
EBP50) (Takahashi et al., 2006). The efficient inactivation of PI3K by PTEN was shown to
be dependent on the presence of these adaptor proteins in normal cells, presumably by
stabilizing PTEN in protein complexes at the plasma membrane. Consequently, loss or
displacement of NHERF1 from the plasma membrane has been reported in a number of
human cancers, including glioblastoma (Cardone et al., 2007; Hayashi et al., 2010; Molina
et al., 2010b; Song et al., 2007), and has been associated with the activation of the PI3K
pathway in connection with PTEN tumor suppressor (Molina et al., 2010b; Pan et al., 2008).
In this study, we show that surprisingly NHERF1 loss has PTEN-independent effects on Akt
activation. We demonstrate that NHERF1 interacts with PHLPP proteins and we further
connect PTEN, NHERF1 and PHLPP1 in an inhibitory network with synergistic effects on
the control of the PI3K-Akt pathway in glioblastoma.
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RESULTS

Synergistic Akt activation by combined PTEN and NHERFL1 silencing leads to the
identification of PHLPP proteins as novel NHERF1 ligands

We have previously shown that NHERF1 stabilizes PTEN to the plasma membrane to
suppress Akt activation (Molina et al., 2010b). Through this mechanism, we have implicated
NHERF1 as a PTEN co-suppressor of the PI3K/Akt pathway (Georgescu et al., 2008;
Molina et al., 2010b; Takahashi et al., 2006). In this study, we investigated the possibility of
a co-potentiating effect of NHERF1 loss on Akt activation following loss of PTEN. Efficient
depletion of either PTEN or NHERF1 in LN229 glioblastoma cells that express wild-type
PTEN and membrane-distributed NHERF1 (Molina et al., 2010b), elevated moderately the
basal Akt phosphorylation (Fig. 1A). Surprisingly, double PTEN and NHERF1 depletion
induced a potent increase of Akt phosphorylation (Fig. 1A). We confirmed this synergistic
Akt activation by double PTEN-NHERF1 depletion in DU145 prostate cancer cells in which
single depletion of PTEN or NHERF1 had no significant effect on Akt phosphorylation (Fig.
S1A). Additionally, we observed correlation between Akt activation and significantly
increased proliferation in the PTEN-NHERF1 double-depleted cells (Fig. S1B). Overall,
these results demonstrated synergistic activation of the PI3K/Akt pathway by double PTEN-
NHERF1 depletion and suggested independent PI3K/Akt inhibitory activities for NHERF1.
We thus postulated that NHERF1 might bind to additional unidentified PI3K/Akt
SUppressors.

NHERF1 is composed of two NT PDZ domains and a CT ERM-binding region ending in a
PDZ-binding motif (Morales et al., 2007; Reczek et al., 1997; Weinman et al., 1998) (Fig.
1B). To identify inhibitors of the PI3K-Akt pathway that bind NHERF1, we searched for
PI3K-Akt suppressor molecules with PDZ-binding motifs. Interestingly, the PHLPP proteins
known to dephosphorylate Akt on Ser473 (Brognard et al., 2007; Gao et al., 2005), have
PDZ-motifs that conform to the consensus motif for binding NHERF1 PDZ domains (Table
1) (Hall et al., 1998). We therefore expressed recombinant CT regions of PHLPP1 and
PHLPP2 and tested their direct interaction to a battery of NHERF1 individual domains (Fig.
1B). PHLPP1 interacted with both NHERF1 PDZ domains while PHLPP2 interacted mainly
with NHERF1 PDZ2 domain (Table 1 and Fig. 1B). We also confirmed this differential
interaction by precipitation of endogenous PHLPP1/2 proteins with GST-fusion NHERF1
domains (Fig. S2). Conversely, we determined that the PHLPP PDZ-binding motifs are the
major interaction sites for NHERF1 PDZ1-2 domains (Fig. 1C).

To test whether NHERF1 could engage complexes with both PTEN and PHLPP, we used a
bridging two-step-overlay assay (Fig. S3) (Morales et al., 2007; Takahashi et al., 2006).
GST-PTEN-CT containing PTEN’s PDZ-binding motif that specifically interacts with
NHERF1 PDZ1 domain (Table 1) was immobilized on filter together with GST and GST-
NHERF1-PDZ1-2, as negative and positive controls for PHLPP binding, respectively (Fig.
1D). Immobilized proteins were first overlaid with NHERF1 PDZ1-2, PDZ1 or PDZ2,
washed, and subsequently overlaid with Myc-tagged PHLPP1-CT or PHLPP2-CT. NHERF1
PDZ1-2 domains efficiently assembled complexes having both PTEN and the PHLPP
proteins (Fig. 1D). The single PDZ1 domain could bridge some complexes mainly with
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PHLPP1 that associates with both NHERF1 PDZ domains. The single PDZ2 domain that
does not bind PTEN did not assemble complexes. The amount of PHLPP proteins engaged
in NHERF1-PTEN complexes (Fig. 1D graph) correlated to the overall ability of NHERF1
PDZ domains to dimerize that is increased when both tandem PDZ domains are present
(Fouassier et al., 2000; Shenolikar et al., 2001; Takahashi et al., 2006). However, the
possibility of monomeric NHERF1 bridging complexes with PHLPP2 via PDZ2, and PTEN
via PDZ1, cannot be excluded (Fig. 1D scheme).

NHERF1 interacts with PHLPP1/2 in vivo and regulates their plasma membrane
recruitment and growth suppressive effect

We further tested the interaction between NHERF1 and PHLPP1/PHLPP2 in vivo. PHLPP1
has 2 splice isoforms, a shorter a isoform and a long p isoform that contains an extended NT
region (Fig. 1C and S4) (Brognard and Newton, 2008). We expressed FLAG-tagged
NHERF1 with either PHLPP1a-FL (full-length) or PHLPP1a-APDZ in 293T cells.
NHERF1 co-immunoprecipitated with PHLPP1a-FL and significantly less with the
PHLPPla-APDZ form that lacks the PDZ-binding motif (Fig. 2A). A NHERF1 PDZ-
domain double mutant also failed to co-immunoprecipitate with PHLPP1a-FL (not shown).
We next found that NHERF1 interacts with both the long PHLPP1 isoform (Fig. 2B, upper
panels) and PHLPP2 (Fig. 2B, lower panels). We have previously reported a relatively
reduced NHERF1 association with PDZ-domain ligands, including PTEN, due to a closed
conformation of NHERF1, in which NHERF1’s PDZ-binding motif masks its PDZ domains
(Morales et al., 2007) (Table 1). By co-immunoprecipitating endogenous proteins from
LN229 cells, we found that NHERF1 immunoprecipitated with two different antibodies
associates with PHLPP1 (Fig. 2C). The quantification of the co-immunoprecipitated
PHLPP1 relative to the input indicated that this endogenous fraction represents
approximately 27.2%+7.3% of the ectopic PHLPP1 fraction co-immunoprecipitated with
overexpressed FLAG-tagged NHERF1. These experiments suggested that a small but
consistent fraction of endogenous NHERFL1 is present in open conformation in complex with
PHLPP1 in cells.

NHERF1 is expressed at the plasma membrane in physiological conditions and is frequently
displaced to the cytoplasm in cancer cells (Georgescu et al., 2008). Since PHLPP1/2
associate with NHERF1, we examined their subcellular localization in glioblastoma cells
with different NHERF1 localizations. LN229 cells express predominantly membrane-
localized NHERF1, whereas LN18 and LN428 cells express NHERF1 mainly in the
cytoplasm (Fig. S5A). The distribution of PHLPP1 and PHLPP2 paralleled the
compartmentalization of endogenous NHERF1 in these cells (Fig. S5A, graph). Importantly,
the expression of a membrane-targeted Myr-NHERF1 form in LN18 and LN428 cells
redistributed both endogenous PHLPP proteins from the cytoplasm to the membrane (Fig.
S5B). Co-expression of Myr-NHERF1 with either PHLPP1a-FL or PHLPP1a-APDZ in
LN18 cells resulted in recruitment to the plasma membrane of PHLPP1a-FL but not
PHLPP1a-APDZ by Myr-NHERF1 (Fig. 2D), suggesting direct interaction between
PHLPP1a and NHERFL1 at the plasma membrane.
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In LN229 cells, depletion of the endogenous membrane-localized NHERF1 significantly
decreased PHLPP1p from the membrane fraction (Fig. 3A), suggesting membrane
stabilization of PHLPP1 by NHERF1 in glioblastoma cells. To confirm these findings in
normal cells, we fractionated NHERF1(+/+) and (/=) MEFs. The membrane levels of both
PHLPP1 and PTEN were reduced in NHERF1(-/-) MEFs (Fig. 3B), confirming the
stabilization of these proteins at the membrane by NHERF1.

PHLPP1 overexpression has been shown to suppress growth or promote apoptosis in a
variety of cancer cells (Gao et al., 2005; Liu et al., 2009; Qiao et al., 2010). To examine
whether NHERF1 regulates the growth suppressive effects of PHLPP1, we overexpressed
PHLPP1a in cells with or without depletion of endogenous NHERF1 (Fig. 3C). We used the
PTEN-negative A172 glioblastoma cells that have high endogeonous NHERF1 expression at
the plasma membrane (Molina et al., 2010b). Virtually complete NHERF1 depletion
increased cell proliferation, consistent with a tumor suppressor role of NHERF1 at the
plasma membrane (Molina et al., 2010b), in this case independent of PTEN (Fig. 3D).
PHLPP1a overexpression significantly suppressed cell proliferation but only in the presence
of NHERF1 (Fig. 3D), indicating that NHERF1 is required for PHLPP1 growth suppressive
effects.

PHLPP1 loss synergizes with PTEN loss for Akt activation and aggressive tumor growth

To show that the PHLPP proteins are the suppressors recruited by NHERF1 to synergize
with PTEN for PI3K-Akt pathway control, we depleted PTEN and PHLPP1 in LN229 cells
in which we have previously demonstrated synergistic Akt activation following PTEN-
NHERF1 depletion (Fig. 1A). Several PHLPP1 shRNAs were tested and shRNA#2 that
showed the highest depletion efficiency was used in further experiments (Fig. S6A). By
itself, single PHLPP1 depletion was not sufficient to elevate Akt phosphorylation (Fig. 4A
and S6B), suggesting that PTEN effectively suppresses PI3K-Akt signaling. Remarkably,
knockdown of PHLPP1 in the LN229 PTEN-depleted cells robustly activated Akt by
increasing phosphorylation on both Thr308 and Ser473 activation sites (Fig. 4A). Similarly,
PTEN-PHLPP1 double depletion in DU145 cells elevated Akt phosphorylation levels
similarly to the double PTEN-NHERF1 depletion (Figs. S1A and S7).

We further examined whether the synergistic Akt activation by coupled PTEN and PHLPP1
loss is relevant for cancer cell growth. Loss of both PTEN and PHLPP1 substantially
increased the anchorage-independent growth of LN229 cells, whereas depletion of PTEN
alone had no effect (Fig. 4B). Interestingly, single depletion of PHLPP1 had an intermediate
effect on colony formation, suggesting that PHLPP1 has PI13K-Akt pathway-independent
growth suppressive effects. LN229 cells form tumors upon injection in the brain of
immunosuppressed mice and therefore the 4 sets of cells, control and PTEN/PHLPP1 single
—and double—depleted cells, were injected intracranially in SCID mice to assess their in vivo
tumorigenicity. The Kaplan-Meier survival curves of the 4 cohorts of mice showed the
shortest median survival in mice inoculated with the PTEN-PHLPP1 double-depleted cells
correlating perfectly with the results of the colony formation assay (Fig. 4C). These results
were confirmed in mouse survival experiments using LN229 cells single-infected with
vector, PTEN, PHLPP1 or PHLPP2 shRNAs (not shown). Dissection of the brain tumors
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developing in these mice showed strong Akt activation by labeling with P-Akt(S473)
antibody (Fig. 4D) or P-Akt(T308) antibody (Fig. S8) only in the tumors derived from the
PTEN-PHLPP1 double-depleted cells. These tumors grew much faster than the tumors
developing in the other 3 cohorts of mice, indicating that the activation of the PI3K-Akt
pathway strongly enhances the aggressiveness of tumor cells. Examination of the tumors for
cell dispersal, the main cause of glioblastoma relapse in patients, revealed that both PTEN
single-depleted and PTEN-PHLPP1 double-depleted cells markedly infiltrated the meninges
and the brain parenchyma either as isolated cells or surrounding the vessels, as compared to
control or PHLPP1 single-depleted cells (Fig.4D, arrowheads and Figs. S8-S9). This
indicated that within the PTEN-PHLPP1 network, PTEN is the main brake of glioblastoma
cell dispersal, most likely through suppressing the PI3K-Akt pathway (Molina et al., 2010a).

The PTEN-NHERF1-PHLPP1 network is altered in glioblastoma

To determine the relevance of the PTEN-NHERF1-PHLPP1 network in tumors, we
examined the levels of these tumor suppressors and the activation of Akt in patient samples,
segregated as low-grade glioma and high-grade glioma or glioblastoma (Table 2 and Fig.
5A). Strikingly, a significant decline of all three suppressors and rise of activated Akt was
noted in glioblastoma as compared to low-grade glioma samples (Fig. 5A, graph). In
individual samples, an overall inverse tendency was observed between the levels of the
suppressors and the activation of Akt (Fig. 5B, graph). Correlation analysis found high
correlation between the levels of the suppressors, two by two, in all the samples, implying a
coordinated regulation of these suppressors (Fig. 5B, table). Importantly, whereas none of
the suppressor levels taken separately correlated with phospho-Akt levels (not shown), the
levels of PHLPP1a correlated with the activation of Akt in the PTEN-negative samples,
implying synergy in tumors between PTEN and PHLPP1 for Akt activation (Fig. 5B, table).

To confirm these results, we examined the PHLPP levels in 9 glioblastoma cell lines (Fig.
S10). In PTEN-positive cells, there was no correlation between PHLPP levels and Akt
activation. In contrast, a significant inverse correlation was found in PTEN-negative cells
between PHLPP1p, the major PHLPP1 isoform in glioblastoma cell lines, or PHLPP2 levels
and Akt phosporylation. Overall, these results suggested the presence of an Akt suppressor
network formed by PTEN, NHERF1 and PHLPPL1 that is targeted for elimination in
glioblastoma.

To explore whether the decreased protein levels of PHLPP, NHERF1 and PTEN correlate
with decreased mMRNA abundance in glioblastoma, we performed gene expression analysis
of normal, low-grade (grade 111) astrocytoma and glioblastoma samples of the GSE4290
dataset (Sun et al., 2006) from the publically available GEO database (Barrett et al., 2007)
(Fig. S11). An important decrease of transcript levels was apparent for PHLPP1 and
NHERF1 in glioblastoma as compared to normal or low-grade glioma samples, strongly
suggesting that the observed decline in protein expression in glioblastoma is a consequence
of mRNA reduction. A small decrease in PTEN gene expression was also observed, and
likely underestimated, due to cross-hybridization of PTEN probes with PTEN pseudogene
MRNA. PHLPP2 showed also a marked transcript decrease, present from earlier stages of
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low-grade glioma compared to control samples. Importantly, NHERF2, the homolog of
NHERF1, showed no variation of gene expression in these tumors.

DISCUSSION

The PI3K-Akt pathway is one of the most important pathways controlling cell growth, and a
wealth of evidence has shown that it is also one of the most frequently activated pathways in
cancers (Carnero et al., 2008). Because of its constitutive activation in a wide variety of
cancers, it recently became an important target for anti-cancer therapy (Courtney et al .,
2010). In this study, we attempted to characterize the multimodal mechanism of PI3K-Akt
activation in cancer cells by the inactivation of the upstream tumor suppressors of the
pathway. PTEN is the pathway’s most frequently altered tumor suppressor in cancers, in
many instances by mutation with LOH, leading to complete absence of the protein (Li et al.,
1997; Steck et al., 1997). Surprisingly, depletion of PTEN by shRNA in cancer cells with
wild-type PTEN did not generate a massive activation of the PI3K-Akt pathway, indicating
extra layers of inhibition. We identified these additional negative regulators that synergize
with PTEN depletion to boost Akt activation, as the adaptor protein NHERF1 that binds to
PTEN (Takahashi et al., 2006), and the PHLPP Akt phosphatases that, in turn, bind to
NHERF1.

NHERF1 directly binds to PTEN and PHLPP1/2 via PDZ domain-PDZ-binding motif
interactions, and possibly scaffolds ternary complexes at the membrane to suppress the
activation of the PI3K-Akt pathway. The mechanisms of PTEN and PHLPP membrane
recruitment by NHERF1 appear to be different. For PTEN, NHERF1 might stabilize the
direct interactions of PTEN’s membrane-binding domains with the plasma membrane
following a conformational change triggered by the dephosphorylation of PTEN (Lee et al.,
1999; Molina et al., 2010b; Rahdar et al., 2009; Takahashi et al., 2006; Walker et al., 2004)
(Fig. 5C). For PHLPP, our fractionation studies support constitutive membrane localization
modulated by NHERF1. PHLPP1/2 co-fractionate with endogenous NHERF1, re-localize to
the membrane with membrane-targeted Myr-NHERF1 and shift to the cytoplasm when
membrane-localized NHERF1 is depleted. Importantly, complex formation with NHERF1
appeared essential for regulating the growth suppressive effects of PHLPP1, as the absence
of NHERF1 prevented PHLPP1 from inhibiting cell growth.

Previous reports have described unchanged Akt phosphorylation following PHLPP silencing
or overexpression in a multitude of cancer cells (Liu et al., 2009; Qiao et al., 2010). In our
hands, PHLPP1 silencing in a series of PTEN-positive cells of different origins had no effect
on Akt phosphorylation, suggesting that PHLPP loss cannot efficiently activate Akt in the
presence of PTEN. Notably, PHLPP1 silencing following PTEN silencing significantly and
massively activated Akt by phosphorylation on both Ser473 and Thr308. Similarly,
synergistic Akt activation occurred when PTEN and NHERF1 were depleted. In both
circumstances, the synergistic PI3K-Akt pathway activation promoted synergistic tumor cell
growth. Intriguingly, the effects of single molecule depletion on cell growth did not correlate
with Akt activation. Thus, NHERF1 or PTEN depletion had similar Akt activation effects
but NHERF1 significantly increased cell proliferation in both LN229 cells ((Molina et al.,
2010b) and data not shown) and DU145 cells, as compared to PTEN depletion. Even more
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apparent, PHLPP1 depletion that had no detectable effect on Akt activation in these cells
significantly increased their growth and tumorigenesis. It results that single NHERF1 or
PHLPP1 losses activate PI3K-Akt-independent signaling pathways that lead to cancer cell
growth. Recently, PHLPP1/2 were shown to interact with the tumor suppressor Mst1 and
exert pro-apoptotic effects via activation of p38 and JNK (Qiao et al., 2010). Conceivably,
NHERF1 loss might influence cell growth by deregulation of PHLPP proteins. In addition,
due to its interactions with other molecules involved in cancer progression, including p-
catenin (Kreimann et al., 2007; Shibata et al., 2003), growth factor receptors (Lazar et al.,
2004; Maudsley et al., 2000) and NF2 (Murthy et al., 1998), involvement of other pathways
could account for the PI3K-Akt-independent effects of NHERF1 on tumor growth
(Georgescu et al., 2008; Kreimann et al., 2007). These observations suggest that the loss of
PHLPP1 and NHERF1 in glioblastoma that we report here for the first time, most likely
induce both PI3K-Akt-dependent effects on cell growth in cooperation with PTEN loss, and
P13K-Akt-independent effects, explaining thus the pronounced aggressiveness of these
tumors and the dismal patient survival (Table 2).

In conclusion, our results show that silencing of PTEN separately does not potently activate
Akt. Remarkably, simultaneous knockdown of PTEN and NHERFL1, or of PTEN and
PHLPP1 that is recruited by NHERF1 at the plasma membrane, significantly activates Akt
and increases cell tumorigenicity. Coupled to our results from glioblastoma patient samples,
we thus demonstrate for the first time an upstream inhibitory network formed by the
suppressors of the PI3K-Akt pathway PTEN, NHERF1 and PHLPP1, and a requirement for
their concurrent loss to cause potent activation of the pathway. In cancers, the interplay
between these suppressors result from modulating the levels of PHLPP proteins in PTEN-
negative cells or from loss of membrane-localized NHERF1. We propose thus a model in
which PTEN appears the key suppressor of the PI3K-Akt pathway whereas the levels of the
PHLPP proteins and the levels and/or subcellular localization of NHERF1, which regulates
both PTEN and PHLPP, add a second layer of regulation (Fig. 5C). In glioblastoma, both
this synergistic PI3K-Akt inhibitory network and the previously unrecognized Akt-
independent contributions of NHERF1 and PHLPP1 need to be taken into consideration for
the design of a PI3K-Akt-targeted therapy and the management of patients.

MATERIALS/SUBJECTS AND METHODS

Cells, plasmids, retroviral infections and shRNA silencing

The glioblastoma cells lines LN18, LN229, LN308, LN428, U87-MG, U251-MG and A172
were previously described (Molina et al., 2010b). These and LN382T (Dr. Erwin Van Meir,
Emory University, Atlanta, GA; 2004) and SNB19 (ATCC; 1998), as well as the prostate
cancer cell line DU145 (Dr. David Nanus, Weiss Medical College, New York, NY; 2000),
were authenticated in October 2009, as described (Molina et al., 2010b). All cells were
grown in DMEM supplemented with 10% FBS. Primary mouse embryonic fibroblasts
(MEFs) were isolated from 14 day-old embryos as previously described (Takahashi et al.,
2006). The plasmids for Myr-NHERF1 in pCXp, (puromycin selection) retroviral vector and
shRNAs for PTEN and NHERF1 were previously described (Molina et al., 2010b). All
NHERF1 and PTEN constructs for recombinant protein expression were also described
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(Takahashi et al., 2006). Human PHLPP1a and PHLPP2 cDNAs were purchased from Open
Biosystems and rat PHLPP1p was obtained from Dr. Kimiko Shimizu (Shimizu et al.,
1999). Full-length PHLPP1a and APDZ mutant lacking the last 3 residues that form the
PDZ-binding motif were inserted in pcDNA3 and pCXy, (blasticidin resistance) mammalian
expression vectors. Myc-tagged PHLPP2 full length was inserted in pcDNA3 vector. CT
fragments encoding 130 residues for PHLPP1 and 141 residues for PHLPP2, and their
corresponding APDZ mutants, were cloned in pGEX-6P-1 vector with or without an NT
Myc tag for recombinant protein expression. The two distinct PTEN and NHERF1 shRNAs
in pGIPZ lentiviral vector (neomycin resistance) (Open Biosystems) and pSIREN-RetroQ
retroviral vector (puromycin resistance) (Clontech), respectively, were previously described
(Molina et al., 2010b). PHLPP1 shRNA#2 (CCGAGCTGTTTAACAAATAAA), #3 and #4
(CGCTGTCCTTTGTCA TATCAA) in the pLKO lentiviral vector (puromycin resistance)
were purchased from Open Biosystems. Transfections and retroviral/lentiviral infections
were described (Georgescu et al., 1999; Molina et al., 2010b).

Proliferation and soft agar colony assays

The MTT (3-(4,5-Dimethylthiazol-2-ylI)-2,5-diphenyltetrazolium bromide) proliferation
assay was previously described (Molina et al., 2010b). Soft agar colony assays were
performed as described (Georgescu et al., 1999) in triplicate plates. Colonies were counted
from 8 fields/plate (total 24 fields/cell line) taken at 50x magnification and classified into
small (<2 mm), medium (2-5 mm), and large (>5 mm). Images were acquired with a Zeiss
Axiovert 200 microscope using the Cool SNAP ES Photometrics Camera (Ropert Scientific)
and Meta Imaging Corporation Series software (Universal Imaging).

Protein analysis

The protocols for cell lysis, Western blotting, overlay assays, GST-pull down and cellular
fractionation were previously described (Takahashi et al., 2006). For immunoprecipitation,
cells were homogenized in phosphate lysis buffer (50mM Na,HPO4, 1mM Sodium
Pyrophosphate, 20mM NaF, 2mM EDTA, 2mM EGTA, 1% Triton X-100) containing
protease and phosphatase inhibitors (1mM phenylmethylsulfonyl fluoride, 21 w/ml aprotinin,
1mM sodium orthovanadate, and 0.1 mM sodium molybdate). Clarified cell lysates were
incubated for 2 h at 4°C with indicated antibodies and ultraLink protein AG beads (Pierce).
Beads were washed three times with the phosphate lysis buffer and fresh 2.5x Laemmli
buffer was added for SDS PAGE analysis. Antibodies were obtained as follows: PTEN
(A2B1), Erkl (C-16), Erk2 (C-14), GAPDH (sc-47724) (Santa Cruz Biotechnology),
phospho-Akt (Ser473 and Thr308), Akt/PKB (Cell Signaling), PHLPP1, PHLPP2 (Bethyl
Laboratories), N-cadherin (Zymed), NHERF1 (Abcam ab3452, Affinity BioReagents or BD
Biosciences), M2 anti-FLAG (Sigma), Myc (Invitrogen), and actin (Chemicon).

Immunofluorescence analysis
The immunofluorescence analysis of cells was performed as described (Takahashi et al.,
2006) with some modifications. Formaldehyde-fixed cells permeabilized with 0.1% Triton
X-100 in PBS for 5 min were treated with Image-iT FX signal enhancer (Invitrogen) for 30
min and blocked with 10% goat serum in PBS-gel (0.2% gelatin in PBS) for 30 min. The

Oncogene. Author manuscript; available in PMC 2012 September 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Molina et al.

Page 10

primary antibodies c-Myc (9E10) (Santa Cruz Biotechnology) and NHERF1 (Affinity
BioReagents) and secondary antibodies Alexa Fluor 488 goat anti-rabbit and Alexa Fluor
555 goat anti-mouse 1gG (Molecular Probes) were used. Image stacks were acquired with a
Zeiss Axiovert 200M inverted microscope and deconvolved with the AxioVision Rel 4.5
SP1 software.

Orthotopic tumorigenicity assay in SCID mice

2x106 LN229 cells in 10 pl PBS were stereotactically injected in the right frontal lobe of 7-
week-old SCID mice. Mice were euthanized once neurological signs of tumor burden were
observed (lethargy, severe paralysis), and the brains were collected.

Immunohistochemistry

Mouse brains were embedded in paraffin and 4um sections were deparaffinated in xylene
and then hydrated through a series of ethanol solutions (100%, 95%, 70%) and water.
Endogenous peroxidase activity was blocked in 3% H,0, in methanol for 10 min. The
samples were also incubated (steamed) in antigen retrieval solution (Dako Target Retrieval)
for 20 min, then rinsed in water and transferred to PBS. The Histomouse Max Broad
Spectrum DAB kit (Zymed) was used according to the manufaturer specifications. Primary
antibodies were GFP (Chemicon) and phospho-Akt Ser473 and Thr308 (Cell Signaling).

Patient samples

Frozen brain tumor samples were washed twice in cold PBS and then homogenized in
sample lysis buffer (50 mM Tris-HCI pH 7.5, 7M urea, 2M thiourea, 1% CHAPS)
containing protease and phosphatase inhibitors. The samples were labeled as low-grade
glioma, which comprise grade Il oligodendroglioma and grade 111 anaplastic astrocytoma or
mixed oligoastrocytoma, and high-grade glioma, which are all grade IV glioblastoma. All
patients were recorded in MD Anderson Cancer Center between 1991 and 2011 and their
mean age and survival per group are shown (Table 2).

Statistical analysis

Data are representative of at least two or three independent experiments with essentially
similar results. The ShRNA silencing data were derived from independent sets of lentiviral/
retroviral infections with two different ShRNAs. Data were examined for normality of
distribution and expressed as mean+SEM, unless mentioned otherwise. Parametric or non-
parametric methods, including t-test with or without Welch’s correction for variances
significantly different and Mann-Whitney test, respectively, were used to analyze the
differences between groups. Data correlations were assessed by Pearson correlation
coefficient. Statistical significance was considered for P< 0.05. Confidence intervals for all
tests were 95%. Animal survival was analyzed by the Gehan-Breslow-Wilcoxon test and
plotted with the GraphPad Prism program. ImageJ program was used for the densitometric
analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Synergistic Akt activation by combined PTEN and NHERF1 knockdown points to NHERF1
as a scaffolding platform for PTEN and PHLPP proteins. A. Western blot of cell lysates
from LN229 glioblastoma cells with knockdown of PTEN and NHERF1 by shRNA (sh). V,
vector controls. The % of actin-normalized PTEN and NHERFL1 levels relatively to vector
control levels are shown. The graph shows the Akt activation as phosphorylated Akt S473
levels normalized to total Akt levels (P-Akt/Akt) from two independent infections. B-C.
NHERF1 associates with PHLPP proteins. Schematic organization of NHERF1 (B) and
PHLPP (C) with amino acid boundaries. EB, ERM-binding region; FL, full length; APDZ,
PDZ-binding-motif-deleted; RA, Ras-associating domain; PH domain; PP2C, protein
phosphatase 2C domain. Reciprocal overlays with either My-tagged PHLPP1-CT or
PHLPP2-CT on filter-immobilized NHERF1 GST-fusion proteins (B) or with Myc-tagged
NHERF1-PDZ1-2 on filter-immobilized PHLPP1 and PHLPP2 GST-fusion proteins (C)
were probed with Myc-antibody to detect interactions. Re-probing of the membranes with
anti-GST antibody showed equal amounts of immobilized GST-fusion proteins. D. Bridging
two-step overlay assay in which the indicated filter-immobilized proteins were overlaid in a
first step (15t overlay) with the NHERF1 PDZ domains and, in a second step (2" overlay),
with Myc-PHLPP1-CT or Myc-PHLPP2-CT. Probing with Myc antibody revealed the
bound Myc-tagged PHLPP1/2. The filters stripped and reprobed with GST antibody show
the input amounts of immobilized proteins. The graph shows the PTEN-band intensities
normalized to the corresponding input and expressed as % from the normalized values of the
positive control. The cartoon is a simplified view of complex assembly by NHERF1.

Oncogene. Author manuscript; available in PMC 2012 September 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Molina et al.

Figure 2.

Vec FLAG-NHERF1

uou

1a-APDZ|

3
§

Input TL ENHERF!

1P
PHLPP1

PHLPP1

H
&-“ NHERF1
Input TL | e @il |~ PHLPP1

1P;
FLAG

D Vector
Vector

PHLPP1 (Myg)

NHERF1

Page 15

IP;FLAG Input LN229
1p-FL + RF1 + + |P (rabbit)
1p-FL+Vec +  + NHERF1

lg T T Input
PHLPP1| ==
o = @ per e o
(mouse)
IP:FLAG Input
2FL+RF1 4+ 4+
2-FL +Vec + +
PHLPP2] —a
NHERF1 -
PHLPP1a PHLPP1a PHLPP1a-APDZ

Vector

Myr-NHERF1 Myr-NHERF1

NHERF1 interacts with PHLPP1/2 in vivo. A. Reciprocal co-immunoprecipitation (IP)
between PHLPP1a-FL and 1a-APDZ forms and FLAG-tagged NHERF1 overexpressed in
293T cells. TL, total lysate; HC, heavy chain. B. Co-immunoprecipitation of FLAG-tagged
NHERF1 with PHLPP1p (upper panels) and PHLPP2 (lower panels). C. Co-
immunoprecipitation of endogenous PHLPP1 and NHERF1 from LN229 total cell lysate.
Two rabbit NHERF1 antibodies—I (Abcam) and Il (Affinity BioReagents)—and rabbit 1gG
control were used. D. Immunofluorescence analysis (x400 with oil immersion) with Myc
antibody (red), NHERF1 antibody (green) and DAPI (blue) of LN18 cells overexpressing
the proteins indicated on top. Note recruitment of PHLPP1a but not PHLPP1a-APDZ to the
plasma membrane by Myr-NHERF1 (arrows).
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Figure 3.
NHERF1 stabilizes PHLPP1 at the membrane and regulates its growth suppression. A-B.

Subcellular fractionation of LN229 glioblastoma cells transduced with vector (V) or
NHERF1 shRNA (shRF1) (A), and of NHERF1 wild-type (WT) and knockout (KO) primary
MEFs (B) in cytosolic (C) and membrane (M) fractions. Erk2 and N-cadherin were used as
cytosolic and membrane fractionation markers, respectively. The membrane and
cytoplasmic PHLPP1p or PTEN levels were normalized to the levels of N-cadherin and
Erk2, respectively. C. Stable PHLPP1a (a) expression in A172 glioblastoma cells with and
without prior NHERF1 knockdown by shRNA (sh). V, corresponding vector control. D.
Proliferation assay with the 4 sets of cells from (A) showing significant proliferation
suppression by PHLPP1a only in the presence of NHERFL.
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Synergistic Akt activation and tumor growth by concomitant PTEN and PHLPP1 silencing.
A. PTEN followed by PHLPP1 shRNA (sh) knockdown in LN229 cells. V, corresponding
vector control. The PTEN and PHLPP1 GAPDH-normalized levels, and % of P-Akt-
S473/Akt activation are shown (from two independent infections). B. Soft agar colony
formation images (100x) scoring the colonies as small, medium and large, 18 days after
seeding the indicated sShRNA-depleted LN229 cells. Single cells were not counted. C.
Kaplan-Meier survival of mice (n=3) inoculated with the indicated sShRNA-depleted LN229
cells. Significant difference and median survival are indicated. D. Immunohistochemistry
(x200) of serial sections from tumors isolated from the mice in (C) with GFP antibody
(recognizing the GFP moiety of the pGIPZ PTEN shRNA- cloning vector) and with P-Akt
S473 antibody. Arrowheads indicate invasive cells.
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The PTEN-NHERF1-PHLPP inhibitory network is disabled in glioblastoma. A. Western
blot analysis with indicated antibodies of protein extracts (8-10ug) from 9 low-grade glioma
and 11 glioblastoma (GBM) samples. The average PHLPP1, NHERF1 and PTEN suppressor
levels normalized to IKK and P-Akt/Akt levels show statistical significant differences in
low-grade versus high-grade tumors. B. The correlation between PHLPP1, NHERF1 and
PTEN suppressor levels and P-Akt/Akt levels for individual tumor samples, as sorted by
increasing P-Akt/Akt levels (graph), is summarized in the table. Note significant inverse
correlation between PHLPP1a levels and Akt phosphorylation in PTEN-negative tumors. C.
Model depicting the molecular and functional interrelationships between the triple inhibitory
network (gray circle) of PI3K-Akt. The white arrows indicate recruitment of PTEN and
PHLPP to the membrane by NHERF1 via PDZ-motif/PDZ-domain interactions and the
yellow arrow denotes an alternative lipid membrane association mechanism for PTEN. The

Akt-independent suppression of tumor growth is shown with blue blocking lines.
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Table 1

PHLPP1/2 contain consensus PDZ-motifs for binding NHERF1 PDZ domains

NHERF1ligand PDZ-binding motif Interacting NHERF1 PDZ domain Reference
PHLPP1 ..YDTPL PDZ1, PDZ2 This study
PDGFR ..EDSFL PDZ1 (Maudsley et al., 2000)
PHLPP2 ..FDTAL PDZ2 This study
B-catenin ..FDTDL PDZ2 (Shibata et al., 2003)
PTEN ~QITKV PDZ1 (Takahashi et al., 2006)
NHERF1 ..LFSNL PDZ2 (Morales et al., 2007)

Bold residues indicate the NHERF1 PDZ-binding consensus motif DT/SXL.
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Patient clinicopathological correlates.

Patients” (n=20)
Tumor grade  Low (9) High (11)
Age (yrs) 51.3+4.8  64.0+6.2
Survival (mos)  >70.9+10 6.5+5.8

*
values are means£SD
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