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The secreted glycolytic enzyme GPI/AMF stimulates
glioblastoma cell migration and invasion in an
autocrine fashion but can have anti-proliferative effects
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Abstract

Background. Aerobic glycolysis confers several advantages to tumor cells, including shunting of metabolites into
anabolic pathways. In glioblastoma cells, hypoxia induces a flux shift from the pentose phosphate pathway toward
glycolysis and a switch from proliferation to migration. The mechanistic link between glycolysis and migration
is poorly understood. Since glucose-6-phosphate isomerase (GPI) is identical to the secreted cytokine autocrine
motility factor (AMF), we investigated whether GPI/AMF regulates glioblastoma cell invasion.

Methods. The expression and hypoxic regulation of GPI/AMF and its receptor AMFR were analyzed in glioblastoma
tissue and cell lines. Functional effects were studied in vitro and in xenograft models.

Results. High GPI/AMF expression in glioblastomas was found to be associated with a worse patient prognosis,
and levels were highest in hypoxic pseudopalisades. Hypoxia upregulated both GPI/AMF and AMFR expression
as well as GPI/AMF secretion in vitro. GPI/AMF stimulated cell migration in an autocrine fashion, and GPI/AMF
expression was upregulated in migratory cells but reduced in rapidly proliferating cells. Knockdown or inhibition
of GPI/AMF reduced glioblastoma cell migration but in part stimulated proliferation. In a highly invasive orthotopic
glioblastoma model, GPI/AMF knockdown reduced tumor cell invasion but did not prolong survival. In a highly pro-
liferative model, knockdown tumors were even larger and more proliferative than controls; however, perivascular
invasion, provoked by simultaneous bevacizumab treatment, was reduced.

Conclusions. GPI/AMF is a potent motogen for glioblastoma cells, explaining in part the association between gly-
colysis and migration. Targeting GPI/AMF is, however, problematic, since beneficial anti-invasive effects may be
outweighed by unintended mitogenic effects.

Key Points

Metabolic reprogramming is a hallmark of cancer cells and lactate even in the presence of abundant oxygen, a process
is required for cellular transformation.” In most types of  known as aerobic glycolysis (Warburg effect).? This meta-
tumors, including glioblastoma, the rate of glucose uptake  bolic deregulation distinguishes tumor cells from normal
is greatly increased and glucose is mostly metabolized to  differentiated cells, which rely primarily on mitochondrial
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Importance of the Study

Deregulated cancer metabolism offers selective target-
ing opportunities, and ongoing clinical trials attempt
to interfere with glucose metabolism in glioblastoma
patients. This strategy may be particularly favorable in
combination with anti-angiogenic treatment, which was
shown to enhance the glycolytic pathway via hypoxia.
Even in the absence of hypoxia, however, increased
glycolysis is associated with accelerated migration,
but little is known about the mechanisms of this link.
The glycolytic enzyme GPI is identical to the secreted

oxidative phosphorylation (OXPHOS) for energy produc-
tion, and thus offers therapeutic targeting opportunities.

Although aerobic glycolysis is energetically less effi-
cient than OXPHOS, it confers several advantages to can-
cer cells, including the shunting of carbon from glycolysis
into subsidiary anabolic pathways, such as the pentose
phosphate pathway (PPP) or the serine synthesis pathway.
The PPP is highly important for cell division, as it produces
ribose-5-phosphate and NADPH, which are required for
nucleotide and fatty acid synthesis. In glioblastoma cells,
PPP enzyme expression and metabolic flux are high when
oxygen is abundant and cells proliferate at a high rate. In
response to acute hypoxia, a metabolic shift occurs away
from the PPP toward increased glycolysis, and this switch
is further associated with a functional shift from high cell
proliferation toward increased migration.> Even without
hypoxia, however, several key glycolysis enzymes are
upregulated in rapidly migrating cells, while PPP enzymes
are downregulated, and an inverse regulation pattern is
present in rapidly proliferating cells.* These findings indi-
cate that cell function and metabolic state are coupled,
independent of hypoxia. Whereas the relevance of the PPP
for cell division is obvious, the association between gly-
colysis and migration is less straightforward to explain,
and only little is known about the mechanistic involvement
of glycolysis in cell migration.

Interestingly, several glycolytic enzymes can exhibit
additional noncanonical functions, some of which
are related to apoptosis, transcription, or migration.®
Glucose-6-phosphate isomerase (GPI), which catalyzes
the second step of glycolysis, is genetically identical to
autocrine motility factor (AMF), a secreted 55 kDa extra-
cellular cytokine that can accelerate the migration of
melanoma cells and other types of cancer cells.%7 GPI/
AMF binds to a 78 kDa seven-transmembrane domain
G-protein coupled glycoprotein receptor, the AMF recep-
tor (AMFR, gp78).28 AMFR activation leads to stress-fiber
formation, activation of RhoA, Rac1, and the mitogenic
and anti-apoptotic mitogen-activated protein kinase/
extracellular signal-regulated kinase and phosphatidylin-
ositol-3 kinase/Akt pathways, similar to the signal-
ing mode of growth factors.®® GPI/AMF is not secreted
by normal cells, but GPI/AMF levels are elevated in the
serum or urine of patients with malignant tumors, such
as colorectal, lung, kidney, and breast carcinomas, and
correlate with a poor prognosis.®8

cytokine AMF and can exert moonlighting functions,
including pro-invasive effects in other types of cancer.
Our study demonstrates that GPI/AMF is prognostic-
ally relevant in human glioblastomas and strongly pro-
motes tumor cell migration and invasion. However, GPI/
AMF also has some significant anti-proliferative effects,
consistent with the “go or grow” hypothesis. Our find-
ings raise caution as to whether GPI/AMF is a suitable
molecular target for interfering with glycolysis and/or
for inhibiting glioblastoma cell invasion.

The goal of this study was to elucidate the role of
secreted GPI/AMF-AMFR in glioblastoma progression. We
demonstrate that GPI/AMF secretion is a mechanism which
can explain the increased tumor cell migration observed
in association with elevated glycolysis and hypoxia. High
expression of GPI/AMF in glioblastoma tissue is associ-
ated with a worse patient prognosis. However, our results
also show that interfering with GPI/AMF expression is an
ambiguous strategy, as the advantage of reducing tumor
cell invasion can be outweighed by an enhanced prolifera-
tive growth in vivo.

Materials and Methods
Cell Culture

All cell lines were published previously, and details
of their origin and authentication are provided in the
Supplementary material. Glioblastoma stemlike (GS) cell
lines GS-11, GS-12, and BT112 were cultured in serum-
free Neurobasal medium (NBM) as described previ-
ously.®'0 G55 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (Life
Technologies).”

Quantitative PCR Analysis

Real-time PCR analysis was performed as detailed in
the Supplementary material and as described previ-
ously,® using TagMan Gene Expression Assays (Applied
Biosystems).

Immunoblot Analysis

Western blot analysis was performed as detailed in the
Supplementary material and as described previously.®
Western blot scans of X-ray films were quantified by densi-
tometry using the ImagedJ program.

Immunohistochemical Analyses

Paraffin sections of human glioblastomas and a previously
constructed glioblastoma tissue microarray (TMA) as well
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as xenograft tumors were immunostained for AMF, AMFR,
Ki-67, and CD34 as described previously* and as detailed in
the Supplementary material.

Migration Assay

Glioblastoma cell migration was analyzed using modified
Boyden chamber assays as described previously' and as
detailed in the Supplementary material.

Cell Proliferation Assays

Glioblastoma cell proliferation was analyzed by manual cell
counting (GS lines) or a crystal violet assay as described
previously* and as detailed in the Supplementary material.

PKH67 Staining and Cell Separation

To isolate cell subpopulations that proliferate rapidly ver
sus slowly, cells were labeled with PKH67 and separated
by fluorescence activated cell sorting (FACS) at optimized
time points into populations with either high or low dye
retention as described previously* and as detailed in the
Supplementary material.

Separation of Migrated and Nonmigrated Cells

Transwell Permeable Supports (Corning) were coated with
laminin (5 pg/mL) or collagen (0.875%) for GS-11 or G55
cells, respectively, and installed in 6-well plates. We seeded
2 x 108 cells into each transwell, and after 6 hours (G55) or
28 hours (GS-11) of incubation, nonmigrated cells from the
upper side of the transwell membrane as well as migrated
cells from the underside were scraped off and collected
separately.

AMF Immunodepletion from Conditioned Medium

We seeded 1 x 10° cells in 20 mL of medium without
supplements and cultured them for 24 hours at 1% O,
Supernatants were concentrated 30-fold using 10 kDa
Amicon Ultra-15 filter units (Merck Millipore). To immu-
nodeplete AMF, 12.5 pL anti-AMF antibody solution (rab-
bit pAbm H00002821-D01; Novus) was added to 500 pL
concentrated conditioned medium, followed by rotating
incubation overnight at 4°C. Protein A-agarose beads were
added, and after 2 hours beads with absorbed immune
complexes were precipitated by centrifugation. Two add-
itional rounds of Protein A binding were performed and all
supernatants were collected.

Short Hairpin RNA Transduction

Lentiviral transduction of short hairpin (sh)RNAs targeting
GPI/AMF or nonsilencing control shRNA was performed
as outlined in the Supplementary material. ShRNA-
expressing cells were selected using puromycin.

Orthotopic In Vivo Model

Animal experiments were approved by the local authority
in Hamburg. Tumor xenografts were generated as described
previously.'>" Briefly, dissociated G55 cells (4 x 10%) or BT112
cells (1 x 10°%) were injected stereotactically into the striatum
of 6- to 8-week-old anesthetized NMRI/Foxn1™ mice (10
mice per group; Harlan). Endpoint of the BT112 model was
the occurrence of symptoms, such as weight loss >10% or
neurological symptoms. In the G55 model, treatment with
bevacizumab (Bev) (250 pg/100 pL i.p.) was initiated one day
after tumor cell implantation and continued every 3 days
until animals were humanely euthanized at day 11. Serial sec-
tions from formalin-fixed, paraffin-embedded brains were
stained with hematoxylin and eosin. Quantification of inva-
sive growth in the GS-11 model was performed as described
previously'® and as detailed in the Supplementary material.

Database Analyses

Analyses of the databases of the Repository of Molecular
Brain Neoplasia Data (REMBRANDT), The Cancer Genome
Atlas (TCGA), the Glioma-French-284-MAS5.0-u133p2, and
Ivy Glioblastoma Atlas Project (GAP) were performed as
detailed in the Supplementary material.

Statistical Analyses

Differences in gene expression and functional assays were
analyzed using the unpaired t-test, one-way ANOVA, and
the SigmaPlot program (version 12.3). Kaplan—-Meier anal-
yses of animal survival were carried out using the MedCalc
program.

Results

Expression and Hypoxic Regulation of GPI/AMF
and AMFR in Glioblastoma Cell Lines and Tissue

GPI/AMF and AMFR were expressed in all cell lines ana-
lyzed, including glioblastoma stemlike (GS-11, GS-12,
BT112) and adherent cells (G55) (Fig. 1A, B). Hypoxia mark-
edly increased GPI/AMF and AMFR transcript and protein
levels. Furthermore, extracellular secretion of GPI/AMF
was enhanced by hypoxia (Fig. 1B), indicating that under
hypoxic conditions GPI/AMF not only is elevated intracel-
lularly to serve its glycolytic function, but also becomes
increasingly available extracellularly for autocrine and
paracrine receptor binding.

To assess the clinical relevance of GPI/AMF and AMFR
expression in glioblastoma, we first interrogated the
REMBRANDT database. Glioblastoma patients with high
GPI/AMF mRNA expression were found to carry a sig-
nificantly worse prognosis than patients with low levels
(P < 0.001), whereas AMFR expression was not associated
with survival (Fig. 2A). To assess GPI/AMF and AMFR pro-
tein distribution in situ, we immunostained glioblastoma
tissue sections and a TMA. The majority of tumor cells
displayed immunoreactivity for both GPI/AMF and AMFR,
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Fig.1 Induction of GPI/AMF and AMFR in glioblastoma cell lines by hypoxia. (A) Cells were incubated under normoxic or hypoxic conditions for
48 hours. GPI/AMF and AMFR transcripts were quantified by quantitative PCR, and relative expression values were normalized to normoxic con-
trols. (B) For western blot analysis of cellular GPI/AMF and AMFR, cells were lysed after 48 hours of incubation under hypoxia (H) or normoxia
(N). To detect secreted GPI/AMF (s-AMF), supernatants were collected from serum-free cultures after 24 hours of incubation. Signals were
quantified by densitometry, and pixel intensities for cellular GPI/AMF and AMFR were normalized to tubulin. Data are means + SD of triplicate

determinations. Asterisks indicate significance (P < 0.05).

and staining was particularly strong in hypoxic pseudopali-
sades (Fig. 2B), consistent with the observed upregulation
of GPI/AMF and AMFR by hypoxia in vitro. GPI/AMF was
further detected in all 73 glioblastoma TMA spots avail-
able for analysis, and AMFR was detected in all except 2
spots. Consistent with the REMBRANDT analysis, patients
with high intratumoral GPI/AMF immunoreactivity (n = 35)
had a significantly shorter survival (median: 276 days)
than those with low expression (n = 38, median: 458 days)
(Fig. 2C). Survival of patients with high versus low AMFR
expression did not differ significantly.

To further validate these observations, we queried the lvy
GAP database, which confirmed that GPI/AMF expression is
significantly elevated in hypoxic perinecrotic regions and is
also increased in invading tumor cells compared with central
solid cellular tumor areas (Supplementary Figure. 1). TCGA
database analysis showed that the expression of GPI/AMF
correlates with other known markers of hypoxia, including
carbonic anhydrase 9, vascular endothelial growth factor
A, solute carrier family 2 member 1, lactate dehydrogen-
ase A, and hexokinase 2 (HK2) (Supplementary Figure 2).
In addition, TCGA analysis revealed that GPI/AMF is signifi-
cantly overexpressed in the classical and mesenchymal glio-
blastoma subtypes, which carry a worse prognosis,’? and

confirmed the negative prognostic value of high GPI/AMF
expression levels (Supplementary Figure 3A, B). Analysis of
the Glioma-French-284-MAS5.0-u133p2 dataset showed that
GPI/AMF expression is significantly higher in glioblastomas
than in astrocytomas, oligodendrogliomas, and oligoastro-
cytomas (World Health Organization grade Il or lll) as well as
in isocitrate dehydrogenase 1 mutated versus nonmutated
glioblastomas (Supplementary Figure 3C, D).

GPI/AMF Stimulates Glioblastoma Cell Migration
in an Autocrine Fashion but Has Opposite Effects
on Proliferation

Effects of recombinant and autocrine GPI/AMF on cell
migration were studied using modified Boyden chamber
assays. Human recombinant GPI/AMF stimulated glio-
blastoma cell migration in a concentration-dependent
fashion, and effects were significant at concentrations
between 5 nM and 500 nM (Fig. 3A). In contrast, GPI/AMF
did not stimulate cell proliferation, and especially at higher
concentrations proliferation of the 2 GS cell lines was even
significantly inhibited (Fig. 3B). These reciprocal effects are
similar to those observed previously for the same cell lines
in response to hypoxia.34
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Fig.2 GPI/AMF and AMFR expression in human glioblastomas. (A) REMBRANDT analysis showed that glioblastoma patients (n = 178) with high
GPI/AMF expression survived shorter. (B) Immunoreactivity for GPI/AMF and AMFR was particularly strong in pseudopalisading regions (size
bars, 200 pm). (C) TMA analysis confirmed the negative association between GPI/AMF expression and survival. Representative TMA samples

with strong versus weak staining intensity are shown.

We further measured GPI/AMF and AMFR expression in
cell subpopulations with different migratory or prolifera-
tive activity. Migrating versus nonmigrating G55 and GS-11
cells were separated using transwell assays. Expression
of both GPI/AMF and AMFR was significantly higher in
migrated than in nonmigrated cells (Fig. 3C).To isolate cell
subpopulations that proliferate rapidly versus slowly, cells
were labeled with PKH67 and were FACS-separated into
populations with either high dye retention (PKH"9", slowly
proliferating) or low retention (PKH'®Y, fast proliferating),
(Supplementary Figure 4A, B). Expression of GPI/AMF and
AMFR was significantly lower in rapidly proliferating ver-
sus slowly proliferating cells (Fig. 3D).

Erythrose 4-phosphate (E4P) is a potent competitive
inhibitor of both the cytokine and enzymatic activities of
GPI/AMFE. We analyzed whether it can inhibit both random
and GPI/AMF-stimulated glioblastoma cell migration. E4P
had a significant concentration-dependent antimigratory
effect on all cell lines at concentrations >0.1 uM (Fig. 4A).
The extremely strong inhibitory effect, especially on GS
cell lines, at high concentrations suggested that nonspe-
cific toxicity might add to the effect. Indeed, proliferation
assays showed that while cell growth was not reduced
or even moderately increased at concentrations <0.1 pM
E4P, GS cell proliferation was inhibited by >90% at 500 uM

and 1000 pM, indicating cytotoxic effects (Supplementary
Figure 5), which could be due to the fact that E4P is also
a precursor of several amino acids and an intermediate
in the PPP. We next studied the effect of E4P on GPI/AMF-
stimulated cells. In all cell lines, E4P at >1 nM abrogated
the chemotactic effect of 20 nM GPI/AMF (Fig. 5B).

To determine whether an autocrine stimulatory loop of
migration is present, cell supernatants were immunode-
pleted of GPI/AMF (Fig. 4C). While undepleted concentrated
conditioned medium stimulated chemotactic migration at
least 2-fold, GPI/AMF depletion reduced migration to lev-
els similar to unstimulated controls. Addition of 20 nM GPI/
AMF to immunodepleted medium rescued the motogenic
effects, indicating that GPI/AMF stimulates migration in an
autocrine fashion.

Knockdown of GPI/AMF Decreases Migration but
Not Proliferation

To obtain further evidence for GPI/AMF acting as auto-
crine stimulator of glioblastoma cell migration as well as
to evaluate its role in vivo, we silenced GPI/AMF expres-
sion. Initially, GS-11, GS-12, and G55 cells were trans-
duced with 6 different shRNAs targeting GPI/AMF (shAMF)
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Fig. 3 Glioblastoma cell migration and proliferation in response to GPI/AMF. (A) Migration was analyzed using modified Boyden chamber
assays. After 5 hours (G55) or 24 hours (GS-11, GS-12) of incubation, migrated cells were counted in 10 high power fields (hpf). Values are
means + SD of sextuplicate determinations. (B) Proliferation of G55 cells in medium with 2% fetal calf serum was quantified after 3 days of
growth using a colorimetric assay, and proliferation of GS cells was quantified by manual cell counting after 14 days. Values are means + SD of
quintuplicate determinations. (C) Cells were separated using transwell assays, and quantitative PCR analysis showed upregulation of GPI/AMF
and AMFR in migrated versus nonmigrated subpopulations. (D) Fast and slowly dividing subpopulations were separated by FACS from PKH67-
labeled cells. Expression of GPI/AMF and AMFR was decreased in fast dividing cells. Asterisks in (A)—(D) indicate significance (P < 0.05).

or with nonsilencing control shRNA (shControl). Stable
knockdown of GPI/AMF mRNA and protein was achieved in
GS-11 and G55 cells, whereas silencing was not successful
in GS-12, therefore we alternatively transduced the BT112
cell line (Fig. 5A). The morphological phenotype of the
knockdown cells did not differ from controls. Functional
assays were performed using shAMF sublines that exhib-
ited the strongest GPI/AMF expression reduction. All
GS-11 and G55 knockdown sublines displayed significantly
decreased random cell motility compared with controls
(Fig. 5B), and the response to hypoxia was significantly
mitigated in knockdown cells (Supplementary Figure 6).
BT112 cells failed to attach to matrix-coated filters in the
Boyden chamber assays (despite a broad variety of sub-
strates tested), so that they could not be assayed. In pro-
liferation experiments, growth of GS-11 and G55 GPI/AMF
knockdown sublines did not differ from controls, while

proliferation of 2 BT112 shAMF sublines was significantly
increased (Fig. 5C).

GPI/AMF Knockdown Effects on Tumor Growth
and Invasion In Vivo

To analyze the effect of the GPI/AMF knockdown in vivo, we
used 2 different models. BT112 cells typically form highly
invasive tumors that also infiltrate the contralateral hemi-
sphere. In contrast, G55 cells generate rapidly proliferating
nodular tumors that are highly angiogenesis dependent.”
In the first model, we injected clones BT112_shAMF_1,
BT112_shAMF_4, and BT112_shControl intracerebrally into
nude mice and sacrificed the animals when they developed
tumor-related symptoms.The median survival of mice with
shAMF_1 tumors (147 days) or shAMF_4 tumors (145 days)
did not differ significantly from controls (164 days) (Fig. 6A).
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Fig. 4 Autocrine stimulation of migration by GPI/AMF. (A) Inhibition of random cell migration by E4P. Modified Boyden chamber assays were
performed as described in Fig. 3. (B) E4P abrogated the chemotactic effect of GPI/AMF. (C) Immunodepletion of GPI/AMF from GS-11 cells.
Concentrated conditioned medium (CM) was centrifuged to remove cellular debris and incubated with an a-AMF antibody. After incubation with
Protein A-agarose beads, beadpellets (B1) were precipitated. Fresh beads were added to the supernatant (S1), and 2 additional rounds of Protein
A binding were performed resulting in beadpellets B2 and B3 and supernatants S2 and S3. As control, cell-free medium (NBM) and medium sup-

plemented with AMF (1-20 nM) were loaded. (D) Depletion of GPI/AMF

from CM (CM-IP, corresponding to S3in (C)) reduced autocrine stimulation

of cell migration, and the effect was rescued by addition of recombinant GPI/AMF. Asterisks in (A)—(D) indicate significance (P< 0.05).

Histologically, large tumors with variable degrees of inva-
sion were present in all experimental groups (Fig. 6B).
To quantify tumor invasion in different areas, we used a
modified technique established previously for evaluating
diffuse intracerebral glioblastoma growth.'® Four different

landmark areas distant from the injection site were selected
on coronal sections, including the contralateral corpus cal-
losum and striatum (both anterior to injection level), the
anterior commissure, and the optic chiasm (both poster-
ior to injection level). Tumor cell burden in these areas was
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Fig.5 GPI/AMF knockdown in vitro. (A) Quantification of GPI/AMF expression by immunoblot and quantitative PCR analysis in GS-11, G55, and
BT112 cells transduced with 6 different AMF shRNAs or nonsilencing shRNA (shControl) and in wild-type (Wt) cells. a-Tubulin served as loading
control. Gene expression values are means + SD of triplicate determinations. (B) Reduction of random migration in GPI/AMF knockdown cells.
Modified Boyden chamber assays were performed as described in Fig. 3 (BT112 cells did not attach to the assay membrane). (C) Proliferation of
G55 cells was quantified after 3 days of growth, using a colorimetric assay, and proliferation of GS-11 and BT112 cells was quantified by manual
cell counting after 7 days. Values are means + SD of quintuplicate determinations. Asterisks indicate significance (P < 0.05).

quantified by image analysis (Fig. 6C). While no differences
were observed in the corpus callosum and contralateral
striatum, which are both in relatively close proximity to the
injection site, the more distant basal regions (ie, anterior
commissure and optic chiasm) were less extensively infil-
trated in mice with GPI/AMF knockdown tumors compared
with controls (P < 0.05), suggesting that GPI/AMF silencing
had compromised tumor cell invasion (Fig. 6C, D). Tumor
cell proliferation rate and microvessel density did not differ
significantly (Fig. 6E).

In the G55 model, we had previously demonstrated that
anti-angiogenic treatment highly effectively inhibits tumor

growth but provokes tumor cell invasion along the preexisting
host vasculature.” In this present study, we injected clones
Gb5_shAMF_1, Gb55_shAMF_2, and Gb55_shControl intrac-
erebrally, and in order to provoke invasion we also treated
mice with Bev. All animals were euthanized after 11 days,
when several of the untreated animals developed weight
loss, in order to facilitate comparisons of tumor invasiveness
at a single identical time point. Bev treatment reduced tumor
growth and microvessel density by >95% and >48%, respect-
ively, in all experimental groups (Fig. 6F, G). Unexpectedly, in
untreated animals GPI/AMF knockdown tumors were about
1.8-fold larger than shControl tumors (P < 0.05%). Moreover,
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Fig. 6 In vivo effects of GPI/AMF knockdown. (A) Survival of mice with BT112_shAMF xenografts did not differ from controls. (B) Large tumors
were present in GPI/AMF knockdown and control mice. (C) Invasion was quantified by analyzing 4 different landmark areas at 3 coronal levels.
Exemplary analysis of diffuse invasion is shown for level 3, anterior commissure. Digital images were acquired from sections stained with hema-
toxylin and eosin. Pictures were transformed into black and white images, and the percentage of black pixels was quantified. Values acquired
for identical regions in normal murine brain were subtracted, resulting in the net area occupied by tumor cell nuclei. (D) GPI/AMF knockdown
tumors showed less invasion in the anterior commissure and the optic chiasm. (E) Tumor cell proliferation (Ki-67) and microvessel density (CD34)
did not differ significantly between groups. (F) Overview of untreated and Bev-treated G55 shAMF and shControl tumors and quantification of
tumor volumes. Bev treatment strongly inhibited tumor growth. However, untreated as well as Bev-treated shAMF tumors were larger than the
respective shControl tumors. (G) Tumor cell proliferation was increased in untreated shAMF versus shControl tumors and microvessel density
was reduced in all Bev-treated groups versus respective controls. (H) Bev-treated tumors were surrounded by numerous small satellite tumors.
Satellite numbers were significantly increased by Bev treatment in shControls and in shAMF_1 tumors and were reduced in Bev-treated shAMF
tumors compared with Bev-treated shControls. The ratio between cumulative satellite area and tumor area was higher in Bev-treated versus
untreated tumors and was reduced in Bev-treated shAMF tumors compared with treated shControls. Asterisks indicate significance (P < 0.05),
values are means + SEM. Size bars in (C), (E), and (G) are 100 um and in (H) 1 mm.
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in Bev-treated mice, GPI/AMF knockdown tumors were
about 1.5-fold larger than controls (P < 0.05%). Proliferation
was high in all tumors but even slightly higher in untreated
shAMPF tumors than in controls (P < 0.05) (Fig. 6G).

Invasion in the G55 model mainly occurs perivas-
cularly, and on cross sections blood vessels cuffed by
invading tumor cells appear as satellite-like structures
(Fig. 6H). To quantify invasion, satellite counts were
determined at levels of maximum tumor extension.™
Satellite numbers were significantly increased by Bev
treatment in shControl tumors (by 144%) and in G55_
shAMF_1 tumors (by 153%) (P < 0.05), while a similar
trend in shAMF_2 tumors did not reach significance
(Fig. 6H). Notably, the Bev-provoked satellite increase
was significantly reduced in GPI/AMF knockdown
tumors compared with treated shControl tumors (42.4%
in shAMF_1+Bev tumors and 48.5% in shAMF_2+Bev
tumors). In untreated groups, a trend toward reduced
satellite numbers was observed in shAMF_1 tumors
(P = 0.076). We further quantified the cumulative area
taken up by tumor satellites and calculated the ratio
between this area and the area taken up by the main
tumor mass on coronal sections.The satellite/tumor area
ratio was 6.8-fold higher in shControl+Bev tumors, 4.6-
fold higher in shAMF_1+Bev tumors, and 2.9-fold higher
in shAMF_2+Bev tumors compared with the respective
untreated controls (Fig. 6H). The ratio was reduced by
63.6% and 66.6% in shAMF_1+Bev and shAMF_2+Bev
tumors, respectively, compared with shControl+Bev
tumors, confirming the relative shift from mononodular
tumor growth to multisatellite invasive growth in Bev-
treated tumors and the reduction of Bev-provoked inva-
sive growth by the GPI/AMF knockdown.

Discussion

Previous studies suggested a link between glycolysis and
tumor cell migration independent of hypoxia. Glycolytic
enzymes are enriched in pseudopodia, and glycolytic
energy rather than OXPHQOS is the primary energy source
for cancer cell motility and cytoskeletal rearrangement.’34
Furthermore, lactate not only promotes tumor invasion
by acidification of the microenvironment, but can also be
directly motogenic for tumor cells.’™ Our present study
extends these observations, by showing that GPI/AMF is
secreted from glioblastoma cells and stimulates migration
in an autocrine fashion. GPI/AMF expression and secre-
tion are further upregulated by hypoxia, consistent with
the known regulation of the enzyme by hypoxia-inducible
factor 1.8 AMFR expression was also found to be upregu-
lated by hypoxia, which to our knowledge was not reported
before. Moreover, we detected a significantly elevated
expression of GPI/AMF and AMFR in migrated versus non-
migrated cells, even under normoxic conditions, as well
as reduced migration of GPI/AMF knockdown cells. These
findings corroborate the evidence for a hypoxia-independ-
ent intrinsic link between glycolysis and migration and
suggest that autocrine stimulation by GPI/AMF is particu-
larly relevant in an actively migrating subpopulation of
glioblastoma cells.

Concerning proliferation, we found that GPI/AMF and
AMFR expression was reduced in rapidly versus slowly
dividing glioblastoma cells and that recombinant GPI/AMF
tended to inhibit proliferation, whereas GPI/AMF silencing
increased proliferation in some instances. These findings
suggest that GPI/AMF can act as a regulator of the “go ver-
sus grow” behavior. Several previous studies described
a dichotomous activation of either proliferative or migra-
tory functional programs in glioblastoma cells, and a var-
iety of regulators of this dichotomy have been identified,
including extracellular matrix components, growth factors,
microRNAs, and transcription factors.'®2° Moreover, we
previously reported that knockdown of aldolase C (ALDOC)
resulted in reduced migration but increased proliferation.*
ALDOC can also be released from cells but has no known
receptor, so that the mechanism of its motogenic effect
remains elusive. Collectively, our findings indicate that
at least 2 glycolysis enzymes are causatively involved in
enhancing glioblastoma cell migration.

In glioblastoma tissue, GPI/AMF and AMFR immunoreac-
tivity was highest in hypoxic pseudopalisades, and a simi-
lar expression pattern was reported previously in a small
in situ hybridization study.?' These findings are consistent
with upregulation of both ligand and receptor by hypoxia
and with their elevated expression in actively migrating
cells, since pseudopalisades most likely represent a wave
of tumor cells that migrate away from a necrotic area aris-
ing after a microvascular insult.22 OurTMA analysis further
showed that high GPI/AMF expression is associated with
poorer survival, confirming the database analyses and the
previous in situ hybridization study.?' The negative asso-
ciation with prognosis suggests that GPI/AMF could be a
potential target for inhibiting glioblastoma progression.

To evaluate the usefulness of GPI/AMF as a therapeutic
target, we used 2 different in vivo models. BT112-derived
tumors grow highly invasively but slowly. In this model,
GPI/AMF silencing reduced tumor cell invasion, and tumors
were histomorphologically more compact than controls;
however, survival was not prolonged. In the G55 model,
GPI/AMF knockdown tumors were even larger and more
proliferative than controls. Notably, when we previously
evaluated the growth of ALDOC-silenced G55 cells we found
that ALDOC knockdown tumors were also more prolifera-
tive and mice survived shorter than controls,* indicating
that interference with 2 different enzymes of the prepara-
tory phase of glycolysis produces similar results. In the pre-
sent study, Bev treatment inhibited G55 tumor growth but
provoked invasion along the host vasculature, reconfirming
previous findings.™ Interestingly, GPI/AMF-silenced tumors
displayed significantly less perivascular invasion upon Bev
treatment than controls. Collectively, our findings indicate
that GPI/AMF silencing can inhibit glioblastoma invasion,
which alone, however, is not sufficient to translate into a
survival-prolonging effect. Few studies evaluated GPI/AMF
targeting in other in vivo cancer models. In an endometrial
carcinoma model, GPI/AMF silencing caused inhibition of
tumor progression and prolonged survival,? and in a pan-
creatic cancer model GPI/AMF overexpression promoted
tumor growth and metastasis.?* Of note, in addition to
its glycolytic and motogenic effects, GPI/AMF possesses
other moonlighting functions and is further identical to the
neurotrophic factor neuroleukin and to maturation factor,
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which can mediate differentiation of myeloid cells.® Hence,
the pleiotropic effects of GPI/AMF depend on cell type and
microenvironmental conditions, which may in part explain
the differences observed in our BT112 and G55 in vivo and
in vitro models.

Our rationale for combining anti-angiogenic treat-
ment with GPI/AMF targeting was based not only on the
observation that Bev treatment can enhance glioblast-
oma invasion in xenograft models, but also on the fact
that Bev aggravates tumor hypoxia, resulting in an even
more glycolysis-dependent phenotype in glioblastoma
patients.?®> Combining Bev treatment with targeting gly-
colysis could therefore have dual beneficial effects, and
some studies already tested this strategy. In a subcuta-
neous glioma model, the combination of Bev with dichlo-
roacetate produced synergistic effects.?® In an orthotopic
model, a ketogenic diet was found to further extend the
survival-prolonging effect of Bev treatment; moreover, a
pilot trial with recurrent glioblastoma patients suggested
that a ketogenic diet can increase the activity of Bev treat-
ment.?” Moreover, the knockdown of some glycolytic
enzymes, such as HK2, phosphofructokinase platelet, and
pyruvate kinase M2 isoform could inhibit glioblastoma
growth in some xenograft models.?8-3 However, concern-
ing GPI/AME, our findings raise caution as to whether this
molecule is a suitable target for interfering with glycolysis
and/or for inhibiting glioblastoma cell invasion, as desired
anti-invasive effects could potentially be outweighed by
unintended mitogenic effects. The inconsistent response
pattern seen already in our 2 model systems nevertheless
allows speculation that GPI/AMF inhibition may be effect-
ive in a certain cellular context for which the determinants
have yet to be defined.
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