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Abstract

Glioblastoma (GBM), or grade IV astrocytoma, is a malignant brain cancer that contains sub-
populations of proliferative and invasive cells that coordinately drive tumor growth, progression
and recurrence after therapy. Here, we have analyzed functions for megalencephalic
leukoencephalopathy with subcortical cysts 1 (Mlcl), an eight-transmembrane protein normally
expressed in perivascular brain astrocyte endfeet that is essential for neurovascular development
and physiology, in the pathogenesis of GBM. We show that Mlc1 is expressed in human stem-like
GBM cells (GSCs) and is linked to the development of primary and recurrent GBM. Genetically
inhibiting MLC1 in GSCs using RNAi-mediated gene silencing results in diminished growth and
invasion in vitro as well as impaired tumor initiation and progression in vivo. Biochemical assays
identify the receptor tyrosine kinase AxI and its intracellular signaling effectors as important for
MLC1 control of GSC invasive growth. Collectively, these data reveal key functions for MLC1 in
promoting GBM cell growth and invasion, and suggest that targeting the Mic1 protein or its
associated signaling effectors may be a useful therapy for blocking tumor progression in patients
with primary or recurrent brain cancer.
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Introduction

Glioblastoma (GBM) is a primary brain cancer that afflicts more than 10,000 adults each
year in the United States [1]. Standard treatments include surgical resection followed by
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radiation and chemotherapy [2]. Additional targeted therapies such as bevacizumab, which
inhibits intratumoral neovascularization, yield short-term benefits due to blood vessel
regression and diminished blood-brain barrier (BBB) permeability; however, patients
invariably develop resistance that is often associated with robust invasion [3]. Regardless of
the specific treatment, GBM has a high rate of recurrence due to the presence of stem-like
GBM cells (GSCs), a sub-population of cancer cells that retain invasive growth capacities
[4]. GSCs often localize to specialized perivascular niches in the brain where their self-
renewal and differentiation are regulated by cues from nearby stromal cells [5]. We
understand surprisingly little about how GSCs preferentially thrive in the brain
microenvironment to promote tumor progression or how these cells generate recurrent
tumors following surgery or acquired resistance to therapy.

Mutations in the gene encoding the modulator of VRAC current 1 (MLC1) leads to the
pathogenesis of megalencephalic leukoencephalopathy with subcortical cysts (MLC), a rare
neurodevelopmental disease [6]. MLC is characterized by the development of perivascular
astrocyte vacuolation and increased BBB permeability in brain white matter regions [7].
Micl is a 38-kDa eight-transmembrane domain protein that is enriched in astrocyte end feet
that closely juxtapose cerebral endothelial cells [8, 9]. Mlc1 displays sequence homology
with the voltage-gated K* channel Kv1.1 and interacts with aquaporins, suggesting possible
functions in mediating astrocyte osmoregulation [10]. Mlc1 associates with various proteins
at the astrocyte surface, including Hepacam, also known as glial cell adhesion molecule
(GlialCAM), a 50-kDa type one transmembrane glycoprotein [11] that is also mutated in
some MLC patients [12]. Mlc1 also interacts with components of the dystrophin
glycoprotein complex [13]. Although functions for Micl and its interacting proteins in
normal astrocytes have been described [14, 15], roles for Mlcl in GBM cells have not been
reported.

In this study we have used open source genomic database analyses combined with primary
GBM cell culture systems and pre-clinical mouse models to investigate roles for MLC1 in
GBM pathogenesis. We show that MLC1 mRNA and protein are highly expressed in
primary human GBM in comparison to non-cancerous brain tissue, as well as robust
expression in patients with recurrent tumors. RNAi-mediated inhibition of MLC1 in primary
GBM cells using lentiviruses leads to reduced growth and impaired directional migration in
vitro as well as diminished invasive tumor cell growth in vivo. Biochemical assays reveal
that the receptor tyrosine kinase Axl and its downstream signaling effectors including Src,
Erk1/2 and N-myc downstream-regulated gene-1 (Ndrgl), are differentially regulated by
Micl in GBM cells. Collectively, these data reveal that Mic1 promotes GBM cell invasive
growth in the brain microenvironment and suggest that targeting the Mlc1 pathway may be
an effective strategy for inhibiting tumor cell invasion in patients with primary or recurrent
malignant brain cancer.
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MLC1 is expressed in human GBM stem cells and promotes growth and self-renewal in

vitro

To characterize functions for MLC1 in GBM, we first analyzed its expression in primary
GSCs, which have cancer-initiating capacities and drive tumor progression and
heterogeneity. The GSCs analyzed in this study have been reported to be proliferative and
invasive in vivo [16, 17]. Robust levels of Mlc1 protein were detected in four of six primary
human GSC spheroid samples analyzed (Figure 1A). We also analyzed Mic1 protein
expression in established GBM cell lines, including LN229, U251MG and U87MG cells,
which grow as adherent cultures and are commonly used to study genes and pathways
involved in malignancy and response to therapy. As shown in Figure 1B, Mlc1 protein was
absent in all six GBM cell lines analyzed as determined by immunoblotting. Quantitation of
MLC1 gene expression using genomic data deposited in Oncomine (oncomine.org) revealed
significantly higher mRNA expression in human GSCs versus established GBM cell lines
(Figure 1C). Analysis of The Cancer Genome Atlas (TCGA) database for relative levels of
MLC1 mRNA in GBM versus non-cancerous brain did not reveal significant differences in
expression (data not shown), likely owing to expression of Mic1 in non-malignant
astrocytes. However, TCGA analysis did reveal that MLC1 mRNA is enriched in the
classical GBM sub-type (Figure 1D). This tumor sub-type is characterized by wild type
TP53 status and EGFR amplification [18]. Analysis of the cBioPortal database for genes co-
expressed with MLC1 revealed HEPACAM as the most correlative gene (Figure 1E), which
matches with MLC1 and HEPACAM cooperative functions in neurodevelopment and the
pathogenesis of MLC [12]. Additional genes with links to astroglial and glioma cell biology,
including AQP4 which encodes the water channel aquaporin 4 [19] and ITGB8 which
encodes the B8 integrin subunit [20, 21] show correlative expression with MLC1. Analysis
of the Brain RNAseq database (brainrnaseg.org), which contains quantitative gene
expression data for different fractionated neural and vascular cell types in the mouse brain,
revealed that Mlc1 mRNA is highly enriched in astrocytes, similar to Agp4 (Supplemental
Figure 1A, B). Immunohistochemistry analyses of Mlc1l in the adult mouse brain confirmed
expression in perivascular astrocyte end feet that juxtaposed blood vessels (Supplemental
Figure 1C-E). Astrocytes cultured from mouse cerebral cortices also express Mlcl and
Agp4 proteins, as revealed by immunoblotting detergent-soluble lysates (Supplemental
Figure 1F).

To determine Mlcl functions in GBM, we selected GSC6-27 spheroids for further
mechanistic analyses. GSC6-27 cells express robust levels of Mlc1 protein (Figure 1A) and
generate proliferative and invasive brain tumors after implantation in xenograft mice [22].
GSC6-27 cells were infected with pGIPZ lentiviruses expressing GFP and shRNAs
targeting MLC1 (n=3). pGIPZ lentivirus expressing GFP and non-targeting ShRNAs was
used as a control. All three shRNAs targeting MLC1 resulted in significantly reduced protein
expression as determined by immunoblotting detergent-soluble cell lysates with anti-Mlcl
antibodies (Figure 2A). Cells expressing sShRNAs targeting MLC1 formed noticeably
smaller spheroids (Figure 2B) that contained fewer viable cells compared to cells infected
with control pGIPZ (Figure 2C). MLC1-dependent differences in cell death were not
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detected as measured with cell viability assays (data not shown). Spheroid formation assays
were performed to test for any MLC1-dependent difference in GBM cell proliferation and
adhesion. Analysis of spheroid formation over a seven-day period revealed a reduction in
proliferative capacities of GBM cells expressing MLC1 shRNAs (Figure 2D). In addition,
the spheroid sizes were significantly reduced in MLC1 shRNA samples versus pGIPZ
control cells (Figure 2E). At 5 days post-culturing, 25% of control neurospheres showed
diameters of <10pm? and 65% displayed diameters of >20um?2. In contrast, spheres that
formed from cells expressing MLC1 shRNAs were predominantly smaller with 65%
showing diameters of <10um? (Figure 2E). Silencing MLC1 in a second primary GBM
spheroid culture (GSC231) using pGIPZ lentiviral-expressed shRNAs resulted in similar
defects in sphere formation and invasion through three-dimensional ECM (Supplemental
Figure 2).

MLC1 is required for GBM stem cell polarity and invasion in vitro

Next, we investigated functions for Micl in GSC invasion through three-dimensional ECM
[23]. Spheroids were dissociated and cells were exposed to a serum gradient to induce
directional invasion in an ECM-coated transwell system. In comparison to pGIPZ-infected
control (NT) GBM cells, cells expressing MLC1 shRNAs showed a 75% reduction in
invasion (Figure 3A). Analysis of cells that had invaded through the ECM and deposited on
the underside of the transwell filter revealed differences in cell morphologies. GBM cells
expressing MLC1 shRNAs displayed less polarized and elongated shapes and appeared more
epithelial in comparison to cells expressing control shRNAs, which typically projected
processes and were more mesenchymal in appearance (Figure 3B, C). Representative
tracings of cell shape confirmed more apparent epithelial-like morphologies in cells lacking
MLC1 expression, whereas cells expressing non-targeting shRNAs and Mic1 protein
appeared more polarized and mesenchymal (Figure 3C). Given the MLC1-dependent
changes in GBM cell morphologies, we analyzed the expression of various protein markers
involved in polarity and the epithelial to mesenchymal transition. These biomarkers include
the transcription factors Snail and Slug as well as the cell adhesion and signaling proteins N-
Cadherin and p-catenin. As shown in Figure 3D, elevated levels of these proteins were
detected in GSCs expressing MLC1 shRNAs. In contrast, we did not detect MLC1-
dependent differences in expression of vimentin, a biomarker for cells with mesenchymal-
like morphologies.

MLC1 regulates intracellular signaling pathway activation in GBM stem cells

To analyze Mlc1 protein functions in promoting cell polarity leading to invasion, signaling
pathways involved in adhesion and polarity were analyzed, GSC6-27 cells adhering to the
ECM component laminin were immunofluorescently labeled with anti-phosphotyrosine
antibodies to analyze focal adhesions. pGIPZ control expressing cells displayed polarized
morphologies and extended long projections from the soma, while cells expressing MLC1
shRNAs showed less polarized morphologies and were more epithelial in appearance
(Supplemental Figure 3A). Cells expressing non-targeting (NT) shRNAs averaged 90°
peripheral edge angles as measured from the nucleus to the widest area of the protruding
area of membrane. Cells that lacked MLC1 expression displayed edge angles of almost 270°
(Supplemental Figure 3B). The intensity of anti-phosphotyrosine (pY99) immunofluorescent
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signal per cell was significantly higher in cells expressing MLC1 shRNAs (Supplemental
Figure 3C), possibly due to the non-polarized morphologies in these cells (Supplemental
Figure 3D). MLC1 in brain astrocytes has been reported to regulate water and ion
homeostasis to control cell shape and polarity [24, 25], with mutations in MLC1 leading to
abnormal astroglial swelling [26-29]. However, RNA-mediated silencing of MLC1 in GSCs
did not affect cell volume after exposure to hypoosmotic or hyperosmotic growth conditions
(Supplemental Figure 4A). MLC1 has sequence homology to K* gated ion channels [10]
and regulates ion flux [24]. However, K* ion channel activity was unaffected by silencing
MLC1 in GSC6-27 cells (n=2 shRNAS) as assessed with the FluxOR Red tracer
(Supplemental Figure 4B).

To determine potential MIc1-mediated signaling functions in cells we utilized reverse-phase
protein arrays (RPPA), which are antibody-based high-throughput systems to study protein
signaling cascades [30] (Figure 4A). Expression of several signaling effectors involved in
cell polarity and migration were down-regulated in GSC6-27 cells expressing MLC1
shRNAs in comparison to NT shRNAs (Figure 4B). These include Par-1 protein (2.1-fold
lower), a scaffolding component of the cell polarity complex that has links to the
cytoskeleton. The kinases Erk1/2 also showed decreased phosphorylation in cells expressing
MLC1 shRNAs, indicative of diminished signaling activation. One protein showing
upregulated expression in GSC6-27 cells expressing MLC1 shRNAs is the receptor tyrosine
kinase AxI (6.6-fold higher) (Figure 4B). In addition, we detected increased phosphorylation
of Src at the activating tyrosine 416 (Y416) as well as increased phosphorylation of Ndrg1 at
pT346. Src has established roles in promoting GBM cell invasion [31], whereas Ndrgl has
reported functions in suppressing cell invasion [32]. Next , immunoblot experiments were
performed to validate elevated levels of Axl protein in GSCs expressing MLC1 shRNAs.
Antibodies recognizing Axl phosphorylated at amino acids Y698/Y702/Y703, which are
located in the kinase domain and are phosphorylated activation, revealed increased AxI
activities in cells expressing MLC1 shRNAs. (Figure 4C). The RPPA data were additionally
validated by showing an MLC1-dependent increase in the phosphorylation status of Src and
Ndrgl. In contrast, there was a decrease in Erk1/2 phosphorylation (Figure 4C). A complete
list of proteins showing MLC1-dependent expression and/or phosphorylation by RPPA are
provided in heat map (Supplemental Figure 5) and raw data formats (Supplemental Table 1).

MLC1 is required for GBM stem cell growth and invasion in xenograft mouse models

We next analyzed the functions for MLC1 in tumor initiation and progression in vivo.
GSC6-27 cells infected with pGIPZ virus expressing GFP and non-targeting sShRNAs (n=5)
or MLC1 shRNAs (n=9) were intracranially injected into the striatum and NCR nu/nu
immunocompromised mice. Animals were monitored for tumor-induced neurological
deficits over a 15-week time period, and once the first animal showed deficits all mice were
sacrificed. Anti-GFP antibodies were used to immunolabel fixed brain sections to monitor
tumor growth patterns in the brain. pGIPZ control cells showed higher expression of Micl
protein as compared to cells expressing MLC1 shRNAs as revealed by
immunohistochemistry (Supplemental Figure 6). Analysis of GFP expression patterns
revealed few cells expressing MLC1 shRNAs in the non-injected hemisphere compared to
cells expressing non-targeting shRNAs (Figure 5A-D). In addition to anti-GFP
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immunostaining, a human-specific antibody recognizing vimentin (expressed by GSCs) also
revealed MLC1-dependent defects in cell invasion into the opposite hemisphere
(Supplemental Figure 6). Quantitation of GFP intensity from injected and non-injected
hemispheres revealed MLC1-dependent cell invasion across hemispheres (Figure 5E).
Myelin basic protein-expressing oligodendrocytes in white matter tracts, and particularly the
corpus callosum, are a main pathway for invasion of GBM cells [33]. Tumor cells expressing
control shRNAs showed robust invasion in white matter regions (Figure 5F). Cells
expressing control showed distant dispersal into the non-injected hemisphere and infiltrative
growth within brain tissue. In contrast, GBM cells expressing MLC1 shRNAs mostly failed
to invade along the corpus callosum (Figure 5G) and showed a significant reduction in
dispersal and infiltrative growth in the non-injected hemisphere (Figure 5H). Some GFP-
expressing GBM cells (expressing Mlcl shRNAs) were detected invading through the
corpus callosum (Figure 5G). These cells are probably revertants that escaped MLC1
silencing in vivo. Along these lines, in mice injected with GSCs expressing MLC1 shRNAs
we detect some invasive cells in the corpus callosum that express Mlcl protein by
immunohistochemistry (Supplemental Figure 6). We also detected localized MLC1-
dependent defects in invasion in the brain microenvironment more proximal to the primary
tumor mass (Supplemental Figure 7). Although expression of MLC1 was significantly
upregulated in GBM versus non-cancerous brain, relative levels of expression were not
predictive of overall patient survival (Supplemental Figure 8).

MLC1 is expressed in primary and recurrent human GBM samples

To bolster data from the xenograft mouse models of GBM, we performed
immunohistochemical staining to analyze spatial patterns of Mlc1 protein expression in
normal human brain and GBM tissue samples. Consistent with the mouse brain analyses
showing Mlc1 mRNA expression in perivascular glial cells (Supplemental Figure 1), non-
cancerous human brain tissue sections showed enriched Mic1 protein expression in
astrocytes adjacent to cerebral blood vessels (Supplemental Figure 9). Analysis of four
different primary GBM samples taken from non-necrotic tumor cores revealed robust Micl
protein expression in cancer cells (Figure 6A-D), with enrichment in perivascular tumor
cells adjacent to blood vessels. Anti-Mlc1 antibody specificity was confirmed by staining
GBM sections with species-matched control 1gG (Supplemental Figure 9). Analysis of the
IVY-GAP database, which contains spatial characterization of gene expression from
different regions of laser-dissected human GBM tissues, revealed MLC1 mRNA expression
mainly within areas of invasive and infiltrative tumor growth (Supplemental Figure 10).
Analysis of 11 detergent-soluble protein lysates prepared from freshly resected GBM
samples by immunoblotting revealed higher Mlc1 protein expression in 8 lysates as
compared to the control brain tissue sample (Figure 6E, F).

Surgery is an effective treatment for patients with GBM; however, invasive cancer cells often
escape resection and contribute to tumor recurrence [33]. Given the important roles for Mlcl
in driving GBM cell invasion, we next compared MIc1 protein expression in primary versus
recurrent GBM samples (n=5 different matched patient specimens). As shown in Figure 7,
Mic1 protein was robustly expressed in cancer cells of primary tumors as well as matched
recurrent tumor specimens. These data bolster roles for Micl in invasive GBM cells in
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driving tumor regrowth after surgery. Collectively, these various in vitro and in vivo data
reveal that Mlcl is critical for promoting invasive growth via receptor tyrosine kinase
activation and regulation of intracellular signaling pathways in GBM cells (Figure 8).

Discussion

We detect MLC1-dependent GSC invasion from the main tumor mass along the entire length
of the corpus callosum, with infiltrative growth of tumor cells in health brain tissue in the
opposite hemisphere. While our studies have focused on GBM cell invasion through white
matter, it is also likely that MLC1 facilitates perivascular GBM cell invasion. We see MLC1-
dependent defects in local cell invasion from the main tumor mass, indicating defects in
blood vessel interactions. Indeed, a developmental function for the Mlc1 protein in
perivascular astrocytes is to control contact and communication with endothelial cells in the
neurovascular unit [9].

Given that MLC1 is involved in promoting astrocyte polarity and communication with
nearby cell types in the healthy brain [25], we propose that loss of Mlc1 protein expression
in cells negatively impacts their mesenchymal morphologies, thus impairing their
interactions with adjacent stroma and invasive capacities. Along these lines, we detected
MLC1-dependent cell invasion defects in vitro accompanied with a loss of polarity and a
more epithelial-like cell morphology that was unlike the mesenchymal morphology normally
seen in MLC1-expressing GBM cells. Analysis of adherent cultures further revealed that
cells lacking Mic1 protein expression displayed non-polarized and epithelial-like
morphologies as compared to the elongated, directional leading edge seen in control cells. In
addition, spheroid formation was significantly inhibited after RNAi-mediated silencing of
MLC1, suggesting that Mlc1l is necessary for maintaining proper cell-cell interactions
typical of stem-like cancer cells. The RPPA analyses of GSCs revealed MLC1 regulation of
signaling proteins involved in invasive cell growth. For example, PAR is a scaffolding
component and component of the cell polarity complex [34] that is down-regulated in cells
that lack MLC1 expression. In contrast, the AxI receptor tyrosine kinase is upregulated and
hyperactivated in GBM cells expressing MLC1 shRNAs. A prior report has shown that AxI
is broadly expressed in GBM where it has cancer cell-intrinsic functions involved in cell
polarity and is also involved in recruiting immune cells to the tumor microenvironment [35,
36]. Activation of Axl following binding to its Gas6 ligand stimulates the phosphorylation of
Src [37] and Ndgr1 in ovarian cancer cells [38], which is consistent with our data showing
Micl-dependent links between Axl, Src and Ndrgl in GBM cells. A prior report has linked
MLC1 to the expression levels of another receptor tyrosine kinase, EGFR, in cultured
astrocytes [39]. MLC1 has more recently been linked to EGFR signaling in low-grade
human gliomas harboring R132H mutations in the IDH1 gene [40]. Hence, it is enticing to
speculate the loss of MLC1 in GBM cells causes an imbalance in receptor tyrosine kinase
expression and/or signaling, leading to a transition from a mesenchymal to an epithelial-like
morphology with diminished growth and invasion. We also speculate that loss of MLC1
expression leads to impaired GSC invasion due to defective intracellular signaling involving
the Erk1/2 pathway, which is less active in MLC1 shRNA cells. In ovarian cancer cells AxI
signaling leads to reduced Erk1/2 phosphorylation and this correlates with a more epithelial-
like cell state due to higher activities of the phosphatase DUSP4 [41]. MLCL1 in astrocytes
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has also been reported to inhibit Erk1/2 signaling via connexins involved in direct cell-cell
communication [42]. In addition, we have shown that the metastasis suppressor Ndrgl is
hyperphosphorylated in GSCs expressing MLC1 shRNAs, revealing that multiple pathways
downstream of Mlc1 likely promote GBM cell polarity and invasion. Interestingly, even
though MLC1-silenced GSCs are more epithelial in morphology, we have found that many
proteins with links to the mesenchymal cell state such as Snail, Slug, and N-cadherin, are
actually upregulated. This suggests that loss of MLC1 expression after RNAi-mediated
silencing may impact the differentiation status of GSCs. Alternatively, upregulation of
proteins involved in epithelial to mesenchymal transition could be a compensatory
mechanism used by GSCs when Mlc1-regulated signaling components that drive invasion
are not sufficiently expressed or activated. It will be important to fully characterize Mlc1-
dependent pro-invasive signaling events to determine which if these pathways can be
targeted to more effectively block GBM cell invasive growth.

The levels of MLC1 expression were variable among the different GSC cultures we
analyzed, with some GSCs lacking detectable levels of endogenous expression. We
attempted to forcibly express MLC1 in a GSC spheroid culture that lacks endogenous MLC1
(GSC11 cells), but we found that most infected cells did not survive and cells that did
survive lacked MLC1 expression (unpublished data). It will be interesting to determine what
mechanisms GSCs utilize to compensate for lack of endogenous MLC1 expression as well
as why forced expression of MLCL1 in these cells leads to reduced viability. From studies of
patients with MLC disease, the physiological functions for Mlc1 protein involves the
regulation of water and ion homeostasis and cell volume control in astrocytes and other glial
cell types [43]. Both osmotic stress and K* channel transport assays did not yield significant
results pertaining to MLC1 functions. Expression of other ion channels and possibly other
regulatory proteins with functions similar to Mlc1 could account for the lack of differences
in ion flux [44]. Micl also regulates chloride channel conductance [45], and it will be
important to determine if tumor cells that lack Mlc1 have defects in this pathway. It will also
be important to identify regulatory pathways that control MCL1 gene expression in GSCs,
since these pathways are likely defective in GBM cell lines. We discovered through analysis
of the cBioPortal database that expression of MLC1 tightly correlates with expression of
ITGB8, which encodes 8 integrin. Integrin avp8 is a receptor for latent TGFps in the ECM
and activates TGF signaling events via Smad transcription factors [46]. Analysis of the
MLC1 promoter sequence reveals conserved Smad-binding elements: tcgggCTCCag for
MLC1 (data not shown). It will be interesting to determine if avp8 integrin-mediated TGFp
activation and signaling via Smads promotes MLC1 gene expression. It is also possible that
integrin-mediated TGFp activation may regulate Mlc1 protein stability at the GSC plasma
membrane.

A central conclusion from this study is that MLC1 is involved in regulating cell shape and
polarity, thus enabling GBM cells to navigate through the complex brain milieu. In
conjunction with Mlcl, other interacting proteins such as GlialCAM are likely involved in
promoting GSC polarity and invasion. In astrocytes, post-translational trafficking of Micl
from the endoplasmic reticulum to the cell membrane is dependent upon interactions with
GlialCAM [47]. MIc1/Glial CAM interact with Aqp4 and Trpv4, both components of the
dystrophin-glycoprotein complex in astrocytes which also includes the intracellular adapter
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proteins a.-dystrobrevin and dystrophin, a/B-dystroglycan transmembrane proteins, and
matrix proteins such as agrin, laminin, and integrin adhesion. receptors [13, 48].
Interestingly, our gene correlation analyses reveal that DTNA, which encodes a-
dystrobrevin, is co-expressed with MLC1. The dystrophin-glycoprotein complex is enriched
at the astrocyte-blood vessel interface [49] and has important but understudied roles in
regulating BBB development and integrity. Functions for Mlc1 and its links to Glial CAM
and the DGC in malignant brain tumors remains largely unknown and will be an important
area of future investigation.

Materials and Methods

Human GBM cells and immunohistochemistry

Approval for the use of human specimens was obtained from the Institutional Review Board
(IRB) at the University of Texas MD Anderson Cancer Center. The IRB waived the
requirement for informed consent for previously collected residual tissues from surgical
procedures stripped of unique patient identifiers according to the Declaration of Helsinki
guidelines. GSC11, GSC13, GSC23, GSC6-27, GSC8-11, and GSC231 cells were cultured
from freshly resected human tumors and have been described elsewhere [20]. GSCs were
grown in DMEM Ham’s F12 50/50 medium with L-glutamine (Corning, 10-090-CV) with
1X B27 supplement (Life Technologies, 17504-044), 20 ng/mL EGF (Biosource,
PHG0313), 20 ng/mL bFGF (Biosource, PHG0021), and 1X Penicillin-Streptomycin
(Gibco, 15140-122). GSCs formed neurosphere-like spheroids /in vitro and were dissociated
using 50 uL Accutase (Sigma, A6964) per 1 x 106 cells. GSCs were made adherent by
withdrawing EGF/FGF from the growth medium and culturing on glass slips coated with
poly-L-ornithine (1:100;Sigma, P4957) and laminin (1:300; Sigma, L2020 ) from
Engelbreth-Holm-Swarm murine sarcoma basement membrane. Genomic validation of
GSCs was performed by DNA short tandem repeat profiling in a CCSG-funded
Characterized Cell Line Core Facility. GSCs were routinely tested for mycoplasma using
commercially available kits (Thermo Fisher), and only those cells deemed mycoplasma-free
were used for experiments.

GSCs were centrifuged at 1000 RPM and pellets were washed with phosphate buffered
saline (PBS) and lysed using either radioimmunoprecipitation assay buffer (RIPA: 50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 1
mM EDTA) or NP-40 for immunoprecipitation (50 mM Tris-HCI pH 8.0, 150 mM NacCl,
1% NP-40) with protease and phosphatase inhibitors (Roche). Protein concentrations were
determined using bicinchonic acid assay (BCA, Thermo Scientific). For western blot
analysis, SDS-PAGE were performed with 10% polyacrylamide gels, transferred to
nitrocellulose membranes (Bio-Rad), blocked using Odyssey blocking buffer (LI-COR), and
incubated with specific primary antibodies diluted in blocking buffer. Secondary antibodies
(IRDye 800CW goat anti-rabbit and IRDye 680RD goat anti-mouse) were purchased from
LI-COR and used at 1:15,000 dilution. Western blots were finally scanned using the
Odyssey CLx infrared imaging system with Image Studio (LI-COR).

Human GBM lysates, tissue sections and normal human brain tissue were acquired from the
Department of Neurosurgery at The University of Texas M.D. Anderson Cancer Center in
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accordance with the IRB as stated previously. For all immunohistochemistry,
permeabilization was performed with 0.1% PBS-Tween, antigen retrieval was performed
using 10 mM Tris-HCI pH 9.0, 1 mM EDTA, and 0.05% Tween-20, and slide sections were
blocked with species-specific serum matching the secondary antibody host (Dako) and
developed using ImMmPACT DAB purchased from Vector (SK-4105). For all
immunofluorescence, slide sections were permeabilized in 0.2% Triton X-100 in PBS,
blocked with 1% BSA in permeabilization buffer, and probed with secondary antibodies
from Jackson ImmunoResearch were used.

Cell invasion assays

Matrigel chambers were purchased from Corning (354480). The upper chamber was seeded
with 5 x 104 GSCs in DMEM Ham’s F12 medium with B27 supplement, EGF, and FGF
(GSC medium). The lower chamber was filled with DMEM Ham’s F12 medium containing
only 10% fetal bovine serum used as a chemoattractant. All media contained 1X Penicillin-
Streptomycin. Cells were incubated at 37°C with 5% CO, for 24 hours. Non-invading cells
were removed by vigorous cotton swabbing. The remaining cells were fixed in 4%
paraformaldehyde and stained with hematoxylin. GSC response to osmotic stress was tested
by growing cells in GSC media containing 60 mM, 120 mM, or 220 mM NaCl where
DMEM Ham’s F12 media were diluted (1:1) using various concentrations of NaCl in sterile
water to adjust the final concentrations . B27 supplement, EGF, and bFGF were added to the
final volume. Neurospheres were grown for 7 days, cells were dissociated, and cell volume
and viability were analyzed using the Beckman Coulter Vi-Cell Auto cell viability analyzer
(n=4 technical replicates, with n=4 biological replicates per sample). K* activity was
measured with the FluxOR Red K* Channel Assay purchased from Invitrogen (F20018).
GSC6-27 cells were plated at a concentration of 2x10° cells/mL on black 96-well plates
coated with poly-L-ornithine and laminin as described above. Cells were loaded with
FluxOR Red reagent for 1 hour at 37°C, stimulated with the thallium-based High K*
Stimulus Buffer for voltage-gated K* channels, according to manufacturer’s protocols, and
read using the Synergy 4 plate reader (BioTek Instruments) with standard TRITC filters.
Multi-channel pipettes were used to dispense all volumes.

Plasmids and lentiviral vectors

Antibodies

GSC6-27 were infected overnight with concentrated pGIPZ lentivirus at a multiplicity of
infection of 1.0. The following clones were used for MLC1 shRNA: V3LHS 320474,
V3LHS_320475, V3LHS_320477, and V2LHS_87221 versus control pGIPZ containing
RFP (GE Dharmacon). HEK293T were transfected with MLC1 ORF using the Precision
LentiORF (pLOC) vector PLOHS_100000173 versus control pLOC (GE Dharmacon). All
HEK?293T were transfected overnight using Lipofectamine 3000 (Thermo Fisher).

A complete list of commercially available primary and secondary antibodies used in this
study is provided in Supplemental Table 2. Rabbit anti-MLC1 antibody used for western blot
(1:500) and immunochemistry (1:100) was purchased from Novus Biologicals (NBP1-
81555). Human-specific goat anti-Vimentin was used for immunohistochemistry (1:40) and
was purchased from R&D (AF2105). Rabbit anti-phosphotyrosine pY 99 was used for
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immunofluorescence (1:50) and was purchased from Santa Cruz (sc-7020). Rabbit anti-
myelin basic protein (MBP) was used for immunofluorescence (1:200) and was purchased
from Abcam (ab40390). Chicken anti-GFP was used for immunofluorescence (1:1000) and
was purchased from Aves (GFP-1020). Mouse anti-Myc antibody was used for
immunoprecipitation (1ug per 2mg lysate) and western blot (1:2000) and was purchased
from Invitrogen (46-0603). Mouse anti-a-Actinin antibody was used for western blot
(1:2000) and was purchased from Abcam (ab18061). Mouse anti-GAPDH was used for
western blot (1:2000) and was purchased from Sigma (G8796).

Xenograft mouse models of GBM

Mouse studies were reviewed and approved prior to experimentation under the guidelines of
the Institutional Animal Care and Use Committee and The University of Texas M.D.
Anderson Subcommittee on Animal Studies, both AAALAC accredited institutions. Male
nude (NCR nu/nu) mice were purchased from Jackson Laboratories and used for all GSC
implantation experiments. Randomization was not used since all mice used were the same
age and sex. Seven-week-old mice were anesthetized and a needle was used to dispense
1.5x10° pGIPZ-infected GSC6-27 cells through an intracranially inserted guide screw.
GSCs expressing control sShRNAs (n=5 mice) and MLC1 shRNAs (n=9 mice) were used for
subsequent analyses. The sample size was selected to ensure power analyses using a = 0.05
and an effect size = 0.4 for comparing the two groups using one-way ANOVA. There was
similar variance between the control NT shRNA and MLC1 shRNA experimental groups.
Mice were euthanized at 15 weeks post-injection, perfused with 4% PFA/PBS and brains
were sectioned for experimental analyses. Animals were excluded from the analysis if death
occurred before 15 weeks post-injection.

Reverse phase protein arrays

Adherent cells were washed twice in ice-cold PBS, then lysed in RIPA buffer or RPPA lysis
buffer containing 1% Triton X-100, 50 mM Hepes pH 7.4, 150 mM NaCl, 1.5 mM MgCl,, 1
mM EGTA, 100 mM NaF, 10 mM sodium pyruvate, 1 mM NazVOy, 10% glycerol, and a
cocktail of protease and phosphatase inhibitors (Roche Diagnostics, Mannheim, Germany )
for 20 to 30 minutes with frequent mixing on ice, then were centrifuged at 14,000 RPM at
4°C for 15 minutes to isolate the detergent-soluble protein supernatant. The protein
concentration was determined using the BCA Assay (or Bradford), the optimal protein
concentration of lysates for RPPA is about 1.2 pug/ul (1.2 mg/ml). Lysates were denatured in
4 x SDS/2-ME sample buffer (35% glycerol, 8% SDS, 0.25 M Tris-HCI, pH 6.8; (no -
mercaptoethanol) for 5 minutes at 95°C. Lysates were stored at —80°C and subsequently
analyzed in the RPPA core facility at MD Anderson Cancer Center. Samples were serially
diluted and probed with 447 antibodies and arrayed on nitrocellulose-coated slides. Relative
protein levels were normalized for protein loading and determined by interpolation of each
dilution curve from the standard curve. Normalized data points were transformed to a linear
value used for analysis.

Quantitation and statistical analysis

Brain sections were imaged using Olympus 1X81 FLUOVIEW FV1000 confocal laser
scanning microscope. Zeiss Axiolmager Z1 fluorescence microscope was used for cell
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immunofluorescence , and bright field microscopy was performed using the Zeiss AxioVert
200 camera (Carl Zeiss Microscopy). Photoshop (Adobe) was used for image compilation.
Graphical representation of data and all statistical analyses was performed using GraphPad
Prism. Data were presented as mean with standard deviation unless otherwise noted.
Differences between groups were analyzed using two-way analysis of variance (ANOVA)
with Bonferroni post-hoc test and with the following denotations for statistical significance:
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Brain tumor sections from NT shRNA and
MLC1 shRNA groups were de-identified prior to analysis and the investigators were blinded
to the sample identities.

Dissociated cells were counted using a hemocytometer and non-viable cells were excluded
from cell number quantitation. ImageJ (NIH.gov), was used for quantifying neurosphere size
by measuring the diameter of individual neurospheres. Leading edges and cell shapes were
traced manually, and cell circularity was calculated by the following equation: circularity =
4me(area/perimeter)2. Anti-GFP and anti-phosphotyrosine signals were also calculated in
ImageJ by converting color images to single channels and quantifying signal intensity
normalized to background intensity. Cell volume in response to osmotic stress was
quantified by Beckman Coulter Vi-Cell Auto. Matrigel invasion was calculated by counting
the total number of cells that invaded through Matrigel pores to the opposite side of the well
in a bright field microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. MLC1isexpressed in primary human GSCs.
(A); Detergent-soluble lysates from six different primary human GSC spheroid cultures

were immunoblotted with anti-Mlc1 antibodies. Note the robust expression of Mlc1 protein
in four of the GSC samples. (B); Immunoblotting detergent-soluble lysates from six
different human GBM cell lines reveals lack of detectable Mlc1 protein expression. As
positive controls (+ controls) for these immunoblots, lysates from transfected HEK-293T
cells expressing exogenous Mlcl protein were used. (C); Quantitation of MLC1 mRNA
levels reveals enrichment in human GSCs versus several established human GBM cell lines.
These data were mined from the cBioPortal genomic database. The z-score for MLC1
MRNA levels was 1.2 standard deviations greater in the classical GBM subtype versus non-
cancerous brain tissue samples, ***p<0.001. (D); MLCL1 expression is enriched in the
classical GBM sub-type, as determined by analysis of mMRNA levels in the TCGA database,
*p<0.05. Differences between groups were analyzed using two-way analysis of variance
(ANOVA) with Bonferroni post-hoc test. (E); Analysis of the cBioPortal genomic database
reveals that expression of MLC1 mRNA is most correlative with HEPACAM/GLIALCAM
expression in human tumor specimens. Several other genes also show coincident expression,
including ITGB8 which like MLC1 is a molecular marker for the classical GBM sub-type.
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Figure 2. ML C1 promotes GSC spheroid formation in vitro.

(A); pGIPZ lentivirus-expressed shRNAs were tested for MLC1 (n=3) gene silencing in
infected GSC6-27 cells. All three MLC1 shRNAs silenced gene expression by >90% as
determined by anti-Mlc1 immunoblotting. As negative controls for these experiments we
used GSC6-27 cells infected with pGIPZ lentivirus expressing non-targeting (NT) sShRNAs.
(B); GSC6-27 cells infected with control pGIPZ lentivirus formed neurosphere-like
spheroids that were significantly larger than spheroids formed from cells expressing MLC1
shRNAs. (C); At 72 hours post-lentivirus infection, GSC6-27 cells expressing MLC1
shRNAs showed a significant reduction in total cell number in comparison to GSC6-27 cells
expressing control shRNAs, ***p<0.001. (D); Single cell suspensions were allowed to form
spheroids over 7 days. The cross-sectional area of newly formed spheroids was recorded
each day, revealing MLC1-dependent defects in spheroid sizes, *p<0.05 and ***p<0.001.
Differences between groups were analyzed using two-way ANOVA with Bonferroni post-
hoc test. (E); The cross-sectional areas of spheroids were recorded daily for 8 consecutive
days. GSC6-27 cells expressing MLC1 shRNAs formed spheroids that were significantly
smaller in comparison to GSC6-27 cells expressing control non-targeting (NT) sShRNAs.
The percentages of total spheroids with measured cross-sectional areas (grouped as <10
pm2, 10-20 um2, or >20 um?). are shown on the y-axes. The days (1-8) on which the sphere
cross-sectional areas were measured are indicated on the x-axis.
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Figure 3. ML C1 promotes GSC polarity and invasion in vitro.
(A); GSC6-27 cells expressing MLC1 shRNAs showed diminished invasion through the

Matrigel-coated transwells as compared to control pGIPZ-infected cells, *p<0.05. (B);
MLC1 regulates the polarity and mesenchymal-like features of cells that have invaded
through the Matrigel-coated transwells as determined by analyzing cell shapes, ***p<0.001.
Differences between groups (in A, B) were analyzed using two-way ANOVA with
Bonferroni post-hoc test. (C); The outlines of hematoxylin-stained GSC6-27 cells
expressing non-targeting sShRNAs or MLC1 shRNAs that invaded through the Matrigel-
coated transwell were traced. Note that GSC6-27 cells expressing MLC1 shRNAs were
more epithelial-like, whereas GSC6-27 cells expressing control ShRNAs were more
elongated and displayed mesenchymal-like shapes. Representative GSC6-27 cell tracings
are show in the images on the right. (D); Expression of various proteins with links to cell
polarity and the epithelial to mesenchymal transition were analyzed in GSC6-27 cells
expressing NT shRNAs or MLC1 shRNAs by immunoblotting detergent-soluble lysates.
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Figure 4. RPPA analysis of ML C1-regulated signaling pathwaysin GSCs.
(A); Strategy to identify MLC1-dependent changes in protein expression or phosphorylation

in cancer cells using RPPA, a high-throughput antibody platform. (B); Bar graph
summarizing select proteins that show statistically significant differences in expression
and/or phosphorylation in GBM cells expressing MLC1 shRNAs versus control cells. Shown
are the top 15 proteins displaying reduced (green) or elevated (red) expression and/or
phosphorylation in MLC1 shRNA cells versus NT shRNA cells. (C); Immunoblots of
detergent-soluble lysates from GSC6-27 cells expressing MLC1 shRNASs versus control NT
shRNAs reveals differential expression and/or phosphorylation of select proteins identified
by RPPA.
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Figure5. ML C1 promotes GSC invasive growth in the brain microenvironment
(A-D); Coronal sections through the striatum of mice harboring tumors formed from GSC6-

27 cells expressing control non-targeting (NT) shRNAs (A, B) or MLC1 shRNAs (C, D)
were immunofluorescently labeled with anti-GFP antibodies to identify GBM cells. Shown
are images of the injected left hemisphere (A, C) and the non-injected right hemisphere (B,
D). Note that tumors derived from GSC6-27 cells expressing non-targeting shRNAs showed
cell invasion from the injection site (A) into the opposite hemisphere (B). In contrast,
GSC6-27 cells expressing MLC1 shRNAs formed tumors (C) but were defective in invasion
to the opposing hemisphere (D). (E); Quantitative results showing that MLC1 expression is
required for the ability of GSC6-27 cells to invade from the injected striatum (L) to the
opposite brain hemisphere (R), *p<0.05. (F, G); Invasive GBM cells (green) traversed across
myelin basic protein (MBP)-positive white matter tracts (red) that comprise the corpus
callosum. Note that GSC6-27 cells expressing control ShRNAs (F) showed robust invasion
in the corpus callosum, whereas GBM cells expressing MLC1 shRNAs (G) showed
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diminished invasion through the corpus callosum. (H); Quantitation of GSC6-27 cell
invasion in the corpus callosum, revealing MLC1-dependent defects in white matter invasion
in comparison to GSC6-27 cells expressing control shRNAs, ***p<0.001. Differences
between NT shRNA and MLC1 shRNA groups were analyzed using two-way ANOVA with
Bonferroni post-hoc test.
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Figure 6. Analysis of MIcl protein expression in human GBM tissue samples.
(A-D); Analysis of four different fixed human GBM tissue sections by anti-Mlc1

immunohistochemistry showed that Mlc1 protein was expressed in GBM cells throughout
the tumor. Note that there is some enriched expression of Mlc1 protein mainly at contact
points with cerebral blood vessels. Scale bars, 30 um. (E); A panel of detergent-soluble
lysates from human GBM tissues (n=11) were analyzed by anti-Mlc1 immunoblotting. Note
that many GBM samples express Mlc1 protein. The control lane contains a sample of non-
cancerous human brain tissue lysate. (F); Quantitation of Mlc1 protein expression in GBM
tissue lysates based on densitometry analysis of the immunoblot data in (E), normalized to
the a-actinin loading control.
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Figure 7. Analysis of MIcl protein expression in primary and recurrent human GBM samples.
(A-J); Anti-Mlc1 immunohistochemical staining of matched primary (A, C, E, G, I) and

recurrent (B, D, F, H, J) GBM tissue samples resected from five different patients. Primary
tumors were resected prior to therapy, whereas tumor that recurred were resected after
standard chemotherapy and radiation. Note that Mlc1 protein is expressed in cancer cells in
all 5 primary GBM samples and expression levels are maintained or elevated in matched
recurrent GBM samples. These results support important roles for Mlcl in invasive GSCs,
which escape surgical resection and generate recurrent lesions after chemoradiation. Scale
bars, 50 pm.
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Figure 8. A modd for Mlcl control of GBM cell polarity and invasive growth in the brain
microenvironment.

Mlc1 protein is expressed in GBM cells, where it regulates contact and communication with
stromal components in the brain microenvironment to activate pro-invasive signaling
pathways. Mlc1-dependent regulation of Axl at the cell surface and its various intracellular
signaling proteins drive invasion. Inhibiting Mlc1 functions in GBM cells leads to impaired
cell polarity and diminished invasive growth. We propose that Mlc1 interacts with other cell
surface proteins including GlialCAM, Aqp4, Trp4, and components of the DGC to modulate
the microenvironment and activate signaling pathways that promote GSC invasion.
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