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Recently, we found strong overexpression of the mucin-
type glycoprotein podoplanin (PDPN) in human astro-
cytic brain tumors, specifically in primary glioblastoma
multiforme (GB). In the current study, we show an
inverse correlation between PDPN expression and
PTEN levels in primary human GB and glioma cell
lines, and we report elevated PDPN protein levels in
the subventricular zone of brain tissue sections of
PTEN-deficient mice. In human glioma cells lacking
functional PTEN, reintroduction of wild-type PTEN,
inhibition of the PTEN downstream target protein
kinase B/AKT, or interference with transcription factor
AP-1 function resulted in efficient downregulation of
PDPN expression. In addition, we observed hypoxia-
dependent PDPN transcriptional control and demon-
strated that PDPN expression is subject to negative
transcriptional regulation by promoter methylation in
human GB and in glioma cell lines. Treatment of
PTEN-negative glioma cells with demethylating agents
induced expression of PDPN. Together, our findings
show that increased PDPN expression in human GB is
caused by loss of PTEN function and activation of the
PI3K-AKT-AP-1 signaling pathway, accompanied by

epigenetic regulation of PDPN promoter activity.
Silencing of PDPN expression leads to reduced prolifer-
ation and migration of glioma cells, suggesting a func-
tional role of PDPN in glioma progression and
malignancy. Thus, specific targeting of PDPN expres-
sion and/or function could be a promising strategy for
the treatment of patients with primary GB.
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G
lioblastoma multiforme (GB) World Health
Organization (WHO) grade IV is the most
common primary brain tumor in humans. This

tumor is characterized by a highly anaplastic, astrocytic
phenotype and is associated with very poor prognosis.
Until recently, GB have been subdivided mainly into
primary tumors, characterized by de novo manifest-
ation, and secondary tumors with a history of prior
lower-grade infiltrating astrocytoma.1 These tumor
entities evolve through different genetic pathways.
Frequent alterations in primary GB include epidermal
growth factor receptor (EGFR) gene amplification, loss
of the tumor-suppressor genes CDKN2A/p16INK4a

and p14ARF, and inactivation of mutations in or
genetic loss of PTEN (phosphatase and tensin homo-
logue deleted on chromosome 10), whereas secondary
GB more often presents with activation of mutations in
the platelet-derived growth factor receptor gene
(PDGFR) and inactivation of the TP53 and
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retinoblastoma (RB1) tumor-suppressor genes.
Furthermore, mutation of isocitrate dehydrogenase
(IDH) often occurs in secondary GB but only infrequent-
ly in primary GB2 (for recent reviews see1,3). Genetic
profiling data on large collections of human tumors
have provided evidence for the presence of different sig-
natures of primary GB based on genetic and epigenetic
patterns of gene regulation. At present, there seem to
be 2 major tumor subgroups,4,5 which possibly can be
further subdivided6,7 (for review see8). Further complex-
ity is added by the fact that epigenetic methylation also
may distinguish between glioma subgroups and may be
correlated with the clinical outcome of cancer therapy
and survival among patients with GB. Recently, this
has led to the postulation of the existence of another
glioma subgroup with a glioma-CpG island methylator
phenotype (G-CIMP).9

One gene that is significantly associated with the
mesenchymal GB signature encodes the mucin-like
transmembrane glycoprotein podoplanin (PDPN).
Podoplanin has been named according to its function
in shaping podocytes in kidney glomeruli;10 however,
the protein has been additionally described in a variety
of biological contexts under different names (eg, T1a
in alveolar epithelial cells;11 receptor for the influenza
C virus [gp40/gp36];12 PA2.26, an antigen induced in
epidermal keratinocytes during chemical carcinogenesis
and wound healing;13,14 and platelet aggregation-
inducing sialoglycoprotein aggrus).15 Because PDPN
specifically stains lymphatic endothelial cells, it is
widely used as a molecular marker for lymphatic
vessels and lymphangiogenesis in normal and pathologic
tissue samples16 (for review, see17,18). Pdpn-deficient
mice die at birth due to respiratory defects.19

Intriguingly, PDPN has been implicated in malignant
progression and invasion of a variety of human
cancers, including germ cell carcinoma, tumors of the
central nervous system, and squamous cell carcinoma
(for reviews see20,21). We showed recently that high
PDPN protein levels are associated with significantly
reduced overall survival among patients with glioma.22

Despite the fact that PDPN is highly expressed in
many cancer entities, information concerning the regula-
tion of its expression remains largely inconclusive.
Recently, we showed a strong induction of Pdpn expres-
sion in 2 independent mouse tumor models of skin car-
cinogenesis and provided experimental evidence that
mouse Pdpn is a direct target of the transcription
factor Fos, a member of the activator protein-1 (AP-1)
protein family.23–25 Moreover, Noushmehr et al. identi-
fied hypermethylation of the PDPN promoter in the
G-CIMP subtype of GB,9 supporting the hypothesis
that both genetic and epigenetic modes are implicated
in the regulation of PDPN expression.

In this article, we describe a novel mode of PDPN
expression in human astrocytic tumors and glioma cell
lines through activation of PI3K-AKT-AP-1 signaling.
This pathway is under negative control of PTEN, in
which activity is often lost in primary GB because of
genomic deletion, gene mutation, and epigenetic silen-
cing. Furthermore, we identified a CpG island in the

PDPN promoter and demonstrated that its hypermethy-
lation is negatively correlated with PDPN expression. In
glioma cell lines, demethylation of this site correlated
with upregulation of PDPN transcripts, most prominent-
ly in the absence of PTEN expression.

Materials and Methods

Human Tumor Samples

A total of 74 astrocytic gliomas were selected from
the frozen tumor tissue collections at the Department
of Neuropathology, Heinrich-Heine-University,
Düsseldorf, Germany; the Department of
Neuropathology, Charité Universitätsmedizin, Berlin,
Germany; and the International Agency for Research
on Cancer, Lyon, France. All tumors were histologically
classified according to the criteria of the WHO 2000
classification of tumors of the nervous system, which
in the case of astrocytic gliomas, have been retained in
the 2007 revised WHO classification.26 The tumor
series consisted of 53 glioblastomas of WHO grade IV,
13 anaplastic astrocytomas of WHO grade III (AAIII),
and 8 diffuse astrocytomas of WHO grade II (AII).
The glioblastoma group included 42 primary glioblast-
omas and 11 secondary glioblastomas. Only samples
showing a histologically estimated tumor cell content
of more than 80% were used for nucleic acid extraction
and molecular analysis.

Mice

Mice were housed under standard conditions, and all
animal experiments conformed to local and internation-
al guidelines for the use of experimental animals.
Generation of Tlx-CreERT2 mice and the protocol for
tamoxifen-induced activation of Cre-recombinase
have been described in Liu et al.;27 mice with the
PTEN conditional alleles were obtained from Jackson
ImmunoResearch Laboratories. Mice were then per-
fused with 4% paraformaldehyde 4 weeks after tamoxi-
fen injection, and the brains were postfixed overnight at
48C; 5-mm paraffin sections were selected for further
immunohistochemical (IHC) analysis.

Cell Culture and Transient Transfection of Glioma Cell
Lines

All glioma cell lines were cultured in DMEM (PAA) and
HEK293T cells in IMEM medium (Invitrogen). Culture
medium was supplemented with 10% FCS, 2 mM glu-
tamine (PAA), 100 U/mL penicillin, and 0.1 mg/mL
streptomycin (PAA), and the cells were cultured at
378C in a humidified atmosphere of 8% CO2 and 21%
oxygen (normoxia). Hypoxia was induced by culturing
the cells for 72 h in a 378C humidified atmosphere
with 1% oxygen (Incubator C42; Labotect).

LN308 cells were transfected with the different
expression plasmids by liposome-mediated transfection
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using Lipofectamine2000 (Invitrogen) according to the
manufacturer’s instructions. Luciferase activities were
quantified 18 h after transfection using the Dual
Luciferase Assay (Promega). Values were normalized
to renilla luciferase activity expressed from pRL-CMV
(Promega). The following expression plasmids were
used: Pdpn-luci containing the proximal murine Pdpn
promoter (2215/+113) in front of the firefly luciferase
gene;24 pcDNA3.1 (Invitrogen); and plasmids encoding
wild-type full-length Jun (RSV-Jun), Fos (RSV-Fos),
pRC/RSV (RSV-0), dominant negative Jun (dnJun),
and Fos (dnFos).28–32 For generating the 5xTRE-luci
construct, the sequence TGAGTCACCAACCTGAC
TCAAAGGATTGAGTCAGCAACTT GACTCAAAG
GATTGAGTCAAGATCTCTCTGAGCAATAGTATAA
AA, comprising 5 consensus AP-1 binding sites in front
of a minimal TATA-box sequence,33 was cloned into
the XhoI/HindIII sites of pGL3 (Promega). For cloning
the mut5xTRE-luci plasmid, the sequence AGAGT
CCCAACCGGACTCTAAGGATAGAGTCCGCAACT
GGACTCTAAGGATAGAGTCCAGATCTCTCTGAG
CAATAGTATAAAA was inserted into the XhoI/
HindIII sites of pGL3. The 5xTRE-luci and
mut5xTRE-luci were kindly provided by M. Schorpp-
Kistner (German Cancer Research Center);
BCGH-PTEN encoding full-length human PTEN was
kindly provided by H. Zentgraf (German Cancer
Research Center).

Nucleic Acid Preparation

DNA and RNA for array-CGH and expression profiling
were prepared from freshly frozen tumor tissue as reported
previously.34,35 Genomic DNA of U87MG and LN18 cells
was extracted using the DNeasy Blood and Tissue Kit
(Qiagen); total RNA from cell lines was prepared using
the peqGOLD TriFast (Peqlab Biotechnologie) or
RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s instructions. Quality and quantity of the nucleic
acid samples were determined using a NanoDrop spectro-
photometer (NanoDrop Technologies).

Array-CGH and Expression Profiling

Array-CGH and gene expression profiling were per-
formed as previously reported.5 Data were analyzed
using EnsEMBL (version 51) with packages of the
Bioconductor project36 implemented in our in-house–
developed ChipYard framework for microarray data
analysis (http://www.dkfz.de/genetics/ChipYard/)
and deposited in the NCBI Gene Expression Omnibus
(GEO) database (accession no. GSE15698510).

Real-time Quantitative Polymerase Chain Reaction
(RQ-PCR)

RNA was reverse transcribed as described.37 RQ-PCR
was performed using the MyiQ Single-Color
Real-Time PCR Detection System (Bio-Rad) according
to the manufacturer’s instructions. The Absolute SYBR

Green Fluorescein Kit (ABgene) was used according to
the manufacturer’s instructions. All RQ-PCR experi-
ments were performed in triplicate and normalized
onto LaminB1. Sequences of the primers used were
hPDPN forward: 5′TTCATTGGTGCAATCATCGT
3′; hPDPN reverse: 5′AGAGGAGCCAAGTCTGG
TGA 3′; LaminB1 forward: 5′CTGGAAATGTTTGC
ATCGAAGA 3′; and LaminB1 reverse: 5′GCCTCCCA
TTGGTGGATCC 3′.

Bisulfite Treatment and Methylation Analysis

For each specimen, 1–2 mg of genomic DNA was treated
with sodium bisulfite using the EpiTect Bisulfite Kit
(Qiagen). For analysis, a CpG island in the PDPN
5′-region was chosen using the UCSC Genome Browser
(http://genome.ucsc.edu) defining CpG-islands by the
following criteria: GC content .55%, length
.200 bp, and observed CpG/expected CpG ratio of
.0.6. DNA primers (forward: 5′-GCGGCCGCGTT
GTTGAGTAGAATAAAAGTTTATTTTGTTAGG-3′;
reverse: 5′-CAACAAACTTTACAATTAAAAACTT
TC-3′) were designed specifically amplifying bisulfite-
converted DNA and generating amplicons in the island
(chr1:13910138-13910868). Methylation analysis
covered 20 of 59 CpG sites of this island. PCR amplicons
were purified from agarose gels with use of the Rapid
Gel Extraction System (Marligen Biosciences).
Sequencing reactions were conducted using BigDye
Terminator 3.1 (Applied Biosystems) according to the
manufacturer’s recommendations and were analyzed
on a fully automated ABI PRISM 3100 genetic analyzer
(Applied Biosystems) using the primer 5′-CA
ACAAACTTTACAATTAAAAACTTTC-3′. For each
CpG, the methylation status was rated on a scale
ranging from 0 (not methylated) to 3 (strongly methy-
lated) according to the methylated-to-unmethylated
signal ratios (0, unmethylated signal only; 1, ratio
,1:3; 2, ratio 1:3–2:3; 3, ratio .2:3). For a positive
control, we applied enzymatically methylated human
male genomic leukocyte DNA that was modified using
CpG methyltransferase M.Sss (New England Biolabs)
according to the manufacturer’s protocol. The promoter
was scored as methylated when methylation was
detected at ≥50% of the CpG dinucleotides.

Histochemical and Immunostaining Analyses

IHC analysis on paraffin sections was performed using
biotinylated secondary antibodies and the Vectastain
Elite ABC kit (Vector Laboratories). Double IHC staining
was performed using the ImmPRESS anti-rabbit Ig perox-
idase polymer detection kit (Vector Laboratories) and the
IHC-Kit DCS SuperVision RED (mouse/rabbit) 2
Polymer-AP-detection system (DCS) according to the
manufacturers’ instructions. For substrates, we used
liquid AEC+ Substrate Chromogen (Dako) or
VectorRed and Histogreen (Vector Laboratories).
Sections were counterstained with hematoxylin and/or
eosin as indicated. All antibodiesused are listed in Table1.
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Western Blot Analysis

Protein isolation and Western blot analysis were per-
formed as described previously.38 Primary and secondary
antibodies used are listed in Table 1. Quantification was
performed using the ImageJ program.

5-Aza-2′-Deoxycytidine and Trichostatin A Treatment

Cells were incubated for 72 h with5′-aza-2′-deoxycytidine
(5-aza-dC; 500 nM; Sigma-Aldrich) with the culture
medium being replaced every 24 h with fresh medium
containing 5-aza-dC. In the case of combination with tri-
chostatin A (TSA; 1 mM; Sigma), this drug was added
for the last 24 h of the 5-aza-dC treatment. Phosphate-
buffered saline (PBS) was used as the dissolvent control.

PDPN Silencing

Lentiviral particles were produced using transient
cotransfection of podoplanin MISSION shRNA
vectors, purchased from Sigma-Aldrich (see below),
with pMDLg-pRRE and pRSV-REV packaging vectors,
and the pMD2-VSVG envelope vector in HEK293T
cells. These vectors were kindly provided by
Dr. Luigi Naldini (San Raffaele Telethon Institute for
Gene Therapy, University Medical School, Milan,
Italy). Sequences and TRC numbers of the PDPN
shRNAs were as follows: sh1: TRCN0000061924,
5′CCGGGCTATAAGTCTGGCTTGACAACTCGAGT
TGTCAAGCCAGACTTAT AGCTTTTTG 3′; sh2:

TRCN0000061927; 5′CCGGGCAACAAGTGTCAA
CAGTGTACTCGAGTACACTGTTGACACTTGT TG
CTTTTTG3′; sh3 (nonfunctional): TRCN0000061925;
5′CCGGCGGCTTCATTGGTGCAATCATCTCGAGA
TGATT GCACCAATGAAGCCGTTTTTG3′; nontar-
get (scrambled shRNA): catalogue #SHC002V.

For the transfection of 1 dish, 12.5 mg of
pMDLg-pRRE plasmid, 6.25 mg of pRSV-REV, 9 mg
of pMD2-VSVG, and 32 mg of shRNA vector were
mixed in 1 mL of OPTIMEM medium containing
179.25 mg/mL polyethylenimine. After 30 min of incu-
bation at room temperature, the transfection mixture
was added to the cells. Twenty-four hours after transfec-
tion, the virus was purified by ultra-centrifugation for
2 h at 208C.

For lentiviral transduction, 1 × 104 LN308 cells were
seeded onto a 48-well plate and transduced with lenti-
viral particles; transduced cells were selected with puro-
mycin (0.5 mg/mL).

Cell Proliferation Assay

The cell proliferation assay was performed using the
APC BrdU Flow Kit (BD Biosciences) according to the
manufacturer’s instructions.

Migration Assay

LN308 cells with PDPN knock-down (LN308 PDPN
sh1, LN308 PDPN sh2), and control cells (LN308 non-
target, LN308 with nonfunctional sh3) were seeded on

Table 1. Antibodies used for immunohistochemistry and Western blot analyses

Name Species Number Assay Company

Primary antibodies

Human PDPN Mouse D2-40 IHC,
WB

Covance, Princeton, NJ, USA

Mouse PDPN Syrian
hamster

8.1.1 IHC Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, IA, USA

c-Fos Rabbit sc-7202 IHC Santa Cruz Biotechnology, Santa Cruz, CA, USA

c-Jun Rabbit ab32137 IHC Abcam, Cambridge, UK

Phospho-Akt (Ser473) Rabbit 4058 WB Cell Signaling Technology, Boston, MA, USA

Total Akt Rabbit 9272 WB Cell Signaling Technology

Phospho-ERK1/2 (12D4) Mouse sc-81492 WB Santa Cruz Biotechnology

Total ERK(K23) Rabbit sc-153 WB Santa Cruz Biotechnology

b-Actin (AC-15) Mouse A5441 WB Sigma-Aldrich, Munich, Germany

Secondary antibodies

Anti-Syrian hamster biotin-SP-conjugated IHC Jackson ImmunoResearch Laboratories, West
Grove, PA, USA

Biotinylated anti-rabbit IgG IHC Vector Laboratories, Burlingame, CA, USA

Anti-mouse IgG, HRP-linked antibody WB Cell Signaling Technology

Anti-rabbit IgG, HRP-linked antibody WB Cell Signaling Technology

ImmPRESS anti-rabbit Ig peroxidase polymer
detection kit

MP-7401 IHC Vector Laboratories

IHC-Kit DCS SuperVision RED 2
Polymer-AP-detection system (mouse/rabbit)

AD000POL IHC DCS, Hamburg, Germany

Abbreviations: IHC, immunohistochemistry; WB, Western blot.
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both sides of IBIDI cell culture inserts (25,000 cells per
side; catalogue #80209; IBIDI) and cultured for 24 h
to reach confluency. Cells were treated with 10 mg/mL
mitomycin C (Sigma) for 1 h and washed intensively
with PBS. The inserts were subsequently removed.
Images were taken at the indicated time points using
light microscopy and a digital camera (Olympus). The
distance between the migration fronts was measured
using the UTHSCSA Image tool software (http://
ddsdx.uthscsa.edu/dig/itdesc.html).

Statistical Analysis

Statistical analyses and graphics were performed using R
or Microsoft Excel software. Standard deviation (SD) is
indicated by error bars; P , .05 was considered to be
statistically significant.

Results

Coexpression of PDPN and AP-1 Family Members
in Primary GB

We demonstrated recently, using a small set of tumor
samples from patients with glioma (n ¼ 20), that
PDPN transcripts are highly abundant in primary GB
but show no or very weak expression in lower-grade
astrocytoma or secondary GB.22 This association was
further confirmed in the current study by detailed ana-
lysis of global gene expression profiling data of a larger
cohort of tumors (n ¼ 74). Consistent with our previous
findings, PDPN transcript levels were significantly upre-
gulated in primary GB, compared with secondary GB or
lower-grade astrocytoma (P , .001) (Fig. 1A).

To define the molecular mechanism of PDPN regula-
tion in primary GB, we determined transcript levels of
the transcription factor activator protein 1 (AP-1)
family members JUN and FOS, which were shown re-
cently to drive PDPN expression in mouse models of
skin carcinogenesis.24,25

Indeed, analysis of expression profiling data for FOS
and JUN transcript levels on glioma tumor samples paral-
leled expression of the PDPN transcript with the highest
expression in primary glioblastoma (Fig. 1A). The
heatmap in Fig. 1B illustrates the correlation of PDPN,
JUN, and FOS expression levels in the individual tumor
samples (PDPN-JUN: Pearson correlation 0.6686043,
Spearman rank correlation 0.660208; PDPN-FOS:
Pearson correlation 0.42475646, Spearman rank correl-
ation 0.428839; JUN-FOS: Pearson correlation
0.61113774, Spearman rank correlation 0.643112).
Coexpression of JUN and FOS proteins with PDPN was
further corroborated by IHC staining of tumor sections
from human GB. We found the most intense PDPN
immunoreactivity (IR) adjacent to necrotic areas in the
palisading cells that most likely represent poorly differen-
tiated cells, which are migrating from the necrotic area
because of a hypoxia-induced gradient of tissue oxygen
concentration.39 Consistent with the assumption that
PDPN is a direct target of AP-1, FOS and JUN proteins

were detected in areas with high PDPN IR (Fig. 1C).
Coimmunostainings for PDPN and JUN/FOS are
depicted in Supplementary material, Fig. S1. In line
with the regulatory function of AP-1 activity in PDPN ex-
pression, most JUN IR-positive cells in perinecrotic
tumor cells express PDPN protein, whereas FOS protein
is more widely expressed, in corroboration with our pre-
vious observations in chemically induced mouse skin
tumors.24

Regulation of PDPN Expression by the
PI3K-AKT-AP-1 Signaling Pathway

To further confirm the functional involvement of AP-1
in regulation of PDPN expression, we transiently
cotransfected the PDPN-positive cell line LN308 with
a construct containing the proximal murine Pdpn pro-
moter (2215/+113) in front of the firefly luciferase
gene (mPdpn-luci24) and expression plasmids encoding
dominant-negative mutants of Jun or Fos proteins,
respectively. Ectopic expression of dominant-negative
versions of Jun and Fos proteins resulted in significant
downregulation of basal Pdpn-promoter–driven lucifer-
ase activity (Fig. 2A). Vice versa, overexpression of wild-
type Jun and Fos proteins resulted in a small but signifi-
cant increase of reporter genes driven by the
Pdpn-promoter (Fig. 2B) or an artificial AP1-dependent
promoter comprising five consensus AP-1 binding sites
(5xTRE-luci; Fig. 2C). The minor effects (1.7-fold and
3-fold, respectively) on both reporters are likely attribut-
able to high basal AP-1 activity in LN308 cells, as indi-
cated by the 100-fold difference in expression of
reporters containing either the wild-type or the mutant
version (mut 5xTRE-luci) of the TRE sequence
(Fig. 2C). Taken together, these results support the
crucial role of AP-1–mediated transcriptional activation
of PDPN expression in glioma cells. Putative upstream
signaling pathways of AP-1 in glioma comprise the
mitogen-activated protein kinase/extracellular signal
regulated kinase (MAPK/ERK)40 and the
phosphatidylinositol-3 kinase (PI3K) pathway.41 To
analyze the involvement of these pathways in the regula-
tion of PDPN expression, we treated LN308 and
U87MG cells with 2.5 mM of the PI3K inhibitor
LY294002, 10 mM of the MAPK/ERK pathway inhibi-
tor UO126, or both. Treatment with LY294002 resulted
in a strong decrease in PDPN protein levels, whereas
treatment with UO126 had no effect. Accordingly, the
combination of both inhibitors did not further decrease
PDPN protein levels (Fig. 2D and Supplementary mater-
ial, Fig. S2), implying that AP-1–mediated PDPN ex-
pression in glioma cells is downstream of PI3K
activation.

Inverse Correlation Between PDPN and PTEN
Expression in Glioma Samples and a Pten-deficient
Mouse Model

Deregulation of the PI3K-AKT pathway, one of the most
important features of glioma progression, is often
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provoked by loss or inactivation of its upstream negative
regulator PTEN (for recent reviews see 42,43). Indeed, we
found that monoallelic PTEN loss significantly correlated
with high PDPN transcript levels in human GB samples
(41 of 50; P ≤ .001, Fisher’s exact test). In lower-grade
tumors, samples with biallelic PTEN retention exhibited

low PDPN transcript levels in most cases (15 of 21).
Throughout all analyzed samples (n ¼ 69), PTEN and
PDPN transcript levels were inversely correlated
(Spearman rank correlation ¼ –0.446; P , .001; and
Kendall tau rank correlation ¼ –0.305, P , .001). An
inverse relationship between PTEN and PDPN transcript

Fig. 1. (A) PDPN mRNA expression is significantly higher in primary glioblastoma grade IV (pGB) than in lower-grade astrocytoma (AII, AIII)

or secondary glioblastoma (sGB; P , .001, t test). FOS and JUN transcript levels in different stages of astrocytoma correlate with the

expression pattern of PDPN and similarly show the highest expression in pGB. Single dots indicate the individual PDPN, FOS, and JUN

expressions normalized to the mean expression in 7 normal brain samples. Median expression is indicated by horizontal lines. (B)

Heatmap depicting the relative PDPN, JUN, and FOS expression levels in the individual tumor samples. Abbreviations in (A) and (B): AII,

astrocytoma WHO grade II; AAIII, anaplastic astrocytoma WHO grade III; sGB, secondary glioblastoma; pGB, primary glioblastoma;

NNB, nonneoplastic (healthy) brain. (C) Sections of formalin-fixed, paraffin-embedded samples of human glioblastoma were analyzed by

immunohistochemical staining with antibodies against PDPN (red, upper right panel), FOS (green, lower left panel), and JUN protein

(green, lower right panel). PDPN immunoreactivity is present in perinecrotic cells and overlaps with FOS and JUN protein expression.

Scale bars: 200 mm. Small boxes show higher magnifications of the indicated immunoreactive areas (scale bars: 100 mm). Cellular

morphology of the sections was visualized by H&E staining (upper left panel). N ¼ necrotic area.
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abundance was also observed in tumors in which PTEN
was retained (n ¼ 23), although the correlation did not
reach statistical significance (Spearman rank
correlation ¼ –0.330, P ¼ .122; and Kendall tau rank
correlation ¼ –0.233, P ¼ .125). Taken together, these
findings suggest a possible direct or indirect negative
effect of PTEN function on PDPN expression in glioma
cells.

To confirm the causal relationship between loss of
PTEN activity and increased PDPN expression in an in
vivo model, we used mice with conditional inactivation
of Pten in neural stem cells. These were obtained by cross-
ing mice with tamoxifen-inducible expression of the

Cre-recombinase under control of the orphan nuclear
receptor tailless (Tlx)–promoter with mice bearing the
floxed allele of Pten.27

Immunostaining in wild-type mice revealed promin-
ent Pdpn protein expression in the ependymal layer of
the lateral ventricles. In agreement with the inverse cor-
relation of PTEN and PDPN expression in human
primary GB samples, PtenNSC2/2 mice exhibited
strong Pdpn protein expression, which was extended to
the subventricular zone (SVZ) and the rostral migratory
stream. These data strongly support a negative regula-
tory effect of Pten on Pdpn expression in SVZ neural
stem/progenitors in vivo (Fig. 3).

Fig. 2. PDPN expression is regulated by AP-1 and the PI3K pathway in glioma cells. (A) Dominant-negative Fos and Jun mutants interfere

with basal activation of the mouse Pdpn promoter in LN308 cells. Cells were cotransfected with a luciferase reporter plasmid under the

control of the Pdpn-promoter (Pdpn-luci) and an empty plasmid (mock) or dominant-negative Jun (dn Jun) or Fos (dn Fos) expression

plasmids. Luciferase activity was measured 18 h after transfection. The bars represent means and standard deviation of 4 experiments

with all conditions performed in triplicate. ***P , .001. (B) Expression of wild-type Jun and Fos increases PDPN-luci activity. LN308 cells

were cotransfected with Pdpn-luci and empty vector (RSV-0) or plasmids encoding full-length Jun (RSV-Jun) and Fos (RSV-Fos).

Luciferase activity was measured 18 h after transfection. The bars represent means and standard deviation of 3 experiments with all

conditions performed in triplicate. *P , .05. (C) The artificial AP-1 reporter 5xTRE-luci, but not its mutant version, is activated by

coexpression of Jun and Fos. LN308 cells were cotransfected with 5xTRE-luci or 5xmutTRE-luci and RSV-0 or RSV-Jun RSV-Fos.

Luciferase activity was measured 18 h after transfection. The bars represent means and standard deviation of 3 experiments with all

conditions performed in triplicate. ***P , .001. (D) Western blot analysis of PDPN protein levels in LN308 cells after 24 h of treatment

with the PI3K inhibitor LY294002, the ERK cascade inhibitor UO126, or both, compared with control. Note that in the presence of

LY294002 PDPN levels are significantly reduced, whereas UO126 has no effect. The extracts were reprobed with antibodies against

phospho-Akt, total Akt, phospho-ERK, and total ERK to show efficacy of the inhibitors. b-Actin protein detection served as a control for

equal loading of proteins.
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PTEN Negatively Regulates PDPN Expression in
Human Glioma Cell Lines

To analyze the role of PTEN in the regulation of PDPN ex-
pression in more detail, we made use of 7 established
human glioma cell lines with known PTEN status.44 As
depicted in Fig. 4A, cell lines with wild-type PTEN
(LN18, LN229T, and LN428) were negative for PDPN
both on the mRNA and protein level, whereas cell lines
with mutant (inactive) PTEN (LN308, LN319,
U87MG, and U373MG) exhibited robust PDPN mRNA
and protein expression. Next, we reconstituted PTEN
function in LN308 cells that harbor a functional loss of
PTEN protein due to a missense mutation in the PTEN
gene, by transient transfection with a human PTEN ex-
pression plasmid. Reconstitution of PTEN function
resulted in a strong decrease of AKT kinase phosphoryl-
ation accompanied by a marked reduction of PDPN
protein levels (Fig. 4B). In line with the negative effect of
PTEN re-expression on PDPN protein expression in
LN308 cells, coexpression of the PTEN expression
plasmid with mPdpn-luci revealed a significant downregu-
lation of promoter activity, supporting direct inhibition of
PDPN transcription upon activation of PTEN (Fig. 4C).

Effect of Hypoxia on the Expression of PDPN in
Glioma Cells

PDPN staining was most prominent in the perinecrotic
areas in human GB tumors, which comprise hypoxic

niches with a key role in tumor progression. To
analyze whether hypoxic conditions affect PDPN ex-
pression, we compared PDPN transcript levels in the
PTEN-negative glioma cell lines LN308 and U87MG
and the PTEN–wild-type cell line LN428 under nor-
moxic and hypoxic conditions. In the LN308 and
U87MG cells, 72 h of hypoxia resulted in a robust in-
crease of PDPN mRNA, compared with normoxic ex-
pression levels, consistent with recent observations in
U87MG cells.45 There was no effect on LN428 cells, in-
dicating that the presence of functional PTEN prevented
induction of PDPN in these cells (Fig. 4D).

Regulation of Pdpn Expression in Human GB
by Promoter Methylation

In addition to genetic mechanisms, epigenetic regula-
tion, primarily differential promoter methylation, has
been proven to be an important means of modifying
gene expression during development and tumorigenesis
(for recent reviews, see 46,47). Of interest, in a recently
described G-CIMP phenotype, PDPN represented one
of the top candidate genes, whose expression was most
likely regulated by promoter methylation.9 Strikingly,
in some of our secondary glioblastoma samples, PDPN
transcript levels were low or even absent despite the oc-
currence of mutated PTEN. To investigate alterations in
promoter methylation in glioblastoma samples, we
focused on a CpG island located in the 5′ upstream
region of the human PDPN gene (UCSC Genome
Browser on Human Feb. 2009 (GRCh37/hg19) assem-
bly – chr1:13,906,833–13,941,031). This CpG island,
located at chromosome 1:13,910,138–13,910,868 and
including the nucleotide sequence 2114 to +1, exon 1
(343 nt) and 274 nt of intron 1, contains 59 CpGs.
Twenty of them, covering 5′ upstream sequences and
the start site of transcription (2114 to +86), were ana-
lyzed by bisulfite sequencing (CpG number 1–20 in
Fig. 5A). Primary GB samples showed low or absent
methylation of this CpG island, consistent with the ex-
pression of PDPN and the mono- or biallelic loss of
PTEN (PTEN status: –1, –2). In most of the secondary
GB, the CpG island was hypermethylated, consistent
with the lack of PDPN expression. In the few cases of
secondary GB, which showed monoallelic loss of
PTEN and low expression of PDPN, methylation of
the CpG island was considerably lower (cases no. 18,
20, and 25 in Fig. 5A). In contrast, in nonneoplastic
brain tissue (NNB), the CpG island was completely
unmethylated; however, PDPN was not expressed, pre-
sumably because of the negative regulation by wild-type
PTEN. This analysis suggested a negative correlation
between promoter hypermethylation and PDPN tran-
script levels, which was confirmed by statistical analysis
as shown in Fig. 5B (2-sample exact Wilcoxon test, P ,

.001).
To further test this assumption, we compared the

methylation status with PDPN transcript levels in
the presence and absence of the demethylating agent
5-aza-2′-deoxycytidine (5-aza-dC) with or without the

Fig. 3. PDPN expression is inversely correlated with the presence

of functional PTEN: comparison between Pdpn protein

expression in the subventricular zone (SVZ) and rostral migratory

stream (RMS) of wild-type and PtenNSC2/2 mice. Panels show

immunohistochemical staining for mouse Pdpn (green);

counterstaining was performed with eosin (scale bars: 200 mm).

Right panels show higher magnifications (scale bars: 100 mm) of

the indicated areas. Note that PtenNSC2/2 mice exhibit increased

Pdpn immunoreactivity in the SVZ and RMS.
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histone deacetylase inhibitor TSA in 2 glioma cell lines:
LN428 cells (PTEN wild-type, PDPN negative) and
U87MG cells with mutant PTEN and moderate expres-
sion of PDPN (see Fig. 4A). As depicted in Fig. 5C, treat-
ment of U87MG cells with 5-aza-dC resulted in an
almost 3-fold increase in PDPN transcript levels, which
was further increased to 6-fold over basal levels in the
presence of TSA. In contrast, PDPN mRNA remained
almost undetectable in LN428 cells, although in both
cell lines, methylation of the PDPN promoter CpG
island was reduced (Fig. 5D). This lack of induction of
PDPN expression in LN428 cells, similar to the
absence of hypoxia-driven enhancement of PDPN tran-
script levels in these cells, is most likely attributable to
the presence of functional PTEN.

Reduced Cell Proliferation and Migration in
PDPN-Compromised LN308 Glioma Cells

There is increasing evidence that the level of PDPN ex-
pression is correlated with higher tumor malignancy in
human patients and in mouse tumor models (for
reviews see 20,21). To test the functional role of PDPN
expression, we silenced PDPN expression in LN308
glioma cells using a lentiviral shRNA strategy. Efficient
downregulation of PDPN protein abundance by
shRNA 1 and 2 (PDPN sh1, PDPN sh2) was confirmed
by Western blot (Fig. 6A, about 80% for PDPN sh1
and 96% for PDPN sh2). In contrast, LN308 cells
infected with shRNA 3 (nonfunctional sh3) or a
scrambled shRNA (nontarget) showed comparable
protein levels and were used as controls for further
experiments. As depicted in Fig. 6B and C, silencing of
PDPN resulted in impaired cell proliferation and migra-
tion of LN308 cells. Taken together, these analyses
further support an important functional role of PDPN
in the progression and malignancy of GB.

Discussion

Previously, Phillips et al.6 proposed a classification of
brain tumors by genetic profiles attributed to a pro-
neural, mesenchymal, or proliferative phenotype,
whereby the 2 latter comprise most of the high-
malignant WHO grade III anaplastic astrocytoma and
WHO grade IV GB. In this study, PDPN was one of
the genes showing specific overexpression in the mesen-
chymal molecular subclass of high-grade astrocytoma, a
signature that resembles that of neural stem cells.6 In a
recently developed advanced classification of GB signa-
tures, comprising proneural, neural, classical, and mes-

Fig. 4. Reduced PDPN expression by PTEN is mediated by the PI3K

pathway. (A) PDPN expression was analyzed on transcript

(RT-PCR) and protein levels (immunoblot) in 7 human

glioblastoma cell lines with wild-type (wt) or mutant (mut) PTEN.

Cell lines harboring mutations in PTEN show PDPN transcript and

protein expression and vice versa. LaminB1 transcript levels

served as control for cDNA quality and quantity, and b-actin

protein detection served as a control for equal loading of

proteins. (B) Ectopic expression of wild-type PTEN in LN308 cells

harboring a PTEN mutation results in reduced PDPN protein

expression and a decrease in Akt phosphorylation. LN308 cells

were transfected with increasing amounts of expression vector

encoding wild-type PTEN. Whole-cell lysates were prepared 24 h

after transfection and analyzed by immunoblots for the indicated

proteins. b-Actin protein detection served as a control for equal

loading of proteins. (C) Ectopic PTEN expression inhibits luciferase

reporter gene activity under the control of the proximal mouse

Pdpn promoter. LN308 cells were cotransfected with a

Pdpn-promoter luciferase reporter (Pdpn-luci) and empty vector

(mock) or an expression plasmid for wild-type PTEN; luciferase

activity was measured 18 h after transfection. The bars represent

means and standard deviation of 4 experiments with all

conditions performed in triplicate. ***P , .001. (D) PDPN

expression is induced under hypoxic conditions in U87MG and

LN308 cells with mutant PTEN but not in L428 cells (PTEN

wild-type). Enhanced PDPN transcript levels in hypoxic cells

(hypox) are indicated as fold difference compared with the

expression in normoxic LN428 cells (normox). Error bars show

SD values of at least 4 independent experiments. *P , .05,

***P , .001.
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Fig. 5. Epigenetic regulation of PDPN expression in human glioma samples and glioma cell lines. (A) Genomic DNA from frozen tumor tissues of

primary and secondary glioblastoma and normal brain was used for bisulfite sequencing of a CpG island in the PDPN 5′-region. For each

CpG-dinucleotide, the methylation status was rated according to the following scale: 0, not methylated (white square); 1, weakly

methylated (ratio peak area of unmethylated signal/methylated signal ,1/3; light grey square); 2, moderately methylated (ratio peak area

of unmethylated signal/methylated signal between 1/3 and 2/3; dark grey square); 3, strongly methylated (black square) (ratio peak area

of unmethylated signal/methylated .2/3). Whereas all secondary glioblastomas were at least moderately methylated, only 9 (56%) of 16

of the primary glioblastoma samples showed weak methylation. PDPN expression in the tumor samples is depicted in comparison to the

expression in nonneoplastic brain (NNB), with +++: .30-fold vs. NNB; ++: .10-fold vs. NNB; +: . 2-fold vs. NNB, 2: ,2-fold vs.

NNB; n.a.: not analyzed. The PTEN status is depicted as follows: 0, both PTEN alleles are present; –1, monoallelic loss; –2, biallelic loss of

PTEN; n.a., not analyzed. (B) PDPN transcript levels are inversely correlated to the methylation status of the PDPN promoter region. Scatter

plot depicting fold PDPN transcript levels relative to nonneoplastic brain. GB samples exhibiting PDPN promoter hypermethylation (PDPN

meth) in the CpG island depicted in (A) compared with samples with unmethylated PDPN-promoter (PDPN unmeth). Primary

glioblastomas (pGB) are depicted with open circles and secondary glioblastomas (sGB) with filled circles. (C) Increase in PDPN transcript

levels by demethylating agents in PTEN-negative U87MG cells, but not in LN428 cells with wild-type PTEN. U87MG and LN18 cells were

treated for 72 h with 5-aza-dC (500 nM) with or without TSA (1 mM, last 24 h of 5-aza-dC treatment) or with vehicle alone (control).

RQ-PCR was performed with primers specific for human PDPN and normalized to LaminB1 transcript levels. PDPN transcript levels of

U87MG control were set to 1. Bars show mean and standard deviation of triplicate measurements for each of 3 independent experiments.

***P , .001, **P , .01; n.s., not significant. (D) The glioma cell lines LN428 and U87 were treated as described in (C). Genomic DNA was

used for analysis of methylation of the CpG island in the PDPN promoter according to (A). Note the decrease in methylation upon

treatment with 5′-aza-2′-deoxycytidine (5-aza-dC) in the presence and absence of trichostatin A (TSA).
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enchymal subtypes, PDPN clustered with genes in the
mesenchymal signature exhibiting the second highest
expression in the classical signature but was mostly
absent in the neural or proneural signature.7

Moreover, most of the genes that are coregulated with
PDPN in our tumor samples are present in either the
classical or the mesenchymal signature published by
Verhaak et al.7 (data not shown). This is in concordance
with the fact that the mesenchymal and the classical sig-
natures are characterized by loss/mutation of PTEN and
higher activity of the PI3kinase/Akt pathway, compared
with the proneural signature.48,49 Accordingly, we
found PDPN to be regulated by the PI3K/AKT
pathway in glioma cell lines. Upstream of PI3K/AKT,
we identified PTEN as a negative regulator of PDPN ex-
pression. It has been shown previously that PTEN regu-
lates the transcription factor AP-1 by decreasing the
expression of FOS and that PI3K plays a crucial role in
FOS expression in the glioma cell line U87MG.41 Our
finding that PDPN expression is regulated by AP-1 is
in line with our previous findings that identified PDPN
as a direct Fos target gene in a mouse model of skin
tumorigenesis.24

Genes encoding components of the PI3K/PTEN sig-
naling pathway are among the most frequently
mutated genes in cancer, and thus, aberrant PI3K signal-
ing is a key feature of human tumorigenesis and tumor
progression (for a recent review, see 50). Of note, the
PTEN status of tumors from patients with GB deter-
mined the ability of the tumor cells to grow as neuro-
sphere cultures.51 It has been postulated that PDPN
might be a potent marker for tumor-initiating cells in
skin cancer,52 and there is increasing evidence that this
may also hold true for brain tumors.4,22 Because we
found high PDPN expression in glioma tumor neuro-
spheres,22 it is tempting to speculate that the
PI3K-AKT-AP-1-PDPN signaling pathway may be
involved in tumor progression from tumor-initiating
cells.

Therapeutics targeting PI3K or its downstream kinase
AKT have emerged as potential treatment strategies for
cancer patients in preclinical studies on different
cancer entities (for reviews, see 53–55). Our finding that
PDPN is a downstream target of PI3K suggests the us-
ability of downregulation of PDPN expression as an
indicator of successful interference with this pathway.

Fig. 6. PDPN silencing impairs proliferation and migration of LN308 glioma cells. (A) Western blot analyses with extracts from LN308 cells

transduced with PDPN shRNAs 1-3 and scrambled (nontarget) control. Transduction with PDPN sh1 and sh2 resulted in downregulation of

PDPN protein compared with nontarget and PDPN shRNA3 (nonfunctional) transduced LN308 cells. (B) Proliferation of LN308 is

significantly reduced in the presence of PDPN sh1 and sh2. The percentage of BrdU-positive cells was determined by FACS analysis. The

bars represent means and standard deviation of 4 experiments with all conditions performed in triplicate ***P , .001. (C)

Downregulation of PDPN expression results in slower migration of LN308 cells. LN308 cells transduced with the indicated shRNA

constructs were seeded in a migration chamber with a defined gap width. Gap closure was followed over a period of 36 h. The

experiment was performed 4 times with each cell line tested in quadruplicate per assay. *P , .05, **P , .01.
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We found that, in vitro, silencing PDPN expression leads
to reduced proliferation and migration of glioblastoma
cells (Fig. 6) and causes diminished cell invasion of glio-
blastoma spheroids in 3-dimensional collagen
matrices,22 highlighting a potential critical role of this
gene in high-grade glioma. Because PI3K signaling
plays a key role in numerous normal physiological pro-
cesses and interference with this central pathway may
thus lead to severe adverse effects, classifying PI3K
downstream molecules, such as PDPN, as putative
novel therapeutic targets for anti-cancer therapy is a
matter of clinical concern.

In addition to genetic changes, hypermethylation of
distinct CpG islands in the promoters of tumor-relevant
genes, such as PDPN, plays an important role. We have
identified a CpG island located in the proximal PDPN
promoter that is critically involved in downregulation
of PDPN expression by hypermethylation. This is con-
firmed by correlative evidence using DNA and RNA
from primary human tumor samples and by functional
analysis of the methylation pattern and the expression
of PDPN in human glioma cell lines in the presence
and absence of demethylating agents. Thus, we
propose a model of PDPN regulation in human glioma
involving both genetic and epigenetic mechanisms, as
depicted in Fig. 7. Recently, Noushmehr et al. profiled
promoter DNA methylation alterations in a large set of
human glioblastoma samples in the context of The
Cancer Genome Atlas. They identified a glioma-CpG
island methylator phenotype (G-CIMP) in a subset of
tumors with early onset, with significantly improved
outcome, and with the characteristic presence of an
IDH1 mutation. Of note, in this screen, PDPN was

among the top-ranked hypermethylated genes with
downregulated expression in G-CIMP tumors.9

Epigenetic abnormalities play a major role in the devel-
opment and progression of virtually all cancer types (for
reviews see 47,56). Currently, the attractive aim of epigen-
etic therapies is the reversibility of epigenetic changes
that promote carcinogenesis: most importantly, the ab-
normal hypermethylation of tumor-suppressor genes
resulting in their inactivation (for reviews see 56,57).
However, it should be taken into account that applica-
tion of demethylating agents to patients with GB (i.e.,
with the G-CIMP signature) could increase the expres-
sion of genes involved in tumor progression and higher
malignancy, such as PDPN. Thus, including protocols
to eliminate high levels of PDPN expression may
further increase the therapeutic efficiency of demethylat-
ing agents.

Supplementary Material

Supplementary material is available at Neuro-Oncology
Journal online (http://neuro-oncology.oxfordjournals.
org/).
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