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Background. Mechanisms of glioma invasion remain to
be fully elucidated. Glioma cells within glioblastoma mul-
tiforme (GBM) range from well-differentiated tumor
cells to less-differentiated brain tumor-initiating cells
(BTICs). The B2-subunit of Na*/K*-ATPase, called the
adhesion molecule on glia (AMOG), is highly expressed
in normal glia but is thought to be universally downregu-
lated in GBM. To test our hypothesis that expression of
AMOG is heterogeneous in GBM and confers a less
invasive phenotype, we compared it between BTICs
and differentiated cells from patient-matched GBM
and then tested GBM invasion in vitro after AMOG
overexpression.

Methods. Immunohistochemistry, immunoblotting, and
real-time PCR were used to characterize AMOG protein
and mRNA expression in tumor samples, BTICs, and dif-
ferentiated cells. Matrigel invasion assay, scratch assay,
and direct cell counting were used for testing in vitro inva-
sion, migration, and proliferation, respectively.

Results. While AMOG expression is heterogeneousin as-
trocytomas of grades II-1V, it is lost in most GBM. BTICs
express higher levels of AMOG mRNA and protein com-
pared with patient-matched differentiated tumor cells.
Overexpression of AMOG decreased GBM cell and
BTIC invasion without affecting migration or prolifera-
tion. Knockdown of AMOG expression in normal
human astrocytes increased invasion.
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Conclusions. AMOG expression inhibits GBM invasion.
Its downregulation increases invasion in glial cells and
may also represent an important step in BTIC differentia-
tion. These data provide compelling evidence implicating
the role of AMOG in glioma invasion and provide
impetus for further investigation.
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Organization [WHO] grades II-1V) are charac-

terized by their potential to widely penetrate the
normal brain parenchyma.! Glioblastoma multiforme
(GBM) is the highest-grade astrocytoma, and its patterns
of dissemination have been directly linked to survival,
where widespread dissemination is thought to give rise
to more aggressive phenotypes.” Increasing evidence sug-
gests that all GBM tumors consist of heterogeneous
populations of tumor cells in varied differentiation
status,” including well-differentiated tumor cells and less-
differentiated stem cells. The less-differentiated stem cells
from tumors are characterized by their expression of
neural stem cell markers, such as CD133,* nestin,” and
Sox2 (sex determining region Y-box 2).° Functionally,
these glioblastoma stem cells have been defined by their
potent capacity for developing tumors when implanted
in animals, as well as their ability to give rise to both
stem cells and well-differentiated tumor cells.*”~'3
Thus, the less-differentiated tumor stem cells have also
been called brain tumor-initiating cells (BTICs).* In addi-
tion to their enhanced self-renewal and cell differentiation
potential, BTICs have been shown to have increased resis-
tance to chemo- and radiotherapy.*” =" Therefore, they
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have been identified as potentially important targets of
GBM therapy.

While increasing evidence suggests that they playa role
in glioma pathogenesis, very little evidence exists to date
characterizing the invasive potential of BTICs. Limited
evidence, based primarily on in vitro experiments, initial-
ly suggested that BTICs might be more invasive than dif-
ferentiated glioma cells.'*~'® However, the mechanism
of the elevated invasive potential of BTICs has not been
clearly delineated. Conversely, there is also evidence
that cancer stem cells are not always invasive, depending
on their phenotype, which further complicates our under-
standing of cancer stem cell biology.'”

Recent research suggests that gliomas utilize ion chan-
nels, including Na* /K™ -ATPase, to support their unusual
growth and invasion by adjusting their shape and volume
rapidly as they invade the brain parenchyma.'® The
various isoforms of the B-subunit of Na*/K*-ATPase
have been shown to act in regulating cellular adhesion,
particularly in the context of cancer progression.'” !
The B2 isoform, also known as the adhesion molecule
on glia (AMOG), is a heavily glycosylated protein that
plays a role in cellular adhesion in the CNS.>%%? It is dif-
fusely expressed in the gray matter but is expressed in
only perivascular astrocytes in the white matter.”*
Although AMOG is highly expressed in the normal
adult CNS, evidence suggests that it may be downregu-
lated in GBM.** However, given the heterogeneity that
exists among GBM tumors, it is not known whether this
is universally true of GBM. Initial functional data charac-
terizing AMOG suggest that it plays an active role in cel-
lular adhesion and migration in the normal CNS.***¢
While loss of AMOG has been implicated in glioma inva-
sion and migration, currently there are no data character-
izing its function in invasion and migration specifically in
human glioma cells.

To further our understanding of the role of AMOG in
GBM and particularly in BTICs in the context of glioma
migration and invasion, we specifically investigated (i)
whether AMOG protein expression correlated with
glioma grade, (ii) whether AMOG is globally downregu-
lated in GBM, (iii) whether AMOG is differentially ex-
pressed in BTICs compared with differentiated GBM
cells from patient-matched tumor tissues, (iv) whether
overexpression of AMOG in low-expressing GBM cells
decreases invasion and affects migration or proliferation,
(v) whether AMOG knockdown increases invasion of
normal glial cells, and (vi) whether downregulation of
AMOG in GBM is associated with worse clinical
outcome.

Methods

Preparation of Tumor Homogenates

Frozen GBM samples weighing ~200-400 mg were
thawed in 1 mL of tissue homogenization buffer and ho-
mogenized in a mechanical tissue grinder at 1300 rpm
on ice (4°C). The homogenized mixture was centrifuged
at 800 g for 15 min at 4°C. The supernatant was saved
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as raw homogenates, and the protein concentration was
normalized using a standard bicinchoninic acid (BCA)
assay.

Cell Lines and Cell Culture Techniques

Established cell lines (U251, G55, and U87) were grown
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 5% penicillin—streptomycin (100 units/
mL penicillin and 100 pg/mL streptomycin).

Non-BTIC differentiated primary GBM cultures were
established from pathologically confirmed fresh GBM
tissue taken from surgical specimens (A.T.P., M.S.B.).
Fresh tissue was minced, and cells were collected with
Roswell Park Memorial Institute (RPMI)-1640 media
supplemented with 10% heat-inactivated FBS, 5% peni-
cillin-streptomycin, 5% nonessential amino acids, and
5% sodium pyruvate. To this mixture 1 mg/mL of colla-
genase IV was added and then incubated at 37°C for
1-2 h. Twenty-five milliliters of supplemented RPMI-
1640 media (as noted) was added to quench collagenase
activity, and the mixture was then centrifuged at
1500 rpm for 8 min. The supernatant was discarded,
and the cell pellet was resuspended in 70% Percoll solu-
tion (Sigma). Subsequently, 30% Percoll solution was
slowly layered on top to allow tumor cells to segregate
to the top of the solution. The mixture was then spun at
1600 rpm for 20 min with no brake. The 30% Percoll sol-
ution layer was then removed and placed in supplemented
RPMI-1640 media and centrifuged at 1500 rpm for
8 min. The supernatant was discarded, and the pellet
was resuspended in supplemented RPMI-1640 media
with 25% FBS, plated in a flask, and kept in an incubator
at 37°Cand 5% CO,.

BTIC cell cultures were established from pathological-
ly confirmed fresh GBM tissue using a previously pub-
lished protocol as described by Pollard et al.>” Briefly,
fresh tissue was minced, enzymatically dissociated by
papain, and passed through a series of cell strainers
(70 wm and 40 wm). Subsequently, BTICs were cultured
and expanded using Neurocult NS-A serum-free media
(Stem Cell Technologies) with N2 supplement, B27
without vitamin A, epidermal growth factor (20 ng/
mL), and fibroblast growth factor 2 (20 ng/mL).

Normal human astrocytes were obtained from
ScienCell (#1800) and cultured in ScienCell normal
human astrocyte media (#1801) in the presence of low
concentration of FBS (2%) and astrocyte growth supple-
ment (1%) (#1852).

After cells were grown to near confluence while media
were replaced every 3-35 days, cultures were split 1:3 to
1:5. After 3—4 passages, cells were tested for the presence
of stem cell markers, nestin, and Sox2 by immunoblotting.

Immunohistochemistry of Tissue Array

All tissue samples were obtained as de-identified speci-
mens through the Brain Tumor Research Center in accor-
dance with the ethical guidelines of the University of
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California, San Francisco (UCSF), and with appropriate
approvals from the committee on human research. Core
tissue samples from each tumor were fixed on tissue
array slides containing 30 samples and stained immuno-
histochemically with an AMOG antibody (1:1000;
Santa Cruz Biotechnology) as described previously.”*
As a control, some sections on the same slide were incu-
bated with nonimmune rabbit immunoglobulin (Ig) G at
identical concentrations. Normal human cortex was
used as a positive AMOG control. The scoring of staining
was performed by a neuropathologist (].]J.P.) indepen-
dently. Each sample was assigned an AMOG positivity
score of 4+, ++, or +++, corresponding to 0% -25%,
26%-75%, or 76 % —100%, respectively, of tumor cells
staining positive. Mutation status of isocitrate dehydroge-
nase 1 (IDH1®32H) was assessed using IDH1 (R132H)
immunohistochemistry (H09, Dianova).

Immunoblotting

Cells were lysed in lysis buffer (20 mmol/L Tris-HCI
[pH 7.6], 150 mmol/L NaCl, 1 mmol/L Na,EDTA,
1 mmol/L ethylene glycol tetraacetic acid, 1% Triton,
2.5 mmol/L sodium pyrophosphate, 1 mmol/L beta-
glycerophosphate, 1 mmol/L Na;VO, [sodium orthova-
nadate], 1 mg/mL leupeptin, PhosSTOP phosphatase in-
hibitor cocktail [Roche], Complete protease inhibitor
cocktail [Roche], and 0.1 mmol/L phenylmethylsulfonyl
fluoride). Insoluble material was removed by centrifuga-
tion at 14 000 rpm for 20 min. Loading concentrations
were then normalized to bovine serum albumin
(BSA) standards using the BCA protein assay (Thermo
Scientific). Five milligrams of protein samples were
heated to 90°C in 5X sodium dodecyl sulfate (SDS)
sample buffer (10% SDS, 1% b-mercaptoethanol, 20%
glycerol, 0.2 mol /L Tris [pH 6.8],and 0.05 % bromophe-
nol blue) for 10 min and electrophoresed through 4% —
20% Tris-glycine gels (Invitrogen), and resolved proteins
were transferred to Immun-Blot polyvinylidene difluoride
membranes (BioRad). Membranes were blocked with
5% milk and 3% BSA dissolved in Tris-buffered saline
(TBS) containing 0.05% Tween-20 and then incubated
with mouse anti-AMOG primary antibody (Santa Cruz
Biotechnology) diluted 1:500 in 5% milk and 3% BSA dis-
solved in TBS containing 0.05% Tween-20 overnight at
4°C. After washing, membranes were incubated for 1 h at
room temperature with horseradish peroxidase-conjugated
goat anti-mouse antibody (Santa Cruz Biotechnology).
Blots were developed with Amersham ECL (electrochemi-
luminescence) Immunoblotting Detection reagent (GE
Healthcare).

Immunocytochemistry

Cells were plated on 20 x 20-mm glass coverslips at
2.5 x 10’ cells per coverslip. When cells reached 75% —
80% confluence, they were fixed in 4% paraformalde-
hyde for 15 min then washed 3 times in 10% FBS in phos-
phate buffered saline (PBS). Cells stained for intracellular
markers (a-tubulin monoclonal from Cell Signaling and
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nestin monoclonal from Abcam) were permeabilized in
0.5% Triton X-100 (Sigma Aldrich) in 10% FBS-PBS
for 10 min at 4°C then washed 3 times. Cells were
blocked for 1 hin 10% FBS-PBS + 0.1% Triton for intra-
cellular staining. Extracellular staining with anti-AMOG
primary antibody (Santa Cruz Biotechnology) was per-
formed for 1 h at room temperature at a concentration
of 1:50 in 10% FBS-PBS without Triton. Cells were
washed 3 times for 10 min each then stained with
secondary antibody conjugated to Alexa Fluor 488 at a
concentration of 1:50. Cells were washed to remove
unbound secondary antibody then mounted with 4/,6'-
diamidino-2-phenylindole (DAPI; Vectashield HardSet
Mounting Medium, Vector Labs). Slides were imaged
using a Zeiss Axiovert 100 confocal microscope.

Quantification of mRNA Transcript

RNA was extracted using the RNeasy Mini Kit (Qiagen)
and reverse transcribed using a Superscript III kit
(Invitrogen) according to the manufacturer’s protocol.
Quantification via quantitative PCR was performed using
Power SYBR Green Master Mix (Applied Biosystems) ac-
cording to the manufacturer’s protocols. The following
primers were used: AMOG (5'-GTGGTT-GAGGAG-
TGGAAG-GA/GGAGAC-AGTCTG-CAGCAT-CA-3)
and hypoxanthine-guanine phosphoribosyltransferase
(HPRT) (5'-ATGCTG-AGGATT-TGGAAA-G/CTCCCA-
TCTCCT-TCATCA-CA-3'). Using the standard practice,
we reported the measured mRNA quantity as fold change
over each respective cell line’s mRNA levels of HPRT, a
housekeeping gene used as a control to normalize mRNA
amount used across different samples.

In vitro AMOG QOverexpression in GBM Cultures

An established GBM cell line (U87) and a BTIC culture,
identified to have minimal AMOG expression, were
cultured under normal conditions in 6-well plates.
When the cells were 70%-80% confluent, either the
pcDNA3.myc.AMOG (overexpression plasmid) or the
pcDNA3.myc vector (control plasmid) was transfected
into the cells using FuGENE 6 Transfection Reagent
(9 pL/mL). A FuGENE 6 Transfection Reagent:DNA
ratio of 3:1 was used according to the manufacturer’s
protocol. The pcDNA3.myc.AMOG and the pcDNA3.
myc vectors were courtesy of Dr David Gutmann
(Washington University).

In vitro AMOG Knockdown With Short Hairpin
RNA in Normal Human Astrocytes

Low passage normal human astrocytes were cultured in
6-well plates. When the cells were 70% —80% confluent,
lentiviral short hairpin (sh)RNA constructs (pLKO.1
shRNA constructs for AMOG [ATP1B2] from Open
BioSystems and packaged by UCSF ViraCore) were
added to cells in the presence of 8 wg/mL polybrene
(Millipore) for 24 h. Cells were split into 10-cm petri
dishes and selected with 0.3 pg/mL puromycin 48 h



after infection. Invasion assay and immunoblotting con-
firmation of AMOG knockdown were confirmed after
14 days of puromycin selection.

In vitro Matrigel Invasion Assay

GBM cells cultured under normal conditions were resus-
pended in DMEM and loaded into a transwell Matrigel
invasion chamber (BD Biosciences) 48 h after transfec-
tion. Normal human astrocytes with AMOG knockdown
using shRNA were assayed 16 days after infection and 14
days of antibiotic selection. Cells were allowed to migrate
toward 10% FBS in normal media. This was performed in
triplicate for each condition. After 24 h the chambers
were washed with PBS, and the nonmigratory cells were
scraped off using a cotton swab. Matrigel containing the
invading cells was fixed using 4% paraformaldehyde for
15 min, washed with PBS, stained with 0.05% crystal
violet for 15 min, and washed again with PBS before
being allowed to dry. Invading cells were visualized
under light microscopy at 10 x, and at least 3 representa-
tive fields per Matrigel were assessed for cell count in
order to determine the invasive index for the 2 conditions.
AMOG overexpression was verified using immunoblot-
ting of the same cells grown separately and collected for
lysates at the time corresponding to the end of the 24-h in-
vasion assay. Invasion index was calculated by normaliz-
ing the number of cells that invaded through the Matrigel
in each condition to that of the control of each cell line
(in paired comparisons), so that the baseline invasion of
each cell line had an invasion index of 1. In multiple com-
parisons, the invasion index was normalized to that of the
least invasive cell line.

In vitro Scratch Assay for GBM Migration

Adherent cell cultures were grown to near confluence and
scratched using a stretched glass pipette, creating a
uniform gap roughly 0.5 mm in width. The scratch tech-
nique has been described previously.”® After the scratch,
fresh media were added, and cells were returned to incu-
bation with time-lapse imaging every 12 min for 24 h.
The amount of time for the cells to close the gap was
noted, and the corresponding gap width was measured.
Finally, velocity of migration was calculated. This was
performed in triplicate for both cells transfected with
control and AMOG constructs.

In vitro Proliferation Assay

Equal numbers of control and AMOG-overexpressing
cells (~200 000 cells) were plated in 6-well plates 48 h
after transfection. At every 24 h after plating, cells were
trypsinized, resuspended in 1 mL media, diluted 1:10 in
trypan blue, and counted with a hemocytometer. The
actual cell number was then calculated based on the he-
mocytometer count.
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Survival Analysis Using The Cancer Genome Atlas Data

Kaplan—Meier analysis of overall survival based on dif-
ferential AMOG expression of The Cancer Genome
Atlas (TCGA) database was performed through the data
portal and analytic tools available on the TCGA
website. The group with intermediate AMOG expression
(from 2-fold upregulated to 6-fold downregulated) was
compared with a group with 6-fold or more downregu-
lated AMOG expression. The intermediate group con-
tained 175 patients, and the downregulated group
contained 5 patients. Bonferroni correction for multiple
hypothesis testing (5 x ) was applied, and thus, statistical
significance was defined as P =.05/5=.01. Analysis
was performed in February 2012.

Results

The Loss of AMOG Expression Is Heterogeneous
in Different Grades of Glioma

Given previous evidence suggesting that AMOG mRNA
expression inversely correlated with glioma grade, we
characterized AMOG protein expression in different
grades of human glioma to assess whether such a relation-
ship also existed at the protein level. Immunoblotting data
showed that while AMOG was generally downregulated in
GBM compared with anaplastic astrocytomas, grade 1I
astrocytomas, and normal human brain cortex (NHB),
one GBM sample had high expression of AMOG compara-
ble to that of NHB (Fig. 1A).

To further test whether AMOG protein expression
correlated with glioma grade in tumor tissues and
whether AMOG was globally downregulated in GBM,
we immunohistochemically stained paraffin-embedded
glioma tissue arrays consisting of 59 GBM tumors, 9
grade Il anaplastic astrocytomas, and 8 grade II astrocy-
tomas (Fig. 1B and C and Table 1). Using NHB as a pos-
itive control and white matter as negative control, we
quantified AMOG expression based on the number of
glioma cells that stained positive for AMOG (Fig. 1C).
There was a trend toward decreased AMOG expression
in GBM compared with lower-grade glioma specimens,
but this did not reach significance (P =.257). Overall,
our immunohistochemistry data showed that even
though the majority of GBM samples had significant
loss of AMOG expression, the expression of AMOG in
GBM was heterogeneous among different tumors as
well as among individual tumor cells within each tumor
(Fig. 1C).

Because previous studies showed that AMOG
mRNA was differentially expressed in primary and
secondary GBM, we tested whether AMOG protein
expression differed based on IDH1 mutation status.
Immunohistochemical staining of the GBM tumor
arrays for the IDH1 R132H variant showed that while
the majority of grade II and III gliomas were mutants,
most GBM tumors were IDH1 wild type, both as expected
(Fig. 1D). We found that overall there was no difference in
AMOG positivity between IDH1 wild-type and mutant
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Fig. 1. AMOG expressionis variably downregulated in gliomas. (A) Immunoblotting evaluation of AMOG expressionin 4 GBM samples, 2 WHO
grade Il anaplastic astrocytomas, 2 WHO grade Il gliomas, and normal human brain cortex (NHB). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a loading control. (B) Immunohistochemical evaluation of AMOG expression in different grades of gliomas (astrocytomas)
in tissue arrays containing 59 GBM samples, 9 grade |1l anaplastic astrocytomas, and 8 grade Il astrocytomas. NHB was used as a positive control,
and white matter was used as a negative control (shown in right column). AMOG positivity is defined by categorizing the percentage of tumor
cells that stain positive for AMOG into 3 categories (representative picturesin the left column): + for0%-25%, ++ for26%-75%, and +++
for 76%-100%. Scale bar: 100 um. (C) Quantification of AMOG positivity in glioma tissue array samples in part B. The bars represent the
number of tumor samples that fall into each staining category for each tumor grade. (D) Quantification of IDH1 wild types and mutants in
the glioma tissue array. As expected, more IDH1 mutants were found in grades Il and I1I, while more IDH1 wild types were in grade IV.

Table 1. AMOG is heterogeneously expressed in gliomas

AMOG Positivity
Tumor grade + ++ +++
Grade Il 4 2 2
Grade Ill 3 3 3
Grade IV 35 16 8

Immunohistochemical evaluation of AMOG expression in different
grades of gliomas (astrocytomas) in tissue arrays containing 59
GBM, 9 grade Il anaplastic astrocytomas, and 8 grade Il
astrocytomas. The normal human brain cortex was used as a
positive control, and the white matter was used as a negative
control. AMOG positivity is defined by categorizing the percentage
of tumor cells that stain positive for AMOG into 3 categories: + for
0%-25%, ++ for 26%-75%, and +++ for 76%-100%. The
numbers of samples corresponding to 1 of the 3 categories of
staining are recorded in this table for each grade of glioma.

samples in each glioma grade (Table 2). Among GBM
samples, AMOG positivity was low in the majority of
both IDH1 wild types and mutants (Table 2). Overall,
our data suggest that IDH1 mutation status and AMOG
expression are not significantly associated.
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BTICs Overexpress AMOG Compared With
Differentiated GBM Cells

Given our immunohistochemistry data showing that
AMOG was variably expressed in different GBM
tumors as well as in individual tumor cells within each
tumor sample, we hypothesized that AMOG expression
may be different in BTICs compared with more differen-
tiated glioma cells in GBM. We therefore investigated
whether BTICs differentially expressed AMOG com-
pared with non-BTIC GBM cultures. We first established
both BTIC and differentiated primary glioma cultures
from surgically resected GBM tumors as described in
the Methods section. All of our BTIC monolayer cultures
were capable of forming neurospheres when cultured in
the absence of laminin-coated substrate (Fig. 2B). The tu-
morigenicity of these cultured BTICs was also confirmed
by injecting these cells into the brains of athymic nude
mice to demonstrate that they were capable of forming
brain tumors (data not shown). Additionally, our BTICs
highly expressed 2 well-known stem cell markers nestin
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Table 2. AMOG expression does not differ by IDH1 mutation and Sox2, whereas our differentiated cultures did not
status (Fig. 2A and D).

To analyze the expression levels of AMOG in

AMOG IDH1 Mutation Status Glioma BTICs compared with differentiated tumor cell cultures

Positivity (total n) Grade P derived from GBM, we first prepared cell lysates from

Wild type (2) Mutant (5) Grade Il 10 differentiated cultures, which included 3 established

+ 50% 60% P = 333* glioma cell lines (U251, G55, and U87) and 7 primary

++ 0% 40% GBM cultures. The expression levels of AMOG in these

bt 50% 0% differentiated cultures were compared with the levels in

wild type (2) Mutant(7)  Grade lll 3 BTIC cultures using normal human astrocytes and

NHB as positive controls (Fig. 2A). We detected strong

+ 0% 43% p= .25 b s (F] '
o o positive AMOG expression in a BTIC culture but not in
++ 0% 43% . .
ey ey e any differentiated GBM culture.
'Ido ° d To assess the true relative AMOG expression in BTIC
Wild type (43) Mutant (15)  Grade IV and differentiated glioma cells, we needed to compare
+ 53% 73% P= 356 BTICs and glioma cells from the same tumor in order to
++ 33% 13% control for the inherent heterogeneity present in GBM
+++ 14% 13% samples that could give rise to high AMOG expression
*Fisher's exact test. due to random variation. We therefore established
AMOG positivity of tumor samples from each grade was compared patient-matched BTIC and differentiated cultures from
between IDH1 wild types and mutants. The percentages of samples primary GBM in order to determine the specificity of
that fall into each category of staining are shown. No differences high AMOG expression in BTICs (Fig. 2C and D)
were found in grades l1-1V. & Xp ! 18- :

Using real-time PCR, we first measured the AMOG
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Fig. 2. BTICs overexpress AMOG compared with differentiated glioma cells. (A) Protein expressions of AMOG in normal human brain cortex
(NHB), normal human astrocytes (NHA), 3 established GBM cell lines (U251, G55, U87), 7 primary differentiated GBM cultures, and 3 BTIC
cultures were assessed by immunoblotting. Nestin expression was assessed to confirm the stemness of BTIC culture. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as a loading control. (B) GBM stem cells cultured in monolayer are capable of forming
neurospheres in the absence of laminin substrate. (C) AMOG mRNA expression was quantified in 4 pairs of patient-matched BTIC and
differentiated GBM cultures. AMOG mRNA levels are normalized and are expressed as fold increase over HPRT mRNA levels for each
sample. The comparisons are made within each pair of cultures. (*P <.01; **P < .001). (D) AMOG protein expression was assessed by
immunoblotting for 5 pairs of patient-matched BTIC and non-BTIC cultures (inclusive of the 4 pairs in Fig. 2C: patients 1-4). Nestin and
Sox2 expressions were assessed to confirm the stemness of BTIC culture. GAPDH was used as a loading control. (E) Representative
immunocytochemical staining of AMOG and nestin staining of patient-matched BTIC and differentiated primary GBM cultures. Positive
control: a-tubulin; negative control: nonspecific 1gG.
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mRNA transcript levels in patient-matched BTIC and
differentiated cultures from 4 primary GBM tumors
(patients 1-4; Fig. 2C). There was a dramatic increase
in AMOG mRNA transcript in each patient-matched
BTIC (P < .01), and 3 of the 4 BTICs had a >100-fold
increase compared with their respective differentiated
GBM cultures (P < .001). Next, we investigated whether
AMOG protein expression was elevated in patient-
matched BTICs. Comparing the same 4 primary GBM
tumors (patients 1-4) along with 1 more GBM sample
(patient 5), we observed increased AMOG expression in
3 of the 5 BTIC cultures but not in any of the matching
non-BTIC cultures (Fig. 2D). All BTIC cultures expressed
nestin and Sox2, while differentiated GBM cells did not
(Fig. 2D). Thus, among our patient-matched GBM cell
cultures, only BTICs highly expressed AMOG protein.
We also performed immunocytochemistry to visually
confirm the expression of AMOG on the cell surface
(Fig. 2E). As expected, BTICs had strong staining of
AMOG and nestin, whereas primary cultures did not.
Overall, our results suggested that BTICs had higher
AMOG mRNA expression even when such difference in
protein expression was not detectable through immuno-
blotting.

Interestingly, the 2 BTICs (from patients 1 and 3) with
a >1000-fold increase in mRNA transcript level were the
only 2 BTICs from among patients 1-4 that exhibited in-
creased AMOG protein expression (Fig. 2C and D).
Conversely, the 2 BTICs from patients 2 and 4 had a
<1000-fold increase in mRNA, and we did not detect in-
creased protein expression on immunoblotting. Given the
low baseline expression of AMOG in differentiated GBM
cultures, it was possible that the smaller fold increase in
AMOG in BTICs from patients 2 and 4 could explain
the lack of detectable amount of AMOG protein in their
corresponding BTICs. Taken together, our data suggest
that the degree of AMOG mRNA overexpression may
correlate with that of AMOG protein overexpression.

Owerexpression of AMOG Decreases GBM Cell
Invasion but Not Migration or Proliferation

To assess the functional significance of differential
AMOG expression between tumor-matched BTICs and
differentiated GBM cells, we investigated the correlation
of AMOG expression with invasion by comparing the
in vitro baseline invasion of patient-matched BTICs and
differentiated cultures from patients 3 and 4 (Fig. 3A).
Both BTICs exhibited reduced invasion through a
Matrigel-coated insert compared with their patient-
matched differentiated cultures. Moreover, the BTICs
from patient 3 with higher relative AMOG expression
had even further reduced invasion compared with the
BTICs from patient 4 (P < .05; Figs 2D and 3A). Our
data suggest that higher AMOG expression correlates
with slower GBM invasion.

To test whether AMOG overexpression alone in a
GBM cell line was sufficient to inhibit its invasion in
vitro, we overexpressed AMOG in the U87 cell line,
which has a low baseline AMOG expression, and
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compared its rate of invasion with that of U87 cells trans-
fected with the control vector (Fig. 3B and C). After 24 h,
the number of U87 cells overexpressing AMOG that
completely invaded through the Matrigel was about
50% that of the control U87 cells, translating to about
50% reduction in invasion among U87 cells overexpress-
ing AMOG (Fig. 3C). We confirmed the overexpression
of AMOG through immunoblotting comparing AMOG
expression between control U87 cells and U87 AMOG-
expressing cells (Fig. 3C).

To test whether the effect of reduced invasion after
AMOG overexpression was unique to U87 cells or
could be generalized to other GBM cell types, regardless
of differentiation status, we selected a BTIC line (from
patient 4) with one of the lowest AMOG expressions
among BTICs. Thus, it was an ideal BTIC candidate for
testing the effects of AMOG overexpression. We trans-
fected this BTIC line with an AMOG expression vector
and observed that the rate of invasion was reduced also
by ~50%, similar to the effect observed in the U87 cell
line (Fig. 3C). Taken together, our data suggest that
AMOG overexpression is sufficient to inhibit invasion
of not only differentiated GBM cultures, but also BTICs
that have relatively lower AMOG expressions.

Given that tumor cell migration is thought to be a
process involving different cellular mechanisms than
those in tumor cell invasion, we tested our hypothesis
that AMOG overexpression does not change the rate of
migration of GBM cells. Using the same cell lines utilized
in our invasion assays in Fig. 3C, we compared the rates of
migration using a scratch wound assay (Fig. 4A). The ve-
locity at which the cells migrated across a gap of fixed
width overa period of 12—24 h wasnot statistically signif-
icantly different between cells overexpressing AMOG
and control cells for both the U87 and the BTIC cell
lines (Fig. 4B).

Next, we tested whether AMOG overexpression could
alter the rate of GBM cell proliferation using the same cell
lines. Due to the known function of Na*/K*-ATPase in
cellular metabolism, we measured proliferation using
direct cell counting with a hemocytometer, rather than
with standard cell proliferation assays that typically use
cell metabolites, in order to control for potential con-
founders. When measured serially every 24 h over a
period of 72 h, there were no statistically significant
differences between AMOG-overexpressing cells and
control cells in either cell line (Fig. 5).

AMOG Knockdown Increases Invasion in Normal
Human Astrocytes

Giventhat AMOG is normally highly expressed in glia but
lost in most GBM, we examined whether loss of AMOG
could be a potential mechanism contributing to the inva-
siveness of malignant gliomas. To test this, we performed
stable knockdown of AMOG in normal human astrocytes
using lentiviral particles carrying AMOG shRNA. The in
vitro invasiveness of normal human astrocytes was signif-
icantly increased after AMOG knockdown (Fig. 6),
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Fig. 3. Overexpression of AMOG decreases GBM invasion. (A) The invasion of patient-matched BTIC and differentiated cells from patients
3 and 4 was assessed by seeding the same number of cells onto the Matrigel insert and allowing them to migrate toward 10% FBS in the
bottom well. The bar graphs show each cell line's invasion index, which is calculated by normalizing the number of cells that invaded through
the Matrigel in each cell line to that of the least invasive cell line. The least invasive cell line has an invasion index of 1 (*P < .05, **P < .001).
(B) GBM cells were transfected with either a control vector or an AMOG overexpression vector; after 48 h, equal numbers of cells from both
conditions were seeded onto the Matrigel insert and allowed to migrate toward the bottom well containing 10% FBS in media. Shown are
representative pictures of control cells and AMOG-overexpressing cells from the same cell line. (C) The invasion index of the control and
AMOG-overexpressing cells from the U87 cell line and a low AMOG-expressing BTIC culture. The invasion index was normalized to each cell
line's control so that the baseline invasion of each cell line has an invasion index of 1 (*P < .001). GAPDH, glyceraldehyde 3-phosphate
dehydrogenase. Insert: The overexpression of AMOG was confirmed by immunoblotting.

suggesting that loss of AMOG could be a contributing
factor to GBM’s aggressive invasion of normal brain.

Downregulation of AMOG Correlates With Decreased
Ovwerall Survival

Given our in vitro data suggesting that AMOG downregu-
lation may contribute to GBM invasion, we hypothesized
that dramatic loss of AMOG would be associated with a
highly invasive GBM phenotype and worse overall sur-
vival. To assess whether there was a correlation between
loss of AMOG expression and clinical outcome for
GBM patients, we performed a Kaplan—Meier analysis
of survival data for GBM using TCGA data retrieved in
February 2012. First, we noted that there was a wide
range of AMOG expression among GBM cells in
TCGA. Second, we found that GBM with 6-fold or
more downregulation of AMOG mRNA was associated

with worse overall survival compared with those with
intermediate AMOG expression (P <.001; Fig. 7).
This correlation remained significant after Bonferroni
correction for multiple hypothesis testing. We also
performed a multivariate analysis controlling for age,
IDH1 mutation status, and methylation status of
O°-DNA methylguanine-methyltransferase (MGMT).
However, AMOG was not an independent predictor of
overall survival (P =.169, hazard ratio =2.03, 95%
confidence interval = 0.740-5.562).

Discussion

The aberrant expressions of the various subunits of Na™*/
K*-ATPase and their activity have been implicated in
the general development and progression of various
cancers,””? as well as in cancer cell proliferation,
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Fig. 6. AMOG knockdown increases invasion in normal human
astrocytes. Normal human astrocytes with stable AMOG
knockdown using lentiviral shRNA particles exhibited significantly
increased invasion. AMOG knockdown was confirmed by
immunoblotting, shown in insert (*P <.001). GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.

migration, and apoptosis.>'** By using the energy from
ATP to establish asymmetric distributions of ions across
the cell membrane, Na™/K"-ATPase couples metabolic
energy to cellular functions and to signaling events both
between and within cells.>® In addition to its essential
function in maintaining cell homeostasis, including ion
translocation, maintenance of pH balance, and cell
volume, Na* /K*-ATPase has been shown to regulate cy-
toskeletal remodeling, cell polarity, and lamellipodia
formation.**~%® The mechanism through which Na*/
K*-ATPase affects cellular migration and invasion in
cancer hasnotbeen clearly delineated. However, evidence
suggests that it can serve as a linker protein or a signal
transducer between the extracellular environment and
the proteins making up the cytoskeleton.>”>*® In particu-
lar, interactions exist between cytoskeletal components
and Na®/K*-ATPase through indirect interaction via
ankyrin and spectrin as well as direct interaction with
actin filaments.>”*® Additionally, recent evidence sug-
gests that persistent-direction cell migration requires ion
transport proteins such as Na® /K*-ATPase as directional
sensors and membrane potential differences in order to
maintain directedness.>”

AMOG is an isoform of the beta subunit of
Na*/K*-ATPase highly expressed in the CNS and
thought to play a role in cellular adhesion and migration
in the CNS during development. Our study is the first to
show that loss of AMOG expression in gliomas is not
limited to GBM, and among GBM cells its expression
can be heterogeneous. While the loss of AMOG expres-
sion is heterogeneous in gliomas of WHO grades II-1V,
the majority of GBM tumors have few cells that are posi-
tive for AMOG. We also found a clinical correlation
between the loss of AMOG expression in GBM and a dra-
matic decrease in overall survival, suggesting that loss of
AMOG may give rise to a more aggressive phenotype.
Additionally, we found that restoring AMOG expression
in GBM cells in vitro after de novo overexpression
of AMOG significantly decreased invasion without
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Fig. 7. Downregulation of AMOG correlates with worse clinical outcome. Kaplan—Meier (KM) analysis comparing overall survival between
patients whose GBM had intermediate (black) AMOG expression (from 2-fold upregulated to 6-fold downregulated) and patients whose
GBM had downregulated (green) AMOG expression (6-fold or more downregulated) (P < .001). Expression data represent mRNA
microarray expression data from TCGA database queried in February 2012.

affecting proliferation and migration. Knockdown of
AMOG expression in normal human astrocytes produced
the opposite effect of increasing their invasion. Overall,
our data suggest that loss of AMOG may be one mecha-
nism that contributes to the increased invasiveness of
GBM cells.

Consistent with previously published findings,
our immunoblotting and immunohistochemistry data
showed that the majority of GBM cells have significantly
downregulated AMOG expression. While previous
reports characterized only a limited number of GBM
samples and suggested that AMOG was globally downre-
gulated in GBM, our tumor tissue arrays contained over
50 GBM tumors. With this increased sample size, our
study was able to demonstrate that not all GBM cells
have a dramatic loss of AMOG expression and that not
all the tumor cells in GBM have the same level of
AMOG expression. Given the increasing evidence
showing that heterogeneity exists both across GBM
tumors as well as within each GBM tumor, it is not sur-
prising that AMOG expression varied in our samples.

One important aspect of the heterogeneity of tumor
cells within GBM is the existence of glioma stem cells,
that is, BTICs. BTICs have been functionally defined by
self-renewal, cell differentiation potential, resistance to
chemo- and radiotherapy, and increased tumor propaga-
tion and tumorigenic potential in vivo.*’~'* To date,
however, little data exist that characterize the invasive
properties of BTICs. We used a known culturing tech-
nique previously described by Pollard et al*” to establish
adherent BTIC cultures that express stem cell markers.
The stem cell characteristics of our BTIC cultures were
confirmed by expression of the stem cell markers nestin
and Sox2 as well as by their ability to form neurospheres
and differentiated tumors in xenotransplantation
models.**” While this culturing technique may have its
limitations, it allows us to directly compare BTICs and

25,40

non-BTICs (differentiated tumor cells) from the same
tumor tissue and therefore offers the potential to discover
key molecular differences that underlie the ability of
BTICs to recapitulate aggressively differentiated tumors
in animal models. One argument against the use of adher-
ent BTIC cultures involves the use of epidermal growth
factor and fibroblast growth factor in media, which may
falsely elevate protein expression. However, we have
data showing that the expression levels of other known
key modulators of GBM biology, such as Akt and
mitogen-activated protein kinase, are not different
between GBM BTIC and differentiated cultures (data
not shown). Thus, we believe that overexpression of
AMOG in GBM BTICs is a valid finding that warrants
further investigation of downstream effectors as well as
potential binding proteins of AMOG.

Recently, a few in vitro characterization studies have
raised the possibility that BTICs may be potentially
more invasive than non-BTICs. Given previous evidence
suggesting that decreased AMOG expression may be as-
sociated with increased GBM invasion, we had expected
to see a downregulation of AMOG in BTICs compared
with non-BTICs. However, our data showed that
AMOG expressions at both the protein and mRNA
levels were increased in BTICs compared with primary
differentiated GBM cells from patient-matched tumors.
Therefore, our data suggest that BTICs are more likely
to retain the high AMOG expression found in normal
glia than are the majority of differentiated GBM cells.
The loss of AMOG, therefore, may represent an impor-
tant step in BTIC differentiation. This finding sheds
light on the pathology of GBM, as BTICs have been
thought of as progenitor cells that give rise to and
sustain the growth of GBM, especially in the context of
resistance to treatment. Since overexpression of AMOG
could be associated with a less invasive phenotype
and both BTIC lines were less invasive in our direct
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comparison of 2 patient-matched BTIC and differentiated
cell lines, our findings suggest that they may be less inva-
sive than previously thought, particularly when com-
pared with differentiated GBM cells. Indeed, our own
functional data comparing patient-matched BTICs and
differentiated cultures showed that BTICs were less inva-
sive in vitro. While our findings may seem to contradict
existing reports showing increased invasiveness of
BTICs, our methodology for testing invasion was differ-
ent compared with previous studies. These previous
studies used either a purely CD133-positive population
or higher (>10%) concentrations of serum as a chemoat-
tractant. Because serum differentiates stem cells and is not
used during routine stem cell culture, it is possible that a
very high serum concentration can act as a stronger che-
moattractant for stem cells than for differentiated cells
and induces greater invasion potential of stem cells in in
vitro testing conditions.

If our data can be generalized, then mechanistically
speaking as BTICs differentiate, they may give rise to
more mobile progeny tumor cells that can then dissemi-
nate into the brain parenchyma. Consequently, glioma in-
vasion may not be exclusively through BTICs but rather
mostly through the actions of the more differentiated
tumor cells. However, because the sample size of our
direct comparison (Fig. 3A) was small, it is still difficult
at this point to draw definitive conclusions. As more
markers of GBM invasion are studied in the context of
BTICs, we may find out more about the invasive proper-
ties of these cells, given their increasing importance in
our understanding of GBM.

Although expression of both nestin and Sox2 appeared
to mimic that of AMOG in our data, we noted high
protein expression of the stem cell markers in all of our
BTICs, while AMOG expression was less uniform
(Fig. 2D). This suggested that the expressions of stem
cell markers with AMOG are not directly correlated.
Additionally, no evidence exists based on a thorough liter-
ature review and examination of the data from transcrip-
tion factor chromatin immunoprecipitation sequencing
of the Encyclopedia of DNA Elements (ENCODE
Genome Browser) suggesting that Sox2 or nestin is
directly involved in the regulation of AMOG gene expres-
sion. While a direct mechanistic relationship of Sox2 or
nestin with AMOG may not necessarily exist, there is a
possibility that an indirect one may be possible.
Currently, the only reported transcriptional factor for
AMOG is specificity protein (Sp) 1.*" A review of the lit-
erature suggests that Sp1 may play a role in the regulation
of nestin and Sox2 exgression in the CNS, particularly
during development.**~*¢ This suggests that AMOG
expression in BTICs may be regulated by an upstream ef-
fector common to the Sox2, nestin,and AMOG transcrip-
tion mechanisms. However, in GBM, it has also been
shown that AMOG downregulation is related to a hyper-
methylation of the promoter region,*” thus the regulation
of its expression in GBM can be attributed to DNA meth-
ylation as well.

Because misexpressions of the various subunits of
Na*/K*-ATPase and their activity have already been im-
plicated in the general development and progression of
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various cancers, as well as in cancer cell proliferation, mi-
gration, and apoptosis, AMOG misexpression in GBM
may contribute to the pathophysiology of GBM invasion.
Moreover, a growing body of literature recognizes that
the subunits of Na* /K™-ATPase may be important thera-
peutic targets for the treatment of cancer.

To that end, we tested whether restoring AMOG ex-
pression to GBM cells could reverse their invasive pheno-
type. While previous studies have implicated that loss of
AMOG in GBM may contribute to its infiltrative and mi-
gratory capabilities, most of the experiments were based
on the rat glioma cell line C6.*° To date, no data exist
from functional experiments produced from a human
glioma cell line specifically testing AMOG’s role in
glioma invasion. Our study presents functional data
from 2 separate AMOG low-expressing GBM cell cul-
tures, 1 established GBM culture, and 1 BTIC culture.
After transfecting these cells with an AMOG expression
vector, we observed a significant decrease in invasion
for each cell line. Thus, our data demonstrate that restor-
ing AMOG expression in these glioma cells was sufficient
to slow down their invasion, regardless of the differentia-
tion status of the original cell line. Moreover, our data
showing increased invasion of normal human astrocytes
after stable AMOG knockdown suggest that loss of
AMOG may be associated with increased glioma invasion
and may be one mechanism by which glioma cells
acquire increased invasive potential. Additionally, loss
of AMOG could represent an important step in BTIC
differentiation.

Because AMOG was previously thought to be an adhe-
sion molecule, it has been implicated in cellular adhesion,
aggregation, and even migration.”>****’ However, its role
in glioma migration has not been tested in a human glioma
cell line. Our functional data show that restoring AMOG
expression in the 2 GBM lines that had decreased invasion
had no effects on their rates of migration across a gap
on their normal substrate in vitro. Given that AMOG
had previously been implicated in normal and tumor
cell migration, our data were therefore unexpected.
However, because the scratch wound assay had not
been used previously in migration experiments to func-
tionally characterize AMOG, the differences in the way
migration was assessed between our experiments and
other studies could explain the differences in the findings.
Nevertheless, our data showing that restoring AMOG
expression decreases glioma invasion but not migration
complicate the understanding that AMOG is simply an
adhesion molecule that affects cell mobility by holding
cells in place.

Our data also showed that restoring AMOG expression
was not sufficient to decrease glioma proliferation in vitro.
This result is consistent with previous findings based on ex-
periments performed on both C6 rat glioma cells and U87
human glioma cells.”>**” Even though AMOG has been
shown to activate the mammalian target of rapamycin/
Akt pathway known to modulate glioma proliferation,*’
it does not seem to affect proliferation.

Interestingly, our data showed that normal human as-
trocytes, which normally have high AMOG expression,
became more invasive after AMOG knockdown. This



suggests that loss of AMOG could be one mechanism by
which malignant glial cells become invasive. One limita-
tion of using only normal human astrocytes, however, is
that there is a possibility that the same effect may not nec-
essarily be observed in GBM cells that have high AMOG
expression. While knocking down AMOG in a BTIC line
with high AMOG expression would be valuable and
further characterizes the role of AMOG in GBM invasion,
our data based on normal human astrocytes do provide a
first glimpse of the potential effects of loss of AMOG as
well as the impetus for future experiments on GBM cells.

Moreover, our in vitro results would be further validat-
ed by a set of parallel in vivo experiments showing that
GBM cells that stably overexpress AMOG after transfec-
tion would be less invasive and result in improved survival
in animals. Conversely, GBM cells with AMOG knock-
down grown in animals would potentially result in
tumors with a more invasive phenotype, leading to
shorter survival. While this report is limited by the lack
of in vivo data, the in vivo experiments we propose are
the subject of ongoing and future investigations.

Finally, our Kaplan—Meier analysis of TCGA data
showed a direct correlation between the downregulation
of AMOG and decreased overall survival among GBM
patients. One limitation of our analysis, however, was
that it was only a univariate analysis. Thus, we performed
a Cox regression analysis controlling for age, IDH1
mutation, and MGMT methylation status and found that
AMOG expression did not independently predict overall
survival. In this multivariate model, however, only age
was an independent predictor, and neither IDH1 mutation
nor MGMT methylation status was an independent pre-
dictor (data not shown). Overall, we were not surprised
that the downregulation of the AMOG gene was not an in-
dependent predictor of survival outcome considering that
survival depends on multiple factors clinically, and very
few genes to date have been shown to independently
predict survival by virtue of varying gene expression.
While obtaining the same correlation from multiple data-
sets would be ideal, given that it is difficult to obtain
another set of expression data of the scale comparable to
TCGA'’s, we were not able to perform independent valida-
tion using another, equivalent set.

The mechanism by which glioma cells can lose AMOG
expression has not been thoroughly delineated. Some
evidence suggests that downregulation is partially con-
tributed by the methylation of 5’ cytosine—phosphate—
guanine islands of the AMOG gene.* Additionally,
because the AMOG gene (ATP1B2) maps to chromosom-
al band 17p3.1 adjacent to the TP53 tumor suppressor
gene, it is located in a region known to have frequent
allelic losses in diffuse astrocytic gliomas.*® Notably,
our immunoblot data showing that overexpressed
AMOG in low-expressing GBM cells has identical
molecular weight to AMOG in normal brain suggest
that these GBM cells are capable of fully glycosylating
this Na*/K"-ATPase enzyme subunit. Thus, even
though AMOG may be downregulated in these cells,
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their posttranslational machinery for modifying and
glycosylating this protein appears to be intact.

It has been shown that the routes of glioma invasion
are associated with distinct anatomic structures.***°
Specifically, they follow myelinated axons, the basement
membranes of blood vessels, and the subependymal
lining.*”*° If loss of AMOG is one mechanism of glioma
invasion, then our data showing that AMOG expression
is downregulated in the white matter compared with the
cortex are consistent with the idea that glioma cells can
more easily invade through brain via white matter tracts.

In summary, we present evidence that AMOG expres-
sion in GBM inhibits its invasion, suggesting that the loss
of AMOG in GBM may therefore contribute to its inva-
sive properties. While the loss of AMOG expression is
variable in different grades of glioma, the majority of
GBM tumors have dramatic loss of AMOG expression.
GBM cells with restored de novo AMOG expression
by an overexpression vector exhibited dramatically de-
creased invasion but no difference in migration or prolif-
eration compared with control GBM cells. Because BTICs
overexpress AMOG at both protein and mRNA tran-
script levels compared with differentiated GBM cells
from tumor-matched samples, it is possible that loss of
AMOG may represent an important step in BTIC differ-
entiation. In normal human astrocytes, downregulation
of AMOG led to an increase in their invasiveness, suggest-
ing that loss of AMOG may be one possible mechanism
contributing to GBM invasion. Moreover, among GBM
patients, the loss of AMOG is associated with worse
overall survival based on TCGA data. Our study warrants
further investigation characterizing AMOG’s role in
GBM biology and, more specifically, the role of AMOG
in BTIC migration and invasion.
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