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Podoplanin expression is a prognostic biomarker but
may be dispensable for the malignancy of glioblastoma
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Abstract

Background. Treatment options of glioblastoma, the most aggressive primary brain tumor with frequent relapses
and high mortality, are still very limited, urgently calling for novel therapeutic targets. Expression of the glycopro-
tein podoplanin correlates with poor prognosis in various cancer entities, including glioblastoma. Furthermore,
podoplanin has been associated with tumor cell migration and proliferation in vitro; however, experimental data
on its function in gliomagenesis in vivo are still missing. Hence, we have functionally investigated the impact of
podoplanin on glioblastoma in a preclinical mouse model to evaluate its potential as a therapeutic target.
Methods. Fluorescence activated cell sorting, genome-wide expression analysis, and clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR-associated nuclease 9 (Cas9)-mediated deletion of podoplanin in patient-derived
human glioblastoma cells were combined with organotypic brain slice cultures and intracranial injections into mice.
Results. We defined a malignant gene signature in tumor cells with high podoplanin expression.The increase and/
or maintenance of high podoplanin expression in serial transplantations and in podoplanin'*“-sorted glioblastoma
cells during outgrowth indicated the association of high podoplanin expression and poor outcome. Unexpectedly,
similar rates of proliferation, apoptosis, angiogenesis, and invasion were observed in control and podoplanin-
deleted tumors. Accordingly, neither tumor growth nor survival was affected upon podoplanin loss.

Conclusion. We report that tumor progression occurs independently of podoplanin. Thus, in contrast to previous
suggestions, blocking of podoplanin does not represent a promising therapeutic approach. However, as podopla-
nin is associated with tumor aggressiveness and progression, we propose the cell surface protein as a biomarker
for poor prognosis.
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Importance of the Study

Previously, podoplanin was reported to regulate glio-
blastoma proliferation and migration in vitro. In
combination with studies that correlated high podo-
planin expression with poor prognosis, podoplanin
was hypothesized as a major driver for glioblastoma
and considered as a potential therapeutic target.
Unexpectedly, we found that deletion of podoplanin in
primary glioblastoma cells and glioblastoma cell lines
does not affect tumor progression in a mouse xenograft
model, suggesting either that the potential malignant

Glioblastoma is the most frequent and most malignant
primary brain tumor in humans, with a median survival of
12-15 months after diagnosis.! Despite gross resection of
the tumor mass, harsh radiation, and chemotherapy, the
prognosis for glioblastoma patients remains very dismal,
and current therapeutic means add mere months to patient
survival.' Thus, there is a great need for the identification of
novel targets and development of more effective treatments
to combat therapy resistance and diffuse infiltration of
tumor cells into adjacent healthy tissue. Podoplanin (PDPN)
has recently been implicated in progression and invasion of
various cancer entities, including glioblastoma.?* PDPN is
a cell surface protein expressed in various tissues through-
out the body.® During embryonic development, PDPN in
the neuroepithelium mediates the maturation and integ-
rity of the developing vasculature in the murine brain in
interaction with C-type lectin-like receptor 2 on platelets.®
In the adult brain, PDPN expression is restricted to neural
stem cells,” ependymal cells, choroid plexus,® and reactive
astrocytes.® However, the physiological function of PDPN
in the adult brain has not been clarified yet. Previously,
we and others have shown strong expression of PDPN in
high-grade gliomas and furthermore presented PDPN as
a marker for malignant progression and poor prognosis
in glioma patients.2’%" High levels of podoplanin have
also been observed in many other cancer entities, such as
squamous cell carcinoma.? In vitro overexpression stud-
ies in Michigan Cancer Foundation 7 breast cancer cells,*
Madin-Darby canine kidney cells,’> and U373MG and
U8B7MG glioma cells™ resulted in a significant increase in
migration. Consistently, we found that a short hairpin (sh)-
mediated knockdown of PDPN in glioma cells resulted in
decreased proliferation, 2D migration, and invasion into a
collagen matrix.'®" However, only a few publications deal-
ing with other cancer entities have included functional
studies in vivo. PDPN overexpression has been linked with
tumor cell invasion in pancreatic adenocarcinoma and lung
metastasis.*'* Conformably, one recent study has associ-
ated downmodulation of PDPN expression with decreased
tumor growth and invasion of xenotransplanted epidermoid
carcinoma cells.’™ In summary, there are many indications
that PDPN might be a driver for tumor cell invasion and
malignant progression; however, whether this applies for
high-grade glioma in a preclinical patient-derived xenograft
model remains to be examined.
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function of podoplanin is compensated by another yet
unknown protein or that podoplanin is associated with,
but not functionally implicated in, malignant features.
Thus, podoplanin inactivation does not represent a
promising option for glioblastoma therapy. However,
the evident upregulation and the association with high
aggressiveness in glioblastoma rather prompt the clin-
ical usage of tumor-specific podoplanin as a marker for
tumor progression and a cell surface molecule for tar-
geted cytotoxic therapy.

Here we have functionally investigated the effect of
PDPN on glioblastoma progression in vivo. Analysis of
PDPN high and low expressing subpopulations of primary
glioblastoma has experimentally confirmed the finding
that PDPN is associated with poor prognosis in glioblas-
toma. However, loss-of-function experiments demon-
strated that PDPN deletion in human glioma cell lines
as well as in primary glioblastoma cells affected neither
tumor growth nor vascularization, apoptosis, or tumor cell
invasion, contradicting the hypothesis of a driving function
for PDPN in glioblastoma. In summary, we show that PDPN
does not represent a major driver for glioblastoma but
may constitute both a valuable biomarker for progressive
disease and, due to its exposition on the cell surface, a pos-
sible entry point for antibody- or chimeric antigen receptor
(CAR)T-cell-mediated cytotoxic therapy.

Methods
Tumor Cell Cultivation

Primary human glioblastoma tumors GBMF2, GBMF3,
and GBMF10 were freshly obtained from the University
Hospital/Edinger Institute in Frankfurt, Germany. For
cell isolation, tumor tissue was minced and digested in
Leibovitz medium supplemented with 12 U/mL papain, 200
U/mL DNase, and 0.5 mM EDTA for 25 min at 37 °C. After
filtration (70 pm) and lysis of erythrocytes, tumor cells were
cultured as spheroids in serum-free Neurobasal medium
(LifeTechnologies) containing B27 supplement, 20 ng/mL of
each epidermal growth factor and basic fibroblast growth
factor, 2 pg/mL heparin sodium salt, 2 mM L-glutamine,
and 100 U/mL penicillin/streptomycin at 37°C and 5% CO,.
Established human glioma cell lines LN308 and LN319 were
cultured as adherent monolayers in Dulbecco’s modified
Eagle’s medium 10% fetal calf serum, 2 mM L-glutamine,
and 100 U/mL penicillin/streptomycin at 37°C and 5% CO,,.

The cell lines LN319 and LN308 were authenticated
in April 2018 using Multiplex Cell Authentication by
Multiplexion  (Heidelberg, Germany), as described
recently.’® The single nucleotide polymorphism profiles
matched known profiles.

Experiments involving human patient material were per-
formed in accordance with the Declaration of Helsinki and
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were approved by the ethics committee of the University
Cancer Center Frankfurt, project number SNO_01_13.

Fluorescence Activated Cell Sorting and Flow
Cytometry

In line with PDPN being a substrate for the cysteine pro-
tease calpain-1," we found PDPN to be cleaved upon
papain treatment, a common and in our hands the most
efficient method of primary glioblastoma cell isolation.
Using established primary in vitro cultures we detected
full PDPN reconstitution on the cell surface 2 days after
papain treatment. Thus, isolated primary cells were culti-
vated for 2 days before flow cytometry. For this purpose,
single cell suspensions were stained for human PDPN
(Biolegend #337008) and/or human leukocyte antigen
(HLA) class | (Biolegend #311413) for 20 min at 4°C. Flow
cytometry was performed using a Becton Dickinson (BD)
FACSCalibur. Tumor cells were sorted for either low or
high PDPN expression (PDPN'°% and PDPNMigh), ablation
of PDPN (PDPNKO), or HLA expression (HLA+) by a BD
FACSAria | or BD FACSAria Fusion Cell Sorter device at the
German Cancer Research Center (DKFZ) Flow Cytometry
Service Unit. In order to obtain sufficient material for intra-
cranial injections of PDPNPigh or PDPN'°Y cells, GBMF2 and
GBMPF3 cells were passaged once in vivo (i.c.) before fluor-
escence activated cell sorting (FACS).

Gene Expression Profiling

Six different human long-term tumor spheroid cultures
were sorted into PDPN'% and PDPNM¢h populations.
RNA was extracted using the RNeasy kit (Qiagen) and
sent to microarray analysis using Illumina Human-HT-12
Expression BeadChip according to the manufacturer’s
instructions at the DKFZ Genomics and Proteomics Core
Facility. Quality control, reverse transcription with labe-
ling, chip hybridization, and calculation of mean averages
were conducted in the core facility for each probe. R was
used for quantile normalization of the raw microarray data.
Differential gene expression was analyzed based on a fold
change analysis. The ratios for the 6 samples were aver-
aged and compared. Gene annotation enrichment ana-
lysis was performed using the bioinformatics resources
software of DAVID (Database for Annotation, Visualization
and Integrated Discovery).'® Enrichment score is reported
as the minus log transformation of the geometric mean
of P-values (modified Fisher’s exact test). All functional
clusters with enrichment score >1.3 (corresponding to
minus log of P < 0.05) were considered significant. Raw
and normalized data are deposited in the Gene Expression
Omnibus (GEO) database with the accession number
GSE114915.

Intracranial Injections

Using a motorized stereotaxic instrument (Neurostar)
2 x 10* primary tumor cells or 1 x 10% tumor cells from
established lines were injected in 2 pL phosphate buffered
saline 2 mm lateral (right) and 3 mm ventral to the bregma

with a speed of 0.2 uL/min. Used as recipients were severe
combined immunodeficient (SCID)-beige mice 8-10 weeks
old (C.B-Igh-1b/GbmsTac-Prkdcs¢-Lyst’9 N7; Taconic). For
serial xenotransplantations, tumor cells re-isolated from
mice were sorted for HLA+ in order to re-inject a pure
tumor cell population. With the exception of knockout stud-
ies, primary glioblastoma cells were cultivated at the most
for 7 days before injection. Mice were sacrificed when
exhibiting termination criteria such as loss of >20% body
weight or poor general condition. Length of animal sur-
vival was measured by means of Kaplan—-Meier estimate.

All animal experiments were approved by the responsible
authority for animal experiments (Regierungsprasidium
Karlsruhe, Germany) and performed in conformity with the
German Law for Animal Protection.

Immunohistochemistry

Brains of sacrificed mice were fixed in 4% paraformalde-
hyde (PFA) and embedded in paraffin. Six-micrometer
histological sections were stained according to standard
immunohistochemistry protocols. The antibodies used
were specific for human PDPN (D2-40, Covance, #SIG-
3730; 1:100); STEM121 (Cellartis Takara, #Y40410; 1:1000),
which targets a to our knowledge undisclosed protein used
to identify xenotransplanted human cells; laminin (Progen
Biotech, #10765; 1:100); Ki67 (Abcam, #ab15580; 1:500);
and lbal (Wako, # 019-19741), and counterstained with
hematoxylin.

CRISPR/Cas9-Mediated Gene Deletion

We used lentivirus-mediated transduction for the stable
transfer of the required plasmids. For virus production we
transfected one 10 cm dish of HEK293T cells with 8 pg len-
tiCRISPRv2, 4 ng psPAX2, 2 ng pvVSVg, and 42 ng polyethyl-
enimine (Alfa Aesar). Medium was changed to Neurobasal
the next day. Virus-containing medium was transferred
to the target cells. In order to transduce sufficient cells of
tumor GBMF3, cells were propagated in vivo (i.c.). Upon
recovery from infection, recipient cells were selected for
transfer plasmid integration by puromycin treatment for
one week. Additionally, cells transduced with the single-
guide (sg)RNA targeting PDPN were sorted for PDPN dele-
tion by FACS.

The lentiCRISPRv2 plasmid encoded either the
PDPN-targeting sgRNA (AGACTTATAGCGGTCTTCGC)
or the control sgRNA against renilla luciferase
(GGTATAATACACCGCGCTAC). Cloning was performed
according to the depositor’s protocol.The sgRNA sequence
targeting the renilla luciferase gene was provided by
Kwang Lee.The lentiCRISPRv2 (Addgene #52961), psPAX2
(Addgene #12260), and pCMV-VSV-G (Addgene #8454)
plasmids were gifts from Dr Feng Zhang, Dr Didier Trono,
and Dr Robert Weinberg, respectively.

TUNEL Staining

Apoptosis was evaluated in tumor sections by staining
by terminal deoxynucleotidyl transferase deoxyuridine



triphosphate nick end labeling (TUNEL). Tissue was per-
meabilized by 15 min treatment with 20 ng/mL proteinase
K at 37°C. TUNEL labeling solution (Sigma #11767291910)
and terminal transferase (New England Biolabs #M0315S)
were incubated for 60 min at 37°C. Five pictures each from
the tumor margin and tumor core were taken and number
of apoptotic cells counted.

Ex Vivo Invasion Assay

The ex vivo invasion assay based on organotypic brain slice
cultures was conducted as previously reported.' Briefly,
350-pm-thick brain slices were prepared from 6-week-old
C57BI/6 mice using a vibratome (Leica VT1200 S) and cul-
tured on 0.4-um pore size filters (Millipore, #PICM03050) in
6-well plates. Added in the lower compartment was brain
slice medium (Minimum Essential Medium, 25% heat-inac-
tivated horse serum, 256 mM HEPES (4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid), 1 mM L-glutamine, 5 mg/
mL glucose, 100 U/mL penicillin/streptomycin). Primary
glioblastoma spheroids labeled with DiD (DilC18(5);
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine,
4-chlorobenzenesulfonate salt) (5 ng/mL; Biotium, #60014)
were manually implanted into the cortical tissue using a
blunt Hamilton syringe (701N; 10 plL; 26s/51/3). Brain slices
were fixed 2 days later in 4% PFA at 4°C o/n and spheroids
imaged by confocal microscopy. Z-stack images were
transformed to a maximum projection image by using
ImageJ,?® and image quality was optimized by adjustment
of brightness, contrast, and gamma. Migration was quan-
tified by measuring the average cumulative sprout length
per spheroid.

RNA Interference—Mediated Knockdown of PDPN

Viral transduction of target cells was performed as described
above. MISSION pLKO.1-puro (Sigma-Aldrich) encoding
a nontarget (HC002V, Sigma-Aldrich) or anti-PDPN (TRC-
61926, Sigma-Aldrich) shRNA served as target vector.

Quantitative Real-Time PCR

For quantitative gene expression analysis, 40 cycles of real-
time PCR was performed on the StepOnePlus real-time detec-
tion system (Applied Biosystems). Every PCR reaction was
carried out in duplicates with 2.5 ng of cDNA in a final vol-
ume of 12.5 puL Power SYBR Green PCR Master Mix (Applied
Biosystem). StepOne Software v2.2 was used for data ana-
lysis. Importin-8 and TATA-box binding protein were used as
housekeeping genes to normalize target gene expression.
Primer sequences are given in SupplementaryTable 1.

Cell Viability in the Presence of
Chemotherapeutic Agents

LN308 and LN319 PDPNKC and control cells were seeded
in 96-well plates (5000 cells/well) one day prior to add-
ition of the temozolomide (in a half-logarithmic concen-
tration range from 1 mM to 30 nM) or etoposide (in a
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half-logarithmic concentration range from 100 pM to 3 nM)
with each condition analyzed in duplicate. Dimethyl sulf-
oxide (1%) was used as vehicle control. Read-out for cell
viability was metabolic activity (ATP content) assessed
72 hours after compound addition using CellTiter-Glo
Luminescent Cell Viability Assay (Promega) according to
the manufacturer’s protocol. Curve fitting and determin-
ation of half-maximal inhibitory concentration values and
area under the curve were performed using the GraphPad
Prism nonlinear regression tool.

Results

PDPN!9! Glioma Subpopulation Shows a
Malignant Gene Signature

In order to assess whether PDPNPigh glioma cells are
enriched in tumorpromoting properties, we sorted
PDPNPish and PDPN'°% cells from 6 long-term patient-
derived glioblastoma cultures. The percentage of these
populations differed among individual cultures; how-
ever, most cultures exhibited higher amounts of PDPN"igh
than PDPN'°% populations (Supplementary Figure 1A).
We then isolated RNA and performed a genome-wide
expression analysis. The microarray data were validated
by quantitative real-time PCR analysis of selected genes
which were either up- or downregulated in PDPN"igh cells
(Supplementary Figure 1B). Gene annotation enrichment
analysis revealed a significantly higher expression of
genes functionally associated with cell adhesion and motil-
ity, negative regulation of apoptosis, and angiogenesis in
PDPNPish glioma cells (Fig. 1A). As these gene ontologies
are associated with tumor development and progression,
we concluded that high PDPN expression is part of the
malignant gene signature in glioma.

Shortened Survival Is Paralleled by Increased
PDPN Expression in Serial Xenotransplantations

We have previously reported that PDPN expression is
correlated with high grade and shorter overall survival in
human glioma patients.’® Glioblastoma tumors are char-
acterized by high intratumoral heterogeneity.?’ During
the course of the disease the diverse population of can-
cer cells is subject to selective pressure of limited sup-
ply of nutrients, oxygen, or therapeutic means. Selection
results in competition among subclones and prevalence
of the most aggressive ones. Serial transplantations of
tumor material resulting in increased tumor growth rate
and enhanced invasion are frequently used to model this
evolution of aggressive tumor cells.?223Thus, this experi-
mental approach was used conducting 3 serial trans-
plantations of the 3 human primary glioblastoma tumors
GBMF2, GBMF3, and GBMF10 into immunocompromised
mice. Indeed, with every stage of transplantation we
observed a reduced survival of the recipients, indicative
for increased aggressiveness of the tumor (Figure 1B).
To gain insight into the expression pattern of PDPN dur-
ing the disease progression, its expression level was
monitored by flow cytometry in the acute primary patient



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy184#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy184#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noy184#supplementary-data

Eisemann et al. Podoplanin in glioblastoma

Angiogenesis
Reg. of apoptosis
Cell adhesion

Cell motility

o 1 2 3 4
Enrichment score (-log(p-value))

mm  Primary recipient

Primary material

—— Primary recipient

== Secondary recipient —— Secondary recipient

Tertiary recipient Tertiary recipient

B
%) 2 2
3 3 3
s 100 - 5 100 _ 5 100 T
E 80 € & )
o 60 2 o0 2 60
2 40 8 40 8 40
= a a
z 20 £ 20 £ 20
& a a
g O a O a O
R BN R
C GBMF2 GBMF3 GBMF10
100
| 100 { 100 -
© ] — —
= ®© ©
c ; %
o} 50.
a 2 50 3 50 -
’ L‘ ¥ ¥
0 T T T ! 0 . . . . . 0 , , .
100 120 140 160 0 50 100 150 200 250 100 150 200
Days Days Days
Fig.1 PDPN expression is associated with malignancy. (A) Microarray data show overrepresentation of genes associated with given biological
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the geometric mean of P-values (modified Fisher's exacttest). (B) Decreased survival of the recipients (n=6 each) with successive transplantation
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n =5, n =3), and strong increase with subsequent maintenance of high PDPN levels in GBMF10 (n =3, n =4, n =3).

material before in vivo transplantation and after every
isolation step.To prevent the contamination of re-isolated
tumor material with murine cells, we performed FACS
for HLA class | positive cells before re-injections. In both
GBMF2 and GBMF3 glioblastoma tumors we observed
a steady increase in the percentage of PDPN-expressing
cells with every stage of transplantation, with GBMF2
and GBMF3 reaching almost 90% PDPN-positive tumor
cells after the third in vivo transplantation (Fig. 1C).
The GBMF10 tumor showed PDPN expression in close
to 100% of all tumor cells from the first transplantation
round and maintained this percentage in the subsequent
2 rounds (Fig. 1B). In summary, we observed in all ana-
lyzed tumors a strong increase in PDPN expression and/
or maintenance of high PDPN levels after their transplan-
tations. This may be explicable by an adaptation reaction
of the tumor cells in response to their changed microen-
vironment. On the other hand, the elevated PDPN levels

may be associated with the observed increased tumor
aggressiveness (Fig. 1B).

PDPN™¥ Sorted Glioma Cells Regain PDPN
Expression In Vivo

In order to test whether the increased number of PDPN-
positive cells is based on a higher proliferative capacity com-
pared with PDPN-negative or PDPN'*Y cells or whether the
latter cells gain PDPN expression, we sorted PDPNM9h and
PDPN'*w tumor cells from 3 human primary glioblastoma
tumor cell isolates (GBMF2, GBMF3, and GBMF10) (Fig. 2A
pre-injection and Supplementary Figure 1C). PDPNM9h and
PDPN'ow cells were intracranially injected into 6 immunode-
ficient mice each. When animals had to be sacrificed, brains
were either fixed and embedded in paraffin for histologi-
cal examination or dissociated for flow cytometry analysis.
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Although the FACS of PDPNMsh and PDPN'“ cells prior
to intracranial transplantation was efficient (Fig. 2A pre-
injection and Supplementary Figure 1C), histological sec-
tions and flow cytometry of re-isolated tumors revealed a
strong increase in PDPN expression of initially PDPN'° cells
(Fig. 2A, B and Supplementary Figure 1D). This assimilation
of PDPN levels probably accounts for the similar survival
times of both groups (Fig. 2C). The upregulation of PDPN
expression in all tumors that developed from PDPN'"" cells
argues for a positive selection of high PDPN expression
during tumor outgrowth, either due to adaptation to a new
environment in response to xenotransplantation or due to
the proposed malignant function of PDPN.

CRISPR/Cas9-Mediated Knockout of PDPN in
Glioma Cells Does Not Affect Tumor Growth
In Vivo

In order to clarify whether dynamic, high PDPN levels
are causative for glioma development and progression
or whether its high expression is a concomitant phenom-
enon, we proceeded with a loss-of-function approach.
First, primary glioblastoma cultures were transduced with
shRNA constructs targeting PDPN. However, we observed

a gradual escape of the PDPN knockdown (Supplementary
Figure 2A), which prevented further investigations. Thus,
we deleted PDPN using the CRISPR/Cas9 system in 2 pri-
mary human glioblastoma cultures (GBMF2, GBMF3) as
well as in 2 human glioma cell lines (LN308, LN319). An
sgRNA targeting renilla luciferase was used as a control.
The PDPNXO population was purified by FACS, avoiding the
generation of single cell clones and related clonal artifacts
and to furthermore retain the heterogeneity of the primary
glioblastoma culture. PDPN deletion of the sorted bulk
was validated by western blot (Supplementary Figure 2B).
Control and PDPNKO cells were orthotopically injected into
immunodeficient SCID-beige mice. Immunohistochemistry
confirmed the deletion of PDPN in PDPNKC® tumors and
showed intermediate to strong PDPN expression in con-
trol tumors (Figure 3A, B). Of note, we also observed areas
devoid of PDPN in LN308 and LN319 control tumors. The
deletion of PDPN in PDPNXC tumors altered neither histol-
ogy nor tumor extension or invasion to the contralateral
hemisphere, as indicated by STEM121 staining, a marker
for human and, thus in this case, tumor cells. Importantly,
we did not record an altered survival of the recipients
(Fig. 3C). In contrast to previously obtained data, this result
demonstrates that PDPN is dispensable for glioma growth
in vivo.
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Deletion of PDPN Affects Neither Tumor Cell
Proliferation nor Apoptotic Events, Tumor
Vascularization, or Invasion

In order to determine whether tumor cell proliferation
is altered by the absence of PDPN, we performed a Ki67
staining but did not observe any difference between

PDPNKO and control tumors (Fig. 4A, B), consistent with
the identical in vitro doubling times of PDPNXO and con-
trol cells (Supplementary Figure 2C). We next investigated
whether PDPN affects in vitro cell proliferation or viabil-
ity in LN308 and LN319 PDPNKXO and control cells under
stress conditions such as chemotherapy. However, we did
not observe a difference in the response between the 2
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groups to temozolomide or to etoposide (Supplementary
Figure 3).Thus, we conclude that PDPN does not affect the
therapeutic response to chemotherapy in vitro.

Since high PDPN expression is associated with a malig-
nant gene signature, including genes involved in angio-
genesis, negative regulation of apoptosis, and cell motility
(Fig. 1A), we examined the effect of PDPN deletion on these
features. Tumor vascularization assessed as coverage of
PDPNXO and control tumors by blood vessels indicated
by laminin staining was identical in number between the
2 groups and did not reveal any obvious structural altera-
tions induced by the deletion of PDPN (Fig. 4C, D). Finally,
TUNEL staining revealed that the rate of cell death within
the tumor margin (data not shown) and tumor core was
generally low, and we could not record an increase in
apoptosis in the PDPNXC group (Fig. 4E, F).

As our microarray data associated high PDPN expres-
sion with genes that are involved in cell motility and
migration, which is in line with previous reports describ-
ing a role of PDPN in cell migration in vitro,*"'2 we per-
formed an ex vivo invasion assay.' Fluorescently labeled
spheroids generated from control and PDPN-deleted
primary glioblastoma cultures GBMF2 and GBMF3 were
implanted into ex vivo cultured murine brain slices, and
tumor cell invasion was recorded by confocal microscopy.
Both PDPNKO and control cells showed a similar grade
of invasion quantified by the cumulative sprout length
per spheroid (Fig. 4G, H). This finding is in line with the
macroscopic analysis of histological sections of PDPNKO
and control tumors, where we did not observe an obvi-
ous difference in tumor cell invasion. Thus, we concluded
that PDPN is dispensable for regulation of apoptosis,
tumor vascularization, and tumor cell invasion in human
glioblastoma.

Taken together, these functional analyses both in an in
vivo setting of glioblastoma pathology and in organotypic
brain slice cultures contradict previous findings of in vitro
studies which had suggested a prominent role of PDPN in
tumor progression.

Discussion

The identification of novel therapeutic targets to improve
current treatment measures remains a major focus in glio-
blastoma research. Previously, we and others found PDPN
overexpression in high-grade gliomas and could correlate
PDPN upregulation with malignant progression and poor
prognosis in glioma patients.2'%" In vitro studies have
further supported the idea of exploiting PDPN as a thera-
peutic target, since the RNA interference (RNAi)-mediated
knockdown'®" or overexpression of PDPN#'2'3 in cancer
cell lines of glioma and other entities indicated a function
for PDPN in proliferation and migration. However, in vivo
studies required to validate these in vitro findings and
unequivocally establish a rate-limiting function of PDPN in
glioblastoma pathology were still lacking. Thus, we investi-
gated the functional role of PDPN in human glioblastoma
using primary patient material and established cell lines in
mouse xenograft models and 3D-organotypic brain slice
cultures.
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A microarray analysis of PDPNMg" and PDPN'*™ sorted
human glioblastoma cells revealed a malignant gene sig-
nature of PDPNMgh cells. This, together with the fact that
PDPN expression was increased in serial transplantations
paralleled by a shortened survival and the strong regain
of PDPN expression in tumors developed from PDPN'ow
sorted glioma cells strengthened the assumption of a
tumor-promoting effect of PDPN. However, employing
intracranial injections of PDPN-deleted primary human
glioblastoma cells and established cell lines, contrary to
expectations, we did not observe an effect of PDPN abla-
tion on tumor development. No significant difference was
recorded in the survival of the mice, and histology of the
tumors did not differ among the 2 groups. Although gene
expression profiling indicated a coexpression of PDPN and
genes involved in angiogenesis, regulation of apoptosis,
and cell migration, we could not find a significant differ-
ence between PDPNKXO and control tumors in any of these
features or in the in vitro response to 2 chemotherapeutics.

Thus, in light of these findings we now conclude that the
malignant gene signature of PDPNM9" glioma cells is most
likely not directly caused by PDPN expression but rather
points to malignant signaling pathways active in glioblast-
oma cells that induce PDPN transcription. Of note, PDPN
expression is induced by multiple upstream factors that
have been associated with malignancy. We have previously
reported that PDPN expression in glioma cells is negatively
regulated by phosphatase and tensin homolog and that the
loss of this tumor suppressor and concomitant activation
of the phosphatidylinositol-3 kinase-Akt-activator protein
1 signaling pathway results in an increased expression of
PDPN." In addition, other oncogenic factors like transform-
ing growth factor § and signal transducer and activator
of transcription 3 activate PDPN expression.?* Thus, the
malignant nature of PDPN"9" cells might be based on mul-
tiple components of the PDPN-associated gene expression
profile rather than on the presence of PDPN itself—which
would in this case mark but not necessarily cause malig-
nancy. Why glioma cells do not cease but rather maintain
high PDPN expression remains elusive. However, we have
observed focal loss of PDPN in LN308 and LN319 control
tumors (Fig. 3A), which might indicate that PDPN expres-
sion can be silenced, probably in response to selective
pressure by shortage of nutrient resources or by mecha-
nisms affecting the differentiation status of a given cell,
which has also been reported to affect PDPN expression in
other entities.?

In the present study, we have applied advanced cellular
models including primary glioblastoma spheroid cultures,
which were found to better retain the genomic and tran-
scriptional profile of the original tumor?>26 and to display
hallmarks of primary glioblastoma tumors, especially
strong infiltrative growth.26The use of these cultures might
cause the discrepancies to previous in vitro studies that
attributed the protein with a pro-migratory and prolifera-
tive function and that predominantly used established glio-
blastoma cell lines.

In general, cell-based in vitro models are very limited in
their power to accurately predict the function of proteins
in vivo, due to the lack of diverse multicellular interactions
and environmental influences. Thus, we employed an ex
vivo invasion assay, which more faithfully recapitulates the
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in vivo situation™ than previously applied standard meth-
ods like in vitro scratch assays or collagen gels.

However, one disadvantage of our applied in vivo
model is the usage of an immunodeficient mouse strain.
We used SCID-beige animals carrying profound defects
in natural killer cells and the adaptive immune system?’
to enable the transplantation of primary human glio-
blastoma cells. Although we did not observe an obvious
difference between PDPNXO and control tumors in the infil-
tration of macrophages/microglia (based on an Iba1 stain-
ing; Supplementary Figure 2D), we cannot exclude the
possibility that PDPN influences a potential interaction of
tumor cells with other immune cells, which could result
in different outcomes of PDPNXC and control tumors in an
immunocompetent background.

In contrast to previous publications that applied RNAI,
our study used the CRISPR/Cas9-based genome editing
tool to functionally investigate PDPN. The key difference
between the 2 techniques rests on a true loss-of-func-
tion using CRISPR/Cas9, whereas RNAi generally causes
reduced protein levels. Thus, the complete ablation of
PDPN by the CRISPR/Cas9-induced knockout may pro-
voke compensatory reactions by the cell, which might not
occur in cells with residual PDPN protein levels and thus
result in different phenotypes. However, we did not inves-
tigate a possible compensation of PDPN, such as by other
ezrin/radixin/moesin-binding proteins. Alternatively, we
intended to investigate the effect of an shRNA-mediated
knockdown in primary glioblastoma cells; however, only a
transient knockdown was achieved, which was too short-
lived for subsequent functional assays.

Our finding that deletion of PDPN does not impair gli-
oma progression is of great importance for further pre-
clinical studies. Previous publications that indicated a
tumor-promoting role for PDPN proposed the inhibition
of the protein as a therapeutic approach. However, our
study suggests that the development and usage of com-
pounds that functionally inactivate PDPN would not result
in the desired tumor-suppressing effect. Instead, we sug-
gest PDPN as a potential prognostic marker in the clinics,
as we found PDPN to be part of a malignant gene signa-
ture in glioblastoma marking highly aggressive tumors
with poor prognosis. Furthermore, instead of the develop-
ment of PDPN-blocking therapeutic agents targeting either
the extra- or intracellular domain of PDPN reviewed in 28,
we propose using the surface protein as a physical target
in glioblastoma therapy. Recently, cancer-specific mono-
clonal antibodies have been reported to detect aberrant
post-translational modifications of PDPN specific for can-
cer cells.?%30 Hence, the membrane-bound protein could
be exploited as a target to mediate apoptosis via cytotoxic
anti-PDPN antibodies®' or by the targeted delivery of cyto-
toxic or immunogenic compounds into highly malignant
glioma cells without affecting healthy PDPN positive cells.
Alternatively, tumor-specific PDPN could be used as a tar-
get in CAR T-cell therapy.®? The ablation of PDPN-positive
tumor cells would furthermore decrease the risk of ven-
ous thromboembolism (VTE), as high PDPN expression
in primary brain tumors has recently been correlated with
hypercoagulability and increased risk of VTE.3® Whether
this approach will result in a lasting efficacy against glioma
or provoke compensating mechanisms to escape cytotoxic
therapy remains to be determined.
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