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Mer receptor tyrosine kinase promotes invasion and survival

in glioblastoma multiforme

Y Wang’, G Moncayo1, P Morin Jr'°, G Xue', M Grzmil', MM Lino?, V Clément-Schatlo®, S Frank? A Merlo*® and BA Hemmings1

The infiltration of glioma cells into adjacent tissue is one of the major obstacles in the therapeutic management of malignant
brain tumours, in most cases precluding complete surgical resection. Consequently, malignant glioma patients almost invariably
experience tumour recurrences. Within the brain, glioma cells migrate rapidly either amoeboidly or mesenchymally to invade
surrounding structures, in dependence on the extracellular environment. In addition, radiotherapy, frequently applied as
adjuvant therapeutic modality, may enhance tumour cell mobility. Here, we show that the receptor tyrosine kinase Mer (MerTK)
is overexpressed in glioblastoma multiforme (GBM) and that this is accompanied with increased invasive potential. MerTK
expression is maintained in primary GBM-derived tumour spheres under stem cell culture conditions but diminishes
significantly in serum-containing cultures with concomitant downregulation of Nestin and Sox2. Depletion of MerTK disrupts
the rounded morphology of glioma cells and decreases their invasive capacity. Furthermore, the expression and
phosphorylation of myosin light chain 2 are strongly associated with MerTK activity, indicating that the effect of MerTK on
glioma cell invasion is mediated by actomyosin contractility. Finally, DNA damage robustly triggers the upregulation and
phosphorylation of MerTK, which protects cells from apoptosis. This effect is strongly impaired upon MerTK depletion or
overexpression of an inactive MerTK mutant. Collectively, our data suggests that MerTK is a novel therapeutic target in the

treatment of the malignant gliomas.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common malignant
brain tumour in adults, characterized by rapid growth, high
degree of invasiveness and resistance to standard adjuvant
treatments. GBMs have been subdivided into ‘primary’ and
‘secondary’ on the basis of molecular signatures and clinical
characteristics. Secondary GBMs derive from the progressive
transformation from a preexisting lower grade gliomas, whereas
primary GBMs have no evidence of prior symptoms or antecedent
lower grade glial neoplasias.” Although the median survival after
diagnosis of GBM patients has improved from 10 to 14 months in
the last decade, there is still no effective treatment for this
malignant cancer.?> Thus, the demand remains for therapies
improving survival and maintaining quality of life.

The infiltrative growth behaviour of GBM is a major therapeutic
challenge. Clinical treatments that include radio/chemotherapy
after surgery enrich CD133 " cells and increase tumour aggres-
siveness. The neural extracellular matrix lacks typical proteins of
other tissues, such as collagen, fibronectin and type-I laminin, and
instead consists of hyaluronic acid and associated glycoproteins as
well as proteoglycan fibres.> Migrating glioma cells in vivo have a
rounded, amoeboid morphology and invade adjacent brain tissue
by gliding through the limited extracellular space.® In addition,
coordinated crossbridging between non-muscle myosin Il and
actin is shown to be crucial for glioma cell invasion in vivo.®

Tyrosine kinase Mer (MerTK), which is named after its
predominant expression in monocytes, cells of epithelial and
reproductive origin,” belongs to the Tyro3, Axl and Mer receptor
tyrosine kinase family. The ligands of Tyro3, Axl and Mer receptors
are protein S and growth arrest-specific gene 6 (Gas6).2 As MerTK
has a low-binding affinity for these ligands, other unknown
ligand(s) or conditions may be required for MerTK activation.” Full
activation of MerTK requires the autophosphorylation of tyrosine
residues 749, 753 and 754 within the kinase domain.'® MerTK
knockout mice are fertile and viable but gradually develop lupus-
like autoimmune disease as well as retinal dystrophy because of
reduced efficiency of apoptotic cell clearance.'"'? Dysregulated
MerTK has important roles in tumourigenesis.”®> A chimeric
receptor with a substitution of the MerTK extracellular domain
by macrophage colony-stimulating factor receptor is able to
transform NIH3T3 cells."* MerTK is overexpressed in several cancer
types, including mantle cell lymphomas,'® prostate cancer,'® breast
cancer'” and melanoma.'® In addition, MerTK knock-in mice with
ectopic expression in thymocytes and lymphocytes develop T-cell
lymphoblastic leukaemia/lymphoma.'® Recently, MerTK was found
to be upregulated in the mesenchymal subtype of primary GBMs.2°
Nevertheless, the mechanisms of MerTK activation and its activity
in the brain tumour progression remains unclear.

We have found that MerTK is overexpressed in GBM and
GBM-derived spheres compared with non-neoplastic brain tissue
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and normal human astrocytes, and is mitigated upon differentia-
tion. MerTK maintains the rounded morphology of GBM cells
under stem cell culture conditions. Knockdown of MerTK
decreases cell infiltrative capacity and increases cell sensitivity to
etoposide-induced apoptosis. We further show that MerTK
autophosphorylation is essential for its antiapoptotic and pro-
invasive activities. Depletion of MerTK attenuates the expression
and phosphorylation of myosin light chain 2 (P-MLC2). These
results identify novel activities of MerTK in glioma cell invasion
and survival.
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RESULTS

MerTK is overexpressed in malignant gliomas

In previous study, we analysed 30 glioma samples by microarray
analysis.?’ Consequent bioinformatics analysis identified MerTK as
one of the candidate genes significantly upregulated in GBMs
compared with non-neoplastic brain tissue and normal human
astrocytes (data not shown). Elevated expression of MerTK in GBM
samples was further validated by quantitative reverse transcriptase -
PCR and western blotting (Figures 1a and b). The variation
in  molecular weight observed was because of differential
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MerTK is overexpressed in malignant gliomas. (a) The endogenous MerTK mRNA level was normalized to eukaryotic translation

elongation factor 1 alpha 1 expression on total RNA isolated from 10 GBM samples, 1 sample of non-neoplastic brain tissue (NB) and normal
human astrocytes (NHA). (b) Western blotting of MerTK expression in human GBM and non-neoplastic brain tissue (NB). (c) Immunohistochemical
analysis of MerTK expression in GBM samples. IN: infiltrating zone; TU: tumour mass. (d) Immunofluorescent staining of MerTK and
GFAP in primary GBM samples. (€) Immunohistological scoring of MerTK expression in 30 primary GBM samples: ‘0’ no, ‘1" low, ‘2" medium

and ‘3" high.
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glycosylation on the extracellular domain of MerTK, as confirmed
by treatment of whole U937 cell lysates with the deglycosylation
enzyme PNGase F, which significantly decreased the molecular
weight of MerTK (Supplementary Figure 2).”%? To further analyse
MerTK expression histologically, we generated MerTK antibodies
and confirmed their specificities through western blot, immuno-
precipitation (IP) and immunohistochemistry (Supplementary
Figure 1). Immunohistochemical staining of human GBM samples
showed that MerTK localized predominantly to the cell membrane
(Figure 1c, upper images) and was expressed by cells within the
solid tumour mass as well as in the infiltration zone (Figure 1c,
lower left), but not in endothelial cells (Figure 1¢, lower right, solid
arrow). Fluorescence coimmunostaining demonstrated that MerTK
was expressed by GFAP™' cells of the astrocytic lineage
(Figure 1d). MerTK expression was further scored in 30 primary
GBM samples and found to be overexpressed in 90% of analysed
tumours (27/30) (Figure 1e).

MerTK is highly expressed in GBM-derived spheres

Because of the failure of established GBM cell lines to accurately
model the human disease, long-term expansion of neurospheres
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from primary GBMs in serum-free medium was used to more
precisely reflect tumour phenotypes.?®> We analysed the expres-
sion levels of MerTK and neural stem cell markers Sox2 and Nestin
in immortalized GBM cell lines cultured in serum-containing
medium and in GBM spheres growing in NeuralBasal medium
(NBM). Remarkably, in contrast to GBM cell lines, MerTK was highly
expressed in all three GBM sphere cultures (Figure 2a), distributed
specifically to the cell membrane (Figure 2b). Compared with
other GBM cell lines, U373 cells had a relatively high level of
endogenous MerTK (Supplementary Figure 3), Sox2 and Nestin
(Figure 2a). GBM spheres GBM-7S, GBM-21S and GBM-22S growing
under differentiation culture conditions showed stellate cell
morphology (Figure 2c) and loss of Nestin, Sox2 and MerTK
expression (Figure 2d). This discrepancy between MerTK expres-
sion in GBM spheres and immortalized GBM cell lines implies that
MerTK is expressed under conditions that more precisely mimic
the in vivo tumour microenvironment.

Knockdown of MerTK disrupts the morphology of GBM spheres

Unlike GBM-21S and GBM-22S, GBM-7S spheres showed both
adherent and suspended phenotypes during maintenance
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MerTK is highly expressed in GBM-derived spheres. (a) Western blotting of MerTK, Nestin and Sox2 expression in immortalized GBM

cell lines and GBM-derived spheres. (b) Immunofluorescent staining of MerTK expression in three GBM-derived spheres. Nuclei were coun-
terstained by 4'-6-diamidino-2-phenylindole. Scale bar 50 um. (c) Morphology of three GBM-derived spheres cultured in NBM or Dulbecco’s
modified Eagle medium (DMEM) + 10% foetal bovine serum (FBS) for 10 days. Scale bar 50 um. (d) Western blotting of MerTK, Nestin and Sox2
expression in three GBM-derived spheres cultured in NBM or in DMEM + 10% FBS for 10 days.
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(Figure 3a). The differences between adherent and suspended morphology and formed spheres after several days (data not
spheres have been studied both in vitro and in vivo.** To examine shown), in parallel to increased MerTK expression (Figure 4a).
MerTK expression in this situation, we sorted suspended spheres Interestingly, other GBM cell lines growing under stem cell culture
into fresh cultures. As shown in Figure 3a, although attachment to conditions either died (data not shown) or showed adherent
the substrates did not affect expression of Nestin and Sox2, MerTK features with an elongated morphology (Supplementary Figure 4a).
was significantly downregulated. Depletion of MerTK led to cell To investigate whether upregulation of MerTK is induced by the
attachment (Figures 3b and c), impaired the spherical form of supplementation of epidermal growth factor (EGF) and basic
GBM-7S spheres in NBM as revealed by F-actin staining (Figure 3d) fibroblast growth factor (bFGF) in NBM, we withdrew both growth
and increased branchy cell cluster formation in Matrigel in the factors and monitored MerTK expression over 5 days. Our results
presence of NBM (Figure 3e). In fact, over 90% of cell clusters suggested that deprivation of these factors did not significantly
showed a spiky phenotype upon depletion of MerTK (Figure 3f). affect MerTK induction (data not shown), indicating the increase of
This suggests that MerTK is involved in regulation of cytoskeletal MerTK in NBM may result from autocrine effects or other nutrients
dynamics. in the culture medium.
In order to gain insights into the biological significance of
MerTK upregulation, we depleted endogenous MerTK in U373

Active MerTK maintains rounded cell morphology and invasive cells by RNA interference. Knockdown of MerTK not only induced
capacity a distinct morphological change from rounded to elongated, and
U373 cells were grown under stem cell culture conditions as subsequently in a more compact and organized sphere formation
reported previously.”® In these conditions, cells adopted a round in NBM (Figure 4b, Supplementary Figure 4b), but also increased
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Figure 3. Knockdown of MerTK disrupts the spherical morphology of GBM spheres. (a) GBM-7S spheres maintained in NBM show both
adherent and suspended phenotypes. Sorted adherent and suspended GBM-7S spheres were cultured in NBM for 1 week and cell lysates
subjected to western blotting for Sox2, Nestin and MerTK. Scale bar 50 um. (b) Phase contrast images of GBM-7S spheres expressing shLuc or
shMerTK. Western blotting showed MerTK knockdown efficiency in GBM-7S spheres. Scale bar 50 um. (c) Detachment assay of GBM-7S spheres
expressing shLuc or shMerTK. Data are shown as the ratio of suspended to adherent cells after being dissociated and seeded in NBM for 2 h.
Data are representative of experiments in triplicate and are shown as means £ s.d. (d) GBM-7S spheres expressing shLuc or shMerTK were
stained for MerTK and F-actin. Nuclei were counterstained by 4'-6-diamidino-2-phenylindole. Scale bar 20 um. (e) GBM-7S spheres expressing
shLuc or shMerTK were cultured in Matrigel in the presence of NBM. Scale bar 50 um. (f) Morphology quantification of GBM-7S spheres
expressing shLuc or shMerTK cultured in Matrigel in the presence of NBM. Results are shown as means £ s.d. of 100 spheres from three
independent experiments.
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Figure 4. MerTK maintains rounded cell morphology and invasive potential. (@) U373 cells were grown in serum-containing (Dulbecco’s

modified Eagle medium) DMEM or NBM for 4 days. Cells were harvested and lysed at indicated time points for analysis of MerTK expression by
western blotting. (b) MerTK was knocked down in U373 cells by shRNA (two different clones are shown as #1 and #2). U373shLuc and
U373shMerTK#1 and #2 cells were cultured in NBM and cell morphology photographed after 1 day and 4 days. Scale bar 50 um. (c) U373shLuc
and U373shMerTK#1 and #2 cells were cultured in NBM for 3 days and stained for F-actin. Nuclei were counterstained by 4’-6-diamidino-2-
phenylindole (DAPI). (d) Quantification of rounded cells stained by F-actin shown in c. Results are means +s.d. of 150 cells from three
independent experiments. (e) Analysis of the invasive potential of U373shLuc and U373shMerTK (50% of U373shMerTK#1 and 50% of
U373shMerTK#2) cells. Cells were seeded in Boyden chambers for 22 h and the cells invading the membrane revealed by DAPI staining and
counted under the microscope. Data are representative of experiments in triplicate and are shown as means + s.d. The differences between
U373shLuc and U373shMerTK cells are statistically significant (*P =0.03). (f) U373shMerTK#1 cells expressing empty vector or rescue MerTK
cDNA were cultured in NBM for 3 days and stained for MerTK and F-actin. Nuclei were counterstained by DAPI. (g) Quantification of rounded
cells stained by F-actin shown in f. Results are means £ s.d. of 150 cells from three independent experiments. The differences are statistically
significant (***P <0.0001). (h) Analysis of the invasive potential of U373shMerTK#1 cells stably expressing empty vector or rescue MerTK cDNA.
Cells were seeded in Boyden chambers for 22 h and the cells invading the membrane revealed by DAPI staining and counted under the
microscope. Data are representative of experiments in triplicate and are shown as means + s.d. The differences are statistically significant
(***P<0.0001).

cell attachment (Supplementary Figure 4c). Cells expressing
shMerTK had a spindle mesenchymal morphology, whereas cells
expressing shLuc were rounded and amoeboid in shape in
Matrigel in the presence of NBM (Supplementary Figure 4d).
Interestingly, cells lacking MerTK exhibited multiple membrane

Oncogene (2013) 872-882

protrusions, whereas cells expressing shLuc displayed marked
cortical F-actin staining and extensive membrane blebbings
(Figure 4c); ~80% of cells lost their rounded morphology upon
MerTK depletion (Figure 4d). To test whether knockdown of MerTK
impairs cell infiltrative potential, we measured the invasive

© 2013 Macmillan Publishers Limited



capacity of U373 cells in the presence and absence of MerTK
expression. As shown in Figure 4e, MerTK depletion strongly
suppressed U373 cell invasion through the Matrigel. However,
knockdown of MerTK did not affect U373 cell migration in these
settings (data not shown).

To further demonstrate the necessity of MerTK for the
maintenance of rounded cell morphology and infiltrative capacity,
we reintroduced rescue cDNA expressing wild-type MerTK (MerTK-
wt) into U373shMerTK#1 cells. Re-expression of MerTK significantly
restored rounded cell morphology with blebbings on the cell
membrane (Figures 4f and g, Supplementary Figure 4e), as well as
invasive potential (Figure 4h).

In order to investigate further whether MerTK activity helps
maintain rounded morphology, U373 cells stably expressing
empty vector, wild-type MerTK (MerTK-wt) or MerTK mutant
(MerTK-mut, Y749FY753FY754F) were cultured in NBM. Strikingly,
MerTK-wt was rapidly phosphorylated and cells displayed a
spherical morphology after 4 days in NBM. In contrast, cells
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expressing MerTK-mut were elongated and showed higher
adherence, similar to MerTK-depleted U373 cells (Figures 5a
and b). In fact, MerTK-mut expression was associated with
changes in cellular cytoskeletal organization and resulted in
compact sphere structures (Figure 5c). However, when MerTK-wt
was expressed and phosphorylated, more cells became
rounded in shape with extensive blebbings and showed cortical
F-actin localization (Figures 5c and d). In contrast to cells
expressing empty vector or MerTK-mut, MerTK-wt-expressing
U373 cells possessed an enhanced invasive potential, implying
an important role for MerTK phosphorylation in cell infiltration
(Figure 5e).

MerTK promotes GBM cell invasion by regulating actomyosin
contractility

Glioma cells migrate as mesenchymal cells in 2D but invade as
neural progenitor cells in an amoeboid mode in vivo.° Without
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Autophosphorylation of MerTK is required for maintenance of rounded morphology and cell invasive capacity. (a) U373 cells stably

expressing empty vector, MerTK-wt or MerTK-mut were cultured in NBM and cell morphology photographed after 1 and 4 days. P-MerTK and
total MerTK were assayed by western blotting. Scale bar 50 um. (b) Detachment assay of U373 cells expressing empty vector, MerTK-wt or
MerTK-mut. Data are shown as the ratio of suspended and adherent cells after being dissociated and cultured in NBM for 48 h. Data are
representative of experiments in triplicate and are shown as means + s.d. (c¢) Immunofluorescent staining of F-actin and MerTK in U373 cells
expressing empty vector, MerTK-wt or MerTK-mut and cultured in NBM for 24 h. Nuclei were counterstained by 4'-6-diamidino-2-phenylindole
(DAPI). (d) Quantification of rounded cells revealed by F-actin staining. Results are means+s.d. of 150 cells from three independent
experiments (**P = 0.004). (e) The invasive potential of U373 cells expressing empty vector, MerTK-wt or MerTK-mut was analysed by Boyden
chamber assay. The cells were seeded in the upper chamber for 22 h and invading cells stained with DAPI and counted under the microscope.
Data are representative of experiments in triplicate and are shown as means + s.d. The differences between empty vector- and MerTK-wt-
expressing cells are statistically significant (*P=0.018).
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degrading extracellular matrix, changes in glioma cell shape
allow passage of cells through gaps in the tissue environment
driven by cortical actomyosin contractility.® Although several
proteins, including kinases, have been shown to be involved in
crossbridging between actin and myosin, phosphorylation at
serine 19 of MLC2 is a prerequisite for actomyosin ATPase
activity.?® Morphological differences in 3D culture are commonly
used to distinguish mesenchymally or amoeboidly migrating
cells. As MerTK-depleted cells displayed an elongated mesench-
ymal phenotype, we analysed MLC2 expression and phosphor-
ylation in U373 cells and GBM-7S spheres. Knockdown of MerTK
or overexpression of MerTK-mut significantly decreased MLC2
expression and phosphorylation (Figures 6a-c). Treating U373
stable cell lines with blebbistatin, a cell-permeable molecule
that specifically inhibits myosin Il heavy chain ATPase activity,?’
significantly disrupted rounded cell morphology (Supplementary
Figure 5a), which was attenuated upon expression of MerTK-wt
(Figure 6d, Supplementary Figure 5b). This suggests that
myosin |l activity-controlled cell motility is dependent on active
MerTK.
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MerTK is induced upon DNA damage and promotes cell survival

It has been shown that inhibition of MerTK and Axl in astrocytoma
cells increased chemosensitivity under differentiation culture
condition.?® In this present study, we observed that etoposide
treatment substantially induced MerTK expression in adherent
GBM-7S cells and led to cell detachment (Figure 7a). Knockdown
of MerTK sensitized GBM-7S cells to etoposide-induced apoptosis
(Figure 7b). Consistently, elevated MerTK expression was detected
in U373 cells after DNA damage (Figure 7c). To further investigate
the activity of MerTK in GBM, U373 cells stably expressing empty
vector, MerTK-wt or MerTK-mut were treated with y-irradiation or
etoposide. Interestingly, MerTK phosphorylation was significantly
increased and protected cells from apoptosis, as shown by
diminished cleaved-PARP and cleaved-caspase 3 levels (Figure 7d,
Supplementary Figure 6).

An early event initiating DNA damage-induced apoptosis is loss of
mitochondrial membrane potential, Aym.?° Assessing the apoptotic
fraction of cells by measuring Aym after etoposide treatment, we
recorded increases in this fraction from 4.5% to 59.3% and from
5.1% to 56.9% in empty vector- and MerTK-mut-expressing U373
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MerTK promotes GBM cell invasion by regulating actomyosin contractility. (a) Western blotting of total MerTK, total MLC2 and

P-MLC2 Ser19 in U373 and GBM-7S stable cell lines. U373shLuc, U373shMerTK#1 and #2 cells were cultured in NBM for 3 days. U373 cells
stably expressing empty vector, MerTK-wt or MerTK-mut were cultured in NBM for 24 h. (b) Immunofluorescent staining of P-MLC2 Ser19 in
U373shLuc, U373shMerTK#1 and #2 cells cultured in NBM for 3 days. Nuclei were counterstained by 4'-6-diamidino-2-phenylindole (DAPI).
(c) Immunofluorescent staining of P-MLC2 Ser19 and MerTK in U373 cells expressing empty vector, MerTK-wt or MerTK-mut cultured in NBM
for 24 h. Nuclei were counterstained by DAPI. (d) Quantification of rounded cells stained by F-actin. U373 cells expressing empty vector or
MerTK-wt seeded in NBM and treated with 10 um blebbistatin (Sigma) for 90 min. Results are means + s.d. of 150 cells from three independent
experiments.
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Figure 7. MerTK is induced upon DNA damage and promotes cell survival. (a) Adherent GBM-7S cells were treated with 50 um etoposide (Etop,
Sigma) for 48 h and expression of MerTK analysed by western blotting. Scale bar 50 um. (b) Western blotting for cleaved PARP and cleaved
caspase-3 in MerTK-knockdown or shLuc-expressing GBM-7S spheres treated with etoposide at different doses for 40 h. DMSO was used as
control. (c) U373 cells were y-irradiated with 10 Gy or treated with 5um etoposide and cells lysed at the indicated time points. MerTK
expression was analysed by western blotting. (d) U373 cells expressing empty vector, MerTK-wt or MerTK-mut were treated with DMSO or
50 um etoposide for 20 h. Half of the cells were lysed and analysed by western blotting with antibodies against total MerTK, P-MerTK, cleaved
PARP and cleaved caspase-3. (e) The second half of the cells from d were analysed by flow cytometry for depolarization of mitochondrial
membrane potential using JC-1: M1 apoptotic cells, M2 viable cells. A representative histogram is shown. The results were from three
independently quantified experiments; data show mean * s.d. The differences between MerTK-wt and empty vector or MerTK-mut expressing
cells are significant (P=0.001).

cells, respectively, but only a 20% increase in MerTK-wt-expressing
cells (Figure 7e), demonstrating that MerTK kinase activity is
crucial for its antiapoptotic function.

DISCUSSION

Current standard GBM therapy is restricted to tumour resection
and subsequent radio/chemotherapy. In the clinic, the majority of
patients with primary GBM experience disease recurrence within a
few months because of the high infiltrative capacity of residual
GBM cells? Although the mechanism is still elusive, radio-
resistance and enhanced invasive potential of glioma cells after
radiotherapy have been reported.****! In addition, MerTK and AxI
have recently been implicated in chemoresistance of astrocytoma
cells.® In our study, we demonstrate that MerTK is upregulated
and phosphorylated upon DNA damage, further addressing MerTK

© 2013 Macmillan Publishers Limited

activity in glioma cell survival and invasion after ionizing radiation
therapy.

GBM-derived spheres show highly heterogeneous features as
primary tumours, including extensive infiltration in vivo and
resistance to traditional therapies.*** In vitro analyses of spheres
maintained in suspension, as well as adherent and semi-adherent
spheres showed no differences in proliferation rate.?* However,
the latter displayed either reduced tumour size or a well-
delineated tumour border in vivo, whereas the suspended spheres
always formed infiltrative tumours.?* Interestingly, we found that
MerTK is strongly suppressed in adherent/semi-adherent GBM-7S
cells (Figure 3a). Knockdown of MerTK significantly interfered with
cell invasion (Figure 4f) without affecting cell proliferation (data
not shown). Invasion is initiated when tumour cells become
detached from the growing tumour mass and invade into the
surrounding parenchyma.®? Cells lacking MerTK expression or
activity showed elevated adherent capacity (Figures 3¢, 4c and 5b),
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possibly reflecting the involvement of MerTK activity in the
establishment of signalling networks between tumour cells and
the microenvironment in vivo and, thus, in an early step of tumour
cell dissemination.®* %

Our data show that MerTK expression and phosphorylation in
U373 cells is substantially upregulated during culture in NBM
(Figures 4a and 5a). However, we did not detect Gas6 expression
under both culture conditions (data not shown), suggesting the
existence of undefined ligand(s) or mechanism(s) for MerTK
activation. Our results reveals that inactivation of MerTK by
mutating all three autophosphorylation sites hampers MerTK pro-
invasive and antiapoptotic activities (Figures 5e and 7e), indicating
that its kinase activity is crucial for MerTK involvement. Notably,
overexpression of inactive MerTK in U373 cells severely decreased
cell infiltration capacity (Figure 5e), possibly because of its
competitive binding to signalling transducer(s), thus negatively
influenced cell invasion.

Amoeboid-mesenchymal and mesenchymal-amoeboid transi-
tions are dynamic processes and the actual transition of tumour
cells is strongly influenced by the extracellular environment.3®
Conversion between two different migration patterns is com-
monly observed in cancer cells, including glioma cells.®3® The
force leading to penetration of amoeboidly migrating cells
through the extracellular matrix is sustained by cortical actomyo-
sin contractility, which results in plasma membrane blebbing.?” As
we found that MerTK was required for the maintenance of
rounded cell morphology and invasive capacity, it was hypothe-
sized that MerTK positively regulates blebbing-associated
mesenchymal-amoeboid transitions. Amoeboid migration depends
largely on myosin activity regulated by the RhoA-ROCK signalling
pathway via activation of MLC2.3® Recently, MerTK was shown to
promote glioma cell migration through regulating RhoA expres-
sion and FAK activity.3® Our data demonstrate that knockdown of
MerTK significantly attenuates the level of total MLC2 and P-MLC2
Ser19 (Figures 6a and b). Unlike U373 cells with a rounded
amoeboid morphology under stem cell culture conditions, BS125,
BS149 and U87MG cells survived but displayed elongated
mesenchymal patterns (Supplementary Figure 4a). We did not
detect upregulation of MerTK in such cells cultured in NBM (data
not shown), suggesting that these GBM cell lines may not be
amoeboidly mobile. MerTK was reported to regulate myosin II
distribution during retinal pigment epithelial phagocytosis
through association with the heavy chain of myosin IIA3* U373
cells expressing MerTK not only showed increased P-MLC2 Ser19
but were also more resistant to blebbistatin treatment (Figures 6a
and d, Supplementary Figures 5a and b). These data suggest that
MerTK may promote cell invasion by the regulation of myosin Il
activity.

Mesenchymally migrating cancer cells secrete matrix metallo-
proteinases, which facilitate metastasis or invasion.* Although
invasive glioma cells migrate in vitro by degrading the pericellular
matrix, in vivo studies suggest that matrix metalloproteinase-
dependent proteolysis does not have a significant role in gliomas.®
Clinical trials of matrix metalloproteinase inhibitors did not reveal
evident benefits in the case of GBM or other cancer types.”
Previous studies have demonstrated that cancer cells are able
to invade in 3D after treatment with a matrix metalloproteinase
inhibitor cocktail, whilst showing the typical features of amoeboid
invasiveness during migration; this indicates that blocking
extracellular matrix proteolysis promotes mesenchymal-amoeboid
transitions.>®**? Inhibition of the ATPase activity of actin and
myosin could reduce cell motility,** but targeting such funda-
mental cytoskeleton components might have severe side effects.
A further attractive therapeutic strategy for GBM treatment has
been shown to target cell surface growth factor receptors such as
epidermal growth factor receptor, platelet-derived growth factor
receptor and vascular endothelial growth factor receptor. How-
ever, probably because of the unique biology of each glioblastoma
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and the redundant nature of signalling pathways, the overall
clinical outcome has proven unsatisfactory.> Our results demon-
strate that MerTK is not expressed in normal brain, and DNA
damage-induced/activated MerTK not only promotes GBM cell
survival, but also engages in tumour cell invasion. Therefore,
combinatory targeting MerTK together with other ‘switches’ of
signalling pathways may be of future therapeutic value in GBM
treatment.

MATERIALS AND METHODS
Patients

Tissue samples of primary GBM were processed as described previously**
in accordance with the guidelines of the Ethical Committee of the
University Hospital of Basel and the University Hospital of Disseldorf.
Tumours were diagnosed and graded according to the World Health
Organization classification of tumours of the nervous system.*®

Construction of plasmids

The inactive MerTK autophosphorylation mutant MerTKY749FY753FY754F
(MerTK-mut)'® was generated by site-directed mutagenesis according to
the manufacturer’s instructions (Stratagene, La Jolla, CA, USA). Short
hairpin RNA pairs 5-GATCCCGGATGAACTGTATGAAATATTCAAGAGATATTT
CATACAGTTCATCC TTTTTGGAAA-3' and 5-AGCTTTTCCAAAAAGGATGAA
CTGTATGAAATA  TCTCTTGAATATTTCATACAGTTCATCCGG-3'  (targeting
sequence was underlined) targeting human MerTK were inserted into
the pSuper.retro.puro vector and pSuper.retro.puro-shLuc was used as a
control.*®

Cell culture and retroviral infection

Human GBM cell lines BS125, BS149, LN229, LN319 and U373 were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% foetal bovine serum (FBS) (the ‘BS’ series was generated at the
University of Basel, whereas the ‘LN’ series was the gift of Erwin Van Meir in
Lausanne, Switzerland®’). The GBM-derived spheres GBM-7S was pre-
viously characterized.*®* GBM-21S and GBM-22S were from University
Hospitals and University of Geneva (Supplementary Table 1). These spheres
were maintained in serum-free NeuralBasal Medium (Invitrogen, Carlsbad,
CA, USA) supplemented with B27 (Invitrogen), N2 (Invitrogen), antibiotics
(Invitrogen) and Glutamax (Invitrogen), plus 20 ng/ml EGF and 20 ng/ml
bFGF from Peprotech (Rocky Hill, NJ, USA). U373 GBM cells transfected
with  pcDNA3.1(—) (vector), pcDNA3.1(—)-MerTK  (MerTK-wt) or
pcDNA3.1(—)-MerTK-mut (MerTK-mut) were selected in the presence of
1 mg/ml G418 (Gibco, North Andover, MA, USA). To produce recombinant
retrovirus, 10 ug of DNA was transfected into 5 x 10° packaging cells in a
10-cm dish. After 24 h, the medium was replaced and incubated further at
32°C for 48 h. For GBM-7S sphere infection, the cells were washed with
phosphate-buffered saline to fully remove FBS and refreshed with NBM. To
infect targeting cells, the supernatant containing recombinant retroviruses
was filtered (0.45 pm, Millipore, Billerica, MA, USA) and incubated with the
cells for 24 h in DMEM or NBM at 37 °C. Infected U373 cells and GBM-7S
spheres were selected in the presence of 1 and 4ug/ml of puromycin
(Invitrogen), respectively. MerTK-depleted U373 cells transfected with
pcDNA3-MerTK resistant cDNA were selected in the presence of 1 mg/ml
G418 and 1 pg/ml of puromycin.

Antibodies

MerCT was raised against the C-terminus of human MerTK (amino acids
856-999). Antisera were purified by affinity purification and characterized
by western blotting, IP and immunohistochemistry (Supplementary Figures
1a-c). The anti-MerTK mouse monoclonal antibodies 15R and 49S were
raised against human MerTK (amino acids 536-999) and characterized by
ELISA and western blotting (Supplementary Figure 1d). MerTK mouse
monoclonal antibody CVO-311 was from Caveo Therapeutics, Inc. (Aurora,
CO, USA), MerTK rabbit monoclonal Y323 from Abcam (Cambridge, MA,
USA) and P-MerTK antibody from FabGennix Inc. (Frisco, TX, USA). P-MLC2
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Ser19 and cleaved Caspase-3 antibodies were from Cell Signaling (Beverly,
MA, USA), cleaved PARP antibody from BD Transduction Laboratories (San
Jose, CA, USA), GFAP and total MLC2 antibodies (MY21) from Sigma (St
Louis, MO, USA), and Nestin and actin antibodies from Santa Cruz (Santa
Cruz, CA, USA). Alexa Fluor 647 phalloidin, goat anti-rabbit Alexa 488, goat
anti-mouse Alexa 568 and goat anti-rabbit Alexa 647 were from Invitrogen
and the Sox2 antibody from R&D Systems (Abingdon, Oxon, UK).

Immunofluorescence microscopy

Cells were processed for immunofluorescence as described previously.*
To avoid morphological disruption by centrifugation, GBM spheres were
precipitated by gravity. The medium was aspirated and the spheres were
fixed with 4% PFA for 30 min and then permeabilized and blocked in 0.3%
Triton X-100, 2% FBS and 1% bovine serum albumin for 1 h. Incubation
with primary antibodies was performed overnight at 4°C, followed by
incubation with the secondary antibody for 1 h. DNA was counterstained
with 4’-6-diamidino-2-phenylindole in VECTASHIELD mounting medium
(Vectorlabs, Burlingame, CA, USA). Photographic images were obtained
with a Zeiss Z1 wide-field microscope (Carl Zeiss AG, Oberkochen,
Germany) and processed in Photoshop 6.0 (Adobe Systems Inc., San Jose,
CA, USA).

Immunohistochemistry

Staining was performed with an automated instrument-reagent system
(Discovery XT, Ventana Medical Systems Inc., Tucson, AZ, USA). Haematox-
ylin-counterstained sections were photographed (Nikon, Egg/ZH, Switzer-
land, YTHM) and analysed using ImageAccess Enterprise7 software
(Glattbrugg, Switzerland).

Immunoblotting and IP

Protein extracts from tissues and cells were homogenized in immunopre-
cipitation buffer (20 mm Tris, 150 mm NaCl, 10% glycerol, 1% Triton X-100,
5mm EDTA, 0.5mm EGTA, 20mm f-glycerophosphate, 50 mm NaF, 1 mm
Na3V0O4, 1 mm benzamidine, 4 um leupeptin, 0.5 mm phenylmethylsulfonyl
fluoride, 1um microcystine and 1mm dithiothreitol at pH 8.0) and
subjected to western blotting. For IP, the supernatant was incubated with
anti-MerTK antibody MerCT overnight and incubated subsequently with
protein A-sepharose (GE Healthcare, Zirich, Switzerland) for 3h at 4°C
before the beads were washed four times in IP buffer and analysed by
SDS-PAGE.

Quantitative real-time PCR analysis

Reverse transcriptase-PCR reactions on DNAase-treated RNA were
performed using 2X SYBR Green mix (Applied Biosystems, Carlsbad, CA,
USA) and an ABI Prism 7000 sequence detection system (Applied
Biosystems). Relative expression of MerTK was normalized to the amount
of eukaryotic translation elongation factor 1 alpha 1, a transcript that
showed little variation in our microarray data.’ MerTK was detected using
forward and reverse primers 5'-ACTTCAGCCACCCAAATGTC-3" and 5'-GGGC
AATATCCACCATGAAC-3'.

Cell detachment assay

Dissociated GBM-7S spheres expressing shLuc or shMerTK were seeded in
triplicate onto 12-well plates (0.3 x 10° per well) and incubated for 2 h. For
U373 stable cell lines, cells were trypsinized and washed with phosphate-
buffered saline to fully remove foetal bovine serum. Cells were then
seeded in triplicate onto six-well plates (0.8 x 10° per well) in NBM and
cultured for 48h. The adherent and suspended cells were sorted and
counted with Vi-Cell (Beckman Coulter, Nyon, Switzerland).

3D cultures

Growth factor reduced-Matrigel (GFR-Matrigel, BD Biosciences, Basel, Switzer-
land; 100pl) was pipetted into BD Falcon8-well CultureSlides. Single-cell
suspensions (~500 cells in 100 ul NBM) were loaded into each well. After
24 h, a further 200 ul of NBM was added and replaced every 2-3 days.
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v-irradiation treatments

Cells were plated at consistent densities 24 h before treatment. Following a
single-dose y-irradiation treatment in a TORREX 120D (Astrophysics
Research Corp., City of Industry, CA, USA) instrument at 5mA/120kV and
0.13 Gy/s, cells were left to recover at 37 °C for the indicated times before
analysis.

Invasion assay

The invasive capacity of U373 cells expressing empty vector, MerTK-wt, or
MerTK-mut and U373 cells infected with pSuper-retro carrying control or
MerTK shRNA were evaluated by Boyden Chamber Assay (BD BioCoat
Tumour Invasion Assay System, BD Biosciences) with minor modifications.
Briefly, 5 x 10* serum-starved cells were seeded into the upper chamber
and the bottom wells filled with NBM. After a 22-h incubation, cells that
had invaded the Matrigel matrix membrane were counterstained with
4'-6-diamidino-2-phenylindole. The number of invading cells was counted
under a fluorescent microscope.

Apoptosis measurement

Cells undergoing apoptosis were harvested, washed with phosphate-
buffered saline and subdivided into two fractions. One fraction was stained
with JC-1 (5,5,6,6'-tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocya-
nine iodide, Molecular Probes, Invitrogen) and subjected to flow cytometry
for detection of mitochondrial depolarization (Aym). Red fluorescence (FL-
2 channel) of JC-1 (J-aggregates) indicated intact mitochondria, whereas
green fluorescence (FL-1 channel) showed monomeric JC-1 produced by
the breakdown of Aym during apoptosis. The remaining cells were lysed
for western blotting.
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