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PDPN marks a subset of
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resistant glioblastoma cells
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Treatment-resistant glioma stem cells are thought to propagate and drive

growth of malignant gliomas, but their markers and our ability to target them

specifically are not well understood. We demonstrate that podoplanin (PDPN)

expression is an independent prognostic marker in gliomas across multiple

independent patient cohorts comprising both high- and low-grade gliomas.

Knockdown of PDPN radiosensitized glioma cell lines and glioma-stem-like

cells (GSCs). Clonogenic assays and xenograft experiments revealed that PDPN

expression was associated with radiotherapy resistance and tumor

aggressiveness. We further demonstrate that knockdown of PDPN in GSCs in

vivo is sufficient to improve overall survival in an intracranial xenograft mouse

model. PDPN therefore identifies a subset of aggressive, treatment-resistant

glioma cells responsible for radiation resistance and may serve as a novel

therapeutic target.
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Introduction

World Health Organization grade IV glioblastomas (GBMs)

are the most frequently occurring primary malignant brain

tumors in adults (1). While long-term survivors exist, few

GBM patients survive beyond 2 years despite aggressive

standard of care incorporating chemotherapy and radiation

therapy (RT) and tumor-treating fields after maximal surgical

tumor resection (2–4). The cancer stem cell theory suggests that

a clonal population within the tumor has stem-cell properties,

which include indefinite potential for self-renewal (5). These

cancer stem cells are thought to be resistant to current cytotoxic

treatment modalities and therefore responsible for GBM

progression even after treatment in large part due to their

plasticity and ability to repopulate the tumor (6). Singh et al.

first identified such a population in GBM; they proposed that a

CD133+ fraction of cells compromised, or partially captured, the

tumor-initiating niche (7).

Expression of the type-I integral membrane glycoprotein

podoplanin (PDPN), also known as OTS-8, PA2.26, gp36, gp38,

RANDAM-2, T1-a, and aggrus, correlates with defining glioma

stem cell characteristics (8). PDPN is expressed in some normal

adult tissues, such as lymphatic endothelium, and has

functionally been implicated in migration, epithelial-to-

mesenchymal transition, tumor initiation in squamous cell

carcinoma, and inflammation and immune evasion in

glioblastoma (9–11). In contrast to CD133, PDPN exhibits a

more prominent cellular distribution and has a gene expression

profile that increases with glioma grade (12, 13). We hypothesize

that GSC characteristics are not constrained to a small

population of neoplastic CD133+ cells in GBM and that PDPN

identifies a population of aggressive-treatment-resistant GSCs

that may be contributing to poor GBM patient outcome.

In the present study, we examined PDPN expression across

large glioma cohorts in addition to The Cancer Genome Atlas

(TCGA) and found PDPN to indeed be an independent

prognostic marker among glioma patients. We experimentally

characterized the function of PDPN using patient-derived GSCs

in vitro and in vivo and found that its expression is correlated

with CD133 expression, but not vice versa. In xenograft

tumorigenesis experiments, we discovered that PDPN

expression greatly influences tumor growth.
Materials and methods

The cancer genome atlas cohort data

RNA-Seq by Expectation–Maximization (RSEM)

normalized (14) TCGA RNA sequencing and associated

clinical data were assembled using the Broad Firehose data

portal including all available samples from GBM (n=154) and
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lower grade glioma (n=513) cohorts. Isocitrate dehydrogenase

(IDH) status for each of the samples was obtained from the

LGG-GBM project (15). For PDPN-high and PDPN-low

designations (Figure 1B), patients were placed into either

category by splitting their mRNA expression levels into low or

high categories (see Supplementary Figure S1B).
Independent patient cohorts

Immunohistochemical (IHC) analysis of the prognostic

significance of PDPN in GBM was performed on a group of

patients for whom sufficient formalin-fixed and paraffin-

embedded (FFPE) tissue remained from specimens previously

examined for expression of proteins in the RAS signaling

pathway and for the secreted protein YKL-40 (16, 17) in

addition to a group of patients not previously published.

Tumor samples used for real-time reverse-transcription

polymerase chain reaction (qRT-PCR) analysis were selected

from either the previously reported cohorts (with substantial

overlap with the cases used for IHC in the current report) or

from the unpublished group (with a single exception that was

not in either group but for which total RNA was available).

Details regarding the WHO grade II and III astrocytomas were

reported previously (18, 19). All patients underwent pathological

review to confirm diagnosis and usability of FFPE tissue for IHC.
Determination of radiation
therapy response

Determination of radiation therapy (RT) response was

performed by comparing the enhancing tumor size between

the postoperative magnetic resonance imaging (MRI) and the

first post-RT MRI in the manner previously reported (20). RT

response scores were determined for the majority of GBM

patients who underwent subtotal tumor resection (STR) as

determined by a ≤95% resection validated on postoperative

MRI, as previously reported for the group of patients in the

initial evaluation cohort (17).
Immunohistochemistry

Immunohistochemistry (IHC) staining of FFPE tissue was

performed as previously described (21). Details regarding the

staining of MIB-1/Ki-67 and activated, phospho− intermediates

(p−) of the ras signaling pathway, including p-Ser473 Akt (p-Akt)

and p-Thr202/Tyr204 MAPK (p-MAPK), have been previously

described (16, 18). Staining for PDPN was performed using the

M2A monoclonal antibody (Vector Labs, Burlingame, CA). In

short, slides were incubated in the primary antibody at an

antibody dilution of 1:500 at 4°C overnight, and PDPN
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scoring was performed while blinded to clinical data using a two-

tier system: negative (PDPN−), no tumor cell staining, and

positive (PDPN+), detected in tumor cells in at least one

medium power (100×) microscopic field. Cox multivariable

analys is of GBMs was performed on negat ive vs .

positive specimens.
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Real-time reverse transcription PCR

TaqMan qRT-PCR was performed as previously described

(22) using TaqMan Reverse Transcription reagents (Life

Technologies). Total RNA for tumor specimens was isolated

using the MasterPure Complete RNA Purification kit (Epicentre
A

B

D

E

F

G
H

C

FIGURE 1

PDPN is expressed in infiltrating gliomas and negatively correlates with survival. (A) Boxplots show increasing PDPN expression across increasing
glioma grades in TCGA (n=601, ****p<0.0001). (B) Kaplan–Meier curves show that PDPN mRNA expression inversely correlates with OS across
glioma grades in TCGA cohorts. Median OS for patients with PDPN-high and PDPN-low tumors was 14.4 and 94.5 months, respectively (n=601,
p<0.0001). (C) Representative IHC examples of PDPN expression in FFPE tumor tissue using the M2A antibody in tumors. Subpanels (A, B)
shows intense cytoplasmic staining in nearly all cells, while expression is undetectable in tumors in subpanels (C, D). (D) Kaplan–Meier curves
show that PDPN protein expression inversely correlates with OS among GBM WHO grade IV patients. Median OS for PDPN+ and PDPN− groups
was 53.4 and 148.1 weeks, respectively (n=206, p<0.0001). IHC KM curves are shown as solid (PDPN+) and dashed (PDPN−) lines. (E) Kaplan–
Meier curves show that PDPN protein expression inversely correlates with PFS among GBM WHO grade IV patients. Median PFS for PDPN+ and
PDPN− groups were 21.0 and 34.6 weeks, respectively (n=206, p=0.03). (F) Kaplan–Meier curves show that PDPN protein expression inversely
correlates with OS among grade II/III diffuse astrocytoma patients (n=93, p=0.003). (G) Radiation response is correlated with PDPN expression
(n=16, *p=0.0326). (H) MRI examples of a radiation responder (A, B) and non-responder (C, D), pre- and post-radiation (RT).
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Biotechnologies) according to the manufacturer’s instructions

for paraffin-embedded tissue. Ten micrograms of total RNA was

reverse transcribed with random hexamers. Quantitative RT-

PCR was performed in triplicate using 100 ng cDNA in a 20-µl

reaction containing 1× TaqMan Master Mix (Life Technologies),

800 nM each primer, and 250 nM of the appropriate Universal

Probe (Roche Applied Science). Reactions were performed in a

Chromo4 DNA Engine real-time thermal cycler (Bio-Rad) with

the following cycling conditions: 95°C for 15 min for 1 cycle

followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. DCT

was calculated as the difference between the mean CT of the

tumor cDNA and the mean CT of four reference genes (GAPDH,

RPLPO, TFRC, and GUSB). Primer and probe combinations

consisted of the following: PDPN, forward 5’GGGTCCTGGCA

GAAGGAG3’, reverse 5’CGCCTTCCAAACCTGTAGTC3’,

Universal Probe #20; GAPDH, forward 5’GGAAGCTTGTCAT

CAATGGAA3’, reverse 5’TTGATTTTGGAGGGATCTCG3’,

Universal Probe #9; TFRC, forward 5’CCAGAGCTGCTG

CAGAAAA3’, reverse 5’TGTTTTCCAGTCAGAGGGACA3’,

Universal Probe #12; and RPLPO, forward 5’CTGGAAAA

CAACCCAGCTCT3’, reverse 5’GAACCAAAGCCCACA

TTCC3’, Universal Probe #74. GUSB amplification was

performed using an Assays-on-Demand gene expression assay

according to the manufacturer ’s instruct ions (Life

Technologies). For cell lines, 20-µ reaction mixtures were

performed in triplicate and included 1 µl cDNA template and

1 µl each of primer and probe mix and TaqMan Universal PCR

master mix (Life Technologies). Amplification proceeded as

follows: denaturation at 95°C for 15 min and 40 cycles at 94°C

for 1 min and 60°C for 1 min. DCT was calculated as the

difference between the mean CT of the tumor cDNA and the

mean CT of the reference gene beta actin (ACTB). Primers and

probes combinations consisted of PDPN #Hs01089983 and

ACTB #Hs99999903 (Life Technologies).
Cloning of PDPN knockdown constructs

PDPN shRNA (shLuc, MD5, and MD7) was cloned at

Cellecta using the Cellecta pRSI-EF1a-TetRep-2A-Puro-

H1Tet-(sh) vector cut at the BbsI restriction site. shRNA

sequences were as follows: shLuc 5’-ACCGGCGCTGAGTACT

TTGAAATGTTGTTAATATTCATAGCGACATTTCGAAG

TACTCAGCGTTTT, MD5 5 ’-PDPN ACCGGGCTCCT

CTTAAACATTTGTTGTGTTAATATTCATAGCACAGC

AAATGTTTAGAGGAGCTTTT , MD7 5 ’ -ACCGG

CCAGGAGAGTAACAACTTAACGTTAATATTCA

TAGCGTTGAGTTGTTGCTCTCCCTGGTTTT. For miRNA

experiments, miRNA was generated using the PDPN GenBank

sequence NM_006474 in the Block-iT RNAi Designer (Life

Technologies) to achieve the NM_006474_441_top

5’TGCTGACTTATAGCGGTCTTCGCTGGGTTTTGGCCAC

TGACTGACCCAGCGAACCGCTATAAGT3 ’ a nd
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NM_006474_441_bottom 5’CCTGACTTATAGCGGTTC

GCTGGGTCAGTCAGTGGCCAAAACCCAGCGAA

GACCGCTATAAGTC3’ miRNA oligo sequences, which were

annealed and ligated into the Life Technologies Block-iT Pol II

miR RNAi EmGFP expression vector per kit protocol

(Life Technologies).
Cell culture

The GSCs examined in this study have been published

previously (23, 24). GSCs were cultured in Dulbecco’s

modified Eagle’s medium (DMEM)-12 (1:1) with 1× B27 (Life

Technologies), 20 ng/ml basic fibroblast growth factor (bFGF)

(Sigma), 20 ng/ml epidermal growth factor (EGF) (Sigma), and

1% penicillin streptomycin solution (Cellgro). Human

glioblastoma cell line U87 was obtained from American Type

Culture Collection (ATCC) and maintained in DMEM

containing 10% fetal bovine serum (FBS). NHA cells were

generated and cultured as previously described (25). All cell

cultures were grown at 37°C in a humidified atmosphere of

5% CO2.
Generation of cell lines

For PDPN shRNA transduction experiments, GSCs were

prepared as single-cell suspensions and seeded at 5×105/well in a

coated six-well plate on day 1. The cells were infected with

lentivirus containing the shRNAs (MD1-MD12 and Luc) at

multiplicity of infection (MOI)=5 in the presence of 0.4 µg/ml

polybrene the following day. On day 3, the medium containing

the lentivirus and polybrene was replaced with fresh regular

medium to let the cells recover from infection. Finally, infected

cells were cultured and expanded to T-25 and T-75 flasks. PDPN

shRNAs identified as MD5 and MD7 was used in PDPN

knockdown experiments. For experiments with adherent cell

lines, U87 lines were grown to 80% confluence in 10-cm plates

and transfected with 24 mg of appropriate vector containing

either PDPN miRNA or corresponding empty vector (control),

using Lipofectamine 2000 in Opti-MEM (Life Technologies).

U87 t rans f ec t ant s were se l e c ted and main ta ined

using blasticidin.
Flow cytometry and FACS

FACSAria (BD Biosciences) was used to analyze and sort

GSCs based on PDPN and CD133 expression using a PE-

conjugated mAb to PDPN (clone NZ-1, AngioBio) alone or in

combination with an APC-conjugated mAb to CD133 (clone

293C3, Miltenyi Biotech). Staining was performed per

recommended manufacturer protocols.
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Orthotopic brain xenografts and
in vivo imaging

For survival experiments, 2.5×104 GSCs (sorted sub-

populations) or 5×105 GSCs (PDPN knockdown experiments)

were directly injected into brains of athymic nude (nu/nu) mice

of both sexes at age of 6–8 weeks using a stereotactic apparatus

under anesthesia and with analgesics. Animals that showed signs

of distress or were moribund were euthanized and autopsied.

Doxycycline (Sigma) was administered via drinking water (2

mg/ml) containing 5% sucrose. Water was changed every 3 days.

For in vivo bio-luminescent imaging, GSCs were engineered to

express luciferase. On the day of imaging, animals were treated

with luciferin (150 mg/kg, intraperitoneally). Tumor growth was

monitored using IVIS 200 system bio-luminescent imaging, and

tumor volume was measured using Living Image 4.7.3 software.

All mice were cared for according to the guidelines and under

the supervision of the Institutional Animal Care and

Use Committee.
Clonogenic survival assay

GSC neurosphere formation and radiation response was

determined using the in vitro limiting dilution clonogenic

survival assay (26). Prior to irradiation, cells were cultured in

serum-free neurosphere medium for 5 days, dissociated into

single-cell suspensions, and counted. Single-cell suspensions

were then irradiated with various (2, 4, 6, and 8 Gy) doses.

Irradiated single cells were plated in 200 µl of culture medium

per well of 96-well round bottom plates. Each condition was

plated in triplicate. Cells were incubated for 3–4 weeks at 37°C in

5% CO2 humidified incubators, and upon neurosphere

formation, each well was examined for spheres and quantified.

Plating efficiency (PE) values for treated cells were normalized to

that of the control (non-irradiated) plates. The surviving fraction

was determined by dividing the PE of treated cells by the PE

of controls.
Western blotting

Whole cell lysates were prepared from cultures using a

standard NP-40 lysis buffer (Life Technologies) with 1×

protease inhibitor tablet, 0.1 mM NaVO3, 1 mM dithiothreitol

(DTT), and 1 µM phenylmethylsulfonyl fluoride (PMSF) (Roche

Applied Science). Thirty micrograms of protein was loaded for

sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS-PAGE) using the standard protocols . Upon

electrophoresis, protein was transferred onto a polyvinylidene

fluoride (PVDF) membrane (Millipore) and incubated in 10%

nonfat dry milk blocking solution for 30 min. Upon blocking,
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PVDF membranes were incubated overnight with primary

monoclonal antibodies targeting PDPN (clone NZ-1, 1:200,

AngioBio) and vinculin (1:1,000, Abcam) at 4°C. Membranes

were subsequently washed and incubated with horseradish

peroxidase (HRP)-conjugated anti-rat and anti-mouse

secondary antibodies (Santa Cruz Biotechnology) at room

temperature for 1 h and prepared for chemiluminescent

detection using the ECL Plus Western Blotting Detection

System kit (GE Healthcare Life Sciences) according to the

manufacturer’s protocol.
Transcriptome analysis

Total RNAwas isolated fromFACs-sorted PDPN+ andPDPN−

subpopulations using the MasterPure Complete DNA/RNA

Purification kit (Epicentre). The RNA samples were processed on

Affymetrix U133A 2.0 microarray chips (Affymetrix). Raw

microarray data were processed by affy (27) and limma (28)

bioconductor packages using the custom CDF Brainarray EntrezG

version 19 HGU133A2 (29). The heatmap was created using the

heatmap.2 function in R. Significantly differentially expressed genes

(absolute log2 fold change > 1 and p < 0.01) were clustered by

hierarchical clustering using (1−Pearson correlation) as

dissimilarity distance and complete method. Gene expression levels

were normalized to Z-scores. Significantly up- and downregulated

gene lists (p<0.05) were analyzed by Gene Set Enrichment Analysis

(GSEA) (30) using the MSigDB C2 collection (31). GSEA default

options were used, and enrichment was considered significant when

significance was retained at twofold enrichment. The ENCODE

ChIP-Seq Significance Tool was subsequently used to identify

transcription factor binding sites within the significantly up- and

downregulated gene lists (32). Five hundred base pairs up- and

downstream represented padding sequences to enrich transcription

factor binding. All data were deposited to the Gene Expression

Omnibus (GEO series #GSE202221). Gene Ontology analysis was

performed using the ShinyGOmethod with default settings (version

0.76) (33).
Statistical analysis

For analysis of TCGA cohorts, PDPN expression grouped by

IDH status or grade showed normally distributed strata, and p-

values were subsequently obtained using two-sample Student’s t-

test. Normalized read counts were log2 transformed and showed

a bimodal distribution for PDPN expression. Clinical data

consisted of tumor grade, histology, vital status, and follow-up

time. Patients living at the time of this study had OS censored at

the time of last follow-up. Nested models were compared using

the likelihood ratio test (LRT). Analysis was conducted in R (v

3.1.2) using the survival package (34, 35). For analysis of the
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independent patient cohorts, primary clinical endpoints for

analysis were OS, PFS, and RT response. Time to progression

was determined from the date of surgery to the date of tumor

recurrence or growth as first documented byMRI and confirmed

in the clinical record. Univariate associations were determined

by c2 test or, when appropriate, the Fisher’s exact test (36) for

categorical variables and the Wilcoxon rank sum test (37) or

Student’s t-test, when appropriate, for associations with

continuous variables. Subset analysis was performed as

described previously (38). Recursive partitioning analysis was

performed to determine the threshold for PDPN qRT-PCR data

ablest to partition patients by vital status. All survival analysis

was performed using the Kaplan–Meier method (39), and

comparisons were made using the log-rank test. Multivariable

analysis was performed using the Cox proportional hazards

model (40) for survival or Spearman’s rank sum test (41).

Analyses were performed in JMP Pro 12.1.0 (SAS, Cary, NC)

and GraphPad Prism (GraphPad Software).
Results

PDPN expression is an independent
prognostic marker in glioma

Elevated PDPN expression has been reported to correlate

with short-term survival among malignant glioma patients (8,

42, 43). To further interrogate this association, we examined

PDPN expression across 601 TCGA specimens with known IDH

status (44–46). We found that PDPN expression is highly

correlated with tumor grade (grade II, n=213; grade III,

n=239; grade IV, n=149; p<0.0001; Figure 1A). When we

compared IDH mutation status (a prognostic factor that

correlates with better survival), we found that expression levels

of PDPN are overall lower in grade I/II IDH-mutated glioma and

are elevated in grade IV IDH-mutated specimens (IDH mutant,

n=37; IDH wild-type, n=224; p<0.0001; Supplementary Figure

S1A) (47). Others have now shown that the PDPN gene is

amplified in a number of TCGA patient samples as well (15).

PDPN expression exhibits a bimodal distribution, which, upon

dichotomization (Supplementary Figure S1B), revealed a

s ign ificant d i ffe rence in pat ient surv iva l (n=601 ,

p<0.0001; Figure 1B).

We next examined PDPN protein expression by IHC in an

independent GBM patient cohort (Table 1). PDPN staining was

scored as either positive (PDPN+) or negative (PDPN−)

(Figure 1C). IHC revealed 180 PDPN+ and 26 PDPN− cases.

In PDPN+ cases, the protein characteristically stained within the

cell cytoplasm and displayed increased staining on cell

membranes. Vascular and perivascular cells did not stain, even

in high-expressing tumors as has been described in other tissues

(13). As identified in TCGA gene expression analysis
Frontiers in Oncology 06
(Figure 1B), PDPN protein expression was prognostic for

GBM patients’ overall survival (OS) in our cohort presented

here; median OS for PDPN+ and PDPN− groups were 53.4 and

148.1 weeks, respectively (p<0.0001; Figure 1D). PDPN protein

expression was also prognostic for patient progression-free

survival (PFS); median PFS was 21.0 weeks for the PDPN+

group and 34.6 weeks for the PDPN− group (p=0.03; Figure 1E).

We found that IHC results were in close agreement with mRNA

levels for several tumors that were tested (Supplementary Figure

S1C). We used recursive partitioning analysis to select a fold

expression that best separated survivors from deceased

(Supplementary Figure S1D). Quantitative RT-PCR further

revealed that PDPN gene expression was an independent

prognostic marker for patient OS in the cohort: median OS for

PDPN-high (n=53) and PDPN-low (n=18) groups were 37.0 and

240.7 weeks, respectively (n=71, p=0.0009; Supplementary

Figure S1E). Multivariable analysis identified PDPN expression

as an independent predictor of both OS (HR, 2.5; 95% CI, 1.42–

4.71, p=0.0008) and PFS (HR, 1.7; 95% CI, 1.02–3.15, p=0.0413),

while MAPK and AKT pathway activation were not predictive of

survival (Table 2). We performed additional analyses on TCGA

cohorts to understand if PDPN expression was correlated with

MGMT methylation or TP53 mutations and found no strong

correlation with either alteration with respect to PDPN

expression levels (Supplementary Figures S2A,B).

To validate the prognostic significance of PDPN across

malignant gliomas, we examined a cohort of 93 WHO grade

II/III diffuse astrocytomas (Supplementary Table S1). WHO

grade II (low grade) accounted for 43 (46%) and WHO grade

III (intermediate grade) accounted for 50 (54%) of the cases.

PDPN expression was analyzed by IHC and revealed that 30

(70%) low-grade and 35 (70%) intermediate-grade cases were

PDPN+. Like GBM, lower-grade glioma patient OS also

inversely correlated with PDPN protein expression (p=0.003)

(Figure 1F). Indeed, PDPN expression was an independent

predictor of survival in this cohort (HR, 3.9; 95% CI, 1.44–

13.69) after adjusting for age, grade, and proliferative (MIB-1)

index (Table 3). Neither MIB-1 index at a threshold previously

reported (18) nor WHO grade was an independent predictor of

OS in the multivariable analysis.

Within the same cohort of GBM patients for which we

analyzed PDPN protein expression, 103 (50%) of patients

underwent gross total resection (GTR) and 98 (48%) of patients

underwent sub-total resection (STR) or biopsy only (Table 1).

Other than PDPN expression, surgical resection was the only

parameter we identified in Cox multivariable analysis that was an

independent predictor of both OS (HR, 1.2; 95% CI, 1.06–1.45)

and PFS (HR, 1.3; 95% CI, 1.05–1.50) (Table 1). While PDPN

expression inversely correlated with OS in patients who received

GTR (p=0.0003; Supplementary Figure S1F), PDPN expression

surprisingly was not prognostic in patients who underwent STR/

biopsy (p=0.0639; Supplementary Figure S1G). PDPN expression
frontiersin.org

https://doi.org/10.3389/fonc.2022.941657
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Modrek et al. 10.3389/fonc.2022.941657
was highly prognostic throughout our analysis, so we speculated

that STR/biopsy variability and subjectivity might influence

outcome and that PDPN expression should be evaluated in

combination with radiotherapy (RT) in the STR/biopsy cohort.

Accordingly, we evaluated the 81 STR/biopsy patients who

received RT, and 15 cases (19%) showed RT response as

detected by a decrease in the size of enhancing portion of the

tumor seen in the first post-radiation MRI compared to the

postoperative MRI (Table 1). Subset analysis of patients further

revealed that 29% of patients from the PDPN+ group responded

to RT compared with 70% in the PDPN− group (n=16, p=0.0326;

Figures 1G, H).
PDPN marks an aggressive
subpopulation of glioma stem cells

Since PDPN expression exhibited a prominent inverse

correlation with glioma WHO grade, which are more

anaplastic with increasing grade, we suspected that the
Frontiers in Oncology 07
glycoprotein may be involved with glioma differentiation. We

investigated the potential relationship between cell membrane

expression of PDPN and the putative cancer cell surface stem

cell marker CD133. The CD133 protein is encoded by the

PROM1 gene and is present on leukemic and solid tumor cells

(48). Both CD133+ (7, 49) and CD133− (50) GSCs have

previously been identified in GBMs. Western blots of the

majority of evaluated GSCs revealed high PDPN protein

expression (Figure 2A). Using flow cytometry, we analyzed

cultured GSCs for PDPN and CD133 cell surface expression

(Supplementary Figure S3A). Interestingly, PDPN showed a

more prominent representation on the cell surface than

CD133 alone in GSC11 (Figure 2B). The majority of cells

expressed PDPN (95%) and CD133 (82.0%). While a number

of PDPN+ cells did not express CD133 (16.3%), most CD133+

cells co-expressed PDPN (78.7%) (Figure 2B). Indeed, while

CD133 representation varied, PDPN was detected at consistently

high levels, and nearly all cells that expressed CD133 also

expressed PDPN (Figure 2B).

Based on the differential cell surface expression of PDPN and

CD133, we isolated GSC subpopulations and evaluated their

tumor-forming capacities. We sorted PDPN+CD133+ and

PDPN-CD133+ subpopulations of GSC11 and orthotopically

injected them into the brains of immunocompromised mice.

GSC11 was selected because it had the most prominent PDPN-

CD133+ population. Mice harboring PDPN+CD133+ tumors

had a median survival of 99 (n=5) days, while mice that received

PDPN-CD133+ cells did not succumb to tumor formation (n=3)

(p=0.0136, log-rank test; Figure 2C).

Because PDPN+CD133+, but not PDPN-CD133+, GSCs

efficiently formed tumors in vivo, we decided to further

evaluate the tumorigenic potential of PDPN+ GSCs in vitro.

We evaluated neurosphere formation of sorted GSC23

differentially expressing PDPN and CD133 using the in vitro

limiting dilution clonogenic survival assay. PDPN+ GSCs

produced significantly more neurospheres than PDPN− GSCs

irrespective of CD133 surface expression (Supplementary Figure

S3B). This same trend was observed across the cohort of tested

GSCs (p<0.005, multiple t-tests, PDPN+ vs. PDPN− groups,

Figure 2D). We further tested whether or not PDPN expression

influences GSC neurosphere formation following irradiation in
TABLE 1 GBM patient characteristics.

Variable Patients (%)

Total 206

Median age, years 59

Number <50 years (%) 49 (24)

Number ≥50 years (%) 157 (76)

Median survival, weeks

Overall 58

Progression-free 22

RT Response

Responder 15 (19)

Stable 13 (16)

Progression 53 (65)

Surgical Resection

Gross total 103 (50)

Sub-total 98 (48)

Biopsy only 2 (1)

Resection type unknown 3 (1)
TABLE 2 Cox multivariate survival analysis for GBM patients.

Overall survival Progression-free survival

Variable HR (95% CI) p-value HR (95% CI) p-value

Age (≥50 vs. <50 years) 2.1 (1.39−3.43) 0.0004 1.0 (0.69−1.63) 0.838

Surgical resection (STR/biopsy vs. GTR) 1.2 (1.06−1.45) 0.0076 1.3 (1.05−1.50) 0.0095

PDPN (+ vs. −) 2.5 (1.42−4.71) 0.0008 1.7 (1.02−3.15) 0.0413

p-MAPK (low vs. high) 1.0 (0.75−1.20) 0.739 0.9 (0.66−1.09) 0.211

p-Akt (+ vs. −) 0.8 (0.43−1.81) 0.671 0.9 (0.47−1.89) 0.759
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vitro. Significantly more PDPN+ neurospheres survived upon

i r rad ia t ion compared wi th PDPN− neurosphere s

(Supplementary Figure S3C). Notably, GSC survival was

greater in the PDPN+ population upon irradiation than in the

unsorted population. CD133 yielded no survival advantage to

irradiated PDPN+ GSCs, and similar results were observed

across the cohort of GSCs tested (p<0.005, multiple t-tests,

PDPN+ vs. PDPN− groups, Figure 2E).

We next investigated the mechanism of PDPN-associated

RT resistance in GBM by whole transcriptome analysis on a

panel of GSCs differentially sorted based on PDPN and CD133

cell surface expression. Differential expression analysis (p<0.05)

revealed sharply contrasting gene expression signatures in

PDPN+ and PDPN− GSCs (Figure 2F; Supplementary

Tables 2, 3). PDPN has previously been correlated with the

mesenchymal GBM subtype (43), and Verhaak et al. identified

an inverse correlation between PDPN expression and the

proneural subtype. Given this, we performed GSEA (30) of

PDPN+ GSCs and found enrichment of the mesenchymal

subtype signature (NES=2.04, q=0.02; Figure 2G), which

further validated the findings that PDPN+ cells are associated

with a more aggressive phenotype then PDPN− subpopulations.

Gene Ontology analysis revealed a number of processes enriched

in the up- or downregulated differentially regulated genes

(Supplementary Tables 4, 5). Notably, a number of gene

groups that are downregulated in PDPN+ cells are involved in

cellular differentiation.
PDPN is associated with aggressive
tumor characteristics and radioresistance

To understand if PDPN may be playing a role in tumor

aggressiveness and radioresistance in additional cell lines and

contexts, we performed a series of experiments using adherent

cell lines, which are grown in serum (unlike GSCs, which are

grown in serum-free conditions). We first tested for PDPN

expression in multiple adherent human glioma cell lines, using

normal human astrocytes (NHA) as a negative control and

found that PDPN was highly expressed in U87 and LN319

cells (Figure 3A). We created U87 PDPN knockdown lines

(Figure 3B). Using invasion and migration assays, we found
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that PDPN knockdown led to reduced invasion and migration

(p<0.005, multiple t-tests, sh-neg vs. sh-PDPN, Figure 3C). To

test for the association with radioresistance, we performed a

clonogenic survival assay with 0, 2, 4, 6, and 8 Gy of radiation

and found a significant decrease in the surviving fraction of cells

at all dose levels (Figure 3D). Colony formation assays showed a

significant decrease in both the number and size of colonies

formed when PDPN was knocked down (p<0.005, two-tailed t-

test, Figures 3E, F).
Knockdown of PDPN in glioma-stem-like
cells slows intracranial tumor growth
and extends overall survival time in mice

To understand how PDPN may alter intracranial xenograft

growth, we first attempted to generate PDPN knockout lines. We

found that whole-culture PDPN knockout lines were not viable

in two different GSC lines with four different CRISPR guide

RNAs targeting exons 2 or 3 (data not shown). Single-colony

selection or sorting of PDPN− cells from knockout lines were

not performed, as GSCs are very heterogeneous and have highly

variable intra-cellular growth rates and characteristics (as shown

in Figure 2). This is in contrast to a recent report wherein PDPN

was knocked out successfully but did not affect tumor growth

characteristics (51). This discrepancy may be due to the selection

method used by the authors, who sorted for a PDPN−

population after performing knockout, which may have

artificially selected for a propagating PDPN− sub-population

after PDPN KO selection, making comparisons to control

populations difficult. To circumvent these issues, we created

doxycycline-inducible PDPN knockdown lines, which would

theoretically more closely mimic drug inhibition and could be

compared to no-doxycycline controls. Interestingly, generating

stable knockdown GSC lines of PDPN was challenging, and 12

different shRNAs had to be tested (data not shown), which

yielded two knockdown lines termed MD5 and MD7, as

confirmed by Western blot (Figure 4A). We confirmed that

doxycycline appropriately led to the decrease in PDPN mRNA

(p<0.005, two-tailed t-test, Figure 4B). Knockdown of PDPN

using the MD5 and MD7 line was sufficient to sensitize GSCs to

2 or 4 Gy of radiation, as assessed by sphere formation assay
TABLE 3 Cox multivariate survival analysis for diffuse astrocytoma patients.

Overall survival

Variable HR (95% CI) p-value

Age (≥50 vs. <50 years) 1.0 (1.01−1.08) 0.0173

WHO grade (III vs. II) 1.6 (0.67−4.14) 0.292

MIB-1 index (>4 vs. ≤4) 1.9 (0.82−5.08) 0.133

PDPN (+ vs. −) 3.9 (1.44−13.69) 0.0058
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FIGURE 2

PDPN+ glioma-stem-like cells form aggressive tumors in vivo and mark a stem-like radioresistant subpopulation of cells. (A) PDPN protein is
expressed in seven of the nine GSC lines shown. (B) Flow cytometry of GSCs shows PDPN expression is pervasive and more prominent in these
GSCs. (C) Kaplan–Meier survival analysis of GSC11 PDPN−/CD133+, PDPN+/CD133+, and PDPN+/CD133− FACS-sorted subpopulations
orthotopically injected into the brains of immunocompromised mice reveal that mice harboring tumors from CD133+/PDPN+ cells had a
median survival of 99 days (n=5), while mice that received CD133+/PDPN− cells did not succumb to tumor formation (n=3) (p=0.0136, log-rank
test). (D) PDPN+ FACS-sorted subpopulations have a higher sphere formation ability (*p<0.005, multiple t-tests, PDPN+ vs. PDPN− groups).
(E) PDPN+ FACS-sorted subpopulations have a higher surviving fraction of cells after 2 Gy of radiation (*p<0.005, multiple t-tests, PDPN+ vs.
PDPN− groups). (F) Transcriptome analysis revealed distinct gene expression signatures in PDPN+ and PDPN− sorted GSCs (three different cell
lines). (G) GSEA of differentially expressed genes (p<0.05) demonstrated significant enrichment of the mesenchymal subtype signature
(NES=2.04, q=0.02) in PDPN+ populations.
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[0 Gy, not significant (ns); 2 Gy, p<0.0001; 4 Gy,

p<0.0001; Figure 4C].

To understand if induction of PDPN knockdown after

intracranial injection could slow tumor growth in vivo, we fed

animals doxycycline after implantation and for the duration of

the study (n=5 mice per condition, Figure 4D). Indeed, silencing

PDPN significantly slowed the ability of GSCs to form tumors

compared with controls. Overall median survival times were 8.7

weeks for control, 8.7 weeks for MD5 + PBS, 9.5 weeks for

MD5 + doxy, 9.3 weeks for MD7 + PBS, and 12.1 weeks for MD7

+ doxy (p=0.0018, log-rank test). We tracked tumor

bioluminescence over days 1, 30, and 60, using IVIS imaging

(Figure 4E), which corroborated these findings. We further

found that these tumors appeared morphologically similar as

assessed by H&E and that PDPN knockdown was maintained

(as verified qualitatively by IHC) (Figure 4F).
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Discussion

The mucin-type transmembrane glycoprotein PDPN is

important for the development of multiple organs, and

expression of PDPN in a large number of human tumors

suggests that the protein may have a functional role in tumor

development or progression (52). Mishima et al. identified

increasing PDPN expression across malignant astrocytic

tumors (13), which was later attributed to aberrant PI3K-

AKT-AP1 signaling pathway regulation (53). In the present

study, we demonstrated that PDPN is an independent

prognostic marker of patient survival in glioma. Our results

corroborate with the work that previously associated PDPN

expression with patient survival (8, 51), and we have effectively

overcome limitations reported in a recent study that did not find

PDPN expression to be prognostic in GBM (54).
A B
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FIGURE 3

PDPN knockdown sensitizes adherent glioma cell lines to radiation and reduces invasion, migration, and colony formation ability. (A) PDPN
expression in adherent glioma cell lines and normal human astrocytes (NHA). (B) Western blot of PDPN knockdown in U87 cell lines.
(C) Invasion and migration assays of U87 PDPN knockdown lines (*p<0.005, multiple t-tests, sh-neg vs. sh-PDPN). (D) Clonogenic radiation
survival assay with PDPN knockdown lines, PDPN silencing sensitized U87 cells to in vitro radiation compared with controls. (E) Representative
crystal violet stains after a colony formation assay with U87 PDPN knockdown lines. (F) Quantification of colony diameter and colony number
after colony formation assay of control and PDPN shRNA cell lines (*p<0.005, two tailed t-test).
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We explored the prognostic value of PDPN expression across

gliomas in TCGA and verified the findings in independent

glioma cohorts at both the protein and mRNA levels. The

absence of PDPN identified a subset of GBM patients who had

a median survival of nearly 3 years (148.1 weeks). The prognostic

relevance of PDPN was independent of both extent of surgical

resection and of age, which is one of the strongest predictors of

outcome for GBM patients. Furthermore, PDPN expression
Frontiers in Oncology 11
increased from 70% in low-intermediate-grade astrocytomas to

87% in high-grade astrocytomas (GBMs). Mishima et al. found

PDPN expression to be absent in WHO grade II tumors while

present in 36% of WHO grade III and 53% of WHO grade IV

tumors (13). The numerical discordance between our results and

those of Mishima et al. might be due to the different monoclonal

antibodies used for IHC detection. This may be particularly true

with respect to the low-grade diffuse astrocytoma analysis, as
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FIGURE 4

PDPN knockdown in glioma stem-like cells leads to radiosensitization in vitro and slows intracranial tumor growth. (A) Western blot of GSC line
23 (GSC23) showing PDPN expression levels after exposure to doxycycline (doxy), indicating inducible PDPN knockdown. (B) qPCR validation of
PDPN knockdown (*p<0.005, two-tailed t-test). (C) In vitro clonogenic survival assays revealed that PDPN silencing by the shRNA MD5 and MD7
was effective in sensitizing GSC23 spheres to radiation in a dose-dependent manner [0 Gy, not significant (ns); 2 Gy, *p<0.0001; 4 Gy,
*p<0.0001]. (D) Kaplan–Meier survival analysis (n=5 per condition) of PDPN knockdown, with negative (shLuc and no doxy) controls (p=0.0018,
log-rank test). (E) Time course IVIS imaging of tumors from days 1, 30 and 60. (F) Representative tumor histology and PDPN IHC of animal
tumors at time of animal death.
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PDPN mRNA was detected by qRT-PCR in the low-grade

tumors in that study. Another potential reason for discordance

is the subjectivity among pathologists in distinguishing grade II

from grade III astrocytomas.

Interestingly, in accordance with Mishima et al., we did not

observe PDPN+ GSCs around the perivascular niche. This

suggests that perivascular GSCs may contain PDPN-negative

cells, which implies that PDPN does not ubiquitously mark all

stem cell populations found in GBM. Therefore, it should be

noted that PDPN may not serve as a ubiquitous GSC marker

according to our results. Indeed, there are many different cancer-

stem-cell niches that exist within the glioma environment (i.e.,

perivascular, hypoxic, invasive, tumor border, white matter, and

necrotic niches), and the role of PDPN and other cellular

markers within those niches remains to be defined (55–58).

More specifically, given this apparent lack of distribution of

PDPN around the perivascular niche, future studies may aim to

understand how oxygen tension, or hypoxic conditions, may

regulate PDPN biology in glioma.

To explore the biological role of PDPN, we studied its

function in human adherent glioma cell lines and patient-

derived glioma-stem-like cultures. Consistent with our findings

implicating PDPN in glioma malignancy and an association with

a mesenchymal phenotype, a model for PDPN in tumor invasion

has been proposed in epithelial tumors whereby PDPN was

shown to redistribute the membrane cytoskeleton linker ezrin to

filopodia-like structures and reduce cell–cell adhesiveness (59).

PDPN silencing has been shown to reduce the invasive capacity

of GBM cells (8), and combined evidence supports further

investigation of the role of PDPN in GBM cell migration and

invasion. Wicki et al. showed that PDPN promotes tumor cell

migration by filopodia in the absence of epithelial–mesenchymal

transition (EMT) (60). Intriguingly, IHC staining revealed co-

expression of PDPN and E-cadherin at the invasive front. In

contrast, using a different model, Martin-Villar et al. showed

complete EMT in which PDPN expression induced a classic E-

to N-cadherin switch (10).

We further tested the role of PDPN in radioresistance and

found that knockdown of PDPN was sufficient to sensitize

glioma cell lines to radiation. This was consistent with our

finding that patients with low levels of PDPN have a much

higher likelihood to respond to radiotherapy treatment. This

suggests that PDPN may serve as a predictive marker to

radiotherapy in patients, in addition to its putative prognostic

value. To understand if PDPN targeting may have therapeutic

potential, we performed a series of in vivo intracranial

experiments with inducible PDPN-knockdown GSC lines. Our

findings demonstrate reduced growth rates of tumors with

PDPN knockdown, and we observed extended survival times

in mice. These results are in contrast to reports wherein PDPN

was knocked out via CRISPR-Cas9 and sorted for PDPN-

negative populations that continue to divide in culture,

making control comparisons difficult to establish (51).
Frontiers in Oncology 12
In conclusion, PDPN marks an aggressive sub-population of

GSCs that exhibit increased treatment resistance. Our work

suggests that targeting of PDPN may be a therapeutic option

in glioblastoma. Future studies may include understanding the

molecular mechanisms of PDPN’s molecular function in

glioblastoma and its interaction with the microenvironment,

validating its prognostic role as a clinical biomarker, and further

characterizing its potential as a therapeutic target.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

access ion number(s) can be found in the art ic le/

Supplementary Material.
Ethics statement

The animal study was reviewed and approved by NYU

School of Medicine Animal Ethics Committee. Written

informed consent was not obtained from the individual(s) for

the publication of any potentially identifiable images or data

included in this article.
Author contributions

EE, QW, ES, RV, RE, JG, LG, TL, KB, LL, ZY, and YD

conducted the experiments. AM, EE, QW, ES, RV, FL, and KA

conceptualized the experimental design and methodology. AM,

EE, QW, ES, RE, and RV performed the analyses. AM, EE, QW,

ES, and RV performed the writing, reviewing, and editing. FL

and KA provided resources. All authors contributed to the article

and approved the submitted version.
Funding

This work was supported by the NIH/NCI under award

numbers R01CA190121 (ES, RV), P50CA127001 (ES, RV, KA,

FL), P01CA085878 (RV), and P30CA016672 Cancer Center

Support Grant (flow cytometry and cellular imaging, the

research animal support, and sequencing and microarray

facilities); by the American Brain Tumor Association (ES); by

the National Brain Tumor Society Defeat GBM Research

Collaborative (ES, RV, FL); by the Cancer Prevention and

Research Institute of Texas under award number RP120256

(ES, FL, RV) and RP140606 (RV); and by the Broach

Foundation (FL)
frontiersin.org

https://doi.org/10.3389/fonc.2022.941657
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Modrek et al. 10.3389/fonc.2022.941657
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Oncology 13
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fonc.2022.941657/full#supplementary-material
References

1. Dolecek TA, Propp JM, Stroup NE, Kruchko C. CBTRUS statistical report:
primary brain and central nervous system tumors diagnosed in the united states in
2005-2009. Neuro-Oncology (2012) 14 (Suppl 5):v1–49. doi: 10.1093/neuonc/nos218

2. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal DT, Vogelbaum
MA, et al. A randomized trial of bevacizumab for newly diagnosed glioblastoma. N
Engl J Med (2014) 370:699–708. doi: 10.1056/NEJMoa1308573

3. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ,
et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N Engl J Med (2005) 352:987–96. doi: 10.1056/NEJMoa043330

4. Stupp R, Taillibert S, Kanner A, Read W, Steinberg D, Lhermitte B, et al.
Effect of tumor-treating fields plus maintenance temozolomide vs maintenance
temozolomide alone on survival in patients with glioblastoma: A randomized
clinical trial. JAMA (2017) 318:2306–16. doi: 10.1001/jama.2017.18718

5. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer
stem cells. Nature (2001) 414:105–11. doi: 10.1038/35102167

6. Vescovi AL, Galli R, Reynolds BA. Brain tumour stem cells. Nat Rev Cancer
(2006) 6:425–36. doi: 10.1038/nrc1889

7. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, et al.
Identification of human brain tumour initiating cells. Nature (2004) 432:396–
401. doi: 10.1038/nature03128

8. Ernst A, Hofmann S, Ahmadi R, Becker N, Korshunov A, Engel F, et al.
Genomic and expression profiling of glioblastoma stem cell-like spheroid cultures
identifies novel tumor-relevant genes associated with survival. Clin Cancer Res
(2009) 15:6541–50. doi: 10.1158/1078-0432.CCR-09-0695

9. Eisemann T, Costa B, Peterziel H, Angel P. Podoplanin positive myeloid cells
promote glioma development by immune suppression. Front Oncol (2019) 9:187.
doi: 10.3389/fonc.2019.00187

10. Martin-Villar E, Megias D, Castel S, Yurrita MM, Vilaro S, Quintanilla M.
Podoplanin binds ERM proteins to activate RhoA and promote epithelial-
mesenchymal transition. J Cell Sci (2006) 119:4541–53. doi: 10.1242/jcs.03218

11. Rayes J, Lax S, Wichaiyo S, Watson SK, Di Y, Lombard S, et al. The
podoplanin-CLEC-2 axis inhibits inflammation in sepsis. Nat Commun (2017)
8:2239. doi: 10.1038/s41467-017-02402-6

12. Kato Y, Vaidyanathan G, Kaneko MK, Mishima K, Srivastava N,
Chandramohan V, et al. Evaluation of anti-podoplanin rat monoclonal antibody
NZ-1 for targeting malignant gliomas. Nucl Med Biol (2010) 37:785–94. doi:
10.1016/j.nucmedbio.2010.03.010

13. Mishima K, Kato Y, Kaneko MK, Nishikawa R, Hirose T, Matsutani M.
Increased expression of podoplanin in malignant astrocytic tumors as a novel
molecular marker of malignant progression. Acta Neuropathologica (2006)
111:483–8. doi: 10.1007/s00401-006-0063-y

14. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-seq
data with or without a reference genome. BMC Bioinf (2011) 12:323. doi: 10.1186/
1471-2105-12-323

15. Ceccarelli M, Barthel FP, Malta TM, Sabedot TS, Salama SR, Murray BA,
et al. Molecular profiling reveals biologically discrete subsets and pathways of
progression in diffuse glioma. Cell (2016) 164:550–63. doi: 10.1016/
j.cell.2015.12.028

16. Pelloski CE, Lin E, Zhang L, Yung WK, Colman H, Liu JL, et al. Prognostic
associations of activated mitogen-activated protein kinase and akt pathways in
glioblastoma. Clin Cancer Res (2006) 12:3935–41. doi: 10.1158/1078-0432.CCR-05-2202
17. Pelloski CE, Mahajan A, Maor M, Chang EL, Woo S, Gilbert M, et al. YKL-
40 expression is associated with poorer response to radiation and shorter overall
survival in glioblastoma. Clin Cancer Res (2005) 11:3326–34. doi: 10.1158/1078-
0432.CCR-04-1765

18. Colman H, Giannini C, Huang L, Gonzalez J, Hess K, Bruner J, et al.
Assessment and prognostic significance of mitotic index using the mitosis marker
phospho-histone H3 in low and intermediate-grade infiltrating astrocytomas. Am J
Surg Pathol (2006) 30:657–64. doi: 10.1097/01.pas.0000202048.28203.25

19. Olar A, Wani KM, Alfaro-Munoz KD, Heathcock LE, van Thuijl HF, Gilbert
MR, et al. IDHmutation status and role of WHO grade and mitotic index in overall
survival in grade II-III diffuse gliomas. Acta Neuropathologica (2015) 129:585–96.
doi: 10.1007/s00401-015-1398-z

20. Barker FG2nd, Chang SM, Larson DA, Sneed PK, Wara WM, Wilson CB,
et al. Age and radiation response in glioblastoma multiforme. Neurosurgery (2001)
49:1288–1297; discussion 1297-1288. doi: 10.1097/00006123-200112000-00002

21. Simmons ML, Lamborn KR, Takahashi M, Chen P, Israel MA, Berger MS,
et al. Analysis of complex relationships between age, p53, epidermal growth factor
receptor, and survival in glioblastoma patients. Cancer Res (2001) 61:1122–8.

22. Tajadini M, Panjehpour M, Javanmard SH. Comparison of SYBR green and
TaqMan methods in quantitative real-time polymerase chain reaction analysis of
four adenosine receptor subtypes. Advanced Biomed Res (2014) 3:85. doi: 10.4103/
2277-9175.127998

23. Bhat KP, Balasubramaniyan V, Vaillant B, Ezhilarasan R, Hummelink K,
Hollingsworth F, et al. Mesenchymal differentiation mediated by NF-kappaB
promotes radiation resistance in glioblastoma. Cancer Cell (2013) 24:331–46. doi:
10.1016/j.ccr.2013.08.001

24. Saito N, Fu J, Zheng S, Yao J, Wang S, Liu DD, et al. A high notch pathway
activation predicts response to g secretase inhibitors in proneural subtype of glioma
tumor initiating cells. Stem Cells (Dayton Ohio) (2014) 32:301–12. doi: 10.1002/
stem.1528

25. Sonoda Y, Ozawa T, Hirose Y, Aldape KD, McMahon M, Berger MS, et al.
Formation of intracranial tumors by genetically modified human astrocytes defines
four pathways critical in the development of human anaplastic astrocytoma.
Cancer Res (2001) 61:4956–60.

26. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree C. Clonogenic
assay of cells in vitro. Nat Protoc (2006) 1:2315–9. doi: 10.1038/nprot.2006.339

27. Gautier L, Cope L, Bolstad BM, Irizarry RA. Affy–analysis of affymetrix
GeneChip data at the probe level. Bioinformatics (2004) 20:307–15. doi: 10.1093/
bioinformatics/btg405

28. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res (2015) 43:e47. doi: 10.1093/nar/gkv007

29. Dai M, Wang P, Boyd AD, Kostov G, Athey B, Jones EG, et al. Evolving
gene/transcript definitions significantly alter the interpretation of GeneChip data.
Nucleic Acids Res (2005) 33:e175. doi: 10.1093/nar/gni179

30. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci United States
America (2005) 102:15545–50. doi: 10.1073/pnas.0506580102

31. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P,
Mesirov JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics (2011)
27:1739–40. doi: 10.1093/bioinformatics/btr260
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2022.941657/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.941657/full#supplementary-material
https://doi.org/10.1093/neuonc/nos218
https://doi.org/10.1056/NEJMoa1308573
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1001/jama.2017.18718
https://doi.org/10.1038/35102167
https://doi.org/10.1038/nrc1889
https://doi.org/10.1038/nature03128
https://doi.org/10.1158/1078-0432.CCR-09-0695
https://doi.org/10.3389/fonc.2019.00187
https://doi.org/10.1242/jcs.03218
https://doi.org/10.1038/s41467-017-02402-6
https://doi.org/10.1016/j.nucmedbio.2010.03.010
https://doi.org/10.1007/s00401-006-0063-y
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1016/j.cell.2015.12.028
https://doi.org/10.1016/j.cell.2015.12.028
https://doi.org/10.1158/1078-0432.CCR-05-2202
https://doi.org/10.1158/1078-0432.CCR-04-1765
https://doi.org/10.1158/1078-0432.CCR-04-1765
https://doi.org/10.1097/01.pas.0000202048.28203.25
https://doi.org/10.1007/s00401-015-1398-z
https://doi.org/10.1097/00006123-200112000-00002
https://doi.org/10.4103/2277-9175.127998
https://doi.org/10.4103/2277-9175.127998
https://doi.org/10.1016/j.ccr.2013.08.001
https://doi.org/10.1002/stem.1528
https://doi.org/10.1002/stem.1528
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1093/bioinformatics/btg405
https://doi.org/10.1093/bioinformatics/btg405
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gni179
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.3389/fonc.2022.941657
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Modrek et al. 10.3389/fonc.2022.941657
32. Auerbach RK, Chen B, Butte AJ. Relating genes to function: Identifying
enriched transcription factors using the ENCODE ChIP-seq significance tool.
Bioinformatics (2013) 29(15):1922–4. doi: 10.1093/bioinformatics/btt316

33. Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for
animals and plants. Bioinformatics (2020) 36:2628–9. doi: 10.1093/bioinformatics/
btz931

34. Therneau T. A package for survival analysis in s. version 2.38 (2015).
Available at: http://cran.r-project.org/web/packages/snow/index/html.

35. Therneau TM, Grambsch PM. Modeling survival data: extending the cox
model. Springer New York, NY: Springer Science & Business Media (2000).

36. Fisher RA. On the interpretation of c2 from contingency tables, and the
calculation of p. J R Stat Soc (1922) 85:87–94. doi: 10.2307/2340521

37. Wilcoxon F. Individual comparisons by ranking methods. Biometrics Bull
(1945) 1:80–3. doi: 10.2307/3001968

38. Pelloski CE, Ballman KV, Furth AF, Zhang L, Lin E, Sulman EP, et al.
Epidermal growth factor receptor variant III status defines clinically distinct
subtypes of glioblastoma. J Clin Oncol (2007) 25:2288–94. doi: 10.1200/
JCO.2006.08.0705

39. Kaplan E, Meier P. Nonparametric estimation from incomplete
observations. J Am Stat Assoc (1958) 53:457–81. doi: 10.1080/01621459.1958.
10501452

40. Cox DR. Regression models and life tables. J R Stat Soc (1972) 34:187–220.
doi: 10.1111/j.2517-6161.1972.tb00899.x

41. Spearman C. "General intelligence," objectively determined and measured.
Am J Psychol (1904) 15:201–93.

42. Nigro JM, Misra A, Zhang L, Smirnov I, Colman H, Griffin C, et al.
Integrated array-comparative genomic hybridization and expression array
profiles identify clinically relevant molecular subtypes of glioblastoma. Cancer
Res (2005) 65:1678–86. doi: 10.1158/0008-5472.CAN-04-2921

43. Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, et al.
Molecular subclasses of high-grade glioma predict prognosis, delineate a pattern of
disease progression, and resemble stages in neurogenesis. Cancer Cell (2006) 9:157–
73. doi: 10.1016/j.ccr.2006.02.019

44. Comprehensive, integrative genomic analysis of diffuse lower-grade
gliomas. New Engl J Med (2015) 372:2481–98. doi: 10.1056/NEJMoa1402121

45. Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr H, Salama
SR, et al. The somatic genomic landscape of glioblastoma. Cell (2013) 155:462–77.
doi: 10.1016/j.cell.2013.09.034

46. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al.
Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma
characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell
(2010) 17:98–110. doi: 10.1016/j.ccr.2009.12.020

47. Sanson M, Marie Y, Paris S, Idbaih A, Laffaire J, Ducray F, et al. Isocitrate
dehydrogenase 1 codon 132 mutation is an important prognostic biomarker in
gliomas. J Clin Oncol (2009) 27:4150–4. doi: 10.1200/JCO.2009.21.9832
Frontiers in Oncology 14
48. Grosse-Gehling P, Fargeas CA, Dittfeld C, Garbe Y, Alison MR, Corbeil D,
et al. CD133 as a biomarker for putative cancer stem cells in solid tumours:
limitations, problems and challenges. J Pathol (2013) 229:355–78. doi: 10.1002/
path.4086

49. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De Vitis S, et al. Isolation
and characterization of tumorigenic, stem-like neural precursors from human
glioblastoma. Cancer Res (2004) 64:7011–21. doi: 10.1158/0008-5472.CAN-04-1364

50. Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J, Oefner PJ, et al.
CD133(+) and CD133(-) glioblastoma-derived cancer stem cells show differential
growth characteristics and molecular profiles. Cancer Res (2007) 67:4010–5. doi:
10.1158/0008-5472.CAN-06-4180

51. Eisemann T, Costa B, Harter PN, Wick W, Mittelbronn M, Angel P, et al.
Podoplanin expression is a prognostic biomarker but may be dispensable for the
malignancy of glioblastoma. Neuro-Oncology (2019) 21:326–36. doi: 10.1093/
neuonc/noy184

52. Astarita JL, Acton SE, Turley SJ. Podoplanin: emerging functions in
development, the immune system, and cancer. Front Immunol (2012) 3:283. doi:
10.3389/fimmu.2012.00283

53. Peterziel H, Muller J, Danner A, Barbus S, Liu HK, Radlwimmer B, et al.
Expression of podoplanin in human astrocytic brain tumors is controlled by the
PI3K-AKT-AP-1 signaling pathway and promoter methylation. Neuro-Oncology
(2012) 14:426–39. doi: 10.1093/neuonc/nos055

54. Kong BH, Moon JH, Huh YM, Shim JK, Lee JH, Kim EH, et al. Prognostic
value of glioma cancer stem cell isolation in survival of primary glioblastoma
patients. Stem Cells Int (2014) 2014:838950. doi: 10.1155/2014/838950

55. Brooks LJ, Clements MP, Burden JJ, Kocher D, Richards L, Devesa SC, et al.
The white matter is a pro-differentiative niche for glioblastoma. Nat Commun
(2021) 12:2184. doi: 10.1038/s41467-021-22225-w

56. Hambardzumyan D, Bergers G. Glioblastoma: Defining tumor niches.
Trends Cancer (2015) 1:252–65. doi: 10.1016/j.trecan.2015.10.009

57. Hide T, Komohara Y, Miyasato Y, Nakamura H, Makino K, Takeya M, et al.
Oligodendrocyte progenitor cells and Macrophages/Microglia produce glioma
stem cell niches at the tumor border. EBioMedicine (2018) 30:94–104. doi:
10.1016/j.ebiom.2018.02.024

58. Shirakawa Y, Hide T, Yamaoka M, Ito Y, Ito N, Ohta K, et al. Ribosomal
protein S6 promotes stem-like characters in glioma cells. Cancer Sci (2020)
111:2041–51. doi: 10.1111/cas.14399

59. Martin-Villar E, Scholl FG, Gamallo C, Yurrita MM, Munoz-Guerra M,
Cruces J, et al. Characterization of human PA2.26 antigen (T1alpha-2,
podoplanin), a small membrane mucin induced in oral squamous cell
carcinomas. Int J Cancer J Int du Cancer (2005) 113:899–910. doi: 10.1002/
ijc.20656

60. Wicki A, Lehembre F, Wick N, Hantusch B, Kerjaschki D, Christofori G.
Tumor invasion in the absence of epithelial-mesenchymal transition: podoplanin-
mediated remodeling of the actin cytoskeleton. Cancer Cell (2006) 9:261–72. doi:
10.1016/j.ccr.2006.03.010
frontiersin.org

https://doi.org/10.1093/bioinformatics/btt316
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1093/bioinformatics/btz931
http://cran.r-project.org/web/packages/snow/index/html
https://doi.org/10.2307/2340521
https://doi.org/10.2307/3001968
https://doi.org/10.1200/JCO.2006.08.0705
https://doi.org/10.1200/JCO.2006.08.0705
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1111/j.2517-6161.1972.tb00899.x
https://doi.org/10.1158/0008-5472.CAN-04-2921
https://doi.org/10.1016/j.ccr.2006.02.019
https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1200/JCO.2009.21.9832
https://doi.org/10.1002/path.4086
https://doi.org/10.1002/path.4086
https://doi.org/10.1158/0008-5472.CAN-04-1364
https://doi.org/10.1158/0008-5472.CAN-06-4180
https://doi.org/10.1093/neuonc/noy184
https://doi.org/10.1093/neuonc/noy184
https://doi.org/10.3389/fimmu.2012.00283
https://doi.org/10.1093/neuonc/nos055
https://doi.org/10.1155/2014/838950
https://doi.org/10.1038/s41467-021-22225-w
https://doi.org/10.1016/j.trecan.2015.10.009
https://doi.org/10.1016/j.ebiom.2018.02.024
https://doi.org/10.1111/cas.14399
https://doi.org/10.1002/ijc.20656
https://doi.org/10.1002/ijc.20656
https://doi.org/10.1016/j.ccr.2006.03.010
https://doi.org/10.3389/fonc.2022.941657
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	PDPN marks a subset of aggressive and radiation-resistant glioblastoma cells
	Introduction
	Materials and methods
	The cancer genome atlas cohort data
	Independent patient cohorts
	Determination of radiation therapy response
	Immunohistochemistry
	Real-time reverse transcription PCR
	Cloning of PDPN knockdown constructs
	Cell culture
	Generation of cell lines
	Flow cytometry and FACS
	Orthotopic brain xenografts and in vivo imaging
	Clonogenic survival assay
	Western blotting
	Transcriptome analysis
	Statistical analysis

	Results
	PDPN expression is an independent prognostic marker in glioma
	PDPN marks an aggressive subpopulation of glioma stem cells
	PDPN is associated with aggressive tumor characteristics and radioresistance
	Knockdown of PDPN in glioma-stem-like cells slows intracranial tumor growth and extends overall survival time in mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


