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Abstract

Glioblastoma (GBM), a highly malignant and lethal brain tumor, is characterized by diffuse 
invasion into the brain and chemoradiotherapy resistance resulting in recurrences and poor 
prognosis. In this study we examined if the cell adhesion molecule CD146/ MCAM, known 
for its multiple protumorigenic functions in other tumor types, is involved GBM malignan-
cy. TCGA GBM database analyses revealed enhanced levels of CD146 in GBM compared 
to normal brain. A panel of patient-derived GBM neurospheres, enriched for GBM stem 
cells (GSC), displayed variable and modest expression of CD146 that was strongly enhan-
ced by cell adherence mediated by serum differentiation or ECM-coating. TGF-β-induced 
mesenchymal transition in U87 cells was accompanied by induction of CD146 expression 
and ectopic overexpression of CD146/GFP in GG16 neurospheres increased mesenchymal 
marker expression and cell invasion. Conversely, CRISPR/Cas9-generated CD146 knockouts 
in GSC23 neurospheres led to reduced mesenchymal marker expression and invasion. Mo-
reover, stem cell marker expression and clonogenic assays showed that CD146 increases the 
stem cell potential of GBM cells. The CD146 ectopic overexpression and knockout models 
also demonstrated involvement of CD146 in resistance to radiation that could be mecha-
nistically linked with CD146-dependent suppression of p53 accumulation and activation of 
NF-kB. Interestingly, exploration of additional mechanisms potentially involved in CD146 
functioning, led to the discovery that the oncogenic protein Yes-associated protein (YAP) is 
also regulated by CD146. Together, our findings demonstrate the importance of CD146 in 
controlling tumor aggressiveness and radioresistance in GBM cells.

Introduction

Glioblastoma multiforme, currently named glioblastoma (GBM), is the most common and 
lethal primary malignant brain tumor. Despite maximal initial resection followed by radiati-
on and chemotherapy the median survival with standard of care is only around 15 months 
[1]. Experimental evidence has indicated that GBM aggressiveness and recurrence are 
driven by a subset of cells displaying stem cell properties, such as unlimited self-renewal, 
strong tumor-forming potential and high drug- and radio-resistance [2]. Intense efforts are 
being made to characterize these GBM stem cells (GSCs) and unravel the molecular path-
ways regulating GSCs, which is expected to yield new therapeutic targets for improving the 
treatment of GBM patients [3, 4]. 

Melanoma cell adhesion molecule (MCAM), also named cluster of differentiation 146 
(CD146) or Mucin 18 (MUC18), is an integral membrane glycoprotein belonging to the im-
munoglobulin (Ig) superfamily that was originally discovered in metastatic melanoma and 
associated with poor prognosis [5, 6]. Later CD146 was found to be expressed on endothe-
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lial cells [7], pericytes [8] and immune cells [9, 10] playing a role in amongst others angio-
genesis also involving a soluble form of MCAM produced by cleaving of its extracellular part 
by matrixmetalloproteinases (MMPs) [11]. CD146 is a known cell adhesion molecule that is 
activated via proposed homophilic cell-cell or heterophilic cell-ECM interactions [12]. For 
example, it has been shown that Laminin-411 is a ligand of CD146 and facilitates T cells entry 
into the central nervous system [13]. Moreover, studies have highlighted that CD146 plays 
an important role in tumor invasion, epithelial-mesenchymal transition (EMT), and meta-
stasis [14]. In addition, CD146 was demonstrated to mediate chemoresistance, such as for 
example in small-cell lung cancer via stimulation of the PI3K/AKT/SOX2 signaling pathway 
[15]. Furthermore, our prior work showed that CD146 confers tamoxifen resistance in breast 
cancer cells and that expression is associated with poor prognosis in breast cancer patients 
[16](see chapter 2).

YAP is known to be regulated by the Hippo signaling pathway consisting of Mammali-
an Ste20-like kinases 1/2 (MST1/2, homologues of Hpo) and Large tumor suppressor 1/2 
(LATS1/2, homologues of Wts) kinases, forming a highly conserved central mechanism for 
regulating organ size, stem/progenitor cell proliferation and maintenance [17, 18]. These 
kinases control the stability and cellular localization of YAP that together with its interaction 
partner TAZ translocate to the nucleus to regulate target gene transcription via interacti-
ons with transcription enhancer factors 1–4 (TEF/TEAD 1–4) [19, 20]. YAP/TAZ have been 
identified as primary sensors of a variety of signals generated by cell–cell contacts, cell-ex-
tracellular matrix (ECM) adhesion, mechanical stress as well as alterations in the metabolic 
state of the cell [21, 22]. Deregulation of the Hippo/YAP pathway significantly contributes 
to tumorigenesis, metastasis, therapeutic resistance and associated with poor prognosis in 
glioma, colon cancer, breast and ovarian cancer cells [22-24]. The core components of the 
Hippo pathway are well established, however, knowledge of the various upstream regulato-
ry mechanisms is still expanding.

Currently, the role of CD146 in GBM aggressiveness has been poorly characterized. In hu-
man glioma patient samples increased CD146 expression has been correlated with higher 
grades and was identified as a potential diagnostic and therapeutic target [25]. However, 
the more precise function of CD146 and underlying regulatory mechanisms in GBM are still 
largely unknown. Therefore, in this study we examined the role of CD146 in GBM aggressi-
veness using GSCs cell culture models. Interestingly we could link CD146 function with GSC 
regulation, invasion and, identified YAP as a novel downstream target of CD146.

Materials and Methods 

Cell culture
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Human U87 GBM cell line was obtained from American Type Culture Collection and U251 
was obtained from the CLS Cell lines Service GmbH (Eppelheim, Germany). The GBM cell 
line GSC23 was kindly provided by Krishna Bhat, Ph.D. (Translational Molecular Pathology, 
Department of Pathology, MD Anderson Cancer Center, Texas University, USA).The GBM 
neurospheres GG9, GG12, and GG16 used in this study have been described before [26, 
27] and were generated from human GBM surgical samples after approval and following 
the ethical guidelines of the Medical Ethics Review Committee (METC) of the University 
Medical Center Groningen (UMCG). The U87 and U251 cell were cultured in 10% FCS and 
1% L-glutamine DMEM medium. GG9, GG12, GG16 and GSC23 were cultured in Neurobasal 
A-medium with 2% B27 supplement, 20 ng/ml bFGF, 20 ng/ml EGF and 1% L-glutamine as 
neuropsheres or as adherent cells on 2% matrigel-coated dishes. GBM neurospheres were 
differentiated with 10% FCS culture medium. 

Western-blotting assay
Proteins were extracted from cultured cells by using RIPA buffer with 1% protease inhibitor 
and 1% phosphatase inhibitor. The Bio-Rad BCA protein assay was performed to quantify to-
tal protein. Cell protein aliquots were loaded and run on SDS-PAGE gels, transferred to PVDF 
membranes and after blocking step with 5% nonfat milk in TBST buffer subjected to incuba-
tion with different primary antibodies. After overnight incubation with primary antibodies 
(Supplementary Table S1) in 4 °C, the blots were incubated with HRP-conjugated secondary 
antibody for one hour and visualized using ECL Substrates (Roche, Germany).

Limiting Dilution Assay
Neurospheres were washed with PBS followed by accutase (Sigma-Aldrich, Zwijndrecht, 
Netherlands) treatment to dissociate cells. The single cell suspension was sorted based on 
forward and side scatter pattern using SH800S Cell Sorter (Sony, Japan). 10, 20, 40 or 80 
cells/well were seeded in 96-well plates with 150 μl medium. The number of neurospheres 
per well was counted after 2 weeks. Each assay was performed in triplicate. 

Generation of CD146 overexpression and CRISPR/Cas9 knockout cell models
The pCMV-CD146/ GFP plasmids and corresponding empty vector pCMV-GFP were purcha-
sed from Sino Biological Inc. (Beijing, China). Control and exon1 and exon2 directed gRNAs 
for CD146 were cloned into pSpCas9(BB)-2A-GFP(PX458) (Addgene Teddington, UK), follo-
wing the published protocol by Ann Ran et al [28]. DNA oligonucleotides for CD146 guide 
exon-3-1_ GCTCAGCCTCCAGGACAGAG and guide-exon-3-2_ GGAGAGGCCGCACTTCAGAA. 
Cells were transfected with the plasmids using Lipofectamine 3000 reagent (Life Technology, 
NY, USA) according to manufacturer's instructions. After 48hrs transfected cells were disso-
ciated and GFP positivity cells were sorted by using SH800S Cell Sorter. GG16 transfected 
cells were maintained in medium with 75μg/ml Hygromycin and single cell sorted GSC23 
control and CD146-ko cells were plated in 96 well plates for expansion. Effective ablation of 



163

Functions of CD146/MCAM in glioblastoma

7

CD146 in GSC23 cells was analyzed by western blotting.

Immunofluorescence
Cells were seeded with 60% confluence in Millicell EZ 8-well glass slides (Merck Millipore, 
Germany) and fixed with 4% paraformaldehyde. Subsequently, cells were treated with 0.5% 
Triton X-100,  blocked with 10% BSA for 20 min, incubated with primary antibodies over-
night at 4°C and  incubated with secondary antibodies (Alexa Fluor 488 goat anti-mouse 
IgG1 and Alexa Fluor 568 goat anti-rabbit IgG; Invitrogen, USA) at room temperature for 1 
h. Slides were finally mounted in Vectashield with DAPI (Life Technology, NY, USA). Images 
were visualized and captured with an immunofluorescence microscope (EVOS XL Core Cell 
Imaging System, Thermo Fisher Scientific).

Transwell assay
Transwell assay was conducted to examine the cell migrated and invasive capacity, as des-
cribed previously [30]. Briefly, cells were seeded in upper transwell chambers (8 μm pore 
size; Corning, USA) with 0.1% FBS medium. Medium with 10% FBS was added to the lower 
chamber. After cultured for 24h, cells were fixed with 4% paraformaldehyde and stained 
with 0.1% crystal violet. The number of cells from 5 fields in each well was counted. Each 
assay was performed in triplicate.

RNA isolation and qRT-PCR
Cells were treated as indicated and RNA was isolated from cell pellets using RNeasy Mini Kit 
(Qiagen, Germany) following the manufacturer’s protocol. Reverse transcription was perfor-
med using the iScript™ cDNA Synthesis Kit (BioRad, USA) according to the manufacturer’s in-
structions. qRT-PCR was performed in triplicate using the iTaq Universal SYBR Green Super-
mix (BioRad, USA) in CFX96 TouchTM Real-Time PCR Detection System C1000 Thermocycler 
(BioRad, USA). Primer sequences for qPCR are listed in Supplemental Table 2. PCR reactions 
were performed at 50°C for 2 min and 95°C for 2 min, followed by 40 cycles of 95°C for 15 s 
and 60°C for 1 min.

Clonogenic assay
GBM cells as indicated were seeded in 6-well plates for 24 hours followed by mock or 4 Gy 
IR. After 2 weeks, colonies were fixed and staining with crystal violet. Colonies consisting at 
least 50 cells were counted as using Start VSpot-Spectrum. 

Statistical analysis
Each experiment was repeated at least 3 independent times unless otherwise noted. Data 
are presented as the mean ± SD., and Student’s t-test. P<0.05 was considered statistically 
significant unless otherwise specified. 
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Results

CD146/MCAM expression is elevated in GBM and upregulated upon cell adherence and 
differentiation of GSC/neurospheres
To determine the expression of CD146 in GBM, we initially conducted an analysis of the GBM 
TCGA database to probe CD146 expression in GBM compared with normal brain. We found 
that CD146 transcript levels were significantly elevated in GBM compared with normal brain 
tissue (Figure 1A). Subsequently, available mRNA-seq data from four different patient-de-
rived GBM GSC/neurospheres allowed further analyses of CD146 expression demonstra-
ting variable levels of CD146 transcripts with highest levels in GSC23 and lowest levels in 
GG16 (Figure 1B). GSC/neurospheres can be differentiated by serum addition resulting in 
adherent growth as shown in Figure 1C. Notably, serum-differentiation of GG16 and GSC23 
GSC/neurospheres resulted in upregulation of CD146 transcript levels (Figure 1B). Next, we 
performed western blotting to examine CD146 protein levels. CD146 could be detected in 
GSC23, and very low levels in GG12 and GG9, while expression in GG16 GSC/neurospheres 
could not be detected. Interestingly, consistent with mRNA expression, CD146 protein levels 
were clearly upregulated upon serum-differentiation, GSC23 showing again highest levels 
compared to the other cells (Figure 1D). Together these data show that CD146 transcripts 
are present in GBM cells, showing variable expression in the GSC/neurosphere panel and is 
enhanced upon differentiation. 

Since differentiated GSC/neurospheres showed upregulated CD146 expression we explored 
if either cell adherence or differentiation or both are mediating this effect. For this GSC23 
cells were cultured for different time periods under stem cell maintaining conditions, eit-
her as neurospheres or adherent on matrigel-coated wells, and under serum differentiating 
conditions on regular or matrigel-coated wells (Figure 2A). GSC/neurosphere cultured cells 
showed relative low CD146 protein levels that strongly increased within 24 h upon differen-
tiation or plating on matrigel-coated wells (Figure 2B). Overall, CD146 expression progres-
sively increased in GSC/neurospheres, adherent matrigel-coated GSCs, differentiated cells 
and combined differentiated/matrigel-coated conditions. Thus, both serum-differentiation 
as well as cell adherence stimulated by ECM provided by matrigel-coating resulted in CD146 
upregulation.

CD146 regulates mesenchymal transition and stimulates invasion of GBM cells 
CD146 has been implicated in EMT in several cancers [14, 29]. Previously we showed that 
TGF-β induces a mesenchymal transition (MT) in GBM U87 cells [30]. To examine CD146 
expression during MT, the expression of CD146 was determined in U87 cells treated with 
TGF-β (10ng/ml) for 0, 12, 24, 48 and 96 hrs continuously. TGF-β exposure resulted in a 
time–dependent change in cellular morphology acquiring a spindle-shaped, elongated and 
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stretched appearance (Figure 3A), as reported earlier [30]. Lysates generated from these 
cells were subjected to Western blotting showing pSmad2 activation and time-dependent 
increases in expression of the EMT transcription factors ZEB1 and Twist, together with in-
creased expression of Fibronectin upon TGF-β exposure. Importantly, CD146 expression also 
increased after 48 h TGF-ß treatment (Figure 3B).

Figure 1.CD146 expression in GBM. A. Comparison of CD146 mRNA expression in normal human brain and GBM 
tissues using TCGA brain cancer database. Box plots were derived from gene expression data compared in ONCO-
MINE (p=1.30E-4, fold change: 2.675). B. Relative CD146 mRNA levels in GBM neurospheres and serum differenti-
ated cells. C. Representative phase contrast microscopic images (20x) of indicated GBM neurospheres cultured in 
serum-free medium (upper) or derived serum-differentiated cells growing as monolayers (lower). D. Western blots 
showing variable CD146 protein expression in GBM neurospheres that is increased after serum differentiation. 
Regular GBM cell lines U87 and U251 are also included. Data represent the mean of triplicate experiments ± SEM, 
**p<0.01; ***p<0.001 by Student’s t test.
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We next explored whether CD146 can modulate MT in GBM cells. For this CD146 overex-
pression plasmid pCMV-CD146/GFP and the control vector pCMV-GFP were stably transfec-
ted in GG16 GSC/neurospheres that have low endogenous CD146 expression. As expected 
we found that the fusion protein CD146-GFP was mostly located to the cell membrane, whi-
le GFP staining in control GG16 cells was more uniform in cytoplasm and nuclei in both neu-
rospheres and differentiated cells (Figure 3C-D). Effective ectopic overexpression of CD146-
GFP was confirmed by western blotting detecting an approximately 140 kD band (Figure 
3E). Moreover, in these cells expression of ZEB1, β-Catenin and the mesenchymal marker 
N-Cadherin was increased (Figure 3E). In addition, serum-differentiated GG16-CD146/GFP 
cells had more spindle-shaped and elongated mesenchymal morphology than GG16-GFP 
control cells (Figure 3F). Furthermore, GG16-CD146/GFP cells demonstrated a 6-fold incre-
ase of  migration potential compared to control cells in transwell assays, in agreement with 
an enhanced mesenchymal state (Figure 3G).

Figure 2. CD146 expression in GBM neurospheres is enhanced upon cell adherence and differentiation.
A. Representative phase contrast microscopy images (20x) of GSC23 cell morphology during time after seeding in 
serum-free neural stem cell (NSC) medium, 10%FCS medium, 1% Matrigel-coated wells in serum-free NSC medium 
and 1% Matrigel-coated wells in 10%FCS medium. B. Western blots showing cell adherence- and differentiation-de-
pendent enhancement of CD146 protein expression during time.
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Figure 3. CD146 is involved in mesenchymal transition in GBM cells
A. Representative phase contrast microcopy images (20x) of U87 cells treated with TGF-β (10ng/ml) for 0h, 24h, 
48h, and 96h show induction of a spindle-shaped, stretched out mesenchymal morphology. B. Western blots sho-
wing TGF-β-induced expression of p-Smad2 and mesenchymal markers Fibronectin, ZEB1, Twist1 and CD146 in U87 
cells. C+D. Phase contrast microscopic images of GG16 cell ectopically overexpressing GFP (control) or a CD146/
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We also generated a CRISPR-Cas9 CD146 knockout (ko) model in GSC23 cells that have re-
latively high endogenous CD146 levels. Western blotting confirmed effective knockout of 
CD146 in two selected clones that was accompanied by reduced levels of ZEB1, β-Catenin, 
and N-Cadherin in differentiated GSC23 cells (Figure 4A). Moreover, CD146 ablation redu-
ced migration ability in GSC23-CD146-ko cells compared to control (Figure 4B-C). Together, 
these results indicate that CD146 can enhance mesenchymal and migratory properties of 
GBM cells.

GFP fusion protein in neurospheres and serum-differentiated cells. Cell surface expression of CD146/GFP can be 
appreciated. E. Overexpression of CD146/GFP in GG16 cells is accompanied by increases in ZEB1, N-cadherin, and 
β-catenin. F. Phase contrast microscopic images of differentiated GG16 or GG16 CD146 over-expressing cells. G. 
Transwell migration assays demonstrate increased migration in CD146/GFP overexpressing GG16 cells vs GG16-GFP 
control. Representative images of cells on Transwell membranes and quantified data are presented. Data represent 
the mean of triplicate experiments ± SEM, ***p<0.001 by Student’s t test.

Figure 4. GSC23-CD146 knockout cells display reduced mesenchymal marker expression and migration.
A. Two independently generated GSC23-CD146-ko cells cultured in serum-differentiation conditions have reduced 
expression of mesenchymal markers ZEB1, N-cadherin, and β-catenin compared to control cells as detected by wes-
tern blotting.  B-C. Representative images of Transwell migration assay membranes and quantified data comparing 
GSC23 control and GSC23-CD146-ko cells. Data represent the mean of triplicate experiments ± SEM, ***p<0.001 
by Student’s t test.
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Figure 5. Ectopic expression of CD146 promotes stemness in GG16 cells.
A-B. Western blots showing increased expression of SOX2 and Oct-4 in CD146/GFP overexpressing GG16 neurosp-
heres and differentiated cells. C-D. Representative images (10x) and quantified data of GG16 control or CD146/
GFP overexpression neurospheres in limiting dilution assays. E. Representative images of GG16 control and GG16-
CD146/GFP colonies in colony formation assay showing more dispersed cells in CD146 overexpressing cells. F. 
Quantified data of colony numbers in GG16 control compared with CD146/GFP over-expressing GG16 cells. Data 
represent the mean of triplicate experiments ± SEM, **p<0.01; ***p<0.001 by Student’s t test.
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CD146 promotes stemness in GBM
To explore a possible effect of CD146 on GSC self-renewal potential, we determined expres-
sion of the stem cell transcription factors SOX2 and Oct-4 in GG16 cells.  SOX2 and Oct-4 
protein levels were upregulated in GG16-CD146/GFP neurospheres compared to control 
cells and expression remained high after serum-induced differentiation (Figure 5A-B). In ad-
dition, limiting dilution assays demonstrated that CD146 overexpression significantly enhan-
ced neurosphere formation potential in GG16 cells (Figure 5C-D). Also serum-differentiated 
GG16-CD146/GFP cells had increased colony formation potential when compared to control 
cells (Figure 5E-F). Of note, GG16-CD146/GFP colonies consisted of cells with a more spread 
and elongated morphology.

To further investigate the involvement of CD146 in regulating self-renewal and proliferation 
potential, we also examined GSC23-CD146-ko cells and found a strong decrease of SOX2 and 
Oct-4 expression compared to control cells (Figure 6A). Limiting dilution - and colony for-
mation assays demonstrated reduced neurospheres formation potential and proliferation 
capacity in CD146 knockout cells (Figure 6B-E).  Overall these findings indicate that CD146 
stimulates stemness and proliferation potential in GBM cells.

CD146 is involved in radioresistance of GBM cells
Radiotherapy is a pillar for GBM treatment, however radioresistance presents a prominent 
clinical challenge which results to poor prognosis in patients. We next sought to investigate 
whether CD146 affects radiation sensitivity in GBM cells. For this GG16-CD146/GFP and con-
trol differentiated cells were exposed to 2Gy, 4Gy, and 6Gy ionizing radiation (IR) followed 
by clonogenic survival assay. GG16-CD146/GFP cells were significantly more resistant to ra-
diation than control cells (Figure 7A-B). Interestingly, endogenous CD146 (Mw around 120 
kD) expression was also induced in both GG16 and GG16-CD146/GFP cells when exposed 
to γ-IR (Figure 7C). This indicates that CD146 may play a causal role in regulating radiation 
response.

We reasoned that CD146 may regulate radiosensitivity by modulating DNA damage res-
ponse (DDR) pathways. This was explored by irradiating GG16 control and GG16-CD146/GFP 
cells for 1 and 16 hr with 4Gy followed by analyses of several key components of the DDR 
pathway. We found that CD146/GFP overexpressing cells evoked longer lasting activation of 
both checkpoint kinases CHK1 and CHK2, indicated by prolonged accumulation of phosp-
hor(p)-CHK1 and p-CHK2 levels compared to control GG16 cells (Figure 7C). Despite this, 
apparently similar levels of radiation-induced DNA damage and repair were detected in this 
isogenic model indicated by similar γ-H2AX accumulation and decreases. Interestingly, ec-
topic expression of CD146/GFP in GG16 cells resulted in higher p-MDM2 levels and a striking 
decrease in p53 expression when compare to controls. After irradiation, GG16 control cells 
displayed time-dependent increases in p53 levels together with decreases in p-MDM2 16h 
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after radiation, while p53 remained low and p-MDM2 high in GG16-CD146/GFP cells. This 
suggest that CD146 is able to suppress p53 activation likely by increasing p-MDM2 levels, 
which will result in reduced p53-dependent apoptosis. In addition, higher NF-κB levels were 
detected in untreated GG16-CD146/GFP cells. NF-κB activation has been reported to induce 
mesenchymal differentiation associated with poor radiation responses that was mediated 
by NF-κB-dependent enhancement of DNA damage repair and antiapototic effects [31]. To-
gether, these results indicate that CD146 can promote radioresistance in GBM cells involving 
suppression of p53-induced apoptosis and activation of NF-κB survival signaling.

Figure 6. Deletion of CD146 reduces stemness of GSC23 cells.
A. Western blots showing reduced SOX2 and Oct-4 expression in two different GSC23-CD146-ko cells compared 
to control serum differentiated cells. B-C. Representative images (10x) and quantified data of GSC23 control and 
two different GSC23-CD146-ko neurospheres in limiting dilution assay. CD146 loss reduces neurosphere formation 
potential. D-E. Representative images and quantified data of differentiated GSC23 control vs GSC23-CD146-ko in 
colony formation assays. CD146 loss reduces colony formation potential in differentiated GSC23 cells. Data repre-
sent the mean of triplicate experiments ± SEM, *p<0.05; **p<0.01; ***p<0.001 by Student’s t test.
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CD146 activates YAP by regulating Hippo pathway 
Expression of CD146 was reported to be transcriptionally regulated by YAP in hepatocellular 
carcinoma cells [32]. In order to examine if YAP regulates CD146 expression in GBM, we 
determined CD146 and YAP protein levels in the GBM models that suggested a positive cor-
relation, most clearly seen at serum-differentiated conditions (Figure 8A). Using lysates as 
described in Figure 2B derived from GG16 cells cultured under neuropshere, adherent and/
or differentiated conditions, CD146 expression also appeared to correlate with YAP levels 
(Figure 8B).

Next, correlations between CD146 and YAP expression were further studied in two inde-
pendently generated GSC23-CD146-ko cell lines compared to control GSC23 cells cultured 
under GSC/neurosphere or differentiated conditions. Differentiated cells showed a clear 
positive correlation between CD146 and YAP expression suggesting that CD146 determines 
expression of YAP (Figure 9A). YAP accumulation is known to be negatively regulated by 

Figure 7. CD146 confers radioresistance in GBM cells.
A-B. GG16 control and CD146/GFP overexpressing cells were untreated or exposed to different doses of irradiati-
on (IR) and colony forming potential was monitored. Representative images of colonies and surviving curves are 
shown. C. Western blots showing effect of 4Gy IR in time on expression of CD146 and indicated DDR, and cell cycle 
regulatory proteins in GG16 GFP control and GG16-CD146/GFP cells cultured as differentiated cells. Endogenous 
CD146 expression is induced by radiation, and overexpression of CD146/GFP is associated with prolonged CHK1 
induction, suppression of p53 and induction of NF-kB signaling.
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the kinase LATS1 that by phosphorylating YAP results in its nuclear exclusion subsequently 
resulting in cytoplasmic degradation [19]. In differentiated GSC23-CD146-ko cells increased 
levels of pYAP ser397 and pLATS1 ser909 were seen compared to control cells, while total 
LATS1 expression remained mostly the same (Figure 9A). In GSC/neurospheres conditions 
CD146 and also YAP expression are low and absence of CD146 did not affect YAP levels. 
However, levels of pYAP ser397 and both total LATS1 and pLATS1 ser909 were increased in 
CD146-ko cells (Figure 9B). Although pLATS and pYAP will lead to YAP inactivation/ degrada-
tion currently we cannot explain differences in pYAP and YAP levels in the CD146-ko cells. 
Regardless, overall these findings suggest that CD146 suppresses the Hippo pathway (pLATS 
and pYAP levels) that provides an explanation for increased YAP expression and, conversely, 
reduced YAP levels in the CD146-ko cells.

Next, we analyzed the intracellular localization of YAP by immunofluorescence microscopy 
in the GSC23 serum-differentiated cell models. GSC23 control cells showed nuclear YAP, 
whereas in CD146-ko cells a clear cytoplasmic shift of YAP was detected (Figure 9C-D). In 
addition, membranous CD146/GFP expression could be confirmed in control cells. YAP acts 
mainly as a cofactor of TEAD transcription factors and regulate the expression of target 

Figure 8. Positive correlation between CD146 and YAP expression in GSC23 cells.
A. Western blots showing expression of CD146 and YAP in the indicated GBM cells cultured in serum. B. Western 
blots showing CD146 and YAP protein levels  in GSC23 cells when cultured in serum-free neural stem cell (NSC) 
medium, 10%FCS medium, 1% Matrigel-coated wells in serum-free NSC medium and 1% Matrigel-coated wells in 
10%FCS medium.
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Figure 9. CD146 loss leads to YAP inactivation.
A-B. Western blots detecting CD146, YAP and Hippo pathway proteins in serum-cultured and neurospheres GSC23 
control and CD146-ko cells. CD146 loss reduces YAP expression and increases pLATS and pYAP levels. C. Immunof-
luorescence microscopic images of GSC23 control and GSC23-CD146-ko serum cultured cells depicting cytoplas-
mic and nuclear (active) YAP (red). Nuclei are counterstained with DAPI (blue). Loss of CD146 reduces nuclear YAP 
(scale bars, 100μm). D. Immunofluorescence of GSC23 or GSC23 CD146 knockout cells stained with CD146 (red) 
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genes including Cysteine Rich Angiogenic Inducer 61 (Cyr61) and Connective Tissue Growth 
Factor (Ctgf) [33]. To investigate whether CD146-dependent phosphorylation and nuclear 
translocation of YAP is associated with transcriptional activation of target genes we moni-
tored the expression of Cyr61and Ctgf in GSC23 cells. Indeed, qRT-PCR analyses showed re-
duced transcript levels of these genes in GSC23-CD146-ko cells compared to control (Figure 
9E). Thus, these findings are in agreement with the notion that CD146 is a positive regulator 
of YAP.

To further confirm the above findings we studied correlations between CD146 and YAP in 
the GG16-CD146/GFP overexpression model. CD146/GFP overexpression dramatically indu-
ced YAP expression in both GG16 GSC/neurospheres and serum-differentiated cells (Figure 
10A-B). Furthermore, expression of LATS1 was reduced by CD146 overexpression and at 
the same time accompanied by increased pLATS1 and pYAP, whereas total YAP levels re-
main elevated (Figure 10A-B). Quantification of bands allowed calculations of pYAP vs. total 
YAP ratios showing decreased ratios in CD146/GFP overexpressing cells predicting relative 
higher levels of active nuclear YAP. This notion was corroborated by an observed dramatic 
increase in nuclear localized YAP in GG16-CD146/GFP cells, compared to more dispersed 
YAP staining found in GG16 control cells (Figure 10C). To further validate subcellular YAP dis-
tribution, cytoplasmic and nuclear lysates were prepared from differentiated GG16 control 
and CD146/GFP overexpressing cells. Western blotting showed increased YAP expression in 
both cytoplasmic and nuclear fractions in CD146/GFP overexpressing cells, indicating over-
all higher levels of active YAP compared to control cells (Figure 10D). Of note, as control 
SOX2 was only found in nuclear fractions and levels were increased by ectopic CD146/GFP 
expression. CD146-dependent YAP activation was further demonstrated by enhanced tran-
scriptional activation of Cyr61 and Ctgf in GG16 cells (Figure 10E). Taken together, CD146 
can increase YAP levels and subsequent nuclear translocation and activation of target genes 
and could be a downstream effector of CD146 in enhancing tumor aggressiveness in GBM.

Discussion

CD146 is regarded as a tumor promoting protein in many cancers, however, the function of 
CD146 in GBM has been poorly studied. Here, we demonstrated that CD146 is an important 
regulator of MT, cell invasion and stem cell capacity in GBM. In addition, CD146 was associ-
ated with radioresistance linked with suppression of p53 accumulation and activation of NF-
κB signaling. Moreover, we identified the transcriptional regulator YAP to be a downstream 
effector of CD146, which has been implicated in the transduction of various protumorigenic 
functions.    

and nuclei (blue; scale bars, 100μm). E. RT-PCR analyses of YAP target genes Cyr61, and CTGF showing reduced 
expression in GSC23-CD146-ko cells. Data represent the mean of triplicate experiments ± SEM, *p<0.05, **p<0.01 
by Student’s t test.
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Figure 10. CD146 overexpression in GG16 activates YAP.
A. Protein levels of CD146 and Hippo/YAP pathway molecules were measured by Western blot in GG16 neurosphe-
res or differentiated cells with or without CD146/GFP overexpression. CD146 induced YAP expression accompanied 
by increased phosphorylation of YAP and LATS. B. Histograms showing relative levels of YAP normalized to β-actin 
(loading control), together with ratio of pYAP (inactive)/YAP. The ratio decreased in CD146 overexpressing cells 
suggesting increased YAP activity.  C. Immunofluorescence microscopic images of GG16 or GG16-CD146/GFP cells 
stained for YAP (red) and nuclei (blue; scale bars, 100μm); green signal (GFP or CD146-GFP). Nuclear YAP was en-
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Analysis of TCGA database revealed that CD146 is highly expressed in GBM compared to 
normal brain tissue. This supports a previous study showing elevated levels of CD146 in 
human WHO grade III and IV gliomas when compared to grade I and II gliomas, and CD146 
represented a marker for poor prognosis for disease-free survival and overall survival in 
GBM patients [25]. In addition, we found variable and mostly low expression levels of CD146 
in GBM GSC/neurospheres, being highest in GSC23, however, that was strongly enhanced 
upon ECM-induced cell adherence and increased further upon serum-induced differentia-
tion. Since CD146 is a cell adhesion molecule known to interact with ECM proteins such as 
laminins, increased expression of CD146 may facilitate cell adherence [11-13]. On the other 
hand, we found that cell adhesion can increase CD146 levels. Moreover, CD146 expression 
was found to be controlled by various signals including cytokines and growth factors and 
regulate cell growth, cell-cell communication, inflammatory responses and EMT [11]. Ac-
cordingly, we found that TGF-β-induced mesenchymal transition in GBM cells led to CD146 
induction and, interestingly, CD146 overexpression or knockout positively correlated with 
mesenchymal marker expression in line with earlier studies reporting CD146-dependent 
EMT in other tumor types such as breast cancer [14, 16]. Furthermore, in the GG16 overex-
pression and GSC23 knockout model CD146 expression was positively linked with cell inva-
sion in line with a more mesenchymal phenotype. 

GBM is characterized by extensive heterogeneity which is one of the key contributors to 
poor clinical outcome. Cellular heterogeneity is associated with one of the salient features 
of GSCs, which endowed self-renewal potential, high tumorigenic ability, and resistant to 
conventional therapy [4]. Here we found that CD146 expression also enhanced neurosphere 
formation in the GBM models accompanied by increased expression of stem cell markers 
such as SOX2 and Oct-4 indicating that CD146 regulates stemness in GBM. This is in accor-
dance with the reported expression and function of CD146 on several normal and cancer 
stem cell types including mesenchymal stem cells, dental stem cells and tumor-initiating 
cells in sarcoma [34-36]. Of interest is also the perivascular niche described for maintaining 
GSCs [37] since CD146 is a well-known pericyte marker [38] and may facilitate interactions 
with CD146 expressing GSCs although this remains to be examined [39].

GBM is aggressive and impossible to be completely removed by surgery; radiotherapy is 
part of standard treatment to shrink existing tumors or eliminate residual tumor after sur-
gery. However, intrinsic radioresistance of tumor cells or resistance acquired during radi-

hanced by CD146/GFP overexpression. D. Western blotting of cytoplasmic and nuclear extracts showing levels of 
CD146, YAP, and SOX2. Cytoplasmic and nuclear fractions were obtained from the serum-differentiated GG16-NC/
CD146 cells. CD146 increased YAP levels in both fractions. β-actin used as loading control of cytoplasmic fractions 
and Lamin B1  for nuclear fractions. SOX2 was included as additional control for purity of extracts. E. The mRNA 
levels of YAP, Cyr61, and CTGF were detected by qRT-PCR, indicating YAP activation by CD146. Data represent the 
mean of triplicate experiments ± SEM, *p<0.05, **p<0.01 by Student’s t test.
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otherapy leads to recurrent disease and hampers effective treatment of GBM patients [3, 
40]. It has been reported that GSCs and EMT play an important role in radioresistance of 
GBM with a transition to mesenchymal GBM subtype linked with radioresistance [31, 41]. 
Since CD146 stimulated a mesenchymal phenotype and stem cell potential in GBM cells, we 
assumed that CD146 promotes radioresistance in GBM cells. Indeed, CD146 overexpressing 
GG16 cells exhibited increased clonogenic survival on irradiation compared with parental 
cells. Moreover, expression of endogenous CD146 appeared to be increased by radiation, 
which is in agreement with a recent report linking CD146 with radioresistance in cervical 
cancer [42]. CD146 overexpressing and control cells demonstrated similar levels of radia-
tion-dependent DNA damage, CHK2 activation and DDR, however, clear differences were 
seen in CHK1 activation, MDM2 phosphorylation, p53 accumulation and NF-κB activation. 
It’s known that high activation of CHK1, CHK2 and NF-κB results in GBM radioresistance and 
accordingly these pathways likely contribute to CD146-mediated radioresistance [31, 43]. 
Interestingly, IR seems to enhance the expression of endogenous CD146 in GG16 control 
cells. However, the most striking differences were observed for p53, expression of which 
was strongly reduced in GG16 CD146 overexpressing cells both in control and irradiated 
cells. This identifies CD146 as an inhibitor of p53 expression. P53 plays a pivotal role in 
the decision of cell survival or cell death and stronger and longer activation of p53 is a key 
determinant for triggering apoptosis rather than  cell cycle arrest [44]. Thus, reduced levels 
of p53 seen in CD146 overexpressing cells are indicative of impaired apoptosis activation in 
these cells facilitating cell survival. In normal conditions, p53 is both constitutively produced 
and degraded  by interaction with the E3 ubiquitin ligase MDM2 [45]. The increased levels 
of phosphorylated MDM2 detected in GG16-CD146/GFP cells may enhance proteasomal 
degradation providing an explanation for reduced p53 levels. The more precise way in which 
CD146 signals to NF-κB and MDM2 remains to be examined. We postulate based on previ-
ous reports in which MAPK, p38 and Akt were identified as downstream effectors of CD146 
in melanoma, these kinases may also be activated in GBM and modulate IκB/NF-κB and 
MDM2 activity [46]. 

Finally, we identified the transcriptional regulator YAP as a new downstream effector of 
CD146 signaling. YAP, being a transcriptional co-activator, can interact with many transcrip-
tion factors and modulate the expression of various target genes and is involved in balancing 
stem cell proliferation in tissue formation and regeneration, cellular communication via ECM 
interactions and various adaptive responses in normal physiology. In cancer, YAP functions 
as an oncologic protein involved among others in tumorigenesis, EMT and metastasis [22, 
23, 33, 47]. It is well established that Hippo pathway can directly affect YAP function in which 
activated MST1/2 kinase associates with its scaffolding partners SAV1 and phosphorylate 
and activate LATS1/2. Subsequently, activated LATS1/2 kinase binds and phosphorylate YAP 
and TAZ to prevent nuclear translocation and/or promote cytoplasmic protein degradation 
[17, 18]. Here, we found that CD146 levels positively correlate with YAP expression. GSC23 
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cells with relative high levels of endogenous CD146 showed nuclear localized YAP and YAP 
target gene activation, which was impaired by CD146 knockout. GSC23-CD146-ko cells dis-
played increased YAP phosphorylation and strongly decreased active YAP protein levels. This 
suggests that CD146 represses Hippo pathway and pYAP leading to increase in YAP/ nuclear 
active YAP. Consistently, ectopic expression of CD146 in GG16 dramatically increased YAP 
protein levels and nuclear transcriptionally active YAP. However, CD146 overexpression in 
GG16 simultaneously increased pLATS1 and pYAP expressions which would counteract YAP 
activation. It could be that the high levels of ectopic CD146 and active YAP trigger a negative 
feedback that tries to balance YAP activity by activating pLATS1/ pYAP in order to keep cellu-
lar homeostasis. Overall, our data show that CD146 activates YAP that may partially involve 
suppression of the Hippo pathway. The more precise interactions between CD146 and YAP 
signaling remain to be elucidated and relevance for GBM aggressiveness can now be further 
explored.    

YAP activity is strongly related to tumor initiation, development, and anti-cancer drug re-
sistance. Verteporfin (VP), recently identified as an inhibitor of YAP-TEAD binding and al-
ready approved by the FDA, could serve as reference to develop new YAP inhibitors [48]. 
Moreover, CD146 located at the cell surface represent an attractive target for therapy. In 
GBM mouse xenografts model, Yang et al. reported that an anti-CD146 monoclonal antibo-
dy (YY146) can mitigate GBM aggressiveness. In addition, 64Cu-labeled YY146 was used for 
noninvasive positron emission tomography (PET) imaging of orthotopic GBM models [25]. 
Furthermore, another monoclonal antibody against CD146 (AA98) has been reported to 
sensitize cervical cancer cells for radiation [42]. Together, this illustrates the possible poten-
tial of CD146 as a target for therapy, although this has to be studied more extensively.
    
In summary, our work identifies CD146 as an important regulator of aggressiveness and 
radioresistance in GBM. Importantly, we identified YAP as a potential downstream effector 
of CD146 signaling. We conclude that CD146 presents a potential novel therapeutic target 
for GBM. 
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Supplementary

Table S1. Proteins and description of corresponding antibodies
Antibodies Vendor NO.
CD146 Cell Signaling 13475
YAP Cell Signaling 14074
p-YAP Ser127 Cell Signaling 13008
p-YAP Ser397 Cell Signaling 13619
LATS1 Cell Signaling 3477
pLATS1 Ser909 Cell Signaling 9157
β-Catenin BD transductor 610154
ZEB1 Novusbio NBP1-05987
Twist Abcam Ab50887
Fibronectin BD transductor 610077
N-cadherin Cell Signaling 13116
SOX2 R&D System MAB-2018
Oct-4 Cell Signaling 2750
pCHK1 Cell Signaling 12302S
pCHK2 Novusbio NB100-92502
γ-H2A-X Cell Signaling 9718
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MDM2 Santa Cruz Sc-965
pMDM2 Cell Signaling 3521
P53 Cell Signaling 2324
pNFκB Cell Signaling 3033
CD146 Abcam Ab75769

Table S2. Primers for qRT-PCR

Genes Sequences (5’ to 3’)
CTGF F  CCAATGACAACGCCTCCTG

R  TGGTGCAGCCAGAAAGCTC

Cyr61 F  AGCCTCGCATCCTATACAACC

R  TTCTTTCACAAGGCGGCACTC

YAP F  GATCCCTGATGATGTACCACTGCC

R  GCCATGTTGTTGTCTGATCGTTGTG

MCAM F  AGCTCCGCGTCTACAAAGC

R  CTACACAGGTAGCGACCTCC

β-actin F  GAGACCTTCAACACCCCAGCC

R  AATGTCACGCACGATTTCCC
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