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Glioma stem cells (GSCs) comprise a small subpopulation of
glioblastoma multiforme cells that contribute to therapy resis-
tance, poor prognosis, and tumor recurrence. Protective autophagy
promotes resistance of GSCs to anoikis, a form of programmed cell
death occurring when anchorage-dependent cells detach from the
extracellular matrix. In nonadherent conditions, GSCs display pro-
tective autophagy and anoikis-resistance, which correlates with
expression of melanoma differentiation associated gene-9/Syntenin
(MDA-9) (syndecan binding protein; SDCBP). When MDA-9 is sup-
pressed, GSCs undergo autophagic death supporting the hy-
pothesis that MDA-9 regulates protective autophagy in GSCs
under anoikis conditions. MDA-9 maintains protective autophagy
through phosphorylation of BCL2 and by suppressing high levels of
autophagy through EGFR signaling. MDA-9 promotes these changes
by modifying FAK and PKC signaling. Gain-of-function and loss-of-
function genetic approaches demonstrate that MDA-9 regulates
PEGFR and pBCL2 expression through FAK and pPKC. EGFR signaling
inhibits autophagy markers (ATG5, Lamp1, LC3B), helping to
maintain protective autophagy, and along with pBCL2 maintain
survival of GSCs. In the absence of MDA-9, this protective mechanism
is deregulated; EGFR no longer maintains protective autophagy, lead-
ing to highly elevated and sustained levels of autophagy and conse-
quently decreased cell survival. In addition, pBCL2 is down-regulated
in the absence of MDA-9, leading to cell death in GSCs under condi-
tions of anoikis. Our studies confirm a functional link between MDA-9
expression and protective autophagy in GSCs and show that inhibi-
tion of MDA-9 reverses protective autophagy and induces anoikis and
cell death in GSCs.

glioma stem cells | autophagy | anoikis resistance | MDA-9/Syntenin |
cell death

lioblastoma multiforme (GBM) is the most frequent and

aggressive glial tumor, which consists of a small population
of unique therapy-resistant cells, glioma stem cells (GSCs) (1).
Current dogma suggests that tumor regrowth originates from
GSCs (2), and these unique cells contribute to resistance to ther-
apy, poor prognosis, and recurrence (3). These traits make GSCs
an attractive yet challenging target for novel treatment approaches
(1, 4). Nonadherent glioma neurosphere cultures are enriched in
GSCs; however, their nonstem progeny undergoes anoikis, pro-
grammed cell death occurring when adherent cells grow detached
from the extracellular matrix (ECM) (5). These observations imply
that GSCs are inherently anoikis-resistant, and cell adhesion is not
mandatory for their survival.

In nonstem cells, adhesion to ECM activates a number of
prosurvival pathways via several key regulatory molecules. These
critical molecules also function as master regulators of anoikis-
resistance (6). The prosurvival pathways triggered by these agents
promote expression and activation of antiapoptotic proteins. Loss
of attachment to the ECM can incite distinct changes in cellular
and molecular signaling that are not compatible with survival of
these detached cells (7). The nonadherent cells show a substantial
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down-regulation in focal adhesion kinase (FAK) (8) and EGFR
(6) signaling, which significantly contributes to inhibition of pro-
survival pathways. GSCs, however, are anoikis-resistant (5) and
can evade these changes when detached from the ECM, resulting
in survival. Resistance to anoikis can be achieved through (i)
constitutive activation of prosurvival signaling and (ii) by dereg-
ulating and adapting metabolism, through protective functions of
autophagy (6).

Autophagy is a (patho-)physiological process occurring in both
healthy and malignant cells and can function as either a tumor-
suppressing or tumor-promoting factor (1, 9-11). Autophagy can
prevent healthy cells from developing into cancer cells and can
promote death in tumor cells. In contrast, autophagy induction is
often observed during the progression of various human cancers
to metastasis (12). Autophagy may play a key role at almost every
stage of the metastatic cascade (12). More specifically, auto-
phagy has been shown to be unambiguously involved in cancer
stem cell viability, differentiation, as well as anoikis-resistance
(12). Autophagy can provide a protective mechanism enabling
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Fig. 1. Autophagy is essential for survival of GSCs under anoikis condi-
tions. (A) Percentage of autophagy in anoikis-resistant GSCs determined
by flow cytometry. Fluorescence and phase-contrast images captured
of the same cells [autophagic vacuoles (green) and blebbing/punctae].
(Magnification: 60x.) (B) Live/dead assay of neurospheres and GSC viability
under conditions of autophagy induction (rapamycin treatment) and in-
hibition (CQ treatment) (green cells are viable). (Magnification: 100x.)
Confocal images quantified for cell death and graphically represented.
Error bars indicate +SD, *P < 0.05.
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cells to respond to stress. Protective autophagy in anoikis-
resistant cells may compensate for the loss of extrinsic signals
promoting nutrient and energy metabolism (13), but the details
of this mechanism in GSCs is largely unknown.

Defining the mechanisms by which GBM cells resist therapy
is mandatory for developing rational approaches to clinically
manage this invariably fatal cancer. MDA-9 (syntenin; syndecan-
binding protein/SDCBP), is an evolutionary conserved cytosolic
protein (14, 15) implicated in the progression of multiple cancer
types and is frequently highly expressed in these cancers (15-20).
Expression of melanoma differentiation associated gene-9/Syntenin
(MDA-9) correlates with advancing tumor grade in melanoma,
breast cancer, glioma, and urothelial cell carcinoma, and is also
overexpressed in gastric and breast cancer (15-19). Additionally,
expression of MDA-9 is increased in more aggressive cell lines of
multiple cancer types, unlike their less-invasive, less-aggressive,
and normal counterparts.

MDA-9 is a regulator of GBM invasion, angiogenesis, and
tumor progression (19), as well as GSC survival and stemness
(21). Gene-expression analysis using publically available data-
bases, such as the Cancer Genome Atlas (TCGA), revealed a
correlation between high levels of MDA-9, astrocytoma grade,
poor prognosis, and reduced survival (18), with highest ex-
pression in GBM (18). Suppression of MDA-9 sensitized
GBM to radiation by inhibiting radiation-induced invasion
gains and signaling changes (22). MDA-9 is comprised of two
tandem PDZ domains, which facilitate the interaction and
formation of c-Src-FAK complexes, which are crucial for can-
cer progression (14, 15).

We now demonstrate that MDA-9 plays a pivotal and decisive
role in regulating protective autophagy in anoikis-resistant GSCs.
We show that MDA-9 can influence protective autophagy, by
triggering FAK/PKC/BCL2 and EGFR signaling. In the absence
of MDA-9 expression, the protective function of autophagy is
deregulated and the GSCs undergo toxic autophagy, resulting in
cell death. These observations highlight the nodal role of MDA-
9 in survival of GSCs and support the targeting of this molecule as
a therapeutic strategy for GBM and GSCs.

Results

Autophagy Is Required for Survival and Protects Anoikis-Resistant
GSCs. GSCs from multiple clinical samples and cell lines grow-
ing under anoikis conditions were evaluated for autophagy. The
majority of GSCs in neurospheres were anoikis-resistant and
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expressed high basal levels of autophagy (Fig. 14 and Fig. S14).
Autophagy was evident in GSCs from clinical samples, VG2
(88% of total population of GSCs) and VG9 (80%), which were
generally higher than in cell lines, U1242 (66%), U87 (78%), and
U251 (57%), when grown as GSC neurospheres in nonadherent
conditions. Quantification of autophagic vesicle markers by flow
cytometry in viable GSCs cultured in nonadherent conditions
indicated protective autophagy, with variable basal levels of
multiple autophagy markers expressed in multiple GBM clinical
samples and GBM cell lines. In VG2, U87, USWIII, U1242,
VG9, and VG10, the expression of ATGS5 ranged from 7 to 60%;
LC3B ranged from 23 to 65%; lysosome-associated membrane
protein 1 (Lamp1) ranged from 8 to 55% (Table 1 and Table S1). The
levels of these autophagy markers are similar to those observed in
other studies of protective autophagy and anoikis-resistance (6, 12,
23). Induction of autophagy in neurospheres by treatment with
rapamycin (10 uM) increased spheroid size, spheroids were more
compact, and cell viability increased (Fig. 1B and Fig. S1B). Con-
versely, when autophagy was inhibited by chloroquine (CQ) (20 uM),
spheroids showed significant loss of cell viability with decreased
spheroid size (Fig. 1B and Fig. S1B). These results indicate that
autophagy is protective in anoikis-resistant GSCs.

MDA-9 Expression Correlates with Anoikis-Resistance and Protective
Autophagy. Anoikis-resistant GSCs expressed significantly higher
levels of MDA-9 vs. anoikis-sensitive nonstem glioma cells (NSGCs)
(Fig. 24 and Fig. S1C). When MDA-9 expression was suppressed
in GSCs, the population of anoikis-resistant cells was greatly di-
minished, and there was a significant decrease in spheroid size
(Fig. 34). Flow cytometric analysis of shimda-9 GSCs cultured in
nonadherent conditions indicated that autophagy was toxic, with
elevated levels of multiple autophagy markers expressed in all
clinical samples and cell lines. In patient (VG2, VG9, VG10) and
cell line (U87, USVIII, U1242) neurospheres, suppression of mda-9
expression with shmda-9 elevated expression of autophagic vesi-
cles (Fig. 2B). This finding was corroborated by the elevated
expression of autophagy proteins in shrnda-9 GSCs, relative to shcon
GSCs: ATGS ranged from 32 to 73%; LC3B ranged from 48 to 87%;
and Lampl ranged from 21 to 73% (Figs. 2C and 3B, Table 1, and
Table S1). No significant change was observed in Beclin-1 expression
(Fig. S1D). To rule out possible off-target effects, we used an al-
ternate small interfering (si)RNA sequence for knockdown

Table 1. Expression of EGFR, pEGFR, autophagy markers (ATG5,
Lamp1, LC3), and pBCL2 in shcon and shmda-9 GSCs

Cell line % Expression in shcon GSCs % Expression in shmda-9 GSCs

VG2
EGFR 46.9 + 2.60 445 + 3.80
pEGFR 39.6 + 2.04 10.8 + 0.39
ATG5 15.1 + 0.52 325+ 1.30
Lamp1 16.3 £ 0.78 20.7 + 1.01
LC3 234 + 2.22 56.3 + 2.47
pBCL2 18.4 + 0.27 1.4 +0.03

us7
EGFR 35.7 + 5.02 30.5+7.95
pEGFR 21.8 +1.83 2.6 + 0.05
ATG5 13.5 £ 0.15 36.7 + 2.58
Lamp1 133+ 1.41 379 +2.13
LC3 27.5 + 1.59 53.9 + 4.03
pBCL2 2.9 + 0.06 0.3 + 0.01

usg7 Vi
EGFR 68.2 + 9.10 65.9 + 7.68
pEGFR 78.2 + 6.24 22.3 +1.30
ATG5 7.1 + 0.26 35.8 +4.16
Lamp1 7.6 + 0.65 43.2 + 2.46
LC3 25.4 +0.29 479 + 4.12
pBCL2 20.6 + 1.06 0.5+ 0.02
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Fig. 2. MDA-9 is crucial for maintaining protective autophagy in GSCs growing in
anoikis conditions and loss of MDA-9 causes autophagy to become toxic. (4) MDA-
9 expression in shcon NSGCs, shcon GSCs, and shmda-9 GSCs. Error bars indicate +SD,
*P < 0.05. (B) Electron microscopy images of shcon and shmda-9 GSGs. (Magnifica-
tion: 2000x.) (C) VG2-luc shcon and shmda-9 GSCs injected intracranially into nude
mice. Brain tumors isolated and sectioned. Expression of MDA-9, LC3B, EGFR, pEGFR,
PKCa, pPKCa, BCL2, and pBCL2 in in vivo tumors. (Magnification: 400x.)

experiments and an mda-9/syntenin construct designed to be resistant
to Ad.5/3-shinda-9. These studies confirmed our previous results in
GSCs indicating that treatment with an siRNA targeting mda-9 (Fig.
S1E) significantly increases LC3B expression compared with consi
GSCs. Inhibition of autophagy by CQ (10 pM) in shrnda-9 GSCs was
not protective and did not restore viability in these cells (Fig. 3C). In
contrast, when GSCs were treated with an shRNA-resistant mda-9
plasmid, there was no significant change compared with shcon GSCs
(Fig. 3D). This indicated that autophagy alone was not responsible for
anoikis-resistance, and that MDA-9 is crucial in maintaining GSC
viability under anoikis conditions. These results indicate further that
inhibition of MDA-9 promotes toxic autophagy and anoikis-
sensitivity, whereas MDA-9 expression maintains protective
autophagy and anoikis-resistance in nonadherent GSCs.

MDA-9 Expression Regulates EGFR Activation and PKCo Signaling-
Mediated Antiapoptotic BCL2 Protein Phosphorylation. Protein ex-
pression analysis of nonadherent shcon and shmda-9 GSCs by
flow cytometry and Western blotting indicated that EGFR and
PKCo phosphorylation was significantly decreased in shmda-9
GSC neurospheres, both in vitro and in vivo in intracranial gli-
oma xenografts (Figs. 2C and 4 and Table 1). While there was no
significant change in total EGFR expression, pEGFR (Tyr-1068)
expression decreased ~25%, 29%, 56%, 35%, 29%, and 67% in
shmda-9 GSCs from VG2, U87, USWIIIL, U1242, VG9, and
VG10 cells, respectively (Fig. 2C, Table 1, and Table S1). No
significant change was observed in total PKCa; however, shmda-
9 GSCs had decreased pPKCo (Thr-638) expression both in vitro
and in vivo (Figs. 2C and 4). A decrease in the antiapoptotic protein
pBCL2 (s70) was evident in shrmda-9 GSCs (Figs. 3B and 4) and
shPKCa GSCs (Fig. 4), suggesting that BCL2 is downstream of
PKCo and MDA-9. Similar results were obtained in GSCs treated
with an alternate siRNA targeting mda-9 (Fig. SIE), compared with
consi GSCs. In contrast, when the GSCs were treated with an
shRNA resistant mda-9 plasmid there was no significant change
compared with shcon GSCs (Fig. 3D). Overexpression of a con-
stitutively active PKCa (CA-PKCa) (Fig. 4 and Fig. S2) and BCL2
(Fig. 3C and Fig. S3) rescued pBCL2 expression and promoted
survival in MDA-9-inhibited GSCs. These data support the hy-
pothesis that MDA-9 regulates survival in anoikis-resistant GSCs
through the PKCo/BCL2 axis as well as through EGFR signaling.

EGFR Signaling Plays an Important Role in MDA-9-Mediated Protective
Autophagy. To assess the effect of EGFR signaling on protective
autophagy, GSCs were treated with the EGFR tyrosine kinase
inhibitor erlotinib, as well as by overexpressing a constitutively
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active EGFR variant III (EGFRVIII) in GSCs. Erlotinib treatment
(20 uM) caused cell death in nonadherent GSCs (Fig. 54), sug-
gesting that EGFR contributes to GSC survival and anoikis-
resistance, and a high dose of inhibitor induced cell death in
otherwise anoikis-resistant GSCs. Erlotinib treatment at 10 pM
led to a significant increase in autophagy (Fig. 5B and Figs. S4 and
S5), which coincides with earlier reports (24-27). Erlotinib treat-
ment approximately doubled the expression of autophagy markers
in VG2 and U87 GSCs (Figs. S4 and S5). Overexpression of a
constitutively active form of EGFR confirmed that both VG2wt and
VG2VIII express similar levels of EGFR; however, only VG2vIII
expresses EGFRVIIIL, along with decreased expression of autophagy
markers (Fig. 6). Compared with the parental EGFRwt cells, the
EGFRVIII GSCs showed significantly decreased expression of
ATGS, LC3, and Lampl. ATGS expression was decreased by
~25%, and 45%, L.C3B expression was decreased ~51% and 46%,
and Lamp1 expression was decreased by ~60% and 39% in VG2
and U87 EGFRVIII GSCs, respectively, compared with the WT
cells (Fig. 6 and Fig. S5). Consequently, suppression of EGFR
signaling increased autophagy, whereas increased EGFR signaling
decreased autophagy. These results suggest that MDA-9-mediated
EGFR signaling may regulate levels of autophagy. Loss of MDA-
9 expression leads to increased autophagy, possibly due to the loss
of the regulatory functions of EGFR.

FAK Regulates MDA-9-Mediated EGFR and PKC Signaling, Which Is
Crucial for Protective Autophagy and Anoikis-Resistance. To assess
whether MDA-9-mediated effects on autophagy were regulated
by FAK, we treated GSCs cultured in nonadherent conditions
with FAK inhibitor 14 (FAKi) (10 pM). Inhibition of FAK lead to
decreased EGFR phosphorylation (Fig. 7) and up-regulation of
autophagy markers ATG5, LC3B, and Lampl in both VG2 and
VGY GSCs (Fig. 74). Western blotting analysis of the same lysates
indicated similar up-regulation of autophagy markers (Fig. 7B).

Discussion

Autophagy is a lysosome-dependent process in which enzymatic
degradation and recycling of cytosolic components is instigated
following exposure of cells to stressful conditions (28). Anoikis,
is a form of apoptosis, triggered when cells detach from the ECM
(6, 7) and the catabolic process of autophagy imparts anoikis-
resistance in solid tumors (29, 30). Autophagy in cancer stem
cells provides a link between maintenance of stemness and
metastasis-associated anoikis-resistance (31). However, the role of
autophagy in cancer is complicated because autophagy can be a

Ashcon shmdad Lo yga  us7  usmvin Ds: s
i S ;o g
= pBCL2 s EGFR
e

— 1 I

l. i o —
12 12 12 12 e PKCa

cas+ BCL2+ -

= = pBCOL2

shmda9 shmda9 shmda9

C shcon

——— BCL2

S— TGS

B LC3
——

>

—
o ' B-Actin
8 —

Fig. 3. MDA-9 regulates GSC survival and autophagy through BCL2 in
nonadherent conditions. (A) Viability of shcon and shmda-9 GSCs. (Magni-
fication: 100x.) (B) Effect of MDA-9 suppression on BCL2, pBCL2, and LC3B as
shown by Western blotting. 1, shcon; 2, shmda-9. (C) shcon, shmda-9 GSCs,
and shmda-9 GSCs treated with CQ, or overexpressing BCL2, by live/dead
assay, where green cells represent viable cells, and red cells represent dead
cells. (Magnification: 100x.) (D) shmda-9-resistant mda-9 plasmid abrogates
mda-9 silencing-induced molecular changes. 1, shcon GSCs; 2, shmda-9 GSCs;
3, shmda-9 GSCs treated with shmda-9-resistant mda-9 plasmid.

o~
Q

Talukdar et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721650115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1721650115

shPKCa

VG2 VGS us7

e | pPKCa

— — —— S — PKCa

—— P e Tubulin
12 12 12

A B : sha .

@)

-8 = shcon 1 shmda-9
2 shPKCa shmda-9 +
g 60 CA-PKCa
- .
3 40 i T
o - = * 1
=
22 | M i I * s I T
-3 i =

o

VG2 VG9 us7 uszviil 1 2 3 a

Fig. 4. MDA-9 mediates cell survival in anoikis-resistant GSCs through PKC
and BCL2. (A) Effect of MDA-9 on PKC activation in shcon and shmda-9 GSCs.
1, shcon; 2, shmda-9. (B) Effect of PKC suppression and expression of consti-
tutively active PKC on GSC survival. (Magnification: 100x.) (C) Effect of PKC
suppression and expression of constitutively active PKC on pBCL2 expression by
flow cytometry and Western blotting. 1, shcon; 2, shmda-9; 3, shmda-9+
CA-PKCa; 4, shPKCa. Error bars indicate +SD, *P < 0.05.

double-edged sword (i.e., a prosurvival or prodeath agent depending
on the context and the stimuli), and the details of what regulates
protective or toxic autophagy is not fully understood. In our studies,
anoikis-resistant GSCs grown in nonadherent conditions display a
basal level of autophagy, which is protective (Fig. 1, Table 1, Fig. S1.4
and B, and Table S1). Inhibition of this autophagy caused a loss of
anoikis-resistance and induced cell death, whereas autophagy in-
duction promoted survival. The current study establishes that in-
hibition of MDA-9 in GSCs shifts autophagy from prosurvival to
procell death, leading to loss of anoikis-resistance (Figs. 2 and 3,
Table 1, Fig. S1C, and Table S1). In addition to observing these
molecular changes in shmda-9-treated gliomas in vivo, increased
survival was also evident in these mice, as we reported previously
(21). MDA-9 is critical for maintaining protective autophagy, which
is required for survival under anoikis-inducing conditions. This com-
plex phenomenon is intricately orchestrated with the aid of mole-
cules, such as ATGS, LC3B, Lampl, EGFR, PKCa, and BCL2.

The ATGS protein is essential in the early stages of autophagy
(32). Autophagosome formation initiates at phagophore assem-
bly sites, where several proteins required for autophagosome
formation localize in a hierarchical manner close to the acceptor
membrane, with ATGS5 facilitating membrane binding (33). In-
ducing transcription and translation of the ATG RNA/protein,
respectively, is essential for autophagy and sustaining survival
following detachment (7, 34), but these changes can also con-
tribute to autophagic cell death depending on the context (35).
The ATGS5-ATG12 complex further advances autophagosome
formation and site of synthesis by helping in LC3 conjugation to
phosphatidylethanolamine (36), also known as LC3-II, the mem-
brane bound form (37, 38). LC3-II remains associated with
autophagosomes even after fusion with lysososmes (called auto-
lysosomes at this stage) until degradation (38). The autophago-
somes, after fusing with the lysososmes, acquire Lampl (39).
Hence, the right amount of ATGS, LC3, and Lamp1 expression
may be critical in regulating the protective function of autophagy,
and deregulated expression of these proteins can lead to loss of
cell survival. When autophagy is deregulated and expression ex-
ceeds a threshold, cell damage exceeds the capacity for cell sur-
vival, resulting in self-digestion by autophagy and programmed
cell death (40). This occurs in the shmda-9 GSCs cultured under
anoikis-inducing conditions. These GSCs express aberrantly high
levels of ATGS, LC3, and Lampl (Figs. 2 and 3, Table 1, and
Table S1), and these cells lose viability, with protective autophagy
shifting to toxic autophagy in the MDA-9 suppressed GSCs.

The epidermal growth factor receptor EGFR, a tyrosine kinase,
is pivotal in glioma progression. EGFR is an 1,186 amino acid
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transmembrane receptor with three functional domains: extracellular
(ECD), transmembrane and intracellular (ICD) (41). Tyrosine
phosphorylation at Y1068 of EGFR is one of the major sites for
EGFR autophosphorylation and indicates activation (42). FAK and
PKCo regulate EGFR signaling (43, 44). The phosphorylation of
tyrosine (Y) residue 1068, is responsible for regulating autophagy-
induced cell death (42, 45). Several recent studies indicate that
plasma membrane- and cytoplasm-located EGFR (pcEGFR) act as
a tyrosine kinase regulating autophagy (45). Treatment of cancer
cells with EGFR-tyrosine kinase inhibitors, such as gefitinib and
erlotinib, induce autophagy (26), which we also observe in multiple
GSCs (Fig. 5 and Figs. S4 and S5). In addition, suppression of
MDA-9 decreases phosphorylation of EGFR at Y1068, causing loss
of EGFR tyrosine kinase activation. These results indicate that
regulation of EGFR activation by MDA-9 promotes maintenance of
protective autophagy and anoikis-resistance in GSCs. Suppression of
MDA-9 or EGFR signaling leads to increased autophagy beyond its
beneficial threshold, thereby causing cell death.

In a considerable percentage of patients with GBM, EGFR
signaling is constitutively active, because they contain a mutant
EGFRVIII, thereby promoting tumor progression and poor prog-
nosis (46). EGFRVIII has an in-frame deletion of 801 bp of coding
sequence from exons 2-7 (46, 47), rendering it incapable of binding
any known ligand. Despite this deletion, EGFRVIII displays low-
level ligand-independent and constitutive receptor phosphoryla-
tion (47-49). We hypothesize that MDA-9-mediated EGFR
signaling and autophagy regulation are important in GBM. To test
this supposition, we analyzed autophagy levels in EGFRwt and
EGFRVIII GSCs. EGFRwt and EGFRVIII anoikis-resistant GSCs
have similar MDA-9 levels, VG2 (Fig. 6) and U87 (Fig. S1D).
However, the EGFRVIII cells express less autophagy markers
(Fig. 6, Table 1, and Table S1). Despite lower autophagy levels,
when MDA-9 is suppressed in these GSCs, the autophagy still
shifts the balance to toxicity (Fig. 3 and Table 1).

To maintain protective autophagy, antiapoptotic proteins likely
play an important role, to prevent autophagy from promoting
programmed cell death. BCL2 functions to suppress apoptosis and
single-site phosphorylation at serine 70 (S70) of this protein is re-
quired for its antiapoptotic function (50, 51). PKCa functions as a
direct BCL2 kinase at S70 in the BCL2 protein (52), making active
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Fig. 5. EGFR activation plays an important role in regulating protective autophagy

in anoikis-resistant GSCs. Inhibition of EGFR activation leads to increased autophagy.
Effect of erlotinib on (A) GSC survival and (B) expression of autophagy markers
ATG5, LC3B, and Lamp1. Error bars indicate +SD, *P < 0.05. (Magnification: 100x.)
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Fig. 6. EGFR activation regulates protective autophagy in anoikis-resistant
GSCs. Constitutive activation of EGFR decreases autophagy. (A) Effect of
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expression by Western blotting. (B) Effect of constitutive EGFR activation on
EGFR, pEGFR, ATG5, Lamp1, and LC3B expression determined by flow
cytometry. Error bars indicate +SD, *P < 0.05.

PKCo and BCL2 as key mediators in maintaining cell viability in the
presence of autophagy. We show that MDA-9 is necessary for PKCa
activation (Figs. 2 and 4), thereby further contributing to the anti-
apoptotic balance in autophagy. This was documented further by
gain-of-function and loss-of function studies of PKCa and BCL2
(Fig. 4 and Fig. S2), confirming that PKCo and BCL2 are key
mediators of survival in anoikis-resistant MDA-9—expressing GSCs.
Multiple studies suggest that MDA-9, PKCa, FAK, and EGFR
signaling may be functionally interconnected (22, 27, 43, 44, 53, 54).
MDA-9 is capable of regulating PKC (53), as well as FAK signaling
(14, 22, 54), and the same pathways are activated in anoikis-resistant
GSCs. Furthermore, MDA-9 regulates EGFR, and PKCu activation
through FAK in an interconnected and interdependent manner
(Fig. 8). GSCs treated with FAKi display the same phenotype as
shinda-9 GSCs with increased autophagy and cell death (Fig. 7).

In summation, our studies elucidate the protective function of
autophagy in anoikis-resistant GSCs and mechanistically show that
this process is maintained by MDA-9 through FAK/PKC/EGFR.
PKC controls survival in GSCs, by regulating the antiapoptotic
protein BCL2. EGFR maintains autophagy levels via regulation of
ATGS, LC3, and Lampl, so autophagy does not exceed threshold
levels, which result in a shift from cell viability to toxicity. Because
both MDA-9 and autophagy are involved in many important
cancer-related cellular processes and signaling events, our study
reinforces the potential use of MDA-9 suppression strategies in
conjunction with other therapeutic strategies to promote GSCs
death. Autophagy is often induced by several anticancer drugs,
such as rapamycin, erlotinib, and so forth, and MDA-9 suppression
in such therapeutic regimens could prove beneficial. In addition,
these combinatorial strategies could potentially inhibit GSC-mediated
resistance, relapse, and poor patient prognosis. GSCs and circulating
stem cells utilize the mechanism of autophagy for their survival and
resistance to a variety of stressful conditions.

The ability to develop selective inhibitors capable of targeting
specific protein domains is coming of age (15), and these strategies
can potentially be applied in developing small-molecule inhibitors of
MDA-9’s PDZ domains. In addition, detailed elucidation of the role
of MDA-9 in exosome biology could prove instructive in develop-
ing targeting strategies (15). We recently reported that radiation-
induced glioblastoma invasion was inhibited by adenovirus-based
genetic as well as pharmacological targeting of MDA-9. PDZli
(113B7), a specific inhibitor of MDA-9 activity, crosses the blood—
brain barrier, resulting in reduced invasion gains in GBM cells fol-
lowing radiation (22). MDA-9-targeted therapy could potentially be
used clinically as part of a combinatorial approach with chemo-
therapy or radiotherapy, both of which often exploit protective
autophagy in their resistance mechanisms. Genetic targeting of mda-
9 has also been effective in melanoma, breast, gastric cancer, and
urothelial cell carcinoma (15-17, 55). Accordingly, based on
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Fig. 7. Effect of FAK inhibitor 14 (FAKi) on EGFR, PKC and autophagy sig-
naling as shown by (A) flow cytometry and (B) Western blotting.

elevated MDA-9 expression, both genetic and pharmacological
targeting strategies might be applicable to multiple cancer types.
Considering all of the available data, MDA-9 inhibition could pro-
vide a promising approach for selectively targeting these chronically
therapeutic-resistant cells, thereby improving therapeutic responses
in patients with malignant gliomas and other cancers.

Materials and Methods

Reagents, Plasmids, Adenoviruses, and Stable Cell Lines. shmda-9 plasmid and
adenovirus construction are described in S/ Materials and Methods (19, 21).
Flag-BCL2 (Plasmid #18003) and Myr.PKCa.FLAG (Plasmid #10807) constructs
were obtained from Addgene. EGFRwt and EGFRVIII plasmids were obtained from
F.B.F. (56). PKC-a ShRNA (HSH014706-LVRU6) was obtained from Genecopoeia.

Cell Lines, Cell Culture, and Chemicals. Primary human malignant brain tumors
were obtained from patients undergoing surgical removal of their tumors.
Informed consent was obtained according to the research proposals ap-
proved by the Institutional Review Board at the Virginia Commonwealth
University Tissue and Data Acquisition and Analysis Core. The patients were
informed of the nature and requirements of the study and written consent
was procured from them, which allowed them to donate their tissues for research
purposes. Other human glioma cell lines used in this study are described in S/
Materials and Methods. Erlotinib, rapamycin, CQ diphosphate, 3MA, and FAKi
were obtained from Sigma. For animal studies, mice were maintained under
pathogen-free conditions as approved by the American Association for Ac-
creditation of Laboratory Animal Care, as well as in agreement with present
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Fig. 8. Schematic diagram of MDA-9-mediated protective autophagy in
anoikis-resistant GSCs. (A) MDA-9 regulation of EGFR, PKC, and BCL2 activation
maintains protective autophagy in anoikis-resistant GSCs. Loss of MDA-9 ex-
pression deregulates the balance, causing autophagy levels to exceed the
threshold level, thereby shifting autophagy from protective to toxic. (B) Di-
agrammatic representation of the multiple pathways that MDA-9 directly and
indirectly regulates to maintain protective autophagy in anoikis-resistant GSCs.
MDA-9 regulates EGFR and PKCu activation through FAK in an interconnected
and interdependent manner. EGFR activation decreases autophagy marker
expression and PKCa activation leads to phosphorylation of BCL2, both path-
ways contributing to protective autophagy in anoikis-resistant GSCs.
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regulations and standards of the US Department of Agriculture, US De-
partment of Health and Human Services, and NIH.

Isolation and Culture of Human GBM, Putative GSCs, and NSGCs. Human GBM
GSCs and NSGCs were isolated from GBM tissue from surgical samples and
from established U87, U87vlll, U251, and U1242/luc-GFP GBM cells. GBM tissue
samples were dissociated and GSCs were isolated using CD44 and CD133
markers as described previously (21).

Preparation of Whole-Cell Lysates and Western Blotting Analysis. Preparation of cell
lysates and subsequent Western blotting analysis of the lysates were performed as
described previously (57). Details are briefly described in S/ Materials and Methods.

Flow Cytometry Sorting and Analysis. Flow cytometry was performed after
24 h of incubation, before any cell death was observed. Details are described
in SI Materials and Methods.

Immunohistochemistry. H&E staining and immunohistochemistry were performed
as described previously (22). Details are described in SI Materials and Methods.
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Statistical Analysis. For all experiments, statistical analyses were conducted
using Student’s t test and ANOVA (Microsoft Excel). The data are presented
as the mean =+ SD of the values from three or more independent determi-
nations. Probability values < 0.05 were considered statistically significant.
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