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A Novel PTEN/Mutant p53/
c-Myc/Bcel-XL Axis Mediates
Context-Dependent Oncogenic

Effects of PTEN with
Implications for Cancer
Prognosis and Therapy'?

Abstract

Phosphatase and tensin homolog located on chromosome 10 (PTEN) is one of the most frequently mutated tumor
suppressors in human cancer including in glioblastoma. Here, we show that PTEN exerts unconventional oncogenic
effects in glioblastoma through a novel PTEN/mutant p53/c-Myc/Bcl-XL molecular and functional axis. Using a wide
array of molecular, genetic, and functional approaches, we demonstrate that PTEN enhances a transcriptional com-
plex containing gain-of-function mutant p53, CBP, and NFY in human glioblastoma cells and tumor tissues. The
mutant p53/CBP/NFY complex transcriptionally activates the oncogenes c-Myc and Bcl-XL, leading to increased cell
proliferation, survival, invasion, and clonogenicity. Disruption of the mutant p53/c-Myc/Bcl-XL axis or mutant p53/CBP/
NFY complex reverses the transcriptional and oncogenic effects of PTEN and unmasks its tumor-suppressive func-
tion. Consistent with these data, we find that PTEN expression is associated with worse patient survival than PTEN
loss in tumors harboring mutant p53 and that a small molecule modulator of p53 exerts greater antitumor effects
in PTEN-expressing cancer cells. Altogether, our study describes a new signaling pathway that mediates context-
dependent oncogenic/tumor-suppressive role of PTEN. The data also indicate that the combined mutational status
of PTEN and p53 influences cancer prognosis and anticancer therapies that target PTEN and p53.
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Introduction reports have described data that are seemingly inconsistent with such

Since its discovery, the importance and variety of functions of
phosphatase and tensin homolog located on chromosome 10 (PTEN) in
cancer has surpassed all predictions and qualified this gene as one of
the most versatile and commonly altered tumor suppressors in human
cancer [1]. PTEN is mostly known for its negative regulatory effects
on the phosphatidylinositide 3-kinase (PI3K) pathway, which are
mediated by its lipid phosphatase activity [2—4]. However, numerous
studies also describe other activities that are believed to be primarily
exerted by nuclear PTEN [5,6]. Among tumor suppressors, PTEN is
unique because subtle changes of expression can have profound effects
on tumorigenesis [1,2,7]. Most human tumors retain some expression
of PTEN, and a subset of human tumors displays levels of PTEN only
slightly below the average levels of normal tissues [1,7]. Despite the
generally accepted tumor-suppressive functions of PTEN, a few recent

functions. Although PTEN loss is frequently associated with metas-
tasis, recent reports demonstrated that there was PTEN gain from pri-
mary breast carcinoma to metastasis [8]. Moreover, PTEN was shown
to promote early renal tumorigenesis through induction of hypoxia-
inducible factor 2alpha (HIF-2a) in von Hippel Lindau null renal cell
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carcinoma [9]. Remarkably, we recently found that PTEN exerted
oncogenic effects in glioblastoma cells harboring p53 mutations
(mut-p53) [10]. However, the underpinning mechanisms of the PTEN
oncogenic effects are not known.

p53 is an important tumor suppressor that maintains genetic
stability in mammals by its multiple regulatory roles on cell cycle,
apoptosis, senescence, and differentiation [11-13]. p53 is mutated
in approximately 50% of all human cancers [14]. The vast majority
of »53 mutations in cancer are point mutations that are associated
with high mutant protein expression [15]. p53 mutations in cancer
have three, not mutually exclusive, types of outcome [15,16]: 1) muta-
tions that result in abrogation of tumor suppressor function of the
affected TP53 allele; 2) mutations that exert dominant-negative effects
over co-expressed wild-type p53 (wt-p53); 3) mutants that acquire new
activities that contribute to various stages of tumor progression and to
increased resistance to anticancer treatments. The latter are referred to
as gain-of-function mutants and comprise many of the hotspot p53
mutations [16,17]. The modes of action of gain-of-function mut-p53
are not well understood but are believed to involve direct or indirect
transcriptional activation or inhibition of gene sets other than those
regulated by wt-p53 as well as interaction with p63 and p73 [18,19].
Among other gain-of-function p53 mutants were shown to transcrip-
tionally regulate CDC25C, ¢-Myc, Bel-XL, vascular endothelial growth
Sactor A, 1d2, and FAS [20-22].

Recent work demonstrated that PTEN and wt-p53 enhance each
other’s tumor-suppressive functions [23-25]. However, to our best
knowledge, nothing is known about the mechanistic interactions
between PTEN and mut-p53 in human cancer. In the present study,
we show that PTEN exerts context-dependent oncogenic effects
through a novel PTEN/mut-p53/c-Myc/Bcl-XL axis. We show that
PTEN enhances a transcriptional complex containing mut-p53,
CBP, and NFY. The mut-p53/CBP/NFY complex binds to the pro-
moter of the oncogenes ¢-Myc and Bel-XL and induces their transcrip-
tion. c-Myc and Bcl-XL induction leads to increased cell proliferation,
survival, invasion, and clonogenicity. Knockdown of any component
of the novel mut-p53/c-Myc/Bcl-XL axis and complex reversed the
oncogenic effects of PTEN. Consistent with the unexpected oncogenic
effects of PTEN in mut-p53 cells, we find that PTEN expression
is associated with worse survival than PTEN loss in mut-p53 glio-
blastoma tumors. We also show that a small molecule modulator of
p53, PRIMA-1, has greater antitumor effects when PTEN is expressed
in cancer cells. Our study therefore supports the novel idea of a dual
role of PTEN in cancer and uncovers novel mechanisms of PTEN
oncogenic effects in mut-p53 cancer cells and demonstrates their
implications for prognosis and therapy.

Materials and Methods

Cells and Reagents

U373 glioblastoma cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; 1 g/l glucose with L-glutamine) supplemented with
Hepes buffer and 10% FBS. SNB19 glioblastoma cells were grown
in DMEM/F12 (1:1, L-glutamine, 15 mM Hepes) supplemented with
10% FBS. U87 glioblastoma cells were grown in MEM supplemented
with sodium pyruvate, sodium bicarbonate, and 10% FBS. LNZ308
glioblastoma cells and 293T cells were cultured in DMEM (4.5 g/l glu-
cose, L-glutamine, and sodium pyruvate) supplemented with 10% FBS.
GBMG6 primary glioblastoma cells were grown in DMEM (4.5 ¢/l glu-
cose, L-glutamine, and sodium pyruvate) supplemented with 2.5% FBS.

All p53 exons were sequenced for all cells as described below. U373,
SNB19, and GBM6 harbored homozygous p53 R273H gain-of-
function mutation. LNZ308 was p53-null. The PTEN status was also
determined for all cells. U373, SNB19, U87, and LNZ308 were
PTEN-null, and GBM6 was PTEN-positive. Antibodies for immuno-
blot analysis, immunoprecipitation (IP), immunodepletion (ID), and
native polyacrylamide gel electrophoresis (PAGE) were anti-CBP (Cell
Signaling Technology, Danvers, MA), anti-NFYA (Santa Cruz Bio-
technology, Santa Cruz, CA), anti-p53 (Santa Cruz Biotechnology),
anti-p53 (Imgenex, San Diego, CA), anti—acetylated CBP (Cell Signal-
ing Technology), anti-c-Myc (Cell Signaling Technology), anti—
Bcl-XL (Cell Signaling Technology), anti—caspase-3 (Cell Signaling
Technology), anti-poly (ADP-ribose) polymerase (PARP; Cell Signaling
Technology), and anti—fB-actin antibody (Santa Cruz Biotechnology).
PRIMA-1 was from Calbiochem (San Diego, CA). All other reagents

were purchased from Sigma (St Louis, MO), unless otherwise specified.

Tumor Samples

Glioblastoma patients were randomly chosen and signed separate
informed consent forms for postsurgical sampling. The procedures
were reviewed and approved by the Review Board of the University
of Virginia Health System.

Gene Silencing with Lentivirus-Based shRNA

The lentiviral vector pLKO.1-ConshRNA, pLKO.1-mp53shRNA,
pLKO.1-c-MycshRNA, pLKO.1-Bcl-XLshRNA, pLKO.1-
PTENshRNA, or pLKO.1-NFYAshRNA and lentivirus packaging
plasmids were cotransfected into 293T cells with FuGene 6 (Roche
Diagnostics, Indianapolis, IN). The viruses were harvested and filtered
with low-protein binding filters (Millex-HV, 0.45-mm polyvinylidene
difluoride; Millipore Corp, Billerica, MA). The cells were infected at
multiplicity of infection (MOI) = 10 by incubation with respective
viruses. The virus-infected cells were selected by puromycin (1 pg/ml).

Adenoviruses and Infection

Adenoviruses encoding PTEN or control green fluorescent protein
(GFP) were constructed in our laboratory according to the method
described by Vogelstein and colleagues. Adenoviruses encoding the mut-
p53 (R273H) were a kind gift by Dr Sumitra Deb (Virginia Common-
wealth University, Richmond, VA). Adenoviruses encoding the R175H
mut-p53 were from Vector Biolabs (Philadelphia, PA). Cells were in-
fected with the relevant adenoviruses (MOI = 10). PTEN and mut-p53

expressions were verified by immunoblot analysis for all experiments.

Cell Proliferation Assay

Cell proliferation was assessed with an 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium (MTS)
assay and by cell counting. The CellTiter96 AQ nonradioactive cell
proliferation kit (Promega Corp, Madison, WI) was used according to
the manufacturer’s instructions. The percentages of surviving cells from
each group relative to controls were determined by reduction/increase of
MTS. Cells were also counted with a hemocytometer for 5 days after
respective treatments and growth curves were established.

Apoptosis Assay

Apoptosis was assessed by measuring cytoplasmic histone-associated
DNA fragmentation (mononucleosomes and oligonucleosomes) using
an ELISA kit (Roche Diagnostics). The photometric enzyme immuno-
assay was performed according to the manufacturer’s instructions.
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Cell Invasion Assays

Cells were placed in the upper chamber of a collagen IV—coated
membrane. Ten percent FBS media were placed in the lower chamber.
After incubation overnight, cells on the upper membrane surface were
mechanically removed. Cells that had migrated to the lower side of
the membrane were fixed, stained, and counted under a microscope
in three randomly chosen fields and photographs were taken.

Colony Formation Assay

Cells were seeded in triplicates in media containing 10% FBS. After
3 weeks, the cell clones were fixed and stained with a solution con-
taining 0.5% crystal violet and 25% methanol. Colony numbers
were counted by a gel documentation system (EAGLE EYETM II;
Stratagene, La Jolla, CA).

Immunoblot Analysis

Protein expression levels were determined by immunoblot analysis.
Briefly, cells were lysed, and protein concentration was determined
by the Coomassie Plus protein assay reagent (Pierce Chemical Co,
Rockford, IL). Equal amounts of cell lysates were subjected to
immunoblot analysis with specific antibodies as previously described
[10]. Selected blots were subjected to densitometry on film, and signal
intensities were quantified.

Immunoprecipitation

IP assays were performed as previously described [10]. Briefly, equal
amounts of cell or tissue lysates were incubated with primary antibody
followed by incubation with protein A agarose (Roche Diagnostics). The
immunoprecipitates were boiled in sodium dodecyl sulfate (SDS) sample
buffer, resolved by SDS-PAGE, transferred to nitrocellulose (Bio-Rad,
Hercules, CA), and probed with respective primary antibodies. After
the blots were incubated with HRP-labeled secondary antibody (Jackson
ImmunoResearch, West Grove, PA), the signals were detected using
the enhanced chemiluminescence reagents (Amersham Life Science,
Arlington Heights, IL).

Immunodepletion

Protein samples were extracted from cells or human glioblastoma
tissues. The extracts were immunodepleted with anti-p53/anti-NFYA
antibodies. Thereafter, supernatants were immunoprecipitated with
anti-NFYA/anti-p53 antibody. The immunoprecipitates were then
subjected to immunoblot analysis with anti-CBP antibody.

Detection of Protein Complex with Native PAGE Analysis

U373 cells were infected with adenovirus encoding PTEN
(Ad-PTEN) for 2 to 3 days. After collection and lysis, equal amounts
of cell lysates were prepared in sample buffer without SDS and re-
solved by a native PAGE in Tris-glycine running buffer without
SDS. After transferring the proteins from the native PAGE to nitro-
cellulose membranes, the membranes were probed with primary anti-
body followed by Western blot analysis.

Chromatin IP

Chromatin IP (ChIP) assays were performed using the modified
enzymatic express ChIP kit (Active Motif, Carlsbad, CA). Briefly,
DNA/protein complexes were cross-linked, lysed, and vortexed and
ground to help the release and break the DNA. The DNA in the
sample was then sheared at 37°C with the enzyme mix provided
by the kit. The lysates were centrifuged, and soluble chromatin was

immunoprecipitated with the indicated antibody. The protein-DNA
complexes were collected after incubating with protein A or G agarose
beads and reverse cross-linked by heating at 65°C overnight. DNA
released from the complexes was purified using the QIAQuick spin
kit (Qiagen Inc, Valencia, CA). The purified DNA samples from the
input, immunoprecipitates without antibody (mock), or immuno-
precipitates with anti-RNA polymerase II antibody (positive control) or
specific IgG (experimental) were subjected to conventional polymerase
chain reaction analyses with specific primers for the promoter regions
of e-Myc (forward primer: 5'-AGGCGCGCGTAGTTAATTCA-3’
and reverse primer: 5-TCGCATTATAAAGGGCCGGT-3’) or Bel-XL
(forward primer: 5'-CGATGGAGGAGGAAGCAAGC-3’ and reverse
primer: 5'-GCACCACCTACATTCAAATCC-3’). DNA extracted
from soluble chromatin was used as input control for each reaction.
Each experiment was repeated at least three times with multiple samples.

Immunohistochemistry and Immunofluorescence

PTEN protein levels in human glioblastoma tissues were determined
by immunohistochemistry. The localization of mut-p53, CBP, or
NFYA was determined by immunofluorescence. The cells were plated
on coverslips, fixed, and permeabilized. The cells were then incubated
with relevant antibodies followed by incubation with fluorescein
isothiocyanate— or Texas Red—conjugated secondary antibodies. Simi-
lar procedures were also performed with a second primary antibody
and a differently conjugated secondary antibody.

Sequencing of p53 Exons

p53 mutations were analyzed by direct DNA sequencing. DNA was
extracted from cells or frozen tumor samples. All exons of p53 were
amplified by polymerase chain reaction with frequently used and
published specific primers for each exon as recommended by the
p53 database of the International Agency for Research on Cancer
(http://www-p53.iarc.fr/index.thml). Similarly processed samples
from normal brain or normal astrocytes were used as controls. The
resulting sequences were compared to wt-p53 sequences and mutations
were identified.

Statistics

When appropriate, two group comparisons were analyzed with a
¢ test and P values were calculated. The log rank test was used to
analyze correlations between the combined PTEN/p53 mutational
status and patient survival. P < .05 was considered significant.

Results

PTEN Exerts Oncogenic Effects that Are Mediated by
Gain-of-Function Mut-p53

We previously observed that PTEN has oncogenic properties in
mut-p53 glioblastoma cells. To verify and expand this observation
and determine if the oncogenic effects of PTEN are mediated by
mut-p53, we tested the effects of PTEN on cell growth and survival
in the settings of expressed or inhibited mut-p53. We restored PTEN
to PTEN-null/mut-p53 glioblastoma cells U373 and SNB19 with
Ad-PTEN and inhibited gain-of-function mut-p53 (R273H) with
specific shRNAs and studied the effects of these manipulations on
cell proliferation using an MTS assay and cell counting and on apop-
tosis by measuring DNA fragmentation with an ELISA. PTEN resto-
ration increased the growth of U373 and SNB19 cells. Knockdown
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of mut-p53 inhibited cell growth, consistent with the gain-of-function
characteristics of this mutant. The induction of cell growth by PTEN
was reversed when mut-p53 was inhibited (Figures 14 and W1).
PTEN restoration also inhibited apoptosis in U373 and SNB19 cells.
Knockdown of mut-p53 increased apoptosis in the cells, consistent
with the gain-of-function characteristics of the mutant. The inhibi-
tion of apoptosis by PTEN was reversed when mut-p53 was inhib-
ited (Figure 1B). PTEN reconstitution and mut-p53 knockdown in
the cells were confirmed by immunoblot analysis (Figure 1C).

We also investigated the effects of PTEN on clonogenicity and the
involvement of mut-p53 in mediating these effects using a colony
formation assay. PTEN restoration increased the clonogenicity of
mut-p53 cells. Mut-p53 knockdown significantly suppressed the clono-
genicity of the cells. Mut-p53 knockdown not only inhibited but also
reversed the clonogenic effects of PTEN (Figure 2). One of the most
detrimental hallmarks of malignant glioblastoma is invasiveness, which
is considered a major cause of tumor recurrence and patient lethality
[26]. We tested the effects of PTEN and mut-p53 on cell invasion
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using a transwell invasion assay. PTEN restoration increased and
mut-p53 knockdown inhibited the invasive ability of U373 and
SNB19 cells. The effects of PTEN on invasion were reversed after
knockdown of mut-p53 expression (Figure 1D).

Additionally, knockdown of PTEN or mut-p53 suppressed cell
growth and invasion and induced apoptosis in wt-PTEN/mut-p53
GBMBG6 primary glioblastoma cells (Figure 3). To exclude off-target
effects of shRNA, we performed similar experiments to all of the
above with a second shRNA for mut-p53 and obtained consistent
results (Figure W2). In addition, to determine if restored PTEN is
expressed in the cytoplasm and/or nucleus, we assessed the presence
of PTEN protein in cytoplasmic and nuclear fractions of U373
and SNB19 cells after infection with Ad-PTEN. PTEN was protein
found mainly in the cytoplasm but was also detected in the nucleus
(Figure W3).

Altogether, the above data demonstrate that PTEN exerts tumor on-
cogenic effects that are mediated by gain-of-function mut-p53. We next
investigated the mechanisms underlying this intriguing phenomenon.
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Figure 1. PTEN exerts oncogenic effects that are mediated by gain-of-function mut-p53. (A) MTS assay of PTEN-null/mut-p53 U373 and
SNB19 glioblastoma cells with or without PTEN restoration with Ad-PTEN and/or with or without mut-p53 silencing with shRNA (sh-mp53).
(B) Apoptosis assay of U373 and SNB19 cells with or without Ad-PTEN and/or with or without sh-mp53. (C) Immunoblot showing the levels of
mut-p53 silencing and PTEN restoration and their effects on apoptotic regulators PARP and caspase-3 in glioblastoma cells. (D) Transwell
invasion assay of U373 and SNB19 cells with or without Ad-PTEN and/or with or without sh-mp53. Con, control; *P < .05.
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Figure 2. PTEN induces clonogenicity of glioblastoma cells through mut-p53/c-Myc/Bcl-XL. Colony formation assay of PTEN-null/mut-p53
U373 and SNB19 glioblastoma cells with or without PTEN restoration with Ad-PTEN and/or with or without mut-p53/c-Myc/Bcl-XL silencing
with shRNA (sh-mp53/sh-c-Myc/sh-Bcl-XL). (A) Colony formation assay. (B) Quantification of A.
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The best studied mechanism of action of gain-of-function mut-p53  mut-p53. To test this hypothesis, we investigated the effects of PTEN
is the transcriptional regulation of genes other than those regulated  on mut-p53 target genes c-Myc, Bel-XL, p27, E2F1, 1d2, NFkB, cdc34,
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Figure 3. PTEN and mut-p53 silencing inhibits malignancy in primary glioblastoma GBMB6 cells. (A) Immunoblot showing PTEN silencing with
shRNA (sh-PTEN) in wt-PTEN/mut-p53 GBMB6 cells. (B) Proliferation assay of GBM®6 cells with or without sh-PTEN. (C) Apoptosis assay of
GBMBG cells with or without sh-PTEN. (D) Phenotypic changes of GBMG6 cells with or without sh-PTEN. (E) Transwell invasion assay of GBM6
cells with or without sh-PTEN. (F) Immunoblot showing mut-p53 silencing with shRNA (sh-mp53) in wt-PTEN/mut-p53 GBM®6 cells.
(G) Proliferation assay of GBM®6 cells with or without sh-mp53. (H) Apoptosis assay of GBMB6 cells with or without sh-mp53. () Phenotypic
changes of GBMG6 cells with or without sh-mp53. (J) Transwell invasion assay of GBM®6 cells with or without sh-mp53.
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JNK, Rab27a, and TGFIIRP, which are also known to play a role
in GBM malignancy. We restored PTEN to U373 and SNB19 by
infection with Ad-PTEN and assessed the cells for target protein ex-
pression with immunoblot analysis. PTEN restoration did not affect
the expression of putative mut-p53 target genes 1d2, NFxB, cdc34,
JNK, Rab27a, and TGFIIRf (data not shown). However, PTEN resto-
ration did increase the expression of c-Myc by 4.2- and 1.6-fold in
SNB19 and U373, respectively. Similarly, PTEN restoration increased
the expression of Bcl-XL by 3.7- and 1.8-fold in SNB19 and U373,
respectively (Figure 44). Conversely, PTEN knockdown with specific
shRNA reduced the expressions of c-Myc by 96% and Bcl-XL by 60%
in GBMG6 cells (Figure 4B). To determine if mut-p53 mediates the
induction of c-Myc and Bcl-XL by PTEN, we tested the effects of
PTEN restoration on c-Myc and Bcl-XL with or without mut-p53
knockdown with shRNA. Mut-p53 knockdown decreased the expres-
sions of Bcl-XL and c-Myc in SNB19 cells but not in U373 cells.
PTEN restoration increased the expressions of both proteins in the
setting of expressed mut-p53 but not when mut-p53 was silenced with
shRNA (Figure 4C). Mut-p53 knockdown did not influence p-Akt
level in U373 and SNB19 cells. PTEN reconstitution reduced p-Akt
in both cells (Figure 4C). Mut-p53 knockdown and PTEN restora-
tion were verified by immunoblot analysis. Altogether, the above
data show that PTEN induces c-Myc and Bcl-XL in a mut-p53—
dependent manner.

To further confirm these data, we used the PTEN-null/p53-null
GBM cell line LNZ308. We restored PTEN and mut-p53 expression
to the cells by infection with Ad-PTEN and/or Ad-mut-p53 (R273H).
Immunoblot analysis confirmed the expressions of PTEN and mut-p53
in the cells. Restoration of PTEN or mut-p53 alone did not signifi-
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cantly alter the expression levels of Bcl-XL and ¢-Myc in the cells.
However, combined PTEN and mut-p53 expressions significantly
increased the levels of c-Myc and Bdl-XL (Figure 4D). To determine
if the effects of PTEN on ¢-Myc and Bcl-XL are specifically mediated
by the R273H mutant, we also conducted similar experiments to the
above using the R175H mutant. Neither PTEN nor R175H mut-p53
affected c-Myc or BcL-XL expressions, suggesting that specific p53
mutations are required for PTEN to exert its tumor-promoting effects
(Figure W4).

Altogether, the data presented in this section demonstrate that
PTEN enhances the induction by gain-of-function mut-p53 of the
levels of the oncogenes c-Myc and Bc/-XL in glioblastoma.

c-Myc Partially Mediates the Oncogenic Effects of PTEN
in Mut-p53 Glioblastoma Cells

We investigated the possible involvement of mut-p53—induced
c-Myc in mediating the oncogenic effects of PTEN. We studied the
effects of PTEN on cell proliferation, apoptosis, and invasion of U373
and SNB19 cells in the settings of inhibited or expressed c-Myc. PTEN
was restored to the cells by Ad-PTEN infection and c-Myc expression
was silenced with specific shRNA, before evaluation of cell prolifera-
tion, apoptosis, and clonogenicity. PTEN restoration enhanced the
growth of U373 and SNB19 cells. c-Myc knockdown inhibited growth
of the cells. Particularly, c-Myc knockdown not only inhibited but also
reversed PTEN-induced cell growth (Figure 54). PTEN restoration
suppressed apoptosis in U373 and SNB19 cells. c-Myc knockdown
increased apoptosis, reduced PTEN-induced suppression of apoptosis
in U373 cells, and reversed the effects of PTEN on SNB19 cells
(Figure 5B). We also assessed the effects of PTEN restoration and
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Figure 4. PTEN induces the expressions of mut-p53 target genes c-Myc and Bcel-XL in cancer cells. (A) Immunoblots showing the expres-

sions of Bel-XL and ¢c-Myc in U373 and SNB19 cells with or without

PTEN restoration with Ad-PTEN. (B) Immunoblots showing the expres-

sions of c-Myc and Bcl-XL in wt-PTEN/mut-p53 GBM®6 primary glioblastoma cells with or without Ad-PTEN. (C) Immunoblots showing the
expressions of Bcl-XL and c-Myc in U373 and SNB19 cells with or without Ad-PTEN and/or with or without mut-p53 silencing with shRNA

(sh-mp53). (D) Immunoblots showing the expressions of Bcl-XL an

d c-Myc in PTEN-null/p53-null LNZ308 cells with or without Ad-PTEN
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Figure 5. c-Myc partially mediates the oncogenic effects of PTEN in mut-p53 glioblastoma cells. (A) Proliferation assay of U373 and SNB19
cells with or without PTEN restoration with Ad-PTEN and/or with or without c-Myc silencing with shRNA (sh-c-Myc). (B) Apoptosis assay of
U373 and SNB19 cells with or without Ad-PTEN and/or with or without sh-c-Myc. (C) Immunoblot showing the levels of c-Myc silencing
and PTEN restoration and their effects on apoptotic regulators PARP and caspase-3 in glioblastoma cells. (D) Transwell invasion assay of
U373 and SNB19 cells with or without Ad-PTEN and/or with or without sh-c-Myc. Con, control; *P < .05.

c-Myc inhibition on apoptosis by immunoblot analysis for PARP and
caspase-3. PTEN restoration increased the expression of c-Myc and
inhibited PARP cleavage in U373 and SNB19 cells. c-Myc knock-
down induced PARP cleavage and caspase-3 activation and counter-
acted PTEN-induced inhibition of PARP cleavage in the cells. PTEN
restoration further enhanced c-Myc knockdown-induced PARP cleavage
and caspase-3 activation in SNB19 cells but not in U373 cells
(Figure 5C). PTEN reconstitution increased the clonogenic ability
of U373 and SNB19 cells. c-Myc knockdown suppressed the clono-
genicity of the cells. c-Myc knockdown reversed the effects of PTEN
on clonogenicity (Figure 2). PTEN restoration increased transwell
invasion of the above mut-p53 cells. c-Myc knockdown inhibited
the transwell invasion of the cells. c-Myc knockdown reversed the
invasion-promoting effects of PTEN in the cells (Figure 5D). PTEN
restoration and c-Myc silencing were verified by immunoblot analy-
sis for all experiments. In addition, similar results to the above were
obtained with a second shRNA for c-Myc to exclude off-target effects
of the shRNAs (Figure W2).

Altogether, the above data demonstrate that c-Myc partially mediates
the oncogenic effects of PTEN in mut-p53 cells.

Bcl-XL Partially Mediates the Oncogenic Function of PTEN
in Mut-p53 Glioblastoma Cells

We also investigated the potential role of mut-p53—induced Bcl-XL
in mediating the oncogenic effects of PTEN in glioblastoma cells. We
studied the effects of PTEN on cell proliferation, apoptosis, invasion,
and colony formation of U373 and SNB19 cells in the setting of
inhibited or expressed Bcl-XL. PTEN was reconstituted to the cells
by Ad-PTEN infection and Bcl-XL expression was silenced with spe-
cific shRNA. Bcl-XL knockdown not only inhibited but also reversed
PTEN-induced cell proliferation (Figure 64). PTEN restoration inhib-
ited and Bcl-XL knockdown increased apoptosis in the mut-p53 cells.
Bcl-XL knockdown not only inhibited but also reversed PTEN-
induced inhibition of apoptosis (Figure 6B). We also evaluated the
effects of PTEN reconstitution and Bcl-XL inhibition on apoptosis
by immunoblot analysis for PARP and caspase-3. Restoration of
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PTEN increased expression of Bcl-XL in both U373 and SNB19 cells.
PTEN reconstitution inhibited PARP cleavage and Bcl-XL knock-
down enhanced PARP cleavage and caspase-3 activation in the cells.
PTEN restoration further increased Bcl-XL knockdown-induced
PARP cleavage and caspase-3 activation in the cells (Figure 6C).
PTEN restoration enhanced and Bcl-XL knockdown inhibited clono-
genicity of the cells. Bcl-XL knockdown reversed the PTEN effects
on clonogenicity (Figure 2). Bcl-XL knockdown did not affect the
invasive ability of the cells. However, Bcl-XL knockdown did inhibit
PTEN-induced invasion but to a lesser extent than that observed in
c-Myc knockdown experiments (Figure 6D). PTEN restoration and
Bcl-XL silencing were verified by immunoblot analysis for all experi-
ments. In addition, similar results to above data were obtained with
another shRNA for Bcl-XL to exclude off-target effects of the shRNAs
(Figure W2).

Altogether, the above results show that Bcl-XL partially mediates
specific oncogenic effects of PTEN in mut-p53 glioblastoma cells.
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There Exists a Mut-p53/CBP/NFYA Complex in Human
Glioblastoma Cells and Tumors

We next investigated the mechanism underlying the PTEN-
induced increase in c-Myc and Bcl-XL in mut-p53 glioblastoma cells.
NFY is a heterotrimeric transcription factor that is present in 30% of
eukaryotic promoters. It consists of three subunits, NFYA, -B, and
-C [27]. NFY can interact with both wt-p53 and mut-p53. CBP
plays an important role in increasing histone acetylation and tran-
scription of target genes [18,21]. To determine if a mut-p53/CBP/
NFY complex exists in mut-p53 glioblastoma cells, we performed IP
experiments with the protein extracts from U373 and SNB19 cells.
The results identified complexes containing at least two of the three
proteins (Figure 7A4). Immunostaining experiments further confirmed
these results (Figure W5).

These above data suggest two possibilities for associations of the
three proteins: 1) all three proteins interact to form one single protein
complex, and 2) three possible heterodimers consisting of mut-p53/

Sh-Bcl-XL
Ad-PTEN

PTEN

Bel-XL
Cleaved PARP

SNB19

Ad-Con Ad-PTEN

Sh-Bcl-XL Sh-Con

Figure 6. Bcl-XL partially mediates the oncogenic effects of PTEN in mut-p53 glioblastoma cells. (A) Proliferation assay of U373 and SNB19
cells with or without PTEN restoration with Ad-PTEN and/or with or without Bcl-XL silencing with shRNA (sh-Bcl-XL). (B) Apoptosis assay
of U373 and SNB19 cells with or without Ad-PTEN and/or with or without sh-Bcl-XL. (C) Immunoblot showing the levels of Bcl-XL silencing
and PTEN restoration and their effects on apoptotic regulators PARP and caspase-3 in glioblastoma cells. (D) Transwell invasion assay of
U373 and SNB19 cells with or without Ad-PTEN and/or with or without sh-Bcl-XL. Con, control; *P < .05.
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Figure 7. There exists a mut-p53/CBP/NFYA complex in glioblastoma cells. (A) IP experiments showing the interaction between two of
the three proteins, mut-p53, CBP, and NFYA, in U373 and SNB19 cells. C, control samples immunoprecipitated with control IgG; E, experi-
mental samples immunoprecipitated with relevant antibody; WB, immunoblot. (B) ID experiments to define the relationship between the
three proteins mut-p53, CBP, and NFYA in U373 and SNB19 cells. HC, heavy chain; PC, positive control. (C and D) IP and ID experiments
showing the relationship between the three proteins mut-p53, CBP, and NFYA in human glioblastoma (GBM) tissue samples. C, control
samples immunoprecipitated with control IgG; 3, 4, 6 are distinct GBM samples. (E) Immunoblots (WB) showing the expressions of
mut-p53 or NFYA in glioblastoma cells with or without mut-p53 and NFYA silencing with specific shRNA, sh-mp53, or sh-NFYA. (F) IP
experiments showing the changes in the interaction between mut-p53/NFYA and CBP with or without NFYA/mut-p53 silencing with
sh-NFYA or sh-mp53. C1, C2, control samples immunoprecipitated with control IgG.

CBP, NFYA/CBP, and mut-p53/NFYA separately coexist in mut-p53
glioblastoma cells. To distinguish between these possibilities, total cell
lysates (supernatants) from U373 and SNB19 cells were immuno-
depleted with an anti-p53 antibody and immunoprecipitated with an
anti-NFYA antibody followed by immunoblot analysis with an anti-
CBP antibody. The interaction between NFYA and CBP still existed,
suggesting that the existence of mut-p53/CBP/NFYA complex could
not be confirmed. However, when the protein extracts were immuno-
depleted with anti-NFYA antibody followed by IP with an anti-p53
antibody and immunoblotted for CBP, the interaction between mut-
p53 and CBP completely disappeared, suggesting that the mut-p53/
CBP/NFYA complex exists in mut-p53 glioblastoma cells. Together,
the above data indicate the existence of a mut-p53/CBP/NFYA com-
plex but do not exclude the existence of free NFYA and/or CBP/NFYA
heterodimers outside the protein complex (Figure 7B).

To determine if the mut-p53/CBP/NFYA complex also exists in
human tumor tissues, we extracted protein from three human glio-
blastoma tumor specimens. Immunoblot analysis showed the ex-
pression of CBP, mut-p53, and NFYA in all three samples. All three
samples were determined to harbor mut-p53 based on the high ex-
pression of p53 confirmed by immunoblot analysis (Figure 6C) and
immunohistochemistry (not shown), as mut-p53 is overexpressed in

tumor cells [15], due to mut-p53 inability to effectively activate
MDM?2 [28]. IP experiments confirmed the co-existence of mut-p53,
NFYA, and CBP in human glioblastoma tissues (Figure 7C). ID
experiments in mut-p53 glioblastoma tissues showed similar results
to those obtained from glioblastoma cells, demonstrating that the
mut-p53/CBP/NFYA complex also exists in glioblastoma tissues
(Figure 7D).

To further explore the relationship between the different proteins
in the mut-p53/CBP/NFYA complex, we disrupted the complex by
knockdown of either mut-p53 or NFYA in U373 and SNB19 cells
before PTEN restoration. The results revealed that mut-p53 knock-
down slightly reduced the interaction between NFYA and CBP,
whereas NFYA knockdown strongly reduced the interaction between
mut-p53 and CBP (Figure 7, E and F). These results further support
the existence of the complex in mut-p53 cells.

Altogether, the above data show that mut-p53/CBP/NFYA exists

as a multiprotein complex in glioblastoma cells and tissues.

PTEN Regulates Mut-p53/CBP/NFYA Binding to the Promoters
of the Mut-p53 Target Genes c-Myc and Bcl-XL

Having demonstrated the existence of a mut-p53/CBP/NFYA com-
plex in human glioblastoma cells and tissues, we next investigated the
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effects of PTEN on this complex as well as the effects of the com-
plex on the promoters of the mut-p53 target genes ¢-Myc and Bel-XL.
Immunofluorescence assays confirmed the interaction between PTEN
and mut-p53, which is consistent with our previous report [10]. In-
terestingly, we found a previously unknown association of PTEN
and CBP in SNB19 cells (Figure 84). We then performed IP experi-
ments to determine if PTEN restoration affects the interaction between
mut-p53/NFYA and CBP. IP experiments showed that PTEN increased
the associations between mut-p53/NFYA and CBP in mut-p53 glio-
blastoma cells (Figure 8B). To further ascertain that PTEN affects the
association of the mut-p53/CBP/NFYA protein complex, PTEN was
reconstituted to U373 cells by Ad-PTEN infection. We then performed
native PAGE that maintains the multiprotein complex intact. Western
blot analyses with mut-p53, CBP, and NFYA antibody following
native PAGE revealed a major band >300 kDa that was clearly en-
hanced in response to PTEN restoration (Figure W6). The molecular
weight of the protein complex containing mut-p53, CBP, and NFYA
is 393 kDa [53 kDa (mut-p53) + 300 kDa (CBP) + 40 kDa (NFYA)].
Consistent with the above, we also demonstrate that free mut-p53,
CBP, and NFYA decrease following PTEN restoration (Figure W6).
Altogether, these above results suggest that PTEN restoration enhances
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Alternatively, increased complex formation could be a resultant of
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CBP and p300 are highly conserved and functionally related tran-
scriptional co-activators that associate with transcriptional regulators
and signaling molecules, integrating multiple signal transduction
pathways with transcriptional machinery [29]. CBP also has histone
acetyltransferase activity, allowing it to acetylate histones and other
proteins [30]. Acetylation of CBP has been demonstrated to enhance
its histone acetyltransferase activity and affect a wide variety of signal-
ing events [31]. Therefore, we chose acetylated CBP instead of CBP
itself as target to perform ChIP experiments. ChIP experiments showed
that PTEN restoration increased the binding of mut-p53, acetyl-CBP,
and NFYA to the promoter region of Bc/-XL and ¢-Myc (Figure 8, C
and D). PTEN knockdown suppressed the binding of mut-p53,
acetyl-CBP, and NFYA to the promoter region of both genes (Figure 8,
E-G). Additionally, knockdown of NFYA and mut-p53 to disrupt the
protein complex decreased the binding of acetyl-CBP and mut-p53/
NFYA to the promoter region of both ¢-Myc and Bcl-XL. Both
mut-p53 and NFYA knockdown reversed the PTEN tumor-promoting
function in mut-p53 glioblastoma cells (Figures 1 and W6). These
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Figure 8. PTEN regulates mut-p53/CBP/NFYA binding to mut-p53 target genes c-Myc and Bcl-XL promoters. (A) Immunofluorescence
assays showing the interaction between PTEN and mut-p53/CBP in mut-p53 glioblastoma cells. (B) IP experiments showing the inter-
action between mut-p53/NFYA and CBP in mut-p53 glioblastoma cells in response to PTEN restoration with Ad-PTEN. C, control samples
immunoprecipitated with control IgG. (C and D) ChIP experiments showing the binding of mut-p53, acetyl-CBP, and NFYA to the promoter
regions of Bel-XL and c-Myc with or without Ad-PTEN. PC, positive control; Ab, antibody. (E) Immunoblot showing PTEN expression in
wt-PTEN/mut-p53 GBMG6 cells with or without silencing with specific shRNA (sh-PTEN). (F and G) ChIP experiments showing the binding
status of mut-pb3, acetyl-CBP, and NFYA to the promoter regions of Bc/l-XL and c-Myc in GBMG6 cells with or without sh-PTEN.
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Figure 9. Prognostic and experimental therapeutic implications of the PTEN/mut-p53 oncogenic effects. (A) All p53 exons were sequenced
in 38 human glioblastoma samples and PTEN protein expression was determined by immunohistochemistry in the same tumor specimens.
The combined PTEN/p53 mutational status was plotted against patient survival. (B) Immunoblot showing the expressions of wt-p53 target
genes p271 and Mdm?2 in mut-pb53 U373 and wt-p53 U87 cells in response to PRIMA-1 treatment (left panel). Apoptosis assay of U373
and U87 cells in response to PRIMA-1 treatment (right panel). (C) Proliferation assay of U373 cells with or without PTEN restoration with
Ad-PTEN and/or with or without PRIMA-1 treatment. (D) Apoptosis assay of U373 cells with or without PTEN restoration with Ad-PTEN and/
or with or without PRIMA-1 treatment. (E) Schematic representation of the mechanisms underlying the dual oncogenic/tumor-suppressive
effects of PTEN in mut-p53 cancer cells. PTEN enhances a transcriptional complex containing mut-p53, NFY, and CBP. The mut-p53/CBP/
NFY complex binds to the promoter of the oncogenes c-Myc and Bcl-XL and induces their transcription, leading to increased cell prolifera-
tion, survival, invasion, and clonogenicity. Disruption of the mut-p53/c-Myc/Bcl-XL axis unmasks the hidden tumor-suppressive effects of
PTEN in mut-p53 cancers.

results suggest that PTEN regulates mut-p53/CBP/NFYA complex
binding and activation of mut-p53 target gene promoters.

Analysis of the Correlations between PTEN/p53 Mutational
Status and Glioblastoma Patient Survival

The above findings show that PTEN exerts oncogenic effects
through a novel PTEN/mut-p53/c-Myc/Bcl-XL axis in glioblastoma.
An important potential implication from these findings would be that
PTEN expression in mut-p53 tumors would negatively affect prog-
nosis and that consequently patients with PTEN-positive/mut-p53
tumors would have a worse clinical outcome than the patients with
PTEN-negative/mut-p53 tumors. To verify if this is true, we sequenced

all p53 exons in 38 human glioblastoma samples and determined
PTEN protein expression by immunohistochemistry (because PTEN
mutations usually lead to protein truncation and loss of protein ex-
pression) in the same tumor specimens. We then analyzed the rela-
tionship between the combined PTEN/p53 mutational status and
patient survival. We found that patients with PTEN-positive/mut-p53
tumors exhibited a trend toward lesser survival than the patients with
PTEN-negative/mut-p53 tumors (12.2 vs 26.5 months; P = .058).
Interestingly, patients with PTEN-negative/mut-p53 exhibited a
comparable survival magnitude to the patients with PTEN-positive/
wt-p53 tumors. Furthermore, only four tumors were PTEN-negative/
mut-p53 (Figure 94). These clinical data are consistent with our
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findings in cells and further validate the oncogenic effects of PTEN in
mut-p53 glioblastoma.

Reactivation of wt-p53 Function with a Small Molecule
Modulator Reverses the Oncogenic Effects of PTEN

To determine if our findings might be exploited for future cancer
therapies, we used the small molecule modulator of p53, PRIMA-1, to
reactivate wt-p53 in mut-p53 cells before testing the effects of PTEN
restoration on apoptosis. Previous research identified PRIMA-1 as
a small molecule modulator that restores wt-p53 conformation and
DNA binding to mut-p53 (R273H and R175H) cells and induces
apoptosis preferentially in mut-p53—expressing tumor cells [32].
Mut-p53 U373 and wt-p53 U87 cells were treated with PRIMA-1,
and the expressions of the wt-p53 transcriptional targets p21 and
Mdm?2 were assessed with immunoblot analysis. PRIMA-1 preferen-
tially induced p21 and Mdm?2 expressions in U373 cells, indicating
that it could reactivate wt-p53 transcriptional activity in mut-p53
cells (Figure 9B). We also tested the effects of PRIMA-1 on apop-
tosis in U373 and U87 cells and found that PRIMA-1 induced
greater apoptosis in mut-p53 U373 cells (Figure 9B). We then tested
the effects of PRIMA-1 on U373 cells with or without PTEN restora-
tion. PTEN restoration enhanced and PRIMA-1 suppressed the
growth of U373 cells. PRIMA-1 reversed the effects of PTEN on the
growth of U373 cells (Figure 9C). PTEN restoration inhibited and
PRIMA-1 induced apoptosis in U373 cells. PRIMA-1 reversed the
effects of PTEN on apoptosis in U373 cells (Figure 9D). These results
suggest that PRIMA-1 and other p53 modulators exert greater anti-
tumor effects in PTEN-expressing cancer cells and that combining
PTEN restoration with PRIMA-1 in mut-p53 tumors might have
therapeutic value.

Discussion

In this study, we show that PTEN has mut-p53—dependent oncogenic
effects. We demonstrate, for the first time, that PTEN exerts these
effects by increasing the levels of a transcriptional complex containing
mut-p53, CBP, and NFYA, which activates the oncogenes c-Mpyc and
Bcl-XL. We also describe an association between the combined PTEN/
53 mutational status and patient survival and determine the effects
of PTEN expression on the experimental therapeutic restoration of
p53 funcdon.

There is accumulating evidence that several hotspot p53 mutants
not only lose the tumor-suppressive functions of wt-p53 but also
acquire new pro-oncogenic properties leading to the concept of
“gain-of-function” mut-p53 [15,17]. Many gain-of-function pheno-
types of mut-p53 have been reported, including increased invasion,
metastasis, and genomic instability, resistance to chemotherapy,
and regulation of pro-inflammatory and anti-apoptotic pathways
[16,20], all of which give mut-p53—expressing cells a selective
growth and survival advantage. Recent research has uncovered
a multilevel and complex cooperation between wt-PTEN and
wt-p53 [23-25,33]. However, almost nothing is known about the
interactions between wt-PTEN and mut-p53. Our study provides
novel and detailed insights into these interactions and their implications
for cancer.

We show that PTEN increases the levels of gain-of-function
mut-p53 and the proliferation, survival, clonogenicity, and invasion
of glioblastoma cells in a mut-p53—dependent manner. Mut-p53
knockdown not only inhibited but also reversed the oncogenic effects

of PTEN, suggesting that knockdown of mut-p53 unmasks the hid-
den tumor-suppressive forces of PTEN, supporting our novel idea
of dual context-dependent effects of PTEN in cancer. These above
findings led us to explore the underlying mechanisms of the unconven-
tional PTEN oncogenic effects in mut-p53 glioblastoma. We found
that PTEN induces c-Myc and Bcl-XL gene expression and malignancy
through enhancement of a mut-p53—containing protein complex.
c-Myc is a key regulator of cellular outcomes in normal cells, and
its dysregulation is associated with cancer development and progres-
sion [34-36]. A key role for c-Myc is to integrate various signals so
as to orchestrate an extensive transcription program that regulates cell
proliferation, differentiation, and death [37]. We previously showed
that PTEN increases the stability and expression of mut-p53 in glio-
blastoma cells [10]. A previous study found that gain-of-function
mut-p53 increased the expression of c-Myc in cancer cells [20]. Al-
though PTEN was reported to inhibit expression of c-Myc in tumor
cells [38], we hypothesized that PTEN might increase the expression
of c-Myc in mut-p53 cells. Our data confirmed this hypothesis and
showed that PTEN can induce ¢-Myc in a mut-p53—dependent
manner. Functionally, c-Myc can elicit epithelial-mesenchymal transi-
tion (EMT) and metastasis in carcinomas [39]. We found that c-Myc
knockdown reversed the effects of PTEN on the growth, invasion,
and clonogenicity of the cells, suggesting that c-Myc knockdown
unveils the tumor-suppressive effects of PTEN, supporting our
hypothesis for the dual context-dependent effects of PTEN in cancer.

Bcl-XL is a mitochondrial membrane protein that promotes cell
survival by regulating the electrical and osmotic homeostasis of mito-
chondria in response to a variety of stimuli [40]. Inhibition of Bcl-XL
induces apoptosis of glioblastoma cells [41]. Gain-of-function mut-p53
was shown to upregulate the expression of Bcl-XL in cancer cells [20].
We therefore hypothesized that PTEN might induce the expression
of Bcl-XL in mut-p53 cancer cells. Indeed, we showed for the first
time that PTEN enhances the expression of Bcl-XL in a mut-p53—
dependent manner. Furthermore, Bcl-XL knockdown suppressed the
PTEN effects on cell growth, apoptosis, and colony formation, sug-
gesting that Bcl-XL mediates specific oncogenic effects of PTEN
in mut-p53 glioblastoma cells. Interestingly, Bel-XL knockdown
reversed the effects of PTEN on the growth, clonogenicity, and sur-
vival in the cells, suggesting that Bcl-XL knockdown unmasks the
tumor-suppressive effects of PTEN.

We further investigated the molecular mechanisms of induction
of c-Myc and Bcl-XL by PTEN and mut-p53. To the best of our
knowledge, we are the first to report the existence of a protein complex
mut-p53/CBP/NFYA in glioblastoma cells and human tissues. PTEN
interacts with both mut-p53 and CBP and increases the association
of the proteins in the complex and the binding of the proteins to the
promoter region of the target genes, resulting in enhanced expressions
of e-Myc and Bcl-XL, leading to functional changes including induction
of cell growth, survival, colony formation, and invasion. Knockdown of
any component of the novel mut-p53/c-Myc/Bcl-XL axis and com-
plex reversed the oncogenic effects of PTEN and the PTEN-induced
activation of the c-Myc and Bcl-XL promoters (Figures 8 and 9E). We
therefore describe a new mechanism through which PTEN promotes
oncogenic parameters through novel PTEN/mut-p53/c-Myc/Bcl-XL
axis. However, considering the complex roles of p53 mutants, it cannot
be excluded that additional mechanisms are involved in mediating the
oncogenic effects of PTEN [20].

To determine if the PTEN oncogenic effects in the setting
of mut-p53 have potential clinical implications, we assessed the
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correlations between the PTEN/p53 mutational status and survival of
glioblastoma patients. On the basis of our findings, one would
predict that PTEN expression in tumors harboring gain-of-function
p53 mutations would negatively affect clinical outcome. In fact,
we found that patients with PTEN-positive/mut-p53 tumors had
worse clinical outcome than patients with PTEN-negative/mut-p53
tumors. The differences in survival were barely below statistical
significance, likely due to the moderate sample size of 38 tumors.
Moreover, we found only four cases of PTEN-negative/mut-p53
tumors, suggesting that the tumors lose selective advantage by losing
PTEN protein expression in the setting of gain-of-function mut-p53.
These findings are consistent with our iz vitro data and in line with
previous reports that mutations in 7P53 and PTEN are mutually
exclusive in other cancers [42]. These findings confirm the context-
dependent oncogenic potential of PTEN. In the setting of mut-p53,
PTEN effects are likely a balance between the well-known lipid
phosphatase-mediated tumor-suppressive effects and the oncogenic
effects mediated by mut-p53 and its gene targets. While PTEN mostly
acts as a tumor suppressor, in specific contexts its oncogenic effects
might prevail as shown in our study. Even in the latter case, the
tumor-suppressive effects of PTEN still exist because PTEN restora-
tion in U373 and SNB19 cells do reduce the level of p-Akt (Ser-473),
resulting in decreased PI3K-AKT signaling. We therefore cannot
exclude the possibility that, in specific circumstances, the tumor-
suppressive effects might dominate the role of PTEN, also in the
setting of gain-of-function mut-p53. The oncogenic effects of PTEN
in the setting of gain-of-function mut-p53 possibly also apply to human
malignancies other than glioblastoma based on preliminary data from
our laboratory (not shown). If so, our findings will be very valuable
because p53 is mutated in about half of all human tumors [14]. Our
findings also have potential prognostic and therapeutic implications.
They show that the combined PTEN/p53 mutational status is a more
accurate predictor of clinical outcome than the status of either single
gene. They imply that restoration of PTEN expression or function
should take into consideration the p53 mutational status to avoid
unwanted effects. Our data also suggest that small molecule modu-
lators of p53 are likely to have greater therapeutic effects in PTEN-
expressing cells and/or that combining PTEN restoration with p53
modulators or c-Myc/Bcl-XL inhibitors might represent new strategies
for cancer therapy.

Altogether, our study describes a novel, unconventional, and
context-dependent function of PTEN and unravels its mechanistic
basis. The findings shed new light on the complex molecular inter-
actions between PTEN, mut-p53, and its gene targets c-Myc and
Bel-XL and have potentially important implications for prognosis and
future therapies of cancer.

References

[1] Carracedo A, Alimonti A, and Pandolfi PP (2011). PTEN level in tumor
suppression: how much is too little? Cancer Res 71(3), 629-633.

[2] Salmena L, Carracedo A, and Pandolfi PP (2008). Tenets of PTEN tumor
suppression. Cell 133, 403—414.

[3] Tamura M, Gu J, Tran H, and Yamada KM (1999). PTEN gene and integrin
signaling in cancer. Review. / Na#l Cancer Inst 91(21), 1820-1828.

[4] Tamura M, Gu J, Matsumoto K, Aota S, Parsons R, and Yamada KM (1998).
Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor
PTEN. Science 280(5369), 1614-1617.

[5] Planchon SM, Waite KA, and Eng C (2008). The nuclear affairs of PTEN.
J Cell Sei 121(Pt 3), 249-253.

[6] Baker S] (2007). PTEN enters the nuclear age. Cel/ 128(1), 25-28.

(7]

Alimonti A, Carracedo A, Clohessy JG, Trotman LC, Nardella C, Egia A,
Salmena L, Sampieri K, Haveman WJ, Brogi E, et al. (2010). Subtle variations
in Pten dose determine cancer susceptibility. Nar Gener 42, 454—458.
Gonzalez-Angulo AM, Ferrer-Lozano J, Stemke-Hale K, Sahin A, Liu S, Barrera
JA, Burgues O, Lluch AM, Chen H, Hortobagyi GN, et al. (2011). PI3K pathway
mutations and PTEN levels in primary and metastatic breast cancer. Mo/ Cancer
Ther 10(6), 1093-1101.

Petrella BL and Brinckerhoff CE (2009). PTEN suppression of YY1 induces
HIF-2 activity in von-Hippel-Lindau-null renal-cell carcinoma. Cancer Biol Ther
8(14), 1389-1401.

Li Y, Guessous F, Kwon S, Kumar M, Ibidapo O, Fuller L, Johnson E, Lal B,
Hussaini I, Bao Y, et al. (2008). PTEN has tumor-promoting properties in the
setting of gain-of-function p53 mutations. Cancer Res 68(6), 1723-1731.
Vogelstein B and Kinzler KW (2004). Cancer genes and the pathways they
control. Nat Med 10(8), 789—-799.

Santoro R and Blandino G (2010). p53: The pivot between cell cycle arrest and
senescence. Cell Cycle 9(21), 4262-4263.

Sullivan KD, Gallant-Behm CL, Henry RE, Fraikin JL, and Espinosa JM
(2012). The p53 circuit board. Biochim Biophys Acta 1825(2), 229-244.
Olivier M, Hussain SP, Caron de Fromentel C, Hainaut P, and Harris CC
(2004). TP53 mutation spectra and load: a tool for generating hypotheses on
the etiology of cancer. JARC Sci Publ 157, 247-270.

Sigal A and Rotter V (2000). Oncogenic mutations of the p53 tumor suppressor:
the demons of the guardian of the genome. Cancer Res 60, 6788—6793.

Oren M and Rotter V (2010). Mutant p53 gain-of-function in cancer. Cold
Spring Harb Perspect Biol 2, a001107.

Donzelli S, Biagioni F, Fausti F, Strano S, Fontemaggi G, and Blandino G
(2008). Oncogenomic approaches in exploring gain of function of mutant p53.
Curr Genomics 9(3), 200-207.

Peart MJ and Prives C (2006). Mutant p53 gain of function: the NE-Y connection.
Cancer Cell 10(3), 173-174.

Urist M and Prives C (2002). p53 leans on its siblings. Cancer Cell 1(4), 311-313.
Brosh R and Rotter V (2009). When mutants gain new powers: news from the
mutant p53 field. Nat Rev Cancer 9(10), 701-713.

Di Agostino S, Strano S, Emiliozzi V, Zerbini V, Mottolese M, Sacchi A,
Blandino G, and Piaggio G (2006). Gain of function of mutant p53: the mutant
p53/NE-Y protein complex reveals an aberrant transcriptional mechanism of cell
cycle regulation. Cancer Cell 10, 191-202.

Dell'Orso S, Fontemaggi G, Stambolsky P, Goeman F, Voellenkle C, Levrero M,
Strano S, Rotter V, Oren M, and Blandino G (2011). ChIP-on-chip analysis of
in vivo mutant p53 binding to selected gene promoters. OMICS 15(5), 305-312.
Stambolic V, MacPherson D, Sas D, Lin Y, Snow B, Jang Y, Benchimol S, and Mak
TW (2001). Regulation of PTEN transcription by p53. Mol Cell 8, 317-325.
Freeman DJ, Li AG, Wei G, Li HH, Kertesz N, Lesche R, Whale AD, Martinez-
Diaz H, Rozengurt N, Cardiff RD, et al. (2003). PTEN tumor suppressor
regulates p53 protein levels and activity through phosphatase-dependent and
-independent mechanisms. Cancer Cell 3, 117-130.

Tang Y and Eng C (2006). PTEN autoregulates its expression by stabilization of
p53 in a phosphatase-independent manner. Cancer Res 66, 736-742.
Teodorczyk M and Martin-Villalba A (2010). Sensing invasion: cell surface
receptors driving spreading of glioblastoma. J Cell Physiol 222, 1-10.
Mantovani R (1998). A survey of 178 NF-Y binding CCAAT boxes. Nucleic
Acids Res 26, 1135-1143.

Haupt Y, Maya R, Kazaz A, and Oren M (1997). Mdm2 promotes the rapid
degradation of p53. Nature 387, 296-299.

Goodman RH and Smolik S (2000). CBP/p300 in cell growth, transformation,
and development. Genes Dev 14, 1533-1577.

Chan HM and La Thangue NB (2001). p300/CBP proteins: HATs for transcrip-
tional bridges and scaffolds. / Cell Sci 114, 2363-2373.

Thompson PR, Wang D, Wang L, Fulco M, Pediconi N, Zhang D, An W, Ge
Q, Roeder RG, Wong J, et al. (2004). Regulation of the p300 HAT domain via
a novel activation loop. Nat Struct Mol Biol 11, 308-315.

Bykov V], Issaeva N, Shilov A, Hultcrantz M, Pugacheva E, Chumakov P,
Bergman ], Wiman KG, and Selivanova G (2002). Restoration of the tumor
suppressor function to mutant p53 by a low-molecular-weight compound. Naz
Med 8(3), 282-288.

Trotman LC and Pandolfi PP (2003). PTEN and p53: who will get the upper
hand? Cancer Cell 3(2), 97-99.

Meyer N and Penn LZ (2008). Reflecting on 25 years with MYC. Nat Rev
Cancer 8, 976-990.



Neoplasia Vol. 15, No. 8, 2013

New Mechanism of PTEN Oncogenic Effects

Huang et al. 965

[35]
[36]

Dang CV (2012). MYC on the path to cancer. Cell 149(1), 22-35.

Nilsson JA and Cleveland JL (2003). Myc pathways provoking cell suicide and
cancer. Oncogene 22(56), 9007-9021.

Murphy D], Junttila MR, Pouyet L, Karnezis A, Shchors K, Bui DA, Brown-
Swigart L, Johnson L, and Evan GI (2008). Distinct thresholds govern Myc’s
biological output in vive. Cancer Cell 14, 447-457.

Ghosh AK, Grigorieva I, Steele R, Hoover RG, and Ray RB (1999). PTEN
transcriptionally modulates ¢-mye gene expression in human breast carcinoma
cells and is involved in cell growth regulation. Gene 235(1-2), 85-91.

[39] Smith AP, Verrecchia A, Fagd G, Doni M, Perna D, Martinato F,

Guccione E, and Amati B (2009). A positive role for Myc in TGFf-induced

[40]

Snail transcription and epithelial-to-mesenchymal transition. Oncogene 28(3),
422-430.

Vander Heiden MG, Chandel NS, Williamson EK, Schumacker PT, and
Thompson CB (1997). Bcl-xL regulates the membrane potential and volume
homeostasis of mitochondria. Cell 91, 627-637.

[41] Jiang Z, Zheng X, and Rich KM (2003). Down-regulation of Bcl-2 and Bcl-xL

(42]

expression with bispecific antisense treatment in glioblastoma cell lines induce
cell death. J Neurochem 84(2), 273-281.

Kurose K, Gilley K, Matsumoto S, Watson PH, Zhou XP, and Eng C (2002).
Frequent somatic mutations in PTEN and TP53 are mutually exclusive in the
stroma of breast carcinomas. Nat Genet 32(3), 355-357.





