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Original Article 
Podoplanin increases migration and angiogenesis in 
malignant glioma
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Abstract: Expression of podoplanin in glial brain tumors is grade dependent. While serving as a marker for tumor 
progression and modulating invasion in various neoplasms, little is known about podoplanin function in gliomas. 
Therefore we stably transfected two human glioma cell lines (U373MG and U87MG) with expression plasmids en-
coding podoplanin. The efficacy of transfection was confirmed by FACS analysis, PCR and immunocytochemistry. 
Cells were then sorted for highly podoplanin expressing cells (U373Phigh/U87Phigh). Transfection did not influence 
the production of pro-angiogenic factors including VEGF, VEGF-C and D. Also, expression of VEGF receptors (VEGFR) 
remained unchanged except for U87Phigh, where a VEGFR3 expression was induced. U373Phigh showed significantly 
reduced proliferation as compared to mock transfected group. By contrast, podoplanin significantly increased mi-
gration and invasion into collagen matrix. Furthermore, conditioned media from Phigh glioma cells strongly induced 
tube formation on matrigel. In conclusion, podoplanin increased migration of tumor cells and enhanced tube forma-
tion activity in endothelial cells independent from VEGF. Thus, podoplanin expression may be an important step in 
tumor progression. 
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Introduction

Podoplanin (PDPN), a transmembrane mucin-
like protein, is broadly associated with lymphat-
ic endothelium and lymphangiogenesis where 
it augments the separation of blood and lym-
phatic vessels during embryonic development. 
A more widespread PDPN expression has been 
described in various human tumor settings, 
where platelet aggregation by podoplanin 
through C-type lectin-like receptor-2 (CLEC-2) 
has been linked to the formation of metastasis 
[1] as well as PDPN has been linked to cytoskel-
eton regulation and thus increased migration 
and invasion. 

In gliomas a grade dependent expression of 
podoplanin is usually found on tumor cells 
(apart from anaplastic oligodendrogliomas, 
where podoplanin is found also on tumor endo-
thelium) [3]. Given the infiltrative and angiogen-

ic behavior of these tumors and the strong 
expression of PDPN, we investigated its impact 
on glioma cell behavior and its potential effects 
on tumor-endothelial interaction in vitro. 

Materials and methods

Cell lines and culture conditions 

Human glioma cell lines U87MG and U373MG 
were purchased from ATCC. Human brain micro-
vascular endothelial cells (HBMVEC) were pur-
chased from, ScienCell Research Laboratories, 
(Provitro, Berlin, Germany). Human brain mic- 
rovascular endothelial cells (HBMEC) were 
obtained from ScienCell Res. Labs. (Carlsbad, 
USA). Tumor cells were cultured at 37°C and 5% 
CO2 in DMEM containing Glutamine, 10% heat 
inactivated FCS and Streptomycin. HBMEC 
were cultured in endothelial cell medium 
(Promocell, Heidelberg). 

http://www.ijcep.com


Podoplanin in malignant glioma

8664	 Int J Clin Exp Pathol 2015;8(7):8663-8670

Podoplanin transfection

For a stable transfection a cDNA fragment 
encoding human podoplanin was subcloned 
into the commercially available over-expres- 
sion vector pcDNA3 (Invitrogen, Karlsruhe, 
Germany). 

The cDNA resulted from a PCR using primer 
designed with the software HUSAR sequence 
analysis tool (DKFZ, Heidelberg, Germany)  
and synthesized by Metabion (Martinsried, 
Germany). To subclone the cDNA into the 
pcDNA3 vector enzymatic restriction was per-
formed with the enzyme EcoR1 followed by liga-
tion. The resulted vector (pcDNA3-Podoplanin) 
and empty vector controls (pcDNA3) were then 
stably transfected into the U87MG and 
U373MG glioma cell lines by utilizing the ele- 
ctroporation method.

For this method vectors were linearized by 
restriction with BglII, then isolated with QIAquick 
gel extraction kit (Qiagen, Hilden, Germany)  
and resuspended in 30 µl of sterile water. 
Together with 8×106 glioma cell lines these  
vectors were filled into electroporation cuvettes 
(4 mm, PeqLab) and the electroporation was 
performed at 230-260 mV and 960 µF. 

Subsequently stably transfected glioma cells 
were selected by supplementation of 300 µg/
ml G418 (Invitrogen, Karlsruhe, Germany) to 
the culture medium.

Resulting glioma cell lines overexpressing 
podoplanin were named U373Phigh, U87Phigh 
and the mock variants were named U373mock 
and U87mock.

FACS analysis

Flow cytometry was performed as described 
previously [4] using the FACS Calibur (BD 
Biosciences, Heidelberg, Germany). Podoplanin 
was detected with murine monoclonal antibod-
ies directed against human podoplanin (mc, 
clone 18H5, Acris Antibodies, Hiddenhausen, 
Germany). For detection anti-mouse antibodies 
(PE, Dako, Glostrup, Denmark) were used, 
respectively. 

Real-time PCR

RNA was isolated from human glioma speci-
mens (glioblastoma (GBM) n=8, astrocytoma 
WHO°II (AII) n=5, non neoplastic brain (NNB) 

n=3), U373 and U87 (wt, mock, Phigh) using an 
RNA extraction kit used according to the manu-
facturer’s instructions (RNeasy Mini Kit, Qiagen, 
Hilden, Germany). TaqMan RT-PCR was perfor- 
med as described [5]. Commercially available 
pre-developed TaqMan reagents were used for 
hVEGF-C, hVEGF-D, hVEGFR1, hVEGFR2, hVEG-
FR3, h-podoplanin, (Assay on Demand), and for 
hGAPDH and rRNA (PDAR). The following addi-
tional probe was generated: hVEGF-A sense 
primer GCCTTGCTGCTCTACCTCCAC, antisense 
primer ATGATTCTGCCCTCCTCCTTCT, probe: AA- 
GTGGTCCCAGGCTGCACCCAT. All Taqman rea- 
gents were obtained from Applied Biosystems, 
Warrington, UK.

Proliferation assay

The colorimetric [3-(4, 5-dimethylthiazol-2-yle) 
2, 5-diphenyltetrazolium bromide] (MTT) assay 
was performed to quantify the cell proliferation. 
2×103 cells per well were incubated in 96-well 
microplates (coated with collagen I, 4%) with 
DMEM (± 10% FCS) medium. After 24, 48 and 
72 hours, medium was removed and replaced 
by 50 µl of 1 mg/ml MTT (Sigma Aldrich) in EC 
medium. Following 4 hrs incubation in this con-
dition, 100 l DMSO solution was added and the 
plates were incubated for 60 minutes at 37°C 
to allow crystal solving. The optical density  
of each condition was determined using a 
Labsystems multiscan microplate reader (VWR, 
Dorset, UK) at a wavelength of 540 nm with a 
reference wavelength of 630 nm. Each experi-
mental condition was repeated 3 times. All 
assays were done in triplicate.

Spheroid co-culture

HBMEC spheroids were also produced in han- 
ging-drop technique. HBMEC and tumor cells 
were stained with CellTracker® Red and green 
respectively (Molecular Probes, Life Technology, 
Darmstadt, Germany). HBMEC spheroids were 
individually placed in agar-coated 96-well 
plates. Tumor spheroids of the same size were 
transferred to the wells with the brain aggre-
gates, and 200 µl of medium was added. The 
spheroids were then placed against each other, 
using a sterile syringe. Co-cultures were photo-
graphically documented every 12 hours. 

Collagen sprouting assay

Tumor cells were allowed to form spheroids 
using the “hanging drop” technique. 5000 cells 
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were suspended in 50 µl 
medium and set on plastic 
petri wells, which were kept 
upside down in humid con-
ditions. After 48 hours 
spheroids of identical size 
were harvested. For colla-
gen gel assay a collagen 
(Cohesion, Palo Alto, USA), 
solution was made (7.5 ml 
collagen solution, 1 ml 10  
x DMEM, 1.5 ml NaHCO3 
[15.6 mg/ml]) under cold 
conditions. Wells from a 
96-well plate were filled 
with 50 µl of solution and 
incubated at 37°C for thr- 
ee hours to allow geling. 
Spheroids were picked 
under a microscope and 
set in the centre of the well. 
A second amount of 30  
µl collagen solution was 
added followed by another 
geling period. Medium was 
added (100 µl)/well, imag-
es were taken under a 
Zeiss Axioskop 2 light 
microscope (Zeiss, Jena, 
Germany) microscope at 
time points 0, 24, 48, 72 
hours. Area of migration 
was calculated by use of 
DatInf-Measure software 
(DatInf Inc., Tuebingen, 
Germany). All assays were 
done in triplicate.

Immunohistochemistry

A series of 20 glioblasto-
mas (GBM, WHO IV) and 20 
low grade astrocytomas 
(WHO II) were stained  
for podoplanin expression. 
Specimens were fixed in 
10% para-formaldehyde im- 
mediately after excision 
and embedded in paraffin. 
Remaining tissue from 
large specimens was snap 
frozen and stored in nitro-
gen for RNA and protein 
isolation. Tissue sections 

Figure 1. Podoplanin expression in human glioblastoma: tumor cells scaffold-
ing vascular structures show strong expression of PDPN (A, B). Primary cultures 
show a stable expression of PDPN during cell culture (E, passage 6). Trans-
fected U373Phigh (C) and U87Phigh (D) show strong expression of PDPN. 

Figure 2. FACS analysis of transfected U373 and U87 cells. (red lines A & B: 
U373Pmock, U87Pmock, C & D: U373Phigh and U87podo). Wild type U87 (U87wt) 
showed a basal expression of PDPN, while U373wt and mock were negative. 
After transfection, PDPN high (filled arrows, U373Phigh, U87Phigh) and low (lined 
arrows) expressing cells could be distinguished. 
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Immunofluorescence and 
-cytochemistry

For staining, cells were 
plated on gelatin coated 
Lab-Tek chamber slides 
(Nalge Nunc Inc., Mape- 
rville, USA). After washing, 
cells were incubated with 
antibodies against podo-
planin (clone 18H5, Acris 
Antibodies, Hiddenhausen, 
Germany [1:100]. Secon- 
dary stain was performed 
with either FITC-conjuga- 
ted secondary antibodies 
[1:100] (both from Dak- 
oCytomation, Glostrup, De- 
nmark). Nuclear counter-
stain was performed with 
DAPI (Hoechst, Frankfurt, 
Germany). Images were tak- 
en by a Canon Powershot 
camera on a Zeiss immun- 
ofluorescence microscope 
(Axiovert 25, Zeiss, Jena, 
Germany). Negative control 
was performed by use of 

Figure 3. Proliferation assay showing reduced cell growth of U373Phigh com-
pared to mock transfectants while no difference was seen for U87. Data were 
shown for serum restricted conditions. 

were deparaffined in xylol and re-hydrated in a 
graded series of ethanol. Endogenous peroxi-
dase activity was eliminated by 0.3% methano-
lic hydrogen peroxide. Antigen retrieval was 
performed by sodium-citrate method and mic- 
rowave heating for 20 minutes followed by a 
cooling down step of 30 minutes. After washing 
in TBS/0.5% TWEEN-20, slides were incubated 
for 30 minutes with a protein-block solution 
(DakoCytomation, Glostrup, Denmark). Then 
slides were incubated with mouse monoclonal 
(mc) antibody against human podoplanin 
[1:100] (Acris, Hiddenhausen, Germany, clone 
18H5) for 30 minutes at room temperature. 
After thorough washing with TBS/0.5% TWEEN-
20 three times between each step, sections 
were incubated with anti-rabbit/anti-mouse 
biotinylated linker and streptavidin-HRP (both 
from DakoCytomation, Glostrup, Denmark) 
subsequently. Visualization of the Biotin/
Streptavidin complex was done by 0.05% diami-
nobenzidine dissolved in TBS containing 0.01% 
hydrogen peroxidase. Negative control was per-
formed by use of non specific primary antibod-
ies and omitting the primary antibodies. 

non specific primary antibodies and omitting 
the primary antibodies.

Tube formation assay

96 well plates (Nunc, Wiesbaden, Germany) 
were coated with growth factor reduced 
Matrigel (BD Biosciences, Heildelberg, Ger- 
many) 50 µl/well. Human brain microvascular 
(HBMEC) were stained with CellTracker® Red 
(Molecular Probes, Life Technology, Darmstadt, 
Germany) and were added to matrigel coated 
wells in different media in presence or absence 
of tumor cells. Images were taken 18 hours 
after plating the cells using a ZEISS Axioskop 2 
light microscope (Zeiss, Jena, Germany). All 
assays were done in triplicate.

Statistical analysis 

Data are expressed as mean ± standard deri-
vation. Values were compared using Mann-
Whitney-U-test. A two-sided P-value of < 0.05 
was considered to indicate statistical sign- 
ificance.
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Results

Podoplanin in GBM is expressed predominant-
ly in cells scaffolding vascular structures

All GBM specimens showed a strong PDPN 
expression, which were mainly focused on 
areas of high vessel density with a strong signal 
on tumor cells adjacent to vessels. Endothelium 
itself did not show reactivity (Figure 1). Low 
grade gliomas did not show podoplanin expres-
sion (data not shown). 

Primary cultures from four GBM showed strong 
immunoreactivity for podoplanin in vitro which 
remained stable during culture (Figure 1). 

Human glioma cells stably tranfected for podo-
planin

Wild type U373MG cells showed no endoge-
nous expression of podoplanin, while wtU87 
showed a weak basal expression. After trans-

U373Phigh cells showed a significantly reduced 
proliferation after 96 hours in standard medi-
um conditions as compared to wild type, and 
mock transfectants. In U87Phigh cell growth was 
unchanged as compared to control groups. 
Results were identical for serum dependent 
and independent growth (data shown for serum 
restricted conditions, Figure 3). 

Growth patterns in monolayer culture did not 
show any differences in the groups compared 
in terms of cell shape or growth pattern (data 
not shown). 

Podoplaninhigh glioma cells enhance tube 
formation in human endothelial cells indepen-
dent from VEGF 

Tube formation on matrigel was assessed in 
human brain microvascular endothelial cells. 
All cells showed tube formation after 24 hours 
under standard condition, which could be fur-

fection and selection of 
stably over expressing ce- 
lls, a high expression of 
podoplanin was evidenced 
in both cell lines (U373Phigh 
and U87Phigh). Expression 
was documented by FACS, 
PCR and immunocytoche- 
mistry. Podoplaninhigh ce- 
lls were separated by FACS 
sorting and cultured under 
standard medium condi-
tions using G418 supple-
ment. (Figure 2)

Podoplanin increases inva-
sion of tumor cells 

U373Phigh and U87Phigh ce- 
lls showed an increased 
invasion and migratory 
capacity compared to the 
mock transfected group. 
This effect was observed in 
three-dimensional collagen 
star bust assay. The effect 
was more pronounced in 
U373MG cells than in 
U87MG cells. 

Podoplanin reduces tumor 
cell proliferatio

Figure 4. Star bust assay in collagen gel. U373Phigh showed increased migration 
compared to mock transfected cells. U373mock cells at time point 0 hours was 
set as 100%. (*P < 0.03).
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ther stimulated by addition of VEGF. Tumor con-
ditioned media from U373mock and U87mock did 
have a stimulating effect upon formation activ-
ity compared to control group. Addition of con-
ditioned media from U373Phigh further resulted 
in a significant increase of tube formation. In 
U87MG a similar response was seen, however, 
this difference did not reach statistical signifi-
cance (Figure 4).

On the mRNA level, podoplanin did not alter the 
expression of VEGFR 1-3 in U373Phigh but 
increased VEGFR3 expression in U87Phigh 
(Figure 6). Levels of VEGF-A, -C or -D remained 
unchanged in both cell lines. 

In ELISA VEGF protein expression was not influ-
enced by podoplanin transfection (data not 
shown). 

In our studies a grade dependent expression 
could be confirmed with all glioblastomas being 
positive for PDPN. In all our specimens, expres-
sion was focused on areas of high angiogenic 
activity with PDPN positive cells scaffolding 
vascular structures. Considering the impor-
tance of PDPN as a lymphatic marker, these 
findings might suggest a potential association 
of PDPN with glioma angiogenesis. 

Therefore, we transfected the PDPN negative 
glioma cell line U373 and the line U87, which 
showed a weak basal expression with expres-
sion plasmids for human PDPN under the con-
trolof the CMV promoter.

Interestingly, significant changes of cellular 
parameters were observed only in the U373MG 
cells, which basically did not express podo-

Podoplanin increases at-
traction and inclusion of 
HBMEC in tumor spheroids  

U373Phigh and U87Phigh ce- 
lls showed an increased 
attraction of endothelial ce- 
lls compared to the mock 
transfected group. After  
24 hours spheroids of 
U373Phigh cells were com-
pletely embraced and per-
vaded by HBMEC whilst 
U373Pmock showed merely 
an increased contact area 
compared to start point. 
The effect was more pro-
nounced in U373MG cells 
than in U87MG cells (resu- 
lts shown for U373MG) 
(Figure 5). 

Discussion 

In contrast to several other 
neoplasms, podoplanin is 
not expressed on gliom- 
a associated endothelium 
but on the tumor cells 
themselves (with the ex 
ception of some anaplastic 
oligodendrogliomas) [3]. Fu- 
rthermore, gliomas do not 
show metastatic spread, 
thus the functional impor-
tance of podoplanin expres-
sion by these tumors is still 
under discussion. 

Figure 5. Tube formation of human brain microvascular endothelial cells on 
growth factor reduced matrigel. Incubation with conditioned media from 
U373Phigh induced tube formation significantly, no effect was seen for mock 
transfected (*P < 0.05).
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which corresponds to immunohistochemical 
observations, where podoplanin positive cells 
are scaffolding tumor vessels. 
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