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Malignant gliomas remain incurable brain tumors because of their
diffuse-invasive growth. So far, the genetic and molecular events
underlying gliomagenesis are poorly understood. In this study, we
have identified the receptor tyrosine kinase Axl as a mediator of
glioma growth and invasion. We demonstrate that Axl and its
ligand Gas6 are overexpressed in human glioma cell lines and that
Axl is activated under baseline conditions. Furthermore, Axl is
expressed at high levels in human malignant glioma. Inhibition of
Axl signaling by overexpression of a dominant-negative receptor
mutant (AXL-DN) suppressed experimental gliomagenesis (growth
inhibition >85%, P < 0.05) and resulted in long-term survival of
mice after intracerebral glioma cell implantation when compared
with Axl wild-type (AXL-WT) transfected tumor cells (survival
times: AXL-WT, 10 days; AXL-DN, >72 days). A detailed analysis of
the distinct hallmarks of glioma pathology, such as cell prolifera-
tion, migration, and invasion and tumor angiogenesis, revealed
that inhibition of Axl signaling interfered with cell proliferation
(inhibition 30% versus AXL-WT), glioma cell migration (inhibition
90% versus mock and AXL-WT, P < 0.05), and invasion (inhibition
62% and 79% versus mock and AXL-WT, respectively; P < 0.05).
This study describes the identification, functional manipulation, in
vitro and in vivo validation, and preclinical therapeutic inhibition
of a target receptor tyrosine kinase mediating glioma growth and
invasion. Our findings implicate Axl in gliomagenesis and validate
it as a promising target for the development of approaches toward
a therapy of these highly aggressive but, as yet, therapy-refrac-
tory, tumors.
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alignant gliomas are the most common and most aggressive

brain tumors because of their highly invasive growth (1, 2).
Understanding the mechanisms of gliomagenesis and glioma inva-
sion is essential to developing new therapeutic strategies. However,
the underlying genetic and molecular events have remained obscure
so far (reviewed in ref. 3). Receptor tyrosine kinases (RTKSs)
represent regulatory proteins that play an important role in growth
and differentiation of normal cells. Moreover, RTKs represent a
major class of protooncogenes, involved in the progression and
metastasis of cancer cells (4). As a result, several RTKs are being
actively pursued as targets for therapeutic intervention.

The Axl receptor is a RTK originally identified as a transforming
gene in chronic myeloid leukemia (5, 6). Axl is characterized by a
unique molecular structure, in that the intracellular region has the
typical structure of a RTK, and the extracellular domain contains
fibronectin III and Ig motifs similar to cadherin-type adhesion
molecules. During development, Axl is expressed in various organs,
including the brain, suggesting that this RTK is involved in mes-
enchymal and neural development (7, 8). In the adult, Axl expres-
sion is low (9) but returns to high expression levels in a variety of

www.pnas.org/cgi/doi/10.1073/pnas.0510923103

tumors (10-13). Gasb6 is, so far, the single, activating ligand for Axl
(14). Moreover, additional ligand-independent mechanisms may
exist by which Axl functions, such as signaling through homophilic
interactions (15). Rather than conferring a mitogenic signal, Axl has
been suggested to be involved in cell survival, cellular adhesion, and
chemotaxis as well as blood vessel function (15-19). Because its
expression correlates with the metastatic potential of neoplasms,
Axl may also play a role during invasion. Thus, Axl behaves as an
oncoprotein when it is overexpressed, but its mechanisms of action
have not been understood so far.

Here, we demonstrate that Axl is highly expressed and acti-
vated in human glioma cell lines and human malignant glioma
specimens. Experimental inhibition of Axl signaling suppressed
glioma growth and prolonged survival in nude mice. Our results
indicate a role for Axl in mediating glioma cell proliferation and
glioma cell migration/invasion. Specific targeting of Axl may
represent a promising approach to intervene with cancer pro-
gression and recurrence.

Results

Expression and Activation of Axl in Cells of Malignant Glioma. We
have initially profiled RTKs in malignant glioma cell lines by using
a tyrosine kinase-based cDNA array (20) and found high expression
levels for Axl mRNA in the majority of the tested cell lines (data
not shown). Expression of Axl in human glioma cell lines was
reassessed by using an advanced array containing 645 genes,
including encoded protein kinases, protein phosphatases, and other
signaling proteins (Fig. 14). Here, a >2-fold up-regulation of Axl
mRNA expression was observed in seven of nine glioma cell lines
tested (bars 1-9, Fig. 14). Interestingly, Axl mRNA expression
levels were not elevated in nonglial, neoplastic cell lines, i.e., three
neuroblastoma cell lines (JMR32, SKSNH, and SHSY5Y) and one
medulloblastoma cell line (TE671) (bars 10—13, Fig. 1.4). The result
obtained from the array analysis was confirmed by Northern
analysis (Fig. 1B). Because Axl activation in tumor cells has been
suggested to follow an autocrine/paracrine pathway (21), we next
addressed the expression of the Axl ligand Gas6 in cell lines
displaying the corresponding receptor. Northern blot analysis re-
vealed positivity for Gas6 expression in all tumor cell lines tested,
demonstrating coordinated expression of Axl and Gas6é mRNA in
the majority of glioma cell lines (Fig. 1B). Next, expression of Axl
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Fig. 1.

Expression of Axl in malignant glioma cells. (A) Relative expression level of Axl mRNA in human glioma cell lines (bars 1-9), neuroblastoma cell lines

(bars 10-12), and a medulloblastoma cell line (bar 13) versus the nonneoplastic cell line HCN2 as assessed by cDNA array analysis. (B) Northern blot analysis of
Axl and Gas6. Total RNA was isolated from human glioma cell lines and neuroblastoma cell lines. A B-actin probe was used as internal control. (C) Western blot
analysis for Axl protein (WB AXL, Lower) and phosphotyrosine (WB PY, Upper) afterimmunoprecipitation of Axl protein. Cellular protein was isolated from four
human glioma cell lines. (D) Immunohistochemical staining of Axl protein in a human glioblastoma multiforme specimen. Negative control staining was

performed in the absence of the primary antibody. (Scale bar, 50 um.)

protein was addressed in four glioma cell lines: U1242, U373, U118,
and SF126. Western blotting of the lysate revealed a 140-kDa
protein corresponding to the full-length Axl receptor as well as a
120-kDa protein corresponding to the smaller precursor for the
full-length protein (22). Immunoprecipitation of cell lysates using
the Axl-specific antibody and probing with an anti-phosphotyrosine
antibody demonstrated high baseline phosphorylation levels of Axl

in all glioma cell lines (Fig. 1C). Finally, we analyzed human
glioblastoma multiforme specimens. As demonstrated in Fig. 1D,
immunohistochemical staining with the anti-Axl antibody revealed
abundant Axl protein expression in tumor cells.

Inhibition of AxI Signaling Inhibits Experimental Tumor Growth. Next,
we addressed the role of Axl for glioma biology, choosing SF126 as
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Fig.2. Expression of asignaling-defective mutant
form of Axlinhibits experimental tumor growth. (A)
Western blot analysis of SF126 glioma cell clones
expressing the control vector (mock), the wild-type
form of Axl (AXL-WT), and a truncated dominant-
negative mutant form of Axl (AXL-DN). Serum-
depleted cells were left untreated (—) or treated
with 200 ug/ml Gas6 (+). Lysates were blotted with
anti-phosphotyrosine serum (Upper) or an antibody
directed against the extracellular domain of human
Axl (Lower). (B) Analysis of tumor volume for SF126
experimental cell clones. Tumor cells were im-
planted s.c. into nude mice. The mean = SEM values
are represented from eight animals per group. *,
P < 0.05 vs. mock cells.
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our model cell line (high Axl expression levels) (Fig. 1). Introduc-
tion of a dominant-negative mutant receptor is one strategy for
studying the relevance of RTKs in cell function (23, 24). Thus, we
introduced a truncated form of human Axl, lacking the intracellular
RTK-bearing domain, into SF126 cells (AXL-DN). Cells trans-
fected with an empty vector (mock) or a human wild-type form of
Axl (AXL-WT) served as controls. Western blotting confirmed
expression of the wild-type and truncated receptor in AXL-DN cell
clones (Fig. 24). Phospohotyrosine blotting for Axl after stimula-
tion with Gas6 confirmed inhibition of Axl signal transduction (Fig.
2A). To determine whether Axl signaling is relevant for tumor
growth, we generated s.c. xenografts in nude mice. When compared
with control cells and AXL-WT cells, the tumorigenicity of
AXL-DN cells was dramatically impaired (Fig. 2B).

Inhibition of Axl Signaling Suppresses Diffuse-Invasive Tumor Growth.
To further reveal the mechanisms underlying suppression of
tumor growth by blocking of Axl signaling, we first assessed the
proliferation characteristics of our cell clones. Overexpression
of AXL-DN conferred a 50% and 30% growth disadvantage
relative to mock and AXL-WT cells, respectively, confirming

Vajkoczy et al.
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Fig. 3. Inhibition of Axl signaling sup-
201 presses diffuse-invasive tumor growth. (A)
2004+ Proliferation assay of transfected cell clones.
Cells were left untreated (—Gas6) or treated
150 + with 200 ng/ml Gasé (+Gas6). Analysis was
performed after 48 h of culture. Growth rate
wr is expressed in relation to unstimulated
s04 mock-transfected cells. Experiments were
performed in triplicate. The mean = SD val-
1] ues are represented. *, P < 0.05 versus mock.

AXL-WT  AXL-DN (B and C) Assessment of vessel density in

AXL-WT and AXL-DN xenografts after s.c.
implantation. Analysis of tumor blood vessel
density and morphology was assessed by im-
munohistochemistry for CD31 (B) and quan-
titatively by intravital fluorescence videomi-
croscopy after tumor implantation into the
skinfold chamber preparation (C). The
mean = SD values are represented from four
animals per group. (Scale bars, 25 um.) (D)
Histomorphological images of AXL-WT tu-
mors and AXL-DN tumors. Hematoxylin and
eosin staining. Arrows indicate tumor cell
invasion into the adjacent skin muscle layer
resulting in displacement of the muscle tis-
sue. Arrowheads indicate tumor cell invasion
into the adjacent skin muscle layer resulting
in destruction of the muscle tissue. t, tumor
mass; m, skin muscle layer; sc, s.c. tissue.
(Scale bars, 100 um.) (E) Quantitative analysis
of glioma cellinvasion into adjacent tissue by
mock, AXL-WT, and AXL-DN tumors. Linear
analysis of the length of infiltrated and de-
stroyed muscle and s.c. tissue is presented as
percentage of the total cross-sectional
length of tumor mass. The mean = SD values
are represented. *, P < 0.05 versus mock
tumors. (F) Fluorescence microscopy alone
(Upper) and in combination with phase con-
trast (Lower) of AXL-DN tumor. Tumor cells
were labeled with Dil before implantation.
(Scale bars, 100 um.) All specimens (B-F) were
excised on day 21 afterimplantation into the
dorsal skinfold chamber of nude mice. t, tu-
mor mass; m, skin muscle layer; s, s.c. tissue.

Axl’s role as a transforming/growth factor (Fig. 34). This effect
was independent of the presence of exogenous Gas6, confirming
a high baseline activation of Axl. An additional mechanism by
which Axl may influence tumor growth and expansion is its
modulation of tumor blood vessel function (14, 18, 19, 25). To test
this possibility, we implanted AXL-WT and AXL-DN cells into
the dorsal skinfold chamber model of nude mice. This model allows
for a noninvasive assessment of tumor growth, tumor angiogenesis,
and tumor perfusion by intravital multifluorescence videomicros-
copy (26). We could confirm the significance of Axl signaling for
tumor growth: In comparison with AXL-WT tumors, expansion of
AXL-DN tumors was again significantly suppressed (85% growth
reduction versus AXL-WT tumors; P < 0.05). However, the
analysis of tumor vessel density and tumor vessel diameter, by using
CD31-immunohistochemistry (Fig. 3B) and intravital microscopy
(Fig. 3C), failed to reveal an attenuated function of the tumor
vasculature as an explanation for the reduced tumorigenesis of
AXL-DN cells.

The most relevant clue of how Axl may additionally contribute to
glioma biology was derived from the histomorphological analysis of
the tumor specimens grown within the dorsal skinfold chamber. As
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In vitro characterization reveals role for Axl in mediating glioma cell migration and invasion. (4) Analysis of morphology and in vitro behavior of cell clones

under nonconfluent conditions. (B) Migration assay with multicellular aggregates of transfected cell clones. Migratory activity of tumor cells is illustrated for AXL-WT
and AXL-DN cells at 72 h after plating (Left) and is analyzed quantitatively over 7 days (Right). Area of migration was analyzed planimetrically by means of an image
analysis system. Experiments were performed in triplicate. The mean *+ SD values are represented. *, P < 0.05 vs. mock-transfected cells. (C) Analysis of tumor cell in-
vasion by 48-h confrontation of AXL-WT tumor cell spheroids (Upper) or AXL-DN tumor cell spheroids (Lower) with fetal rat brain cell aggregates. Note clear border
between AXL-DN tumor cell spheroid and brain cell aggregate, whereas the AXL-WT spheroid has merged with the brain aggregate, indicating lack of invasiveness
after inhibition of Axl signaling. B, brain cell aggregate; S, tumor spheroid. Experiments were performed in quadruplicate.

demonstrated in Fig. 3D, AXL-WT tumors were characterized by
amassive invasion into the adjacent host tissue (i.e., skin muscle and
s.c. tissue), whereas AXL-DN cells failed to invade the host tissue,
resulting in a clear border between the tumor and the underlying
host tissue. The quantitative analysis of tumor specimens at the
tumor/adjacent tissue interface revealed that AXL-WT tumors
invaded the adjacent tissue more aggressively than mock tumors
(Fig. 3E). In contrast, AXL-DN tumors invaded the muscle and s.c.
tissue to a significantly lesser extent than did mock and AXL-WT
tumors (Fig. 3E). This apparent reduction of AXL-DN tumor
invasion was further confirmed by fluorescence and phase-contrast
microscopy (Fig. 3F).

Axl Mediates Glioma Cell Migration and Invasion. These results
prompted us to assess the role of the Axl receptor for glioma cell
migration in more detail, especially because the reduced tumor cell
invasion in vivo could have been simply attributable to the reduced
tumor cell load in AXL-DN tumors. In contrast, our in vitro assays
clearly indicated that Axl is directly involved in tumor cell migration
and invasion. Under regular culture conditions, AXL-DN cells
partially detached and rounded up. Moreover, in contrast to mock
or AXL-WT cells, AXL-DN cells displayed an attenuated locomo-
tor activity with a reduced formation of filopodia and loss of
cell-to-cell interactions (Fig. 44). The notion that tumor cell
motility is impaired in AXL-DN cells was further confirmed by an
assay where glioma cell migration was assessed by plating tumor
spheroids and measuring the area covered by tumor cells migrating
from the originating spheroid over time (27). Although mock and
AXL-WT cells migrated to a comparable extent, tumor cell mi-
gration was impaired in AXL-DN cells (Fig. 4B). Because cell
migration is a prerequisite for tumor invasion, we addressed the
invasiveness of our cell clones by confronting tumor spheroids with
fetal rat brain cell aggregates (28). After 48 h of coculture, both
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mock and AXL-WT cells had diffusely invaded the brain aggregate
(Fig. 4C). In contrast, after the same time period, we could still
observe a clear border between the AXL-DN tumor spheroid and
the brain cell aggregate, indicating that these cells were unable to
invade normal brain tissue (Fig. 4C).

Inhibition of Axl Signaling Prolongs Survival of Mice with Intracere-
bral Xenografts. Collectively, the histomorphology of the tumor
xenografts and our in vitro results provided evidence that Axl is
involved in multiple aspects of gliomagenesis. As a consequence,
the Axl tyrosine kinase may represent a target for the treatment of
malignant brain tumors. To test this hypothesis, AXL-WT and
AXL-DN cells were orthotopically implanted, and their growth was
assessed by using MRI. Ten days after implantation, MRI dem-
onstrated that AXL-WT tumors had developed into large, space-
occupying lesions (Fig. 54). In contrast, in AXL-DN animals,
contrast enhancement was detectable only along the needle tract
(Fig. 54). A volumetric analysis on day 10 after implantation
confirmed this observation, with AXL-WT and AXL-DN tumors
measuring 63 * 24 mm? and <10 mm?, respectively. This suppres-
sion of tumor growth translated into a marked prolongation of
survival (Fig. 5B). The histomorphological analysis of the tumors
revealed that overexpression of Axl in SF126 AXL-WT cells
conferred an ability to invade the brain tissue diffusely, a growth
behavior not displayed by parental SF126 cells (Fig. 5 C and D).
Note that the AXL-WT tumor depicted in Fig. 5D is of smaller size
than the parental SF126 tumor in Fig. 5C but already invades the
brain tissue, with cells infiltrating as individual cells and satellite
tumors. In contrast, after the same time, AXL-DN tumors were
smaller and lacked invasion of the brain parenchyma (Fig. 5D).

Discussion

The results of our analyses suggest a role for Axl in the biology of
malignant brain tumors. Axl is overexpressed and activated in the

Vajkoczy et al.
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Fig. 5. Inhibition of Axl signaling prolongs survival after orthotopic implantation. (A) MRI of intracerebral tumor growth on day 10 after stereotactic

implantation of AXL-WT and AXL-DN cells into the brains of nude mice. T1-imaging sequence after injection of gadolinium-DTPA. (B) Survival curves for nude
mice after intracerebral implantation of AXL-WT cells (n = 9 animals) and AXL-DN cells (n = 8 animals). Animals were killed as soon as they developed neurological
deficits or lost >20% of their initial body weight. (C) Histomorphology of parental SF126 tumors after intracerebral implantation demonstrating the typical
growth behavior of this cell line in the CNS. SF126 cells grow primarily as a solid mass and show only little invasion. Note the clear-cut border between the tumor
(T) and brain tissue (B). Hematoxylin and eosin staining. [Scale bars, 500 um (Left) and 100 um (Center and Right).] (D) Histomorphology of AXL-WT tumors and
AXL-DN tumors on day 10 after intracerebral implantation. Whereas AXL-WT tumors had developed to large, space-occupying lesions with diffuse tumor cell
infiltration into adjacent brain tissue (Left and Center), AXL-DN tumor cells had formed only small and well demarcated tumors (Right). Squares depict areas of
AXL-WT tumor cell invasion highlighted at higher magnification. AXL-WT tumor cells invaded either diffusely into the brain tissue (black square and Left Lower)
or along white-matter tracts, such as the corpus callosum (white square and Center Lower). Hematoxylin and eosin staining. [Scale bars, 1 mm (Left Upper), 500

um (Center and Right Upper), and 100 um (Lower).]

majority of human glioma cell lines. Furthermore, Axl is expressed
at high levels in glioblastoma multiforme, the most malignant form
of brain tumor. Our analyses have disclosed that Axl, besides its
known involvement in cell transformation and cell proliferation,
also mediates migration and invasion of tumor cells. Finally,
inhibition of Axl signaling has been demonstrated to suppress
ectopic and orthotopic glioma growth and has resulted in a marked
prolongation of survival. Thus, Axl represents a promising thera-
peutic target for interfering with these highly aggressive and, as yet,
therapy-refractory, tumors. A similar role may be hypothesized for
Axl in the biology of other human tumors (10-13).

To study the biological function of Axl in human glioma cells,
we have inhibited its signaling function by expressing a truncated
dominant-negative receptor mutant and analyzed the complex
ability of the tumor cells to interact with each other and the
matrix, in detail. Although we have tried to dissect the role of Axl
for tumor biology in detail, we did not succeed in reducing the
involvement of AxI in tumor cell biology to a single pathological
process. In fact, inhibition of Axl signaling to some extent
negatively interfered with tumor cell proliferation, cell-cell
interactions, and cell migration and invasion, suggesting multiple
roles for Axl in tumorigenesis. Nevertheless, the most relevant
observation that we made was that inhibition of Axl signaling
almost completely suppresses the cells’ ability to migrate into
and invade healthy host tissue. It is noteworthy that the effect of

Vajkoczy et al.

AxI expression on tumor cell invasion varied between the s.c. and
intracerebral implantation site. In the s.c. implantation site, the
parental SF126 cells already display a strong invasion into the
adjacent tissue, which can be increased by further expression of
Axl and can be blocked by inhibition of Axl signaling. In contrast,
in the CNS, the parental SF126 cells grow as a solid mass and
invade only a little into the brain parenchyma, a phenomenon
that most glioma cell lines have in common when xenografted
into the brain. Only after further expression of Axl, do the cells
invade the cerebral tissue, whereas inhibition of Axl signaling
primarily affects glioma expansion. These observations clearly
suggest that the role of Axlin gliomagenesis may, in part, depend
on the host mircoenvironment.

That Gas6/Axl interactions may be involved in directed cell
migration has been suggested for vascular smooth muscle cells in
the context of remodeling of the vessel wall after vascular injury
(29) and for endothelial cells during tumor angiogenesis (25). By
using an in vitro chemotaxis assay, the ectopic expression of Axl
in vascular smooth muscle cells has been shown to increase the
Gasb6-induced migratory response, a phenomenon that depends
on an intact, signaling-competent Axl tyrosine kinase. Investi-
gations of the downstream signaling pathways have demon-
strated a role for phosphatidylinositol 3-kinase and phospho-
lipase C-vy in Gas6-induced migration of vascular smooth muscle
cells (29).
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Because of their relevance in tumor biology, RTKs are being
actively pursued as therapeutic targets (30, 31). Trastuzumab, a
monoclonal antibody against the RTK HER2/neu (32), is now in
clinical use and has been shown to be effective in the treatment of
HER?2-positive breast cancer. Inhibition of Axl signaling by transfer
of genes encoding a mutant receptor or by generation of inhibitory-
specific monoclonal antibodies or small molecule kinase inhibitors
may now be realistic strategies for interfering with the progression
of malignant brain tumors to prolong survival of patients suffering
from this devastating disease.

Materials and Methods

Cell Lines. Cell lines and culture conditions are described in Sup-
porting Materials and Methods, which is published as supporting
information on the PNAS web site.

cDNA Array Preparations and Hybridizations. Gene expression was
analyzed by hybridization of nylon filter arrays with radioactive
targets (cDNA) (see Supporting Materials and Methods).

RNA Analysis by Northern Blot. We used the standard protocol of
Northern blot analysis for detection of the expression of Axl and
Gas6 genes in human glioma cell lines. The loading RNA samples
were verified by rehybridization of filters with human B-actin probe.

Immunoprecipitation and Western Blotting. Axl-specific antibodies
were generated and phosphotyrosine blotting was performed as
described in Supporting Materials and Methods.

Generation of Expression Constructs and Stable Cell Lines. AxIl wild
type (AXL-WT) and a dominant-negative variant (AXL-DN)
were expressed in SF126 cells by using the retroviral factor
pLXSN (see Supporting Materials and Methods).
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In Vitro Biological Assays. In order to study the role of Axl for
tumor cell biology, in vitro proliferation, migration, and invasion
assays were performed (see Supporting Materials and Methods).
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intracerebrally. For intravital microscopic analyses, glioma cells
were implanted into the dorsal skinfold chamber model (24) (see
Supporting Materials and Methods). The volumetric analysis of the
tumors is outlined in Supporting Materials and Methods.

Visualization of Brain Tumors. Intravital epifluorescence videomi-
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Supporting Materials and Methods.

Statistics. For analysis of differences between the groups, one-way
ANOVA, followed by the appropriate post hoc test for individual
comparisons between the groups, was performed. Results with P <
0.05 were considered significant.
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