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Glioblastoma (GBM) is the most common and malignant primary brain

tumor in adults. The prognosis of patients is very poor, with a median

overall survival of ~ 15 months after diagnosis. Cadherin-3 (also known as

P-cadherin), a cell–cell adhesion molecule encoded by the CDH3 gene, is

deregulated in several cancer types, but its relevance in GBM is unknown.

In this study, we investigated the functional roles, the associated molecular

signatures, and the prognostic value of CDH3/P-cadherin in this highly

malignant brain tumor. CDH3/P-cadherin mRNA and protein levels were

evaluated in human glioma samples. Knockdown and overexpression mod-

els of P-cadherin in GBM were used to evaluate its functional role in vitro

and in vivo. CDH3-associated gene signatures were identified by enrichment

analyses and correlations. The impact of CDH3 in the survival of GBM

patients was assessed in independent cohorts using both univariable and

multivariable models. We found that P-cadherin protein is expressed in a

subset of gliomas, with an increased percentage of positive samples in

grade IV tumors. Concordantly, CDH3 mRNA levels in glioma samples

from The Cancer Genome Atlas (TCGA) database are increased in high-

grade gliomas. P-cadherin displays oncogenic functions in multiple knock-

down and overexpression GBM cell models by affecting cell viability, cell

cycle, cell invasion, migration, and neurosphere formation capacity. Genes

that were positively correlated with CDH3 are enriched for oncogenic path-

ways commonly activated in GBM. In vivo, GBM cells expressing high
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levels of P-cadherin generate larger subcutaneous tumors and cause shorter

survival of mice in an orthotopic intracranial model. Concomitantly, high

CDH3 expression is predictive of shorter overall survival of GBM patients

in independent cohorts. Together, our results show that CDH3/P-cadherin

expression is associated with aggressiveness features of GBM and poor

patient prognosis, suggesting that it may be a novel therapeutic target for

this deadly brain tumor.

1. Introduction

Gliomas represent a major portion of primary central

nervous system (CNS) tumors, being glioblastoma

(GBM) the most common and malignant form in adults

[1]. Patients diagnosed with GBM present a median

overall survival (OS) of approximately 15 months under

standard-of-care treatment, based on tumor surgical

resection and postoperative chemoradiotherapy [2,3].

Despite many advances in our understanding of the cel-

lular and molecular characteristics of GBM, treatments

did not significantly improve over the last few decades

[4]. More recently, a variety of immunotherapies [5]

(e.g., with immune checkpoint inhibitors [6,7]) and

oncolytic virus therapies (e.g., with the recombinant

oncolytic poliovirus PVSRIPO [8]) have emerged as

potentially useful for GBM patients, but their value to

improve overall survival is still limited. The identifica-

tion of new molecular players relevant for GBM aggres-

siveness may allow a better stratification and

understanding of this malignancy, potentially contribut-

ing to a better clinical management of patients.

Cadherins are cell–cell adhesion molecules depen-

dent on calcium with a crucial role in tissue morpho-

genesis and maintenance of structural and functional

tissues [9]. P(Placental)-cadherin, encoded by the

CDH3 gene, is a type I classical cadherin, firstly identi-

fied in murine placenta [10]. In humans, P-cadherin is

also expressed in the placenta, but at lower levels than

in mice, and is mainly found in basal layers of epithe-

lial tissues [11–13]. In the last years, similarly to other

classical cadherins, the relevance of P-cadherin in vari-

ous cancers has been highly documented [14,15]. In

breast cancer, P-cadherin overexpression is associated

with poor clinical outcome and tumor aggressiveness,

associating with tumor stem cell properties and inva-

siveness capacity [16–19]. Paradoxically, in malignant

melanoma, P-cadherin induces an anti-invasive behav-

ior by promoting cell–cell adhesion [20,21], highlight-

ing the dual oncogenic or tumor-suppressor roles of P-

cadherin according to the tumor type and particular

molecular context (reviewed in ref. [15]). Interestingly,

the relevance of P-cadherin in malignant gliomas was

not previously studied.

In this work, using in vitro and in vivo models, as

well as patient-derived samples, we have established

CDH3/P-cadherin as a novel oncogenic player in

human GBM, deciphering its functional roles, and as

a novel prognostic biomarker predictive of shorter sur-

vival in GBM patients.

2. Materials and methods

2.1. Cell lines and cell culture

The human GBM cell lines U87MG and U373MG

(kindly provided by Dr. Joseph Costello, University of

California San Francisco, CA, USA), SNB19 (DSMZ,

German Collection of Microorganisms and Cell Cul-

tures, Braunschweig, Germany), U251MG, A172,

LN229 (ATCC, American Type Culture Collection,

Manassas, VA, USA), and the GBM patient-derived

cultures GBML18 (previously established in our group

[22]), GBML24, GBML45, and GBML95 were cul-

tured in Dulbecco’s modified Eagle’s medium

(DMEM, Biochrom GmbH, Berlin, Germany), supple-

mented with 10% fetal bovine serum (FBS, Biochrom

GmbH). The GBM patient-derived culture GBML42

(established in our group, as previously described [23])

was maintained in Roswell Park Memorial Institute

(RPMI, Biochrom GmbH) 1640 medium, supple-

mented with 10% FBS. Human embryonic kidney

HEK293T cells (kindly provided by Dr. Andreia

Neves-Carvalho, ICVS/University of Minho, Portugal)

used for lentiviral packaging were cultured in DMEM

supplemented with 10% FBS. Complete medium is

defined as DMEM or RPMI (according to the cell cul-

ture) supplemented with 10% FBS. All cells were

maintained in a humidified atmosphere, with 5% (v/v)

CO2 and at 37 °C, unless otherwise stated. GBM cell

lines were authenticated by short tandem repeat profil-

ing. All cultures were tested for mycoplasma contami-

nation every month.

2612 Molecular Oncology 16 (2022) 2611–2631 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Cadherin-3 in glioblastoma E. P. Martins et al.



2.2. Glioma samples

Glioma tumors were obtained at Hospital de Braga

(Braga, Portugal) and Hospital de Santa Maria (Lis-

bon, Portugal) during craniotomy surgeries for tumor

resection or biopsy. Samples from both hospitals were

used for mRNA expression levels evaluation. For that,

samples were transported in dry ice from the Hospital

to the laboratory and stored at −80 °C until further

treatment. The samples from Hospital de Braga used

for immunohistochemical analyses were formalin-fixed

and paraffin-embedded.

2.3. CDH3 overexpression in GBM cell line

U87MG cells were plated at an initial density of

2 × 105 cells per well (in a 6-well plate). On the next

day, cells were transfected with the vector pIRES2-

EGFP-CDH3 (U87-CDH3) that contains full-length

cDNA encoding CDH3, or with the empty vector

pIRES2-EGFP (U87-Ctrl) [24] using the lipofectamine

3000 transfection reagent (Invitrogen, Thermo Fisher

Scientific, Waltham, MA, USA). Lipofectamine 3000

transfection reagent (4 µL per well) was diluted in

Opti-Modified Eagle Reduced Serum Medium (Opti-

MEM, Gibco, Thermo Fisher Scientific, Waltham,

MA, USA), and the DNA mix was prepared by dilut-

ing the transfection vector (1 µg) in Opti-MEM and

adding P3000 reagent (2 µL per µg DNA). Afterward,

diluted DNA was incubated with the diluted lipofec-

tamine for 15 min at room temperature (RT) and

added dropwise to the cells. Cells were incubated with

the transfection medium for 48 h. Transfected cells

were selected through the incubation with geneticin

(G418, 800 µg�mL−1, Santa Cruz Biotechnology, Dal-

las, TX, USA) in complete medium.

2.4. CDH3 silencing in GBM primary cultures by

siRNA and shRNA

For the transfection with siRNAs, GBML18 cells were

plated at an initial density of 8 × 105 cells per T25 cm2

culture flask. On the next day, cells were transfected

with a small interfering RNA (siRNA) specific for

CDH3 (50 nM; Hs_CDH3_6, Qiagen, Hilden, Ger-

many; GBML18-siCDH3) or the scramble siRNA

(Qiagen; GBML18-siCtrl) using lipofectamine 3000

transfection reagent according to manufacturer’s rec-

ommendations. Briefly, after the incubation of lipofec-

tamine reagent (lipofectamine/siRNA ratio of 1 : 2)

with Opti-MEM, siRNA diluted in Opti-MEM was

added and incubated for 15 min at RT. This final solu-

tion was dropwise added to the cells that were

maintained at regular culture conditions. Six hours

after transfection, the medium was replaced by fresh

complete culture medium and, 48 h after, cells were

collected for CDH3 silencing testing and platted for

functional assays.

For lentiviral production, HEK293T cells were

seeded at an initial density of 5 × 105 cells per well in

6-well plate and transfected with 1.2 µg of packaging

plasmids (TR30022, Origene, Rockville, MD, USA)

and 1 µg of CDH3-specific shRNA [pGFP-C-shLenti,

Origene; GBML18-shCDH3 (construct TL314033C),

GBML42-shCDH3-C (construct TL314033C), or

GBML42-shCDH3-D (construct TL314033D)] or with

a scramble control (TR30021, Origene; GBML18-

shCtrl and GBML42-shCtrl) using lipofectamine 3000

(as described in Section CDH3 overexpression in

GBM cell line). The lentiviral supernatant was col-

lected three days after transfection and filtered through

a 0.45-µm filter. GBM patient-derived cells (GBML18

and GBML42), previously platted at the density of

5 × 105 in 25 cm2-flask, were infected with lentivirus in

the presence of 8 µg�mL−1 polybrene (Sigma-Aldrich,

St. Louis, MO, USA). Successfully infected cells were

selected through incubation with puromycin

(0.8 µg�mL−1 for GBML18 and 1.5 µg�mL−1 for

GBML42; Santa Cruz Biotechnology).

2.5. RNA extraction and cDNA synthesis

RNA of GBM patients’ samples from Hospital de

Santa Maria was extracted directly from the tumor

piece, while samples from Hospital de Braga were pre-

viously converted to powder. RNA from tumor sam-

ples, primary cultures and cell lines was extracted

using the TRIzol reagent (Invitrogen), following manu-

facturer’s recommendations. cDNA was synthesized

from 1 µg of RNA using the High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems,

Thermo Fisher Scientific, Waltham, MA, USA), fol-

lowing manufacturer’s recommendations.

2.6. qRT-PCR—quantitative reverse transcription-

polymerase chain reactions

CDH3, WNT1, WNT5A, and TBP (TATA Box Bind-

ing Protein—reference gene) expression levels were

determined by qRT-PCR using TaqMan Fast

Advanced Master Mix (1x; Applied Biosystems,

Thermo Fisher Scientific). Specific probes were used

for CDH3 (Hs.PT.58.2656432; 1x; IDT, Integrated

DNA Technologies, Leuven, Belgium) and WNT1,

WNT5A, and TBP (Hs00180529_m1, Hs00998537_m1,

and Hs00427620_m1, respectively; 1x; Life
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Technologies, Thermo Fisher Scientific). The reactions

were performed in duplicate using the 7500 Fast Real-

Time PCR software (Applied Biosystems), for 2 min at

50 °C, 20 s at 95 °C, 3 s at 95 °C and 30 s at 60 °C.
The last two steps were repeated for 40 cycles. The

expression levels of FZD4, PDGFRB, ZEB1, NANOG,

VIM, and TBP were assessed using the PowerUp

SYBR Green Master Mix (Applied Biosystems). Reac-

tions were performed for 2 min at 50 °C, 2 min at

95 °C, 15 s at 95 °C and 1 min at the respective

annealing temperature, and the last two steps repeated

for 40 cycles. Primers’ sequences and annealing tem-

peratures are displayed in Table S1. mRNA expression

was normalized to TBP expression, according to the

2�ΔCt (Ct: threshold cycle; when presented as relative

expression) or 2�ΔΔCt (when presented as fold change)

methods [25].

2.7. Viability assays

For trypan blue (Gibco, Thermo Fisher Scientific)

exclusion assay, cells were plated at an initial concentra-

tion of 6 × 103 (U87MG), 1.5 × 104, or 2 × 104

(GBML18, siRNA or shRNA model, respectively), and

6 × 103 (GBML42) per well, in 6-well plates (each con-

dition in triplicates), and counted 6 days after platting.

For MTS (CellTiter 96® AQueous One Solution Cell

Proliferation Assay; Promega, Madison, WI, USA),

4 × 103 GBML18 and 2 × 103 GBML42 cells were

platted in 24-well and 12-well plates, respectively, and

incubated for 6 days. Cultures were incubated with

10% MTS in complete medium for up to 4 h at 37 °C
and 5% (v/v) CO2. Optical density was measured at

490 nm.

2.8. Neurosphere formation assay

Glioblastoma cells were platted at low density (2 × 103

cells per well for U87MG and 1 × 103 cells for

GBML18) in low-attachment 24-well plates (Corning

Inc., Corning, NY, USA), in DMEM-F12 (Gibco)

supplemented with B27 (1%, Invitrogen), EGF (epi-

dermal growth factor, 20 ng�mL−1, Invitrogen), and

bFGF (basic fibroblast growth factor, 20 ng�mL−1,

Invitrogen). Fresh medium was added every 2–3 days,

and the total number of neurospheres formed was

counted at day 10 of incubation for U87MG cells and

at day 8 for GBML18.

2.9. 3D spheroid cell invasion

Spheroids were obtained following manufacturer’s

instructions (GravityTRAP� ULA Plate, InSphero

AG, Schlieren, Switzerland). Briefly, 100 or 200 cells/

70 µL (U87 and GBML18, respectively) were added to a

96-well from the GravityTRAP� ULA Plate and left

for 24 h in order to form the cellular spheroid. The med-

ium containing 6–8 spheroids was recovered to a tube.

The excess medium was removed, and the spheroids

were further embedded in rat tail collagen type I matrix

(NaHCO3 0.25 M; NaOH 1 M, Millipore, Burlington,

MA, USA). 3D spheroids embedded in collagen type I

were plated in an 8-well coverslip bottom chambers

(IBIDI, Planegg, Germany) followed by 1 h of incuba-

tion at 37 °C to allow polymerization. After this, com-

plete medium without phenol red was added to the

cellular 3D spheroid cultures. The in vitro behavior was

followed by time-lapse microscopy (Leica microscope—
DMI6000B with Adaptative Focus Control, Wetzlar,

Germany) during 18 h. Further, the images taken every

20 min were converted into a time-lapse movie, and

quantitative analysis of the number of isolated cell inva-

sion and protrusions was performed using Leica LASX

Software (Leica, Wetzlar, Germany).

2.10. Wound healing assay

GBML18 and GBML42 cells were platted at high den-

sity (6 × 104 cells in each compartment) in 2-well inserts

(ibidi GmbH, Gräfelfing, Germany) and incubated

overnight to allow cells’ adhesion. Inserts were removed

on the following day, and migration capacity was regis-

tered in photographs taken in an inverted microscope

(objective lens magnification 4×; Olympus CKX41

microscope, Olympus, Tokyo, Japan). For each time

point, two images/areas were recorded per well. Wound

widths (in pixels) were calculated using the BEWOUND

software (version 1.7, BESURG, Braga, Portugal), and

wound closures were determined in percentages.

2.11. Cell cycle

GBML18 and GBML42 cells were platted in 25-cm2

flasks at the initial density of 3 × 105 cells and col-

lected 48 and 32 h after platting, respectively. Cells

were fixed in 70% (v/v) ethanol, washed twice with

PBS 1x, and incubated with propidium iodide

(20 µg�mL−1, PI, Invitrogen), RNase (250 µg�mL−1,

Invitrogen), and Triton X-100 (0.1%) for 1 h in the

dark at 50 °C. Cell acquisition was performed on a

BD LSRII flow cytometer (BD Biosciences, Franklin

Lakes, NJ, USA) with a 488 nm excitation laser and

using the FACS DIVA software (BD Biosciences). At

least 30000 gated events were acquired. Data were ana-

lyzed using the FLOWJO Software (v10.8.0; Tree Star,

Ashland, OR, USA). Doublet cells were removed
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plotting FSC-area vs FSC-height and double-checked

plotting PI-area vs PI-height. The percentage of cells

in each phase was obtained applying the Dean-Jett-

Fox algorithm. Experiments were performed in qua-

druplicates.

2.12. Immunohistochemistry (IHC)

Immunohistochemistry was performed in 3-μm
formalin-fixed paraffin-embedded (FFPE) tissue sec-

tions as previously described for P-cadherin [26], and

for Ki-67, NESTIN, SOX2, BCL2, and Cyclin D1 [27]

(details about the antibodies and conditions are pre-

sented in Table S2). P-cadherin expression in glioma

samples was evaluated and semi-quantified by an expe-

rienced neuropathologist (Dr. Ricardo Taipa). The

percentage of P-cadherin positive cells was defined as:

0–1% and 1–25%. Expression intensity was defined as:

negative, mild, and moderate/intense. Normal human

skin and breast tissue were used as positive controls.

The percentage of stained areas for Ki-67, NESTIN,

SOX2, BCL2, and Cyclin D1 in orthotopic GBM

tumors formed upon the injection of U87-Ctrl or U87-

CDH3 cells in NSG mice were quantified in at least

three animals per group (objective lens magnification

20×: median ~ 137 mm2; Olympus Upright BX61

microscope) using IMAGEJ software (version 1.52a,

Bethesda, MD, USA).

2.13. Western blot (WB)

Western blot was performed in protein lysates as pre-

viously described [28]. Briefly, protein lysates were pre-

pared from cultured cells using a lysis buffer [1% (v/v)

Triton X-100 and 1% (v/v) NP-40 (Sigma) in deion-

ized water Diagnostics GmbH; 1 : 7 Protease Inhibi-

tors Cocktail (Roche Diagnostics Gmbh, Mannheim,

Germany) and 1 : 100 Phosphatase inhibitor (Sigma-

Aldrich, Darmstadt, Germany)]. Cells were washed

twice in PBS and were allowed to lyse in 500 μL of the

lysis buffer for 10 min, at 4 °C. Lysates were then sub-

mitted to vortex, centrifuged at high-speed and super-

natants were collected. Protein concentration was

determined using Bio-Rad protein assay (Bio-Rad,

Richmond, CA, USA). Samples were then separated

by 10% SDS/PAGE. Proteins were transferred into

nitrocellulose membranes (Amersham Hybond ECL,

Amersham Biosciences, Buckinghamshire, UK) at

100 V for 90 min. For immunostaining, membranes

were blocked with 5% (w/v) non-fat dry milk in PBS

containing 0.5% (v/v) Tween-20. Membranes were

subsequently incubated with primary antibodies (de-

tails in Table S2), followed by six 5-min washes in

PBS/Tween-20 and incubation with horseradish

peroxidase-conjugated secondary antibodies for 1 h.

Membranes were then washed for 30 min in PBS/

Tween-20. Proteins were detected using ECL Chemilu-

minescence detection kit (Amersham Pharmacia Bio-

tech, Piscataway, NJ, USA) as a substrate. Blots were

exposed to an autoradiographic film. Each immuno-

blot was performed at least three times, and the ones

selected for figures are representative experiments.

2.14. Mice studies

Mice were kept under standard laboratory conditions

with artificial 12 h light/dark cycle (all experiments

performed during daylight), controlled ambient tem-

perature (21 � 1 °C), and a relative humidity of 50–
60%, always manipulated in a flow hood chamber,

except during intracranial surgeries and ultrasound

imaging acquisition. Mice had available ad libitum

irradiated food and autoclaved water, and were housed

in groups of 3–5 per cage to allow social interaction.

Cages were also enriched with paper to promote nest

building and mice hiding. Sentinel mice health status

was used as confirmation of specified pathogen-free

according to FELASA (Federation of European Labo-

ratory Animal Science Associations).

In vivo subcutaneous GBM xenograft models

To establish the U87 GBM subcutaneous xenograft

model in mice, 1 × 106 U87 cells (U87-Ctrl or U87-

CDH3) were injected in both flanks of male immunode-

ficient SHrN® hairless NOD.SCID mice (NOD.Cg-

PrkdcscidHrhr/NCrHsd; Harlan Laboratories; 3 per

group) aged 6–8 weeks, randomly distributed between

the two groups. Tumors were measured with a caliper,

and the tumor volume was determined by assessing the

two largest sides [Volume (cm3) = (3.14 × L1 × L1 ×
L2)/6] (L1 = length; L2 = width). All animals were

euthanized when the largest side of the tumor of one

animal reached 2 cm. After euthanasia, the tumors were

collected and fixed by immersion in formalin and subse-

quently embedded in paraffin for histological analyses.

The subcutaneous patient-derived xenograft model

using GBML18 primary culture (GBML18-shCtrl or

GBML18-shCDH3) was established by injecting

1.5 × 106 cells in the flank of 4–5 months old male

immunodeficient NOD scid gamma (NSG) mice—
NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (Charles River Labora-

tories, Wilmington, MA, USA; 4 GBML18-shCtrl and 5

GBML18-shCDH3), randomly distributed between the

two groups. Tumors were measured by ultrasound, as

detailed below (Section In vivo ultrasound imaging).
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After euthanasia, the tumors were collected and fixed for

histological analyses.

In vivo ultrasound imaging

The Vevo 3100 ultra-high-frequency ultrasound imag-

ing station for small animal (FUJIFILM VisualSonics,

Toronto, Canada) was used to assess mice subcuta-

neous tumor volume at the endpoint. Image acquisi-

tions were performed using the MX550D transducer

(40 MHz) and the Mouse (Small) Abdominal settings.

Mice were anesthetized with 3% isoflurane in oxy-

gen, and their flanks were depilated using a depilation

cream, and immobilized in the prone position and

maintained warm in Vevo’s mouse handling table.

Mice physiological status (heart and respiratory rates,

and body temperature) was closely monitored during

the entire acquisition session. Mice were imaged using

the motorized 3D mode. Transducer focal length, as

well as the acquisition width and depth, was adjusted

to the tumor area. The B-mode scanning plane was

aligned with the 2D cross section showing the tumor

at its largest diameter, and the 3D range adjusted to

capture the entire tumor of each mouse (step size was

automatically set by the Vevo system). Each 3D acqui-

sition was later analyzed in the VEVOLAB software (ver-

sion 5.5.0, FUJIFILM VisualSonics), using Vevo’s

multislice method for tumor volume quantification.

In vivo intracranial orthotopic GBM xenograft model

The intracranial orthotopic model was obtained by

injecting U87-Ctrl or U87-CDH3 cells (2 × 105 cells

diluted in 5 µL of PBS per animal) stereotactically in

the striatum region (+1.8 mm mediolateral, +0.1 mm

anteroposterior, −2.5 mm dorsoventral from bregma)

of 6- to 10-week-old male immunodeficient NSG mice

(Charles River Laboratories). Three independent

experiments were performed with a total number of 18

U87-Ctrl and 19 U87-CDH3 animals. Mice were ran-

domly assigned to groups, ensuring no major body

weight and age differences between groups. Pre-surgery

procedures included anesthesia with ketamine

(75 mg�kg−1) and medetomidine hydrochloride

(1 mg�kg−1) intraperitoneally injected, and the analgesic

drug butorphanol (5 mg�kg−1) that was subcutaneously
injected. Cells were injected using a stereotaxic appara-

tus (digital 3-axis; Stoelting, Wood Dale, IL, USA) and

a 10 µL Hamilton syringe (point style 4 beveled and

26 s gauge) at the velocity of 1.7 µL�min−1. Body

weight was measured at least every 2 days. The humane

endpoint established was 30% weight loss in relation to

the maximum weight reached. When the humane end-

point was achieved, the animals were sacrificed by anes-

thesia overdose. After perfusion using

paraformaldehyde 4%, the brain was collected to be

latter embedded in paraffin for histological analyses.

2.15. Data mining from publicly available glioma

patients’ datasets

CDH3 expression data obtained by RNA sequencing

(Illumina HiSeq 2000 sequencing system) and expres-

sion microarrays (Agilent G4502A 244K), and clinical

data were downloaded from The Cancer Genome Atlas

(TCGA) database (https://portal.gdc.cancer.gov/) [29].

The IDH mutation and 1p19q codeletion status data

were extracted from GlioVis (http://gliovis.bioinfo.cnio.

es/) [30]. RNA-Seq expression data contained 5 non-

tumor unmatched controls, 224 WHO grade II and 240

WHO grade III gliomas, and 141 GBMs. CDH3 overex-

pression in glioma samples was considered when higher

than the maximum expression of nontumor controls in

RNA-Seq data (TCGA FPKM-UQ value > 28 700).

Microarray expression data contained 573 GBMs. The

median expression value was used whenever more than

Fig. 1. CDH3/P-cadherin is overexpressed in a subset of gliomas. (A) CDH3 mRNA expression in 5 nontumor controls (NT; black dots) and

605 glioma patients from TCGA (RNA-Seq data), comprising 224 grade II (gray dots), 240 grade III (blue dots), and 141 grade IV (red dots).

Data are stratified according to IDH mutation and 1p/19q codeletion status, and malignancy grade: 18 IDH-wild-type, 121 IDH-mutant 1p19q

non-co-deleted, and 85 IDH-mutant 1p19q co-deleted grade II gliomas; 66 IDH-wild-type, 102 IDH-mutant 1p19q non-co-deleted, and 72

IDH-mutant 1p19q co-deleted grade III gliomas; 133 IDH-wild-type and 8 IDH-mutant grade IV gliomas. The percentage values indicated for

each WHO glioma grade correspond to the proportion of patients overexpressing CDH3 (expression higher than non-tumor controls). (B)

Representative IHC images of P-cadherin staining in glioma samples from a cohort of patients from Hospital de Braga (n = 98). P-cadherin

staining was mostly cytoplasmic in glioma cells (images a and b) and, more rarely, associated with positivity in fibrillary astrocytic networks

(images c-f; image f is a magnified region of e). Images a, b, c, e, and f show GBM samples, and image d represents an anaplastic

oligodendroglioma. Scale bar = 100 µm, except in image c and f in which scale bar = 50 µm. (C–D) Semiquantitative analysis of P-cadherin

IHCs in WHO grades II (n = 7), III (n = 31), and IV (n = 60) gliomas from the Hospital de Braga cohort, showing the percentage of cells

expressing P-cadherin (C), and the staining intensity (D). (TCGA: The Cancer Genome Atlas; FPKM-UQ: Fragments Per Kilobase of transcript

per Million mapped reads upper quartile; codel, chromosomal 1p/19q codeletion; IDHwt, IDH-wild-type; IDHmt, IDH-mutant; NT, non-tumor;

WHO, World Health Organization).
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one portion per patient was available. Values were pre-

processed and normalized according to ‘level 3’ specifi-

cations of TCGA.

The CDH3 most positively (Spearman r > 0.3) and

inversely (Spearman r < −0.3) correlated genes (mi-

croarray data) were used to test for enriched Reactome

A

B

C D

a b c

d e f
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and KEGG pathways and gene ontologies using Enrichr

(https://amp.pharm.mssm.edu/Enrichr/) [31,32].

2.16. Gene set enrichment analysis (GSEA)

Gene set enrichment analysis analysis was performed

using the GSEA software (www.broad.mit.edu/gsea/)

[33] and the microarray expression profile of GBM

patients from TCGA (n = 573; Agilent G4502A 244K)

[29]. A continuous phenotype profile was used; that is,

Pearson’s correlation was applied to rank the genes

according to CDH3 expression. Otherwise, default

options were used. Gene sets from the molecular signa-

ture database C6 collection were used. A gene set was

considered significantly enriched when presenting a

false discovery rate (FDR) lower than 0.30.

2.17. Statistical analysis

To determine statistical differences between groups in

the in vivo assays, homoscedasticity was tested using the

F test, and afterward, two-sided unpaired t-test was

applied, except for longitudinal subcutaneous tumor

growth, in which a two-way ANOVA followed by

Sidak’s multiple comparisons test was used. For in vitro

assays, two-sided paired t-tests were used, except for

migration and cell cycle analyses, where a two-way

ANOVA followed by Sidak’s multiple comparisons test

was applied. For the OS studies (in vivo mice models

and GBM patients), CDH3 effect was determined using

the log-rank (Mantel-Cox) test (in patients from the

Portuguese cohort, the top 30% of samples with lowest

expression of CDH3 were defined as CDH3-low GBMs).

The prognostic value of CDH3 was also evaluated using

a Cox multivariable analysis adjusted for confounding

factors. All analyses were performed in GRAPHPAD PRISM

(GraphPad software, Inc., San Diego, CA, USA, ver-

sion 8) and IBM SPSS STATISTICS (Armonk, New York,

NY, USA, version 25) software. Meta-analysis and for-

est plot were performed in the software Comprehensive

Meta-Analysis (Biostat, Inc., Englewood, NJ, USA, ver-

sion 3) using hazard ratios and confidence intervals of

multivariable analyses (random effect was determined).

Each statistical test used is reported in figure legends.

Statistically significant differences were considered when

P-values were lower than 0.05.

2.18. Study approval

Collection of human glioma samples at Hospital de

Braga and Hospital de Santa Maria was approved by

the respective ethical entity (Subcomissão de Ética para

as Ciências da Vida e da Saúde—SECVS 150/2014 and

Comissão Nacional de Proteção de Dados—CNPD

7435/2011, respectively) with all patients signing

informed consent, according to the Declaration of Hel-

sinki. All animal procedures were approved by the

national ethical committee DGAV (Direção Geral de

Alimentação e Veterinária, reference no. 017761) and

were in accordance with European Union Directive

2010/63/EU.

3. Results

3.1. CDH3/P-cadherin is overexpressed in a

subset of gliomas

To study the expression pattern of CDH3 in gliomas, we

firstly analyzed its expression levels in patient samples

(WHO grades II to IV) deposited in TCGA database

with available RNA-seq data (Fig. 1A). In this analysis,

we took into consideration the stratification of patients

as per their IDH mutation and 1p/19q codeletion status,

according to the 2016 WHO classification of CNS

tumors [34]. A wide spectrum of expression of CDH3

was observed in each glioma subgroup, reflecting the

remarkable inter-individual heterogeneity typical of

glioma. Interestingly, particular cases of high expression

of CDH3 were found in each glioma subtype, both in

IDH-wild-type (22.2%, 16.7%, and 18.8% of IDH-

wild-type grade II, III, and IV gliomas, respectively)

and IDH-mutant cases (11.6%, 21.6%, and 62.5% of

gliomas IDH-mutant grade II, III, and IV, respectively).

In contrast, IDH-mutant and 1p/19q co-deleted glio-

mas, classically classified as oligodendroglioma, pre-

sented consistently low levels of CDH3 expression, with

only 1.2% and 4.2% of grade II and III cases overex-

pressing CDH3. Focusing on each WHO malignancy

grade, independently of IDH mutation and 1p/19q

codeletion status, the frequency of CDH3 overexpres-

sion increased with higher tumor grades (8.5% in grade

II, 15.0% in grade III, and 21.3% in grade IV gliomas).

We next evaluated P-cadherin protein expression by

IHC in our cohort of glioma samples from which

FFPE-tissues were available (Hospital de Braga;

n = 98), including WHO grades II, III and IV gliomas.

The major clinicopathological features, including histo-

logical subtype and WHO grade (of which GBM con-

stitutes the majority of cases), age and gender

distribution, IDH mutation status, treatment exposure

and institution are presented in Table 1. We detected

P-cadherin positive samples in all malignancy grades

of gliomas (Fig. 1B–D), with a higher frequency within

grade IV (GBM) tumors (of note, only 1 out of 7

tested grade II gliomas presented detectable levels of
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P-cadherin expression, but only at mild levels and in

less than 1% of the cells; Fig. 1C,D). Semiquantitative

analyses demonstrated that an increased percentage of

P-cadherin positive cells and higher staining intensity

is found in grade IV gliomas (Fig. 1C,D). Representa-

tive P-cadherin IHC images of each WHO glioma

grade are shown in Fig. S1.

Globally, the increased percentage of CDH3/P-

cadherin overexpressing samples in grade IV gliomas

suggests this molecule may be relevant for tumor

aggressiveness.

3.2. P-cadherin is associated with GBM in vitro

aggressiveness in an overexpression model

Considering the heterogeneity observed in patients, we

firstly studied the expression of CDH3 in a total of 12

GBM in vitro cell models, including six GBM cell lines

and six patient-derived cultures (Fig. S2). We identified

GBM cells with high (SNB19, GBML18, GBML24, and

GBML45), intermediate (A172, GBML26, GBML42,

and GBML95), and low/undetectable CDH3 expression

(U87MG, U373MG, U251MG, and LN229), nicely reca-

pitulating the heterogeneity observed in patients.

To pinpoint the impact of P-cadherin in GBM, we

firstly performed in vitro functional assays using an

overexpression approach, in which CDH3/P-cadherin

was overexpressed in U87 cells (a commercially avail-

able GBM cell line with very low or undetectable

levels of CDH3/P-cadherin by qRT-PCR and western

blot). Success of transfection and overexpression was

confirmed at the mRNA level by qRT-PCR (Fig. 2A)

and at the protein level by western blot (Fig. 2B). P-

cadherin expression was associated with increased

GBM cell viability, as assessed by trypan blue exclu-

sion assay (Fig. 2C). Considering that GBMs are

known for their remarkable invasiveness capacity [35],

and since P-cadherin has been shown to impact cell

invasion in different tumors (e.g., melanoma [20,21]

and breast cancer [18]), we also evaluated how P-

cadherin affects this cancer hallmark feature by three-

dimensional invasion assays (Fig. 2D). P-cadherin was

associated with increased cell invasion capacity in

GBM cells, as measured by isolated cell invasion

events (Fig. 2E) and the total number of protrusions

(Fig. 2F). P-cadherin-overexpressing GBM cells also

formed more neurospheres than control cells (Fig. 2G,

H). Together, these results suggest that P-cadherin reg-

ulates several critical hallmarks of cancer in GBM in

vitro, acting mostly in an oncogenic manner.

3.3. P-cadherin promotes tumor growth in vivo

and associates with shorter survival in GBM

xenograft mouse models

A subcutaneous GBM xenograft model was estab-

lished in immunodeficient hairless NOD.SCID mice

injected with U87 cells previously manipulated for

CDH3 expression. Tumors derived from U87-CDH3

cells presented a significantly higher growth rate than

U87-control tumors (Fig. 2I), resulting in tumors with

higher volumes (Fig. 2J) and weights (Fig. 2K) at the

humane endpoint of the experiment. Tumor histology

(Fig. 2L) and long-term P-cadherin protein expression

(Fig. 2M) was confirmed.

Table 1. Clinical information of patients included in the Portuguese

dataset.

Number of patientsa 115

Diagnosis, n (%)

Diffuse astrocytoma 3 (2.6%)

Anaplastic astrocytoma 3 (2.6%)

Oligodendroglioma 2 (1.7%)

Anaplastic oligodendroglioma 20 (17.4%)

Oligoastrocytoma 1 (0.9%)

Anaplastic oligoastrocytoma 1 (0.9%)

Glioblastoma 85 (73.9%)

WHO Grade, n (%)

II 6 (5.2%)

III 24 (20.9%)

IV 85 (73.9%)

Lesion, n (%)

Primary 108 (93.9%)

Recurrence 7 (6.1%)

Age, mean (range) 59.5 (20–81)
Gender, n (%)

Male 78 (67.8%)

Female 37 (32.2%)

IDH1/IDH2 mutation statusb, n (%)

wt 42 (36.5%)

mt 15 (13.0%)

Not specified 58 (50.4%)

MGMT promoter methylationc, n (%)

Methylated 11 (9.3%)

Unmethylated 14 (11.9%)

Not specified 93 (78.8%)

Treatment, n (%)

Chemotherapy 2 (1.7%)

Radiotherapy 16 (13.9%)

Chemoradiotherapy 83 (72.2%)

Not treated 8 (7.0%)

Not specified 6 (5.2%)

Institution, n (%)

Hospital de Braga 72 (62.6%)

Hospital de Santa Maria 43 (37.4%)

a

Patients from Hospital de Braga and Hospital de Santa Maria with

P-cadherin protein expression evaluated by IHC (n = 71) and CDH3

mRNA expression evaluated by qRT-PCR (n = 66).
b

Determined by restriction fragment length polymorphism (RFLP) or

IHC confirmed by Sanger sequencing in dubious cases.
c

Determined by pyrosequencing technology [80].
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To better mimic the complex GBM microenviron-

ment, we also established an intracranial orthotopic

model in immunodeficient NSG mice injecting CDH3-

low and CDH3-high U87 GBM cells (Fig. 2N). Mice

body weight was registered throughout the experiment,

showing that mice injected with U87-CDH3 cells dis-

played significant weight loss earlier and more drasti-

cally than animals injected with U87-Ctrl cells

(Fig. 2O). More importantly, mice with tumors overex-

pressing P-cadherin exhibited significantly shorter sur-

vival than mice injected with control GBM cells

(P < 0.0001; Fig. 2P), suggesting P-cadherin may be

prognostically valuable in GBM. Tumor formation

was confirmed through hematoxylin and eosin (H&E)

staining of the brains (Fig. 2Q), and P-cadherin long-

term in vivo expression was confirmed in mice tumors

by IHC, being exclusively detected in U87-CDH3

tumors (Fig. 2R). Additionally, we evaluated the

expression of some cancer-related proteins in ex vivo

tumors from both groups, including proliferation (Ki-

67 and Cyclin D1), anti-apoptotic (BCL2), and stem-

ness (NESTIN and SOX2) markers, collected at dis-

tinct time points according to animal survival times

(Fig. S3A,B). Interestingly, despite the prominent

effect in the survival of mice, there were no significant

differences regarding the levels of expression of these

proteins between both groups of tumors at the humane

endpoint. Of note, intracranial tumors revealed to be

highly heterogeneous both histologically and molecu-

larly, with various levels of positive staining for each

marker, regardless of P-cadherin status (Fig. S3B).

3.4. CDH3 knockdown impairs distinct cancer

hallmarks in GBM cells

In addition to the overexpression approach, the impact

of P-cadherin in GBM cells was also assessed using

gene silencing approaches. Firstly, CDH3 was silenced

by siRNA in GBML18 cells (a GBM patient-derived

culture with high levels of P-cadherin expression). Effi-

cacy of transient transfections was determined at the

RNA (Fig. 3A) and protein (Fig. 3B) levels. Fitting

well with the findings in the overexpression model

using U87MG cells, the silencing of P-cadherin in

GBML18 patient-derived cultured with siRNA

resulted in decreased cell viability (Fig. 3C), decreased

invasion (Fig. 3D–F), and decreased capacity to form

neurospheres (Fig. 3G,H).

Considering the observed effects of transient silenc-

ing of P-cadherin with siRNA in vitro, we next estab-

lished a stable knockdown model using a shRNA

targeting CDH3. After confirming the long-term

knockdown of CDH3/P-cadherin (Fig. S4A,B), this

shRNA-based GBML18 model was validated in vitro

for key cancer hallmarks, globally recapitulating the

association of P-cadherin silencing with compromised

GBM cell viability (Fig. S4C,D) and migration capac-

ity (Fig. S4E,F). Furthermore, we confirmed the func-

tional effects of shRNA-mediated CDH3 silencing in

an additional GBM patient-derived culture

(GBML42). The stable silencing of CDH3 was con-

firmed (Fig. S5A), and CDH3 functional effects were

consistently validated, endorsing its association with

Fig. 2. P-cadherin displays oncogenic functions by regulating key hallmarks of malignancy in GBM in vitro and in vivo. (A–B) Successful

CDH3 overexpression in the GBM cell line U87MG, as assessed at the mRNA levels by qRT-PCR (n = 3) (A) and at protein levels by

western blot (n = 3, representative experiment is displayed) (B). (C) Effect of P-cadherin in cell viability assessed by trypan blue in U87 cells

(n = 4). (D–F) Three-dimensional invasion assays of P-cadherin-high and P-cadherin-low GBM cells (n = 5; representative images are shown

for both conditions (D); scale bar = 50 µm). Quantification of isolated cell invasion (E) and protrusions (F) in GBM cells with high and low P-

cadherin expression. (G–H) Influence of P-cadherin in the stemness capacity of GBM cells as assessed by the neurosphere formation assay

(n = 5; representative images of all conditions are shown (G); scale bar = 250 µm). (H) Quantification of the number of neurospheres

formed in GBM cells with high and low levels of P-cadherin. (I) Effect of P-cadherin on tumor growth kinetics of in vivo subcutaneous GBM

models (bilateral injections per mice, n = 3 hairless NOD.SCID mice per group). (J) In vivo and ex vivo pictures at the experimental endpoint

(day = 49) of U87 subcutaneous tumors with high or low P-cadherin expression levels (bilateral injections per mice, n = 3 per group). (K)

Final tumor weight of subcutaneous tumors formed from U87-Ctrl and U87-CDH3 cells (bilateral injections per mice, n = 3 per group). (L)

H&E staining of subcutaneous tumors (representative images are displayed; scale bars = 100 µm and 20 µm, as indicated). (M) P-cadherin

protein expression in the subcutaneous U87-Ctrl and U87-CDH3 tumors (representative images are displayed; scale bars = 100 µm and

20 µm, as indicated). (N) Intracranial surgery scheme for orthotopic models (n = 18 for U87-Ctrl, and n = 19 U87-CDH3). (O) Total body

weight variation after intracranial injections of CDH3-manipulated U87 cells in NSG mice (n = 18 for U87-Ctrl, and n = 19 for U87-CDH3). (P)

Overall survival of mice intracranially implanted with CDH3-overexpressing or control-U87 GBM cells (n = 18 for U87-Ctrl, and n = 19 for

U87-CDH3). (Q) H&E staining of brain sections to confirm tumor formation (representative images are displayed; scale bars = 1 mm and

20 µm, as indicated). (R) Long-term P-cadherin expression in GBM tumors formed from U87-Ctrl and U87-CDH3 cells’ mice orthotopic

injection (representative images are displayed; scale bars = 100 and 20 µm, as indicated). [H&E: hematoxylin and eosin staining; panels A,

C, E, F,H two-sided paired t-test, data is presented as mean � SEM; panel K: two-sided unpaired t-test, data are presented as mean � SD;

panel I: two-way ANOVA followed by post-hoc Sidak’s test, data are presented as mean � SD; panel O: data are presented as mean � SD;

panel P: log-rank test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001].
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Fig. 3. P-cadherin knockdown impairs distinct cancer hallmarks in GBM cells and diminishes tumor growth in vivo. (A–B) Success of

transient transfections with siRNA in GBM patient-derived culture GBML18 assessed by RNA (n = 4) (A) and protein levels (n = 3,

representative experiment is displayed) (B). (C) Functional effect of P-cadherin in cell viability (trypan blue exclusion assay, n = 5). (D–F)
Three-dimensional invasion assay of GBML18-siCtrl and GBML18-siCDH3 [n = 3; representative images are shown for each experimental

condition (D); scale bar = 50 µm]. Isolated cell invasion (E) and protrusions were quantified (F). (G–H) Neurospheres formation capacity

(n = 5; representative images in (G); scale bar = 250 µm; and quantification of the number of neurospheres formed in each condition (H). (I)

Representative ultrasound images obtained at the endpoint of the experiment for subcutaneous tumors formed from the injection of

GBML18 cells stably silencing CDH3 (GBML18-shCtrl vs GBML18-shCDH3) in NSG mice (n = 4 and 5, respectively), at the largest two-

dimensional cross-sectional plan and after three-dimensional reconstruction (scale bar = 1 mm). Respective ex vivo tumors are shown. (J)

Final tumor volume determined by ultrasound after three-dimensional reconstruction and measurements (n = 4 for GBML18-shCtrl and

n = 5 for GBML18-shCDH3). (K) Final tumor weight of the P-cadherin-high and P-cadherin-low subcutaneous tumors determined at the

endpoint (n = 4 for GBML18-shCtrl and n = 5 for GBML18-shCDH3). (L) Histology of the tumors formed assessed by H&E (representative

images are displayed; scale bars = 100 µm and 20 µm, as indicated). (M) IHC showing P-cadherin expression in GBML18-shCtrl tumors and

silencing in GBML18-shCDH3 group (representative images are displayed; scale bars = 100 µm and 20 µm, as indicated). [H&E: hematoxylin

and eosin staining; panels A, C, E, F, H: two-sided paired t-test, data are presented as mean � SEM; panels J, K: two-sided unpaired t-test,

data are presented as mean � SD; ns: nonsignificant; *P < 0.05; ***P < 0.001; ****P < 0.0001].
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increased cell viability (Fig. S5B,C), and migration

(Fig. S5D,E).

3.5. The stable silencing of CDH3 disrupts GBM

tumor growth in vivo

To understand the effects of CDH3 stable silencing in

vivo, we then established subcutaneous xenograft

tumors by injecting GBML18 cells (GBML18-shCtrl or

GBML18-shCDH3) in the flank of NSG mice. Concor-

dantly to the results obtained with the overexpression

model (Fig. 2), mice bearing CDH3-low cells formed

much smaller tumors than the ones injected with

CDH3-high cells, as observed by ultrasound imaging,

both at two-dimensional analyses and after three-

dimensional tumor reconstructions (Fig. 3I). The col-

lected tumors were consistently smaller in GBML18-

shCDH3 group comparing to GBML18-shCtrl animals,

as proven by the reduced final tumor volume (Fig. 3J),

and final tumor weight (Fig. 3K). Tumor histology

(Fig. 3L) and P-cadherin long-term silencing (Fig. 3M)

were confirmed by H&E staining and IHC, respectively.

3.6. CDH3 influences cell cycle progression in

GBM cells

Considering the consistent data in distinct models

associating P-cadherin with cell viability and GBM

tumor growth in vivo, the influence of P-cadherin

silencing on cell cycle was also evaluated in our two

GBM primary cultures with stable CDH3 knockdown

(Fig. S6). Curiously, the silencing of CDH3 signifi-

cantly impacted cell cycle in the two primary cultures,

despite cell-specific differences. Specifically, the silenc-

ing of CDH3 in GBML18 cells (Fig. S6A) led to a

diminished G0/G1 phase and G2/M enrichment (a

hallmark of cells undergoing mitotic cell death and

with decreased mitosis/proliferation [36,37]), while in

GBML42 (Fig. S6B), CDH3 knockdown led to an

increment of S phase associated with decreased G2/M

phase, suggesting an arrest in the DNA replication

phase [38].

3.7. CDH3-associated gene signatures are

enriched for common GBM-related pathways

To gain insights into putative cellular and molecular

mechanisms responsible for the oncogenic effects of

P-cadherin observed in vitro and in vivo, we performed

GSEA in the large cohort of GBM patients from

TCGA (n = 573). Using CDH3 expression as continu-

ous label, we found that CDH3-positively correlated

genes were enriched for signatures of genes upregulated

upon the activation of the WNT-β-catenin signaling,

RTK/PI3K/mTOR signaling axis (through ERBB2,

VEGF and mTOR), and upon inactivation of the

tumor-suppressor genes PTEN and RB; in addition,

CDH3-positively correlated genes were enriched for sig-

natures of genes downregulated upon HOXA9 silencing

(Fig. 4A).

To validate our in vitro results suggesting that P-

cadherin influences cell viability, cell cycle, invasion,

and stemness capacity, we investigated the expression

levels of specific genes belonging to three Gene Ontol-

ogy (GO) gene sets related to those cancer hallmarks.

Interestingly, in GBM patients, CDH3 was co-

expressed with several genes related to cell cycle, cell

motility, and stem cells proliferation (heatmaps repre-

senting CDH3’s top 5 most co-expressed genes belong-

ing to each gene set, Fig. 4B; and representative

individual examples of correlation graphs, Fig. 4C).

To further complement these data, we searched for

gene ontologies and pathways associated with the

CDH3 most positively and negatively correlated genes

(Fig. 4D and Fig. S7). In line with our previous data,

we observed that CDH3-positively correlated genes are

enriched for Reactome classes such as cell–cell junction
organization, and activation of matrix metallopro-

teinases (Fig. 4D), as well as with other cancer-related

pathways revealed by KEGG analyses, such as cGMP-

PKG and Wnt signaling pathways (Fig. S7A). Finally,

the expression of particular key players involved in the

signaling pathways and/or biological processes identi-

fied in the transcriptomic data from this large dataset

of GBM patients was also tested in our genetically

manipulated GBM patient-derived cultures (Fig. S7E).

Despite the differences observed between the two

knockdown models, suggesting that some of these

expression patterns might be cell-dependent, the over-

all association between CDH3 and markers of these

pathways was validated (e.g., CDH3 silencing led to a

decreased expression of WNT/β-catenin genes, such as

WNT1 and WNT5A), establishing good parallels

between our in vitro data and that from patients.

Globally, these genome-wide analyses suggest that

CDH3/P-cadherin might be associated with pro-tumor

gene expression signatures that are known to be criti-

cal in GBM signaling.

3.8. CDH3 is predictive of shorter survival in

primary GBM patients

Taking into consideration our data implicating P-

cadherin with GBM aggressiveness in vitro, and to be

associated with poor prognosis (shorter OS) in a GBM

xenograft model, we questioned if this association was
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also present in human patients. Interestingly, P-

cadherin was already described to associate with poor

patient prognosis in other types of cancer [19,39,40].

To test our hypothesis, we evaluated CDH3 mRNA

expression levels by qRT-PCR in primary GBM sam-

ples collected at Hospital de Braga and Hospital de

Santa Maria (n = 66; clinical information in Table 1).

The median OS of primary GBM patients in our

cohort was 13.7 months, very similar to that described

more recently in the literature [3]. We found that

GBM patients with high CDH3 expression present sig-

nificantly shorter OS than those with low expression

levels (Fig. 5A; P = 0.007). Importantly, considering

the putative effects of age and gender in a multivari-

able survival analysis, CDH3 maintained its indepen-

dent prognostic value (Table 2; P = 0.016). This

association of CDH3 with poor prognosis was further

validated in the large TCGA dataset using a

multivariable Cox model (Table 3; P = 0.021),

adjusted for the potential confounding effects of IDH1

mutation status, age at diagnosis, Karnofsky perfor-

mance status (KPS), gender, treatment with chemo- or

radiotherapy, and additional treatments. Importantly,

Fig. 5. High CDH3 expression is associated with shorter overall survival in GBM patients. (A) Kaplan-Meier survival curve of our Portuguese

cohort (n = 66) regarding low (n = 20) and high (n = 46) CDH3 mRNA expression levels in GBM patients, as evaluated by qRT-PCR. The

cohort includes 33 IDH wt (50%), and 33 GBM samples with IDH status not specified (50%); 9 MGMT promoter methylated (13.6%), 9

MGMT promoter unmethylated (13.6%), and 48 GBM samples not evaluated for MGMT promoter methylation (72.7%). (B) Meta-analysis of

the association of CDH3 and overall survival in GBM patients from the Portuguese and TCGA datasets. The analysis was performed with

the hazard rations obtained with Cox multivariable analyses. Each diamond represents one dataset and its size correlates to the relative

weight of the dataset in the analysis. The extending lines indicate the 95% confidence intervals. The red square represents the overall

effect (TCGA, The Cancer Genome Atlas; HR, hazard ratio; CI, confidence interval; log-rank test was applied in panel A).

Table 2. Cox multivariable survival analysis in GBM patients from

Portuguese dataset (qRT-PCR data; n = 66). Bold-faced values

indicate significant P-values (CI, Confidence Interval; HR, Hazard

Ratio).

P-value HR 95% CI

CDH3 expressiona,b 0.016 2.283 1.168–4.463
Age at diagnosis 0.047 1.035 1.001–1.070
Gendera,c 0.167 0.619 0.314–1.222

a

CDH3 expression and gender were used as categorical variables.
b

CDH3-low (n = 20) vs. CDH3-high expression (n = 46).
c

Male (n = 49) vs. Female (n = 17).

Fig. 4. CDH3-positively correlated genes in GBM patients are enriched for genes involved in common cancer-related pathways. (A) GSEA

analyses demonstrating that CDH3-positively correlated genes are enriched for genes downregulated upon the knockdown of HOXA9, and

for genes upregulated upon the activation of the WNT-β-catenin signaling and RTK/PI3K/mTOR signaling axis, or the silencing of PTEN and

RB. (B) Heatmaps of expression levels of CDH3 and the 5 most positively correlated genes of three distinct GO gene sets (cell cycle—
GO:0007049; cell motility—GO:0048870; stem cell proliferation—GO:0072089) in 573 GBM TCGA patients. Darkest blue represents the

lowest expression values and darkest red represents the higher expression values of each row. (C) Correlations plots between CDH3

expression and MYB, IGF2, AMOTL2, BCL11B, SOX10, and EPCAM in TCGA GBM patients (Spearman’s correlations r and P values are

shown). (D) Reactome pathways among the most positively (Spearman r > 0.3) and inversely (Spearman r < −0.3) CDH3-correlated genes

in 573 GBM patients from TCGA (DN, downregulated; ES, enrichment score; FDR, false discovery rate; GO, gene ontology; GSEA, gene set

enrichment analyses; TCGA, The Cancer Genome Atlas; UP, upregulated).
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to integrate data from the independent cohorts, a

meta-analysis was performed, validating that CDH3 is

significantly associated with shorter OS (Fig. 5B,

HR = 1.623, P = 0.029). Globally, our data indicate

that CDH3 associates with shorter OS of GBM

patients, suggesting its potential as a novel biomarker

predictive of poor prognosis in these patients.

4. Discussion

Distinct cadherins are known to play a role in gliomas

[41–46]. However, the impact of P-cadherin, which has

been implicated in several types of cancer [20,47–51],
was still unknown in glioma. While cadherin-6 [52],

cadherin-11 [52], T-cadherin [53], R-cadherin [52], and

N-cadherin [54] are widely expressed in the brain of dis-

tinct species, P-cadherin has been considered largely

undetected in various brain regions in mice and humans

[10,13,55,56]. Thus, the aberrant expression observed in

some gliomas, particularly grade IV gliomas (Fig. 1)

may have functional consequences impacting glioma

pathophysiology. Other studies reported that P-

cadherin is associated with high histological grades in

invasive ductal breast carcinoma [51], lung invasive ade-

nocarcinoma [39], and in colorectal tumors [48].

Concordantly with the idea that P-cadherin associates

with more aggressive cancers, our study established

P-cadherin as a novel oncogenic player in GBM, affect-

ing cell viability, cell cycle, cell invasion, migration, and

neurosphere formation (Figs 2 and 3; Figs S4–S6).
These data are concordant with the described effect of

P-cadherin in breast cancer, in which it is associated

with increased invasiveness and stemness capacity

[16,17,51]. Contrarily, P-cadherin associates with

decreased cell invasion in melanoma [20]. Considering

the relevant impact of P-cadherin in stemness in other

types of cancer, future studies to specifically address

how P-cadherin influences self-renewal capacity of

glioma stem cells are warranted. Despite the in vitro

results and the prominent effect in shortening mice OS

(Fig. 2), we did not find significant differences between

control- and P-cadherin-overexpressing U87 orthotopic

tumors regarding the expression of proteins commonly

altered in GBM, including stemness markers (Fig. S3).

This result may be partly explained by the fact that all

tumors (formed from U87-Ctrl and U87-CDH3 cells)

were analyzed at different time points based on the OS

of each animal, a stage at which they have reached simi-

lar levels of aggressiveness. Future studies should focus

on studying the effect of P-cadherin in GBM in mice

survival using long-term knockdown approaches.

Cadherins are not considered to have only structural

functions. Indeed, different intracellular mediators

were reported to interact with P-cadherin (reviewed in

[15]). Consistent with this idea, we found that some of

the P-cadherin oncogenic effects observed in GBM

may result from alterations in critical intracellular sig-

naling pathways. Interestingly, our GSEA analyses in

GBM patients (Fig. 4) demonstrated associations

between CDH3-correlated genes and β-catenin-
dependent WNT pathway, described to be associated

with GBM aggressiveness [57]. This putative link

between P-cadherin and β-catenin was also previously

reported in mammary basal epithelial cells [58], and in

colon cancer cells, where the inhibition of P-cadherin

leads to the downregulation of β-catenin [59]. Further-

more, WNT genes, such as WNT5A [60] and WNT6

[27], were also already described to impact GBM

aggressiveness, some of which presented differential

expression due to CDH3 status in our GBM models

(Fig. S7E). Interestingly, the associations observed

between CDH3-correlated genes, VEGF, ERBB2, and

mTOR suggest its involvement in oncogenic pathways,

such as the RTK/PI3K/mTOR signaling axis [61].

Moreover, the oncogenic value of CDH3 is reinforced

by the upregulation of CDH3-positively correlated

genes upon knockdown of RB and PTEN tumor-

suppressor genes, and by the association with HOXA9,

a transcription factor with critical oncogenic functions

in GBM [22,62,63]. Data from clinical specimens also

Table 3. Cox multivariable survival analysis in GBM patients from

TCGA (microarray data; n = 275). Bold-faced values indicate

significant P-values (CI, confidence interval; HR, hazard ratio).

P-value HR 95% CI

CDH3 expressiona,b 0.021 1.405 1.053–1.874
IDH1 mutation statusa,c 0.031 0.518 0.285–0.941
Age at diagnosis 0.001 1.021 1.009–1.034
KPSa,d

0–50 0.001 – –
60–70 0.004 0.339 0.162–0.711
80–100 < 0.001 0.250 0.122–0.512

Gendera,e 0.141 0.793 0.583–1.080
Chemo- or radiotherapya,f < 0.001 0.211 0.122–0.367
Additional chemo- or

radiotherapya,g
0.072 0.762 0.566–1.024

a

CDH3 expression, IDH1 mutation status, KPS, gender, chemo- or

radiotherapy, and additional chemo- or radiotherapy were used as

categorical variables.
b

CDH3-low (n = 129) vs. CDH3-high expression (n = 146), defined

based on the median value of expression.
c

IDH1-wild-type (n = 252) vs. IDH1-mutant (n = 23).
d

KPS 0–50 (n = 13); 60–70 (n = 63); 80–100 (n = 199).
e

Male (n = 172) vs. Female (n = 103).
f

No treatment (n = 18) vs. Treatment (n = 257).
g

No additional treatment (n = 152) vs. Additional treatment

(n = 123).
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suggested that CDH3 correlates with genes involved in

key biological processes, such as MYB, described to be

activated in some GBM cell lines [64], and dependent

on PI3K [65], further validating our GSEA data.

IGF2-high expressing GBMs are frequently associated

with poor survival [66], and IGF2 can interact with

IGF-1R, activating it and leading to a proliferative

phenotype through AKT [67]. Interestingly, P-cadherin

on its own is described to activate invasion and metas-

tasis capacities in ovarian cancer by interacting with

IGF-1R [68]. In addition to these specific genes, we

identified a strong positive correlation between CDH3

and genes involved in cell migration (AMOTL2 [69]

and BCL11B [70]] and stemness capacity [SOX10 [71]

and EPCAM [72]) in GBM patients, further support-

ing our in vitro data. While these findings result from

association and correlation analyses from patient sam-

ples, and thus do not establish direct causative rela-

tionships, they may shed light into the gene signatures

and signaling pathways by which P-cadherin mediates

its oncogenic functions in glioma, which could be fur-

ther explored in future studies.

Despite the advances that resulted in the identifica-

tion of clinically relevant molecules in GBM, the

heterogeneity of these tumors still requires the discov-

ery of novel players to improve the accuracy of diag-

nosis and prognosis [73]. The prognostic value of

CDH3, predictive of shorter OS in independent

cohorts of GBM patients (Fig. 5 and Tables 2 and 3),

is concordant with the results obtained in vivo, and fits

well with previous reports in breast cancer [19,40] and

lung cancer [39]. The prognostic value of other classi-

cal cadherins, such as E- and N-cadherin, has been

explored in gliomas, but somewhat contradicting find-

ings have been reported, with some authors, suggesting

that these cadherins are not suitable as prognostic

molecules [74], while others report low levels of CDH2

(coding N-cadherin protein) as being predictive of

longer survival and better response to temozolomide

[45], the most used chemotherapeutic agent in the

treatment of GBM.

Our findings implicating P-cadherin as a tumor pro-

moting molecule, and the prognostic value of CDH3

independent of other known prognostic indicators,

suggest this cell–cell adhesion molecule may be an

attractive new therapeutic target for P-cadherin-

positive tumors. Thus, in future, it will be critical to

test the therapeutic value of specific inhibitors of P-

cadherin in GBM, some of which have been already

developed [75–79] and completed phase 1 clinical trials

[e.g., an immunoconjugate PCA062 (NCT02375958)

and an anti-P-cadherin/anti-CD3-bispecific molecule

PF-06671008 (NCT02659631)] in solid tumors,

including triple-negative breast cancer, head and neck

cancer, and esophageal cancer.

5. Conclusions

In conclusion, our work establishes, for the first time,

CDH3/P-cadherin as a novel oncogenic molecule in

GBM. We demonstrated that this cell adhesion mole-

cule is overexpressed in a subset of high-grade gliomas,

and affects GBM aggressiveness in vitro. In vivo, P-

cadherin associates with increased tumor growth and

shorter survival. In the clinical setting, CDH3 corre-

lates with cancer-related signatures and associates with

poor prognosis of GBM patients.

Acknowledgements

The authors want to acknowledge to the families and

patients who contributed to this study. Financial sup-

port was provided by projects (PTDC/CCI-BIO/4180/

2020 and PTDC/SAU-GMG/113795/2009 to BMC;

SAICTPAC/0022/2015 and 02/SAICT/2017/030625 to

JP), and individual funding from the FCT—Foundation

for Science and Technology (CEECIND/00072/2018

and IF/00601/2012 to BMC; PD/BDE/143154/2019, co-

funded by MCTES, FSE, and UE, to EPM; SFRH/BD/

92786/2013 to CSG; SFRH/BD/81042/2011 to MP;

SFRH/BD/135831/2018 to RC; and SFRH/BD/51997/

2012 to VMG); by Fundação Calouste Gulbenkian

(BMC); by ICVS Scientific Microscopy Platform, mem-

ber of the national infrastructure PPBI - Portuguese

Platform of Bioimaging (PPBI-POCI-01-0145-FEDER-

022122); by National funds, through the Foundation

for Science and Technology (FCT) - project UIDB/

50026/2020 and UIDP/50026/2020 and by the projects

NORTE-01-0145-FEDER-000013, NORTE-01-0145-

FEDER-000039 and NORTE-01-0145-FEDER-000055,

supported by Norte Portugal Regional Operational Pro-

gramme (NORTE 2020), under the Portugal 2020 Part-

nership Agreement, through the European Regional

Development Fund (ERDF).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

EPM, CSG, MP, RC, ASR, and VMG conducted experi-

ments. EPM, CSG, MP, RC, ASR, RT, FB, NS, JP, and

BMC analyzed data. FP, AAP, CC, and CCF provided

patient samples. EPM and BMC wrote the manuscript.

All authors reviewed and approved the manuscript.

2627Molecular Oncology 16 (2022) 2611–2631 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

E. P. Martins et al. Cadherin-3 in glioblastoma



Peer Review

The peer review history for this article is available at

https://publons.com/publon/10.1002/1878-0261.13162.

Data accessibility

TCGA data used are publicly available (https://doi.

org/10.1038/nature07385).

References

1 Ostrom QT, Patil N, Cioffi G, Waite K, Kruchko C,

Barnholtz-sloan JS. CBTRUS statistical report: primary

brain and other central nervous system tumors

diagnosed in the United States in 2013–2017. Neuro

Oncol. 2020;22:iv1–96.
2 Stupp R, Mason WP, van den Bent MJ, Weller M,

Fisher B, Taphoorn MJB, et al. Radiotherapy plus

concomitant and adjuvant temozolomide for

glioblastoma. N Engl J Med. 2005;352:987–96.
3 Stupp R, Hegi ME, Mason WP, van den Bent MJ,

Taphoorn MJ, Janzer RC, et al. Effects of radiotherapy

with concomitant and adjuvant temozolomide versus

radiotherapy alone on survival in glioblastoma in a

randomised phase III study: 5-year analysis of the

EORTC-NCIC trial. Lancet Oncol. 2009;10:459–66.
4 Stoyanov GS, Dzhenkov D, Ghenev P, Iliev B, Enchev

Y, Tonchev AB. Cell biology of glioblastoma

multiforme: from basic science to diagnosis and

treatment. Med Oncol. 2018;35:27.

5 Lim M, Xia Y, Bettegowda C, Weller M. Current state

of immunotherapy for glioblastoma. Nat Rev Clin

Oncol. 2018;15:422–42.
6 Cloughesy TF, Mochizuki AY, Orpilla JR, Hugo W,

Lee AH, Davidson TB, et al. Neoadjuvant anti-PD-1

immunotherapy promotes a survival benefit with

intratumoral and systemic immune responses in

recurrent glioblastoma. Nat Med. 2019;25:477–86.
7 Reardon DA, Brandes AA, Omuro A, Mulholland P,

Lim M, Wick A, et al. Effect of nivolumab vs

bevacizumab in patients with recurrent glioblastoma:

the CheckMate 143 phase 3 randomized clinical trial.

JAMA Oncol. 2020;6:1003–10.
8 Desjardins A, Gromeier M, Herndon JE II, Beaubier N,

Bolognesi DP, Friedman AH, et al. Recurrent

glioblastoma treated with recombinant poliovirus. N

Engl J Med. 2018;379:150–61.
9 Halbleib JM, Nelson WJ. Cadherins in development:

cell adhesion, sorting, and tissue morphogenesis. Genes

Dev. 2006;20:3199–214.
10 Nose A, Takeichi M. A novel cadherin cell adhesion

molecule: its expression patterns associated with

implantation and organogenesis of mouse embryos. J

Cell Biol. 1986;103:2649–58.

11 Shimoyama Y, Hirohashi S, Hirano S, Noguchi M,

Shimosato Y, Takeichi M, et al. Cadherin cell-adhesion

molecules in human epithelial tissues and carcinomas.

Cancer Res. 1989;49:2128–33.
12 Shimoyama Y, Yoshida T, Terada M, Shimosato Y,

Abe O, Hirohashi S. Molecular cloning of a human

Ca2+-dependent cell-cell adhesion molecule

homologous to mouse placental cadherin: its low

expression in human placental tissues. J Cell Biol.

1989;109:1787–94.
13 Imai K, Hirata S, Irie A, Senju S, Ikuta Y,

Yokomine K, et al. Identification of a novel tumor-

associated antigen, cadherin 3/P-cadherin, as a

possible target for immunotherapy of pancreatic,

gastric, and colorectal cancers. Cancer Ther Preclin.

2008;14:6487–95.
14 Berx G, van Roy F. Involvement of members of the

cadherin superfamily in cancer. Cold Spring Harb

Perspect Biol. 2009;1:a003129.

15 Vieira AF, Paredes J. P-cadherin and the journey to

cancer metastasis. Mol Cancer. 2015;14:178.

16 Vieira AF, Ricardo S, Ablett MP, Dionı́sio MR,

Mendes N, Albergaria A, et al. P-cadherin is

coexpressed with CD44 and CD49f and mediates stem

cell properties in basal-like breast cancer. Stem Cells.

2012;30:854–64.
17 Vieira AF, Ribeiro AS, Dionı́sio MR, Sousa B, Nobre

AR, Albergaria A, et al. P-cadherin signals through the

laminin receptor α6β4 integrin to induce stem cell and

invasive properties in basal-like breast cancer cells.

Oncotarget. 2014;5:679–92.
18 Ribeiro AS, Paredes J. P-cadherin linking breast cancer

stem cells and invasion: a promising marker to identify

an “intermediate/metastable” EMT state. Front Oncol.

2014;4:371.

19 Paredes J, Albergaria A, Oliveira JT, Jeronimo C,

Milanezi F, Schmitt FC. P-cadherin overexpression is

an indicator of clinical outcome in invasive breast

carcinomas and is associated with CDH3 promoter

hypomethylation. Clin Cancer Res. 2005;11:5869–77.
20 Van Marck V, Stove C, Van Den Bossche K, Stove V,

Paredes J, Vander Haeghen Y, et al. P-cadherin

promotes cell-cell adhesion and counteracts invasion in

human melanoma. Cancer Res. 2005;65:8774–83.
21 Jacobs K, Feys L, Vanhoecke B, Van Marck V, Bracke

M. P-cadherin expression reduces melanoma growth,

invasion, and responsiveness to growth factors in nude

mice. Eur J Cancer Prev. 2011;20:207–16.
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AA, Pires MM, Pinheiro C, et al. A novel molecular

link between HOXA9 and WNT6 in glioblastoma

identifies a subgroup of patients with particular poor

prognosis. Mol Oncol. 2020;14:1224–41.
64 Welter C, Henn W, Theisinger B, Fischer H, Zang KD,

Blin N. The cellular myb oncogene is amplified,

rearranged and activated in human glioblastoma cell

lines. Cancer Lett. 1990;52:57–62.
65 Corradini F, Cesi V, Bartella V, Pani E, Bussolari R,

Candini O, et al. Enhanced proliferative potential of

hematopoietic cells expressing degradation-resistant c-

Myb mutants. J Biol Chem. 2005;280:30254–62.
66 Soroceanu L, Kharbanda S, Chen R, Soriano RH,

Aldape K, Misra A, et al. Identification of IGF2

signaling through phosphoinositide-3-kinase regulatory

subunit 3 as a growth-promoting axis in glioblastoma.

Proc Natl Acad Sci USA. 2007;104:3466–71.
67 Oliva CR, Halloran B, Hjelmeland AB, Vazquez A,

Bailey SM, Sarkaria JN, et al. IGFBP6 controls the

expansion of chemoresistant glioblastoma through

paracrine IGF2/IGF-1R signaling. Cell Commun Signal.

2018;16:61.

68 Cheung LWT, Mak ASC, Cheung ANY, Ngan HYS,

Leung PCK, Wong AST. P-cadherin cooperates with

insulin-like growth factor-1 receptor to promote metastatic

signaling of gonadotropin-releasing hormone in ovarian

cancer via p120 catenin. Oncogene. 2011;30:2964–74.
69 Mojallal M, Zheng Y, Hultin S, Audebert S, van Harn

T, Johnsson P, et al. AmotL2 disrupts apical-basal cell

polarity and promotes tumour invasion. Nat Commun.

2014;5:4557.

70 Zhao C, Li X, Han B, You Z, Qu L, Liu C, et al. Gga-

MIR-219b targeting BCL11B suppresses proliferation,

migration and invasion of Marek’s disease tumor cell

MSB1. Sci Rep. 2017;7:4247.

71 Dravis C, Spike BT, Harrell JC, Johns C, Trejo CL,

Southard-Smith EM, et al. Sox10 regulates stem/

progenitor and mesenchymal cell states in mammary

epithelial cells. Cell Rep. 2015;12:2035–48.
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