Tumor heterogeneity is an active process
maintained by a mutant EGFR-induced
cytokine circuit in glioblastoma
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Human solid tumors frequently have pronounced heterogeneity of both neoplastic and normal cells on the
histological, genetic, and gene expression levels. While current efforts are focused on understanding heterotypic
interactions between tumor cells and surrounding normal cells, much less is known about the interactions
between and among heterogeneous tumor cells within a neoplasm. In glioblastoma multiforme (GBM), epidermal
growth factor receptor gene (EGFR) amplification and mutation (EGFRvIII/AEGFR) are signature pathogenetic
events that are invariably expressed in a heterogeneous manner. Strikingly, despite its greater biological activity
than wild-type EGFR (WtEGFR), individual GBM tumors expressing both amplified receptors typically express
wtEGFR in far greater abundance than the AEGFR lesion. We hypothesized that the minor AEGFR-expressing
subpopulation enhances tumorigenicity of the entire tumor cell population, and thereby maintains heterogeneity
of expression of the two receptor forms in different cells. Using mixtures of glioma cells as well as immortalized
murine astrocytes, we demonstrate that a paracrine mechanism driven by AEGFR is the primary means for
recruiting wtEGFR-expressing cells into accelerated proliferation in vivo. We determined that human glioma
tissues, glioma cell lines, glioma stem cells, and immortalized mouse Ink4a/Arf /= astrocytes that express AEGFR
each also express IL-6 and/or leukemia inhibitory factor (LIF) cytokines. These cytokines activate gp130, which in
turn activates wtEGFR in neighboring cells, leading to enhanced rates of tumor growth. Ablating IL-6, LIF, or
gp130 uncouples this cellular cross-talk, and potently attenuates tumor growth enhancement. These findings
support the view that a minor tumor cell population can potently drive accelerated growth of the entire tumor
mass, and thereby actively maintain tumor cell heterogeneity within a tumor mass. Such interactions between
genetically dissimilar cancer cells could provide novel points of therapeutic intervention.
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Tumor cells are similar to members of other societies in
that the ways in which they interact depend on their
potential and the circumstances in which they find
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themselves. Emigrating immune cells, like the indige-
nous stromal and vascular components, influence and are
influenced by their tumor neighbors; thus, a complete
picture of neoplastic growth for most solid cancers is
most aptly described as a heterogeneous composite of
tumor and host cell constituents. While this tumor-host
cell interaction has become a major focus of interest in
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such cancers as breast and pancreatic (Allinen et al. 2004;
Tian et al. 2009), the roles of intratumoral interactions
between tumor cells harboring different genetic alter-
ations are poorly understood.

Glioblastoma multiforme (GBM)—a highly aggressive
primary brain cancer typified by uncontrolled cellular pro-
liferation, intense resistance to cell death, diffuse infiltra-
tion, robust angiogenesis, and associated vascular edema—is
well recognized for such intratumoral heterogeneity. The
heterogeneous nature of GBM cancer cells manifests as
mixed cytological subtypes, regional differences in gene ex-
pression, and nonuniform representation of key gene muta-
tions and genomic alterations (Jung et al. 1999; Maher et al.
2001; Kleihues et al. 2002; Furnari et al. 2007; Network
2008). Whether such marked intratumoral heterogeneity is
the result of an inherent interactivity between tumor cells,
genomic instability, or stochastic noise at the level of
transcription, translation, or post-translational modifica-
tions remains unclear.

Chromosomal amplifications of epidermal growth fac-
tor receptor gene (EGFR) are seen in some or most cells
of ~50% of primary GBMs, and are associated with poor
prognosis (Hurtt et al. 1992; Jaros et al. 1992; Schlegel
et al. 1994). Approximately half of the tumors that have
cells with amplified EGFR also contain cells that have
sustained intragenic EGFR gene rearrangements that
generate truncated, constitutively active mutant variants
analogous to the viral v-erbB oncogene. The most com-
mon of these involves deletion of exons 2-7 (referred to as
AEGEFR [but also known as de2-7], EGFRVIII, and EGFR*),
which causes an in-frame deletion and loss of a portion of
the extracellular domain. The expression of AEGFR has
been correlated with wild-type EGFR (wtEGFR) expres-
sion, and expression of both receptors within a tumor has
been determined to confer a worse prognosis than wtEGFR
expression alone (Shinojima et al. 2003; Heimberger et al.
2005). Interestingly, limitations of the specificity of avail-
able reagents have not allowed conclusive proof that the
same cells within a GBM tumor express both receptors.
The identification of uncommon tumors in which only
one or the other receptor is expressed indicates that co-
expression within the same tumor cells, although a possi-
bility, is not required (Shinojima et al. 2003; Nishikawa
et al. 2004). Experimentally, transfer of AEGFR into es-
tablished glioma cell lines causes several cell-intrinsic ef-
fects, such as constitutive autophosphorylation, constitu-
tive association with and activation of the Shc-Grb2-Ras
and class I phosphoinositide-3-kinase (PI3K) pathways
(Huang et al. 1997; Narita et al. 2002), enhanced tumori-
genicity (Huang et al. 1997), increased cellular proliferation
(Narita et al. 2002), and resistance to apoptosis induced by
DNA-damaging chemotherapeutic drugs through modula-
tion of Bel-Xy expression (Nagane et al. 1998). Importantly,
none of these promalignant biological properties are con-
ferred by overexpression of wtEGFR. For instance, wtEGFR
cannot substitute for AEGFR in driving infiltrative glioma
formation in genetically engineered mice (Hesselager and
Holland 2003; Zhu et al. 2009) or in Ink4a/Arf~'~ mouse
neural stem cells or astrocytes (Holland et al. 1998; Bachoo
et al. 2002), except when EGF ligand is infused at a high
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concentration into the injection site of wtEGFR-trans-
duced cells (Bachoo et al. 2002).

The potent tumor-promoting cell-intrinsic function
of AEGFR demonstrated using human glioma cell lines
(Nishikawa et al. 1994; Nagane et al. 1996) and mouse
models (Bachoo et al. 2002; Zhu et al. 2009) predicts that
this receptor should be the predominant amplified EGFR
variant in clinical samples. However, AEGFR expression
is actually rare in the absence of wtEGFR amplification
(Shinojima et al. 2003; Biernat et al. 2004; Nishikawa
et al. 2004), raising the possibility that AEGFR is derived
as a byproduct from amplified EGFR. However, inconsis-
tent with this notion are the rare occurrences of AEGFR-
positive/wtEGFR-negative GBMs (Shinojima et al. 2003;
Nishikawa et al. 2004), suggesting that cells expressing
AEGFR do not necessarily express amplified wtEGFR.

Given this infrequent occurrence of AEGFR-only GBMs,
one may postulate that this mutant receptor occurs late in
tumor progression, and that there is insufficient time for
AEGFR-expressing cells to emerge as the dominant pop-
ulation in these rapidly fatal tumors. Here, we explored an
alternative possibility: The minority AEGFR-expressing
cancer cell subpopulation might enhance their own in-
trinsic tumorigenic abilities as well as extrinsically po-
tentiate the proliferation of neighboring majority cells
expressing amplified wtEGFR. We provide evidence that
the intratumoral heterogeneity of GBM is actively main-
tained primarily by a cooperative tumor cell-tumor cell
interaction involving AEGFR-expressing cells releasing
IL-6 or leukemia inhibitory factor (LIF), which activate
wtEGFR-expressing cells by a paracrine cytokine signaling
circuit mediated by a novel gp130-wtEGFR interaction.

Results

AEGEFR and wtEGFR cooperate to promote
tumor growth

In GBM clinical samples, expression of AEGFR in some cells
is frequently associated with expression of amplified levels
of wtEGFR, and the coexpression of both receptors within
the tumor mass confers a worse prognosis (Shinojima
et al. 2003; Heimberger et al. 2005). We attempted to
model this heterogeneous receptor coexpression (Pandita
et al. 2004) and determine the effect on tumorigenic be-
havior. In a first series of experiments, human U87MG
glioma cells, which express low levels of wtEGFR (~1 X
10° receptors per cell) (Nishikawa et al. 1994; Wikstrand
et al. 1997), were engineered to overexpress wtEGFR
(U87wt) or AEGFR (U87A-LacZ) at levels (0.5 X 10° to
1 X 10° receptors per cell) (Nishikawa et al. 1994) that are
consistent with the amplified levels found in GBM tumors
and glioma xenografts prepared directly from patient
material (0.2 X 10° to 0.7 X 10° receptors per cell)
(Wikstrand et al. 1997), and we engrafted these intracrani-
ally into animals as single homogenous populations or in
mixed ratios of U87wt:U87A-LacZ cells (90%:10% or
99%:1%). Twelve days after orthotopic injection, the mice
were sacrificed and their brains were processed for H&E
staining (Fig. 1A). The coinjection of U87wt and U87A
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Figure 1. Tumor growth enhancement induced by mixing of wtEGFR and AEGFR-expressing cells. (A, top) H&E at day 12 after
intracranial injection of U87wt (wt), U87A-LacZ (A-LacZ), or U87wt mixed with U87A-LacZ at 90:10 or 99:1 ratios (wt + A-LacZ 90%—
10% or wt + A-LacZ 99%-1%; 100% =5 X 10° cells). (Bottom) Whole-brain sections and X-Gal staining of tumor samples; Fast red
counterstain. LacZ-positive percentage mean of each tumor sample is indicated below X-Gal staining pictures. (B) Tumor volume after
subcutaneous injection of U87wt cells alone or mixed with U87A-LacZ, U87Par-LacZ, or U87DK-LacZ at ratios of 90:10 or 99:1 (100% = 1 X
10° cells). Error bars represent mean = SEM; n = 6. (*) P < 0.05. (C, top) H&E of mouse brains 22 d after intracranial injection of mAstr-Ink4/
Arf~~-wtEGFR-GFP astrocytes (wt-GFP) alone, mAstr-Ink4/Arf~/~-AEGFR (A) alone, or mAstr-Ink4/Arf~'~-wtEGFR-GFP astrocytes and
mAstr-Ink4/Arf/~-AEGFR mixed at a 90:10 ratio {100% = 5 X 10° cells). (Bottom) mAstr-Ink4/Arf~/~-wtEGFR-GFP cells as GFP

immunofluorescence. DAPI (blue) labels nuclei.

cells produced a noticeable tumor growth enhancement
(Fig. 1A), which resulted in a shorter survival over U87wt
(Supplemental Fig. 1a-d). In contrast, very little, if any,
tumor enhancement was observed when U87wt cells were
mixed with U87MG parental (U87Par) or U87 cells ex-
pressing a dead kinase version of AEGFR (U87DK) (Sup-
plemental Fig. 2; data not shown), or when U87DK was
mixed with U87A-LacZ (Supplemental Fig. 1e). Tumor com-
positions were analyzed by X-Gal staining, and demon-
strated that U87wt cells (LacZ-negative) remained the
predominant population in the mixed tumor (68.54% =+
4.37% for 90:10 ratio; 93.16% = 1.41% for 99:1 ratio;
mean * SEM) (Fig. 1A) and were not overgrown by the
U87A-LacZ cells. Similarly, subcutaneous injection into

nude mice of U87wt cells alone or mixed with U87Par-
LacZ, U87A-LacZ, or U87DK-LacZ in ratios of 90%:10%
or 99%:1% demonstrated that U87wt cells formed tumors
poorly when mixed with U87Par-LacZ or U87DK-LacZ
or when injected alone; however, a significant increase in
their tumor growth was achieved when wtEGFR-over-
expressing cells were mixed with a minor proportion of
AEGFR-expressing cells (P = 0.002). Tumors obtained from
these mixtures were significantly larger than the expected
tumor volume obtained by the sum of the tumor volumes
of the different cell populations injected alone (U87wt
100% and U87A 10% tumors) (Fig. 1B; Supplemental Fig.
3a). Additionally, as seen in the intracranial injection, the
lack of growth enhancement imparted by U87DK-LacZ
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confirms that the catalytic kinase activity of the AEGFR is
required for this effect.

In a second and complementary series of experiments,
we took advantage of the observation that primary astro-
cytes derived from Ink4a/Arf’~ mice that overexpress
wtEGFR (mAstr-Ink4a/Arf~/~-wtEGFR) are not tumori-
genic upon intracranial injection unless superphysiological
levels of EGF are infused into the injection site, upon which
they form infiltrative glioblastomas (Bachoo et al. 2002).
We used this cellular system to test whether cells over-
expressing AEGFR were competent to promote mAstr-
Ink4/Arf~'~-wtEGFR participation in tumor formation.
GFP-tagged mAstr-Inkda/Arf~'~-wtEGFR (mAstr-Ink4a/
Arf~/~-wtEGFR-GFP) cells were injected into nude mice
intracranially alone or mixed with astrocytes overexpress-
ing AEGFR (mAstr-Ink4a/Arf~/~-AEGFR) in a 90%:10%
ratio, respectively. Twenty-two days after injection, mice
were sacrificed and brains were processed for H&E and
GFP immunofluorescence (Fig. 1C). As expected, mAstr-
Ink4a/Arf~'~-wtEGFR-GFP did not form tumors upon
injection. In contrast, mAstr-Ink4a/Arf/~-AEGFR cells
did form tumors, but tumor volumes were strikingly larger
when the two cell populations were mixed together (Fig.
1C; Supplemental Fig. 4). Importantly, GFP staining
revealed the presence of mAstr-Inkda/Arf~-wtEGFR-
GFP cells within these tumors, despite being unable to
engraft by themselves (Fig. 1A). Thus, murine astrocytes
and human glioma cells each showed that the mixture of
a small proportion of AEGFR-expressing cells with those
overexpressing wtEGFR resulted in a more aggressive,
heterogeneous tumor phenotype when compared with
the injection of either separately.

AEGFR-expressing glioma cells enhance
the proliferation of cells overexpressing
wtEGFR in vivo and not vice versa

The potent tumor growth enhancement observed when
wtEGFR and AEGER cells are mixed together suggests that
either or both cell populations secrete factors that promote
cell growth and survival in vivo. To verify whether this
cross-talk is unidirectional or bidirectional, we performed
soft agar colony formation assays of wtEGFR cells treated
with conditioned media (CM) derived from AEGFR cells
and vice versa. Treatment with parental cell CM or normal
media (Neg) was also included (Fig. 2A-C). AEGFR CM
significantly increased wtEGFR colony formation in soft
agar, indicating that AEGFR secrete one or more factors
able to induce wtEGFR growth (Fig. 2B,C). However, no
difference in soft agar colony formation was observed
when AEGER cells were treated with wtEGFR CM, form-
ing colonies with equal efficiency irrespective of the
source of the CM (Fig.2A).

These results suggest that AEGFR unidirectionally
promotes wtEGFR cell growth. To verify this hypothesis
in vivo, U87wt tagged with LacZ (U87wt-LacZ) and U87A
cells were injected subcutaneously into nude mice alone
or mixed at different ratios, and then tumor volumes and
compositions were determined. As expected, U87wt-LacZ
formed tumors poorly compared with U87A, but when
U87wt-LacZ and U87A were mixed together, a potent
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tumor growth enhancement was observed (Fig. 2D,F).
Tumors derived from engraftment of U87wt-LacZ:U87A
at ratios of 50:50 or 10:90 were not significantly different
(P = 0.05) in size when compared with tumors derived
from 100% U87A (Fig. 2F). Analysis of tumor composition
by X-Gal staining revealed that U87wt-LacZ cells were
rendered able to grow at the same rate as U87A in the 50:50
ratio engraftment, or even faster in 10:90 ratio, where the
final proportion of U87wt-LacZ was 21.14% =+ 3.39% (Fig.
2E,F; Supplemental Fig. 5). These results demonstrate that,
by increasing the amount of AEGFR cells in mixed tumor
cell engraftments, there is a corresponding increase in
wtEGFR cell growth (Supplemental Fig. 5b). In contrast,
the tumor volume attributable to AEGFR cells was propor-
tional to the ratio injected. Similar results were obtained
using a flow cytometry procedure designed to discriminate
between wtEGFR- and AEGFR-expressing cells that also
demonstrated a substantial unidirectional growth enhance-
ment effect of U87A tumor cells on U87wt tumor cells
(Supplemental Fig. 5c).

AEGER activates proliferation and survival pathways
in wtEGFR cells in vivo and in vitro

We observed a modest enhancement of tumorigenicity
when U87Par cells were mixed with U87A cells (data not
shown), illustrating that levels of wtEGFR expression,
and probably activation state, might be important param-
eters in heterogeneous tumor growth potentiation. Anal-
ysis of intracranial and subcutaneous tumor lysates by
Western blot and densitometric quantification revealed
a stronger activation of wtEGFR in tumors originating
from the coinjection of wtEGFR and AEGEFR cells than in
tumors that formed from any of the unmixed cell popula-
tions (U-Mann Whitney test, P = 0.0406) (Fig. 3A; Supple-
mental Fig. 6). Furthermore, in support of the unidirection-
ality of the cross-talk between these receptors, no increase
in AEGFR activation was detected in engrafted tumors
composed of wtEGFR- and AEGFR-expressing cells.

We attempted to model this intercellular communica-
tion in vitro to determine which pathways might be
responsible for tumor enhancement. To recapitulate the
function of AEGFR cells in vitro, wtEGFR cells were
treated with CM from serum-starved AEGFR cells. West-
ern blot analysis of the lysates revealed activation of
EGFR and three known major signal transduction pro-
teins involved in GBM tumorigenesis—Akt, ERK1/2,
and STAT3 (Tyr705)—in both U87wt (Fig. 3B) and
mAstr-Ink4a/Arf~/~-wtEGFR (Fig. 3C) cells, suggesting
the possibility of equivalent mechanisms across species
to promote tumor growth enhancement in the two dis-
tinctly different cellular systems. No activation of STAT3
at Ser727 was detected in any case (data not shown).
Similar results were also obtained when analogous ex-
periments were performed with U373 and U178 human
GBM cell lines (Supplemental Fig. 7). In accord with the
in vitro results, enhanced STAT3 activation was also
observed in intracranial and subcutaneous mixed tumors
(Fig. 3A; Supplemental Fig. 6). Notably, no differences in
activation of STAT3 or wtEGFR were observed when
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Figure 2. AEGEFR cells enhance wtEGFR cell growth in vivo and in vitro. (A) Soft agar colony formation assay quantification of U87A
cells treated with normal media (Neg), U87Par CM (ParCM), U87wt CM (wtCM), or US7A CM (ACM). (B) Soft agar colony formation
assay quantification of U87wt cells treated with normal media (Neg), U87Par CM (ParCM), U87wt CM (wtCM), or U7A CM (ACM).
(C) Soft agar colony formation assay quantification of mAstr-Ink4/Arf/~-wtEGFR treated with mAstr-Ink4/Arf '~ CM (ParCM) or
mAstr-Inkd/Arf~/~-AEGFR CM (ACM). (D) Tumor growth kinetics after subcutaneous injection of U87wt-LacZ (wt-LacZ), US7A (A), or
U87wt-LacZ mixed with U87A at ratios of 90:10, 50:50, or 10:90 (100% = 2 X 10° cells). (E) Representative X-Gal staining images of
subcutaneous tumors obtained at day 22 after subcutaneous injection of U87wt-LacZ (wt-LacZ), U87A (A), or U87wt-LacZ mixed with
US87A at ratios of 90:10, 50:50, or 10:90. Fast red counterstain. (F) Relative tumor volume after analysis of tumor composition by X-Gal
staining and Image Pro-Analyzer 6.2 software of tumors obtained at day 22 after subcutaneous injection of indicated mixtures of U87wt
and U87A. Error bars in all experiments represent mean = SEM. One-way ANOVA and two-tail t-test were used to compare samples.
(**) P <0.001. n = 6 for subcutaneous injection; n = 3 for soft agar assay.

U87wt cells were mixed with U87Par or U87DK (Supple- we analyzed the effect of ACM in the presence of the
mental Fig. 6) or treated with parental CM (Fig. 3B,C). EGFR inhibitors gefitinib and erlotinib (Fig. 3D). Pre-
treatment of U87wt cells with either EGFR inhibitor at
2 uM completely abolished the activation of EGFR, as
To determine whether the activation of these intracellu- well as Akt and ERK activation, while no effect was
lar pathways is dependent on the kinase activity of EGFR, observed for STAT3 activation, suggesting that AEGFR

wtEGEFR activation is independent of its natural ligands
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Error bars represent mean + SEM (n = 3). Mann-Whitney U-test was used to compare results. (*) P < 0.05. (B) Western blot analysis of
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ERK, Akt, and STAT3 pathways when treated with ACM. (C] Western blot analysis of mAstr-Ink4/Arf/~-wtEGFR lysates untreated (—) or
treated with mAstr-Ink4/Arf~/~-Par CM (ParCM), mAstr-Ink4/Arf~/~-AEGFR CM (ACM), or 2.5 ng/mL EGF. (D) Western blot analysis of
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Western blot analysis of lysates of U87wt untreated (—) or treated with serum-free medium (SFM), EGF, or U87A CM (ACM), with or
without preincubation with EGFR ligand trap (501-Fc). Actin and/or total protein were used as loading controls.

cells produce soluble factors that activate Akt and ERK
directly through EGFR, while STAT3 activation is pre-
sumably transduced by another receptor.

In order to test whether the EGFR activation is caused
by any of its known ligands, we attempted to neutralize
them in ACM using a recombinant protein consisting of
the extracellular portion of EGFR that binds the known
EGEFR ligands with high affinity (Adams et al. 2009). As
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shown in Figure 3E, preincubation of recombinant EGF
with the ligand trap 501-Fc reduced the activation of
EGFR as well as Akt and ERK. However, no effect on
these pathways was observed when ACM was pretreated
with the ligand trap, suggesting that EGFR activation in
treated wtEGFR cells is not caused by any of the EGFR
ligands. As expected, STAT3 activation was not affected
by the presence of the ligand trap. Furthermore, analysis



of CM by ELISA revealed no significant increase in
secretion by U87A of any of the EGFR ligands analyzed
(Supplemental Fig. 8). Confirmation of these results was
achieved by incubation of ACM with neutralizing anti-
bodies against each EGFR ligand; these also failed to block
the ability of the CM to activate EGFR (data not shown).

IL-6 and/or LIF are up-regulated in AEGFR cells

To identify candidate soluble factors expressed by AEGFR
cells that could potentially mediate intercellular commu-
nication with, and promote the proliferation of, wtEGFR
cells, a cytokine array was used to qualitatively detect 79
human cytokines and growth factors in supernatants of
cultured cells. IL-6 was found to be significantly up-
regulated in U87A cells compared with the other U87 cell
lines (data not shown). Real-time PCR and ELISA analysis
of supernatants demonstrated that IL-6 expression was
significantly higher in U87 and U178 cells overexpressing
AEGFR (P =0.0014) (Fig. 4A,C; Supplemental Fig. 9). Since
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the IL-6 family of cytokines are known activators of
STAT3, and we observed a strong STAT3-stimulating
activity in ACM, we surveyed by PCR the expression of
a panel of IL-6-related cytokines in the U87 series of cells,
and found that the IL-6 family member LIF was also
significantly up-regulated in AEGFR cells (P = 0.0008)
(Supplemental Fig 10). Real-time PCR and multiplex
analysis not only confirmed this result in U87 cells, but
also revealed that LIF specifically is significantly up-
regulated in both the mAstr-Inkda/Arf~'~-AEGFR cells
(P = 0.0007) and the U373 glioma cell line (Fig. 4B,C;
Supplemental Fig. 9).

IL-6 enhances heterogeneous tumorigenic growth

To determine whether IL-6 was a candidate mediator for
the enhanced proliferation of wtEGFR-expressing cells,
we engineered U87Par cells, which lack the ability to
enhance U87wt tumor growth (Fig. 1B), to overexpress IL-
6 (U87Par-IL6), and their CM was applied to U87wt in soft
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agar colony formation. Real-time PCR for IL-6 (A) and LIF (B) expression in U87MG and mAstr-Ink4/Arf~/~ (Par) cells, or cells
engineered to overexpress wtEGFR (wt), AEGFR (A), or AEGFR with a dead kinase domain (DK). (C) ELISA quantification of IL-6 (top)
and multiplex quantification of LIF (bottom) in supernatants of U87Par (Par), U87wt (wt), U87A (A), and U87DK (DK) cultures after 48 h
of starvation. (D) Soft agar colony formation assay quantification of U87wt cells treated with normal media (Neg) U87A CM (ACM),
U87Par CM (ParCM), or U87Par-IL6 CM (Par-IL-6 CM). (E) Tumor growth kinetics after subcutaneous injection of U87wt 100%, or
U87wt mixed with U87Par or U87Par-IL6 at a ratio of 90%:10% (100% = 1 X 10° cells). Inserted in the graph is the tumor growth
kinetics for U87Par 10% and U87Par-IL6 10%. Error bars in all experiments represent mean = SEM. One-way ANOVA and two-tail
t-test were used to compare samples. (*) P < 0.05; (**) P < 0.001. n = 3 for soft agar assay; n = 6 for subcutaneous injections.

GENES & DEVELOPMENT 1737



Inda et al.

agar colony formation assays (Fig. 4D,E). CM generated
from U87Par-IL6 was able to potently enhance U87wt
colony formation with the same efficiency as U§7A CM
(Fig. 4D). In contrast, significant colony enhancement
failed to occur when U87wt cells were treated with control
U87Par CM. To verify the potential role of IL-6 in tumor
growth enhancement, U87wt cells were injected subcuta-
neously into nude mice after mixing with U87Par or
U87Par-IL6 (in lieu of U87A) at 90:10 ratios (Fig. 4E).
U87Par-IL6 did not itself grow faster than U87Par; how-
ever, when they were mixed with U87wt cells, a potent
tumor growth enhancement was observed, demonstrating
a paracrine tumor enhancement effect mediated by IL-6
secretion in these composite tumors.

AEGFR-induced cytokines operate through gp130
to promote wtEGFR-mediated growth enhancement

To determine if IL-6 and LIF were the factors present in
AEGFR cell CM responsible for the signaling signature
activated in wtEGFR cells, we sought to neutralize their
activity by preincubating AEGFR CM with blocking anti-
bodies targeting these cytokines prior to treatment of
wtEGFR cells. Both antibodies were able to reduce, but
not completely block, AEGFR CM-induced STAT3 acti-
vation in U87wt cells, suggesting an additive effect of the
two cytokines (Supplemental Fig. 11). In contrast, U87A
CM treated with either antibody retained the ability to
activate EGFR and its downstream Akt and MAPK path-
ways (Supplemental Fig. 11; data not shown); however,
the combination of the two neutralizing antibodies not
only further inhibited the STAT3 activation, but also
strongly prevented EGFR activation (Fig. 5A), showing
that the two cytokines have a redundant stimulatory ef-
fect on the wtEGFR. To further validate these data, we
similarly used a blocking antibody targeting gp130, the
receptor subunit common to all IL-6 family cytokines.
U87wt and mAstr-Ink4a/Arf~/~-wtEGFR cells preincu-
bated with the anti-gp130 antibody and then treated with
the respective ACM did not show any activation of
STAT3, and EGFR activation was reduced dramatically
(Fig. 5B,C). Similar results were achieved with U178 and
U373 glioma cell lines (Supplemental Fig. 7).

Although a direct cross-talk between gp130 and EGFR
has not been described previously, it has been shown
that gp130 can interact with ErbB2, another member of
the EGFR family (Qiu et al. 1998). We hypothesized that
gp130 might also interact directly with overexpressed
EGFR and induce its activation. Coimmunoprecipitation
experiments demonstrated that the two receptors do
interact, and that their association is stimulated by
ACM treatment (Fig. 5D). Since all of the ACM-activated
signaling pathways that we observed in vitro depend on
the stimulation of gp130, we speculated that gp130 and
its ligands play a central role in the in vivo tumor growth
enhancement observed in mixed tumors. To address this,
we knocked down the expression of gp130 in U87wt cells
by siRNA transfection (Supplemental Fig. 12a), and
injected these cells subcutaneously alone or mixed with
UB87A cells at a ratio of 90:10%. U87wt cells that were not
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transfected or those transfected with an irrelevant lucif-
erase siRNA were used as negative controls. There was
only a small and insignificant (P = 0.1487) difference in
tumor volumes between U87wt cells treated with gp130
siRNA compared with the controls when injected alone
(Fig. 5E; Supplemental Fig. 13). However, tumor growth
enhancement driven by the presence of AEGFR cells was
abolished completely when gp130 was knocked down in
U87wt cells (P = 0.029) (Fig. 5E; Supplemental Fig. 13),
indicating that, in the absence of gp130, wtEGFR cells are
unresponsive to the growth-promoting stimuli produced
by AEGFR cells.

To further demonstrate that IL-6-type cytokines are the
soluble factors responsible for the paracrine proliferation
of U87wt cells, U87A cells were transfected with a com-
bination of two siRNAs targeting IL-6 (Supplemental Fig.
12b), or luciferase siRNA as a negative control, and then
injected subcutaneously into nude mice alone (10%) or
mixed with U87wt cells at a ratio of 90%:10% (Fig. 5F;
Supplemental Fig. 13). U87A cells transfected with IL-6
siRNAs formed tumors as efficiently as luciferase siRNA
controls when injected alone (P > 0.05); however, they
were unable to stimulate the growth of U87wt cells when
mixed together (P = 0.0113) (Fig. 5F; Supplemental Fig.
13). Similar results were obtained by knocking down LIF
expression in U87A cells and subcutaneous engraftment
(P =0.0210) (Fig. 5G; Supplemental Figs. 12¢, 13). Taken
together, these results show that the amplified levels of
wtEGFR expressed in glioma can be activated through
a paracrine mechanism initiated by AEGFR activity. This
activity results in the production of IL-6/LIF family
member cytokines that engage their cognate common
receptor, gpl30, and promote cross-talk interaction with
EGFR, the net outcome of which is an active mainte-
nance of tumor heterogeneity.

IL-6 and LIF expression in GBM clinical samples
and glioma stem cells

To determine whether these findings had clinical corre-
lates, 19 human GBM tumor samples were analyzed for
wtEGFR, AEGFR, IL-6, and LIF RNA expression by real-
time PCR, and were compared with normal brain tissue
(Fig. 6A, left). Notably, we observed a very significant
correlation between AEGFR and IL-6 expression in the
GBM tumor samples (P = 0.0198). High LIF expression was
also observed frequently in AEGFR-positive clinical sam-
ples, but did not reach statistical analysis significance (P =
0.2101) (Fig. 6A, right). Each of the tumor samples analyzed
that was positive for AEGFR, except one, expressed high
levels of IL-6 and/or LIF (Fig. 6A). In contrast, no correla-
tion was found between the two cytokines and wtEGFR
expression (Supplemental Fig. 14). Nine different glioma
stem cell lines were similarly analyzed by real-time PCR,
and all of the lines expressing AEGFR also had higher
expression of IL-6 (four out of five) and/or LIF (four out of
five) (Fig. 6B). In contrast, lines not expressing AEGFR did
not express high levels of IL-6 or LIF (three out of four), and
only one line with amplification of wtEGFR also showed
somewhat increased levels of IL-6 and LIF.
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Figure 5. IL-6 and LIF are responsible for wtEGFR stimulation and growth enhancement via gpl30-EGFR interaction. (A) Western blot
analysis of EGFR and STAT3 phosphorylation in U87wt lysates untreated (—) or treated with recombinant IL-6, LIF, or both, or with
U87A CM (ACM) pretreated or not with anti-IL-6-neutralizing and anti-LIF-neutralizing antibodies (IL-6n + LIFn). (B) Western blot
analysis of EGFR and STAT3 phosphorylation in mAstr-Ink4/Arf /~-wtEGFR lysates untreated (—) or treated with recombinant LIF or
with mAstr-Ink4/Arf/~-AEGFR CM (ACM) pretreated or not with anti-LIF-neutralizing (LIFn) or anti-gpl130-neutralizing (gp130n)
antibodies. (C) Western blot analysis of U87wt lysates after stimulation with U87A CM (ACM) pretreated or not with anti-IL-
6-neutralizing (IL-6n) or anti-gp130-neutralizing (gp130n) antibodies. (D) Coimmunoprecipitation of EGFR and gp130 in U87wt lysates
untreated (—) or treated with U87A CM (ACM). Total lysates were loaded as controls. IgG immunoprecipitation was used as negative
control. (E) Tumor volumes 17 d after subcutaneous injection of U87wt (wt) nontransfected or transfected with 25 nM luciferase siRNA
(wt-Luc siRNA) or gp130 siRNA (wt-gp130 siRNA) alone or mixed with U87A at a ratio 90:10, respectively. (F,G) Tumor volumes 24
d (F) or 21 d (G) after subcutaneous injection of U87wt alone or mixed with U87A transfected with 25 nM luciferase siRNA (A-Luc
siRNA) and IL-6 siRNA (A-IL6 siRNA) (F), or LIF siRNA (A-LIF siRNA) (G) at a ratio of 90:10, respectively (100% = 1 X 10° cells). Exror
bars represent mean = SEM. One-way ANOVA and two-tail t-test were used for statistical analysis; n = 6. (*) P < 0.05; (**) P < 0.001.

Discussion ture of GBM is its profound intratumoral genetic hetero-

geneity, a property that challenges our understanding
of its pathobiology and our ability to effect meaningful
therapeutic responses to targeted agents. Here, we show

While much attention has been placed on tumors as
architecturally heterogeneous systems that differ region-

ally in vasculature, host infiltrates, and connective tissue
components (Allinen et al. 2004), far less is known about
how genetically different cancer cells of an individual
tumor interact in the malignant process. A cardinal fea-

that a signature genetic event of GBM, AEGFR, provides
a mechanism to actively maintain this complex tumor
biology by both its cell-intrinsic growth-promoting activ-
ity and a cell-extrinsic function that serves to promote
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Figure 6. IL-6 and/or LIF expression correlates with AEGFR-
positive human GBM clinical samples and glioma stem cells. (A)
Analysis of AEGFR and IL-6 (left) or LIF (right) expression by
real-time PCR in 19 human GBM samples. (B) Analysis of
AEGFR and IL-6 (left) or LIF (right) expression by real-time
PCR in nine human glioma stem cell lines. Error bars in all
experiments represent mean *= SEM. Expression levels three
times or more the expression in normal brain were considered
as high expression. (*) P < 0.05., Fisher’s exact test.

the proliferation of wtEGFR-expressing glioma cells via
AEGFR-mediated production of IL-6 family cytokines
(Fig. 7). While our results support a paracrine mechanism,
whereby cytokines are produced from AEGFR-expressing
cells to act upon neighboring cells expressing amplified
wtEGFR, it is formerly possible that an autocrine mech-
anism may also exist in these tumors where AEGFR and
wtEGFR are coexpressed on the same cell. This would
not invalidate our finding of a major role for a paracrine
mechanism induced by AEGFR-positive cells, as it has
been demonstrated that, within GBMs, there are regions
of predominant wtEGFR-only expression (Nishikawa
et al. 2004; Heimberger et al. 2005; Jeuken et al. 2009),
and so these cells would also benefit from the cytokines
secreted by AEGFR-positive cells. Therefore, it remains
possible that both paracrine and autocrine circuitries
coexist to maintain receptor heterogeneity.

Our findings mirror well the cytokine expression pro-
files in AEGFR-expressing GBM clinical samples and
derivative glioma stem cells (Fig. 6). This novel function
of AEGEFR provides a rational explanation for the receptor
heterogeneity often detected in human brain tumors. We
propose that tumor heterogeneity can be maintained by
cooperative interactions among tumor cells of differing
genotypes and proliferative capacities, and that the elu-
cidation of such interactions provides a new avenue for
therapeutic intervention. Together, our findings refine
the clonal evolution model of cancer positing a stepwise
natural selection for the genetically fittest, most aggres-
sive cancer cells, which leave in their wake less aggres-
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sive ancestral cells, and instead support the existence of
nonautonomous mechanisms supporting growth across
the cancer cell population. Our results do not address the
origins of heterogeneity, and leave open the issue of how
amplified EGFR and AEGFR arise during the establish-
ment of a glioma. Possible explanations for this might be
that, at an early stage during glioma development, am-
plified wtEGFR is better tolerated then AEGFR, and that
other lesions need to occur before cells expressing AEGFR
can survive. Alternatively, AEGFR might more easily
arise from an amplified EGFR locus.

AEGFR expression is rare in tumors that do not also
possess cells with wtEGFR overexpression, and the pres-
ence of this mutant receptor in a subpopulation of cancer
cells of a GBM confers poor clinical outcome (Shinojima
et al. 2003; Heimberger et al. 2005; Jeuken et al. 2009).
In concordance, we observed that coinjection of wtEGFR
cells with a smaller number of AEGFR cells potently
enhances tumorigenicity and aggressiveness in several
different cellular systems. To determine whether the cel-
lular cross-talk demonstrated in this model was due to a
AEGFR-prompted secreted factor, we assessed the ability
of CM generated from AEGFR cells to activate overex-
pressed wtEGFR on recipient cells. While the CM acti-
vated wtEGFR, using various methods, we were unable to
detect the presence or altered expression of any known
EGF ligand. These results are in contrast to Ramnarain
et al. (2006), who detected autocrine activation of wtEGFR
by HB-EGF secreted by U251 glioma cells expressing
AEGFR, possibly due to the different genetic backgrounds
of U251 (mutated for p53) and U87MG and mouse astro-
cytes (wild type for p53) used in our study that more
accurately represent the genetic profile of most primary
GBMs expressing AEGFR (Furnari et al. 2007). Addition-
ally, analysis of U87A-generated CM and FACS analysis for
receptor composition in cocultures of U87wt with U87A
cells or tumors derived from the mix of these cells failed to
demonstrate the transfer of AEGFR protein shed as vesi-
cles (Al-Nedawi et al. 2008; data not shown).

Overexpressed wtEGFR conveys little intrinsic tumor-
igenic enhancement to glioma cells (Huang et al. 1997),
and overexpressed levels of this receptor are not sufficient
to drive glioma formation with Ink4a/Arf~/~ mouse astro-
cytes (Bachoo et al. 2002) unless EGF is infused into the
intracranial engraftment site. This result suggests that the
abundant expression of this wild-type receptor in GBMs,
unlike the mutant AEGFR, requires additional inputs,
such as ligand or cross-talk activation. By analyzing lysates
from xenografts composed of wtEGFR cells alone or mixed
with AEGFR cells, we found that wtEGFR was signifi-
cantly more phosphorylated in the latter. To ascertain if
AEGFR cells could provoke sufficient wtEGFR signaling,
thus promoting tumorigenic growth, we tested CM pro-
duced by AEGFR cells for the ability to activate the
wtEGFR. Regardless of the cell type used, CM derived
from AEGFR-engineered cells was capable of activating
wtEGFR as well as signature growth-promoting path-
ways (Akt, MAPK, and STAT3) typically associated with
EGEFR activation and gliomagenesis (Guha and Mukherjee
2004; Brantley and Benveniste 2008; Huang et al. 2009).
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Figure 7. Model of paracrine-mediated tumor en-
hancement and maintenance of glioma heterogeneity.
(Top panel) Cells expressing AEGFR (stippled) secrete
elevated levels of IL-6 family cytokines IL-6 and/or LIF,
which promote the in vivo growth of cells with high
levels of wtEGFR (dark grey), thus maintaining the
heterogenic composition of the tumor. At the molecu-
lar level, IL-6 and LIF bind to their respective receptors,
IL-6R and LIFR, which form oligomeric complexes with
two or one subunits, respectively, of the common signal
transducer gpl30. Upon ligand binding, gpl130 com-
plexes recruit and activate JAK kinases (not shown),
which phosphorylate gpl30, LIFR, and STAT3 at
Tyr705, inducing its transcriptional activation function.
Activated gpl30 interacts with and transactivates
EGFR, leading to receptor-mediated signaling pathway
activation (Akt and MAPK activation). (2) The partic-
ipation of IL-6R and LIFR, as well as their ligands, in
gpl30:EGFR complexes has yet to be determined.
Coordinate activation of STAT3, Akt, and MAPK
enhance the survival and proliferation of cells express-
ing amplified wtEGFR.

Survival and proliferation

Inhibition of EGFR activation by erlotinib or gefitinib
blocked Akt and MAPK activation generated by U87A
CM, while STAT3 activation was still achieved. As we
found the CM to be devoid of EGF ligands, we conclude
that receptor cross-talk is responsible for AEGFR CM-
prompted EGFR activation (Gschwind et al. 2001). Fur-
thermore, given the inability of CM produced from
wtEGFR-expressing cells to promote enhanced colony
formation of AEGFR-expressing cells, we conclude that
cellular cross-talk is unidirectional.

We analyzed supernatants of human glioma cell lines,
immortalized mouse astrocytes, and glioma stem cells
engineered to overexpress AEGFR, and, among several
soluble factors that we found to be up-regulated, the IL-
6-type cytokines were the most frequent and constant
across the different cell types. Notably, we observed up-
regulation of only two of the cytokines of this family: IL-6
and LIF. Several previous studies (Van Meir et al. 1990;
Rolhion et al. 2001; Trikha et al. 2003) have demonstrated
that IL-6 expression increases with glioma malignancy
grade, is associated with shorter survival of GBM patients
(Sasaki et al. 2001; Tchirkov et al. 2001, 2007; Chang et al.
2005), promotes proliferation of glioma cells (Goswami

et al. 1998) and neuroectodermal tumors (Candi et al.
1997), and is required for glioma development in the
mouse (Weissenberger et al. 2004). However, few reports
have indicated a possible involvement of LIF in CNS
tumor growth (Liu et al. 1999, 2000). Only recently has
LIF been identified as a crucial mediator of the self-
renewal capacity of glioma stem cells (Penuelas et al.
2009), in agreement with its previously known effect on
normal neural stem cells (Bauer and Patterson 2006). In
the same study, it was demonstrated that LIF can actively
increase the oncogenic potential of glioma stem cells
(Penuelas et al. 2009). Importantly, gp130 (Wang et al.
2009) and receptors for IL-6 (IL6-R) (Wang et al. 2009) and
LIF (LIFR) (Krona et al. 2005) are expressed in glioma
tissues and derived stem cell cultures, thus underscoring
that all the components of the cytokine circuitry we
identified are associated with the tumor cell itself. Re-
cently, it has been shown that IL-6 also increases neuro-
sphere self-renewal (Wang et al. 2009). These results raise
the intriguing question of whether AEGFR-prompted ex-
pression of IL-6 and/or LIF might enhance tumorigenicity
by assisting in the maintenance of tumor stem cell pop-
ulations. Moreover, we found that IL-6 and LIF expression
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correlate with AEGFR in glioma stem cells, suggesting
a potential autocrine self-renewal mechanism.
Overexpression of IL-6 in our model confirmed the
ability of this cytokine to increase tumor growth of
wtEGFR cells. Similarly, knocking down this cytokine
by siRNA in AEGFR cells ablated their capacity to
enhance wtEGFR tumor growth, raising the possibility of
a novel therapeutic approach to uncouple cross-talk be-
tween AEGFR and wtEGFR-expressing cells by inhibiting
IL-6 activity using antibodies that bind IL-6R (Kudo et al.
2009). IL-6-type cytokines are well known potent activa-
tors of the JAK/STAT3 pathway (Schaefer et al. 2000;
Heinrich et al. 2003), the inhibition of which has been
shown to promote apoptosis in GBM cells (Rahaman et al.
2002). Indeed, these cytokines proved to be responsible for
STAT3 activation induced by ACM. However, the block-
ade of these cytokines or their common receptor subunit,
gp130, by neutralizing antibodies drastically reduced the
ability of ACM to activate wtEGFR, demonstrating the
existence of a previously unknown mechanism of cross-
talk between these two receptors. It is noteworthy that
the treatment of wtEGFR cells with recombinant IL-6 or
LIF induced poor activation, if any, of EGFR, while they
potently activated STAT3 phosphorylation. This discon-
nect might be explained by the presence of a third factor
necessary to produce the stimulation, perhaps simply an
extracellular matrix component (Rathjen et al. 1990).
In this view, IL-6 and LIF would be necessary but not
sufficient to activate EGFR. Another possibility could be
that these cytokines must be sufficiently glycosylated to
convey full biological activity (May et al. 1989). Although
the most common mechanism of transactivation of EGFR
implies the cleavage and release in active form of mem-
brane-bound EGFR ligand precursors present on the target
cells, a process known as ectodomain shedding (Gschwind
et al. 2001), we found that ligand traps failed to even
slightly reduce the stimulatory activity of ACM, and by
ELISA we did not detect any increase in EGFR ligands in
ACM pre- and post-application to wtEGFR-expressing cells
(data not shown). We thus hypothesized and demonstrated
that the transactivation could be the result of the in-
teraction between EGFR and the only subunit common to
IL-6 and LIF receptor complexes: gpl30. This is, to our
knowledge, the first reported evidence of a physical in-
teraction between these two receptors. It had been shown
previously by Qiu et al. (1998) that gp130 does dimerize
with another member of the ErbB receptor family, ErbB2,
and that an inhibitor of ErbB2 tyrosine kinase activity
prevented its phosphorylation, suggesting that gp130 can
induce autophosphorylation of ErbB receptors. We ob-
served that ACM can also induce this previously described
gp130-ErbB2 complex formation in U87 cells; however,
we failed to prevent EGFR activation by using antibodies
that block the EGFR-ErbB2 dimerization (data not shown).
These results indicate that ErbB2 is not required to
activate EGFR, and that the gpl30-EGFR interaction,
which promotes enhanced tumorigenicity, is most likely
direct and potently driven by glioma-relevant levels of
wtEGFR. Indeed, similarly for AEGFR, the levels of this
mutant receptor expressed per cell also seem to be a critical
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determinant for its signaling and tumor-enhancing poten-
tial, as we showed recently for threshold-level activation of
c-Met and pathway switching from MAPK and STAT3 to
PI3K at a high level of AEGFR expression (Huang et al.
2007; Johns et al. 2007). Lastly, cross-talk between the
JAK/STAT pathway and EGFR has also been described, in
which JAK2 has been shown to directly phosphorylate
Tyr1068 on EGFR when activated by growth hormone
(Yamauchi et al. 1997). However, JAK kinase inhibitors
had no effect on the ability of ACM to activate EGFR,
while they were potent in blocking STAT3 activation (data
not shown).

In summary, we identified a network actively driven by
AEGFR that promotes and maintains the receptor hetero-
geneity commonly found in GBMs. Our analyses of dif-
ferent cellular systems provided evidence that the more
tumorigenic cells overexpressing AEGFR generate a com-
munication link through IL-6 family cytokines to neigh-
boring cells that converges on gp130, thus revealing a new
cell-extrinsic role for this mutant receptor as a mediator of
tumor growth-promoting stimuli. Our analysis of 19 GBM
tumor samples and nine glioma stem cell lines further
supports the hypothesized role for these cytokines and
their clinical relevance. Knockdown of gp130 expression
in wtEGFR completely prevented the tumor growth en-
hancement usually achieved in mixed composition tu-
mors. These observations suggest gpl130 as a potential new
target for the treatment of gliomas. Further clinical as-
sessment of targeting these secreted molecules should
illuminate the role of cytokines or other factors in driving
this complex glioma phenotype, and provide new avenues
for therapeutic intervention in which the interacting
receptors and the cytokine signals they use are targeted
conjointly.

Materials and methods

Cell lines and plasmids

U87Par, U87A, U87DK, U87wt, mAstr-Inkda/Arf /~-wtEGFR,
and mAstr-Ink4a/Arf /~-AEGFR were obtained as described
previously (Nishikawa et al. 1994). Where indicated, cells were
infected with retroviruses expressing the LacZ gene. The pCEP4/
H2B-EGFP plasmid (gift from Dr Shi-Yuan Cheng, University
of Pittsburgh) was used to tag astrocytes expressing wtEGFR
with nuclear GFP. Glioma stem cell cultures were generated
from fresh tumor tissue using standard techniques from patients
who consented prior to surgery under IRB-approved protocol.
Minced tumor tissue was placed in Accumax for 45 min at room
temperature, and gently dissociated every 15 min with a 5-mL
serological pipette. Supernatant was removed by centrifugation,
and cells were resuspended in Complete NeuroCult NS-A Pro-
liferation Medium that contains NeuroCult NS-A Basal Me-
dium, NeuroCult NS-A Proliferation Supplements, 20 ng/mL rh-
EGF, 10 ng/mL rh-bFGF, and 2 pg/mL heparin (StemCell Tehc-
nologies). Resuspended cells were passed through a 70-pm
strainer and plated in six-well plates, and were maintained and
expanded in Complete NeuroCult Medium.

Intracranial and subcutaneous injection

A total of 5 X 10° cells (100%) in a 5-pL volume were injected
intracranially into 4- to 5-wk-old athymic nude mice using



a guide screw system according to the protocol described by Lal
et al. (2000). For subcutaneous injection, 1 X 10° cells (100%)
suspended in 100 L of PBS were injected into the right flank of
4- to 5-wk-old athymic nude mice. Tumors were measured with
a vernier caliper, and volumes were calculated using width (a)
and length (b) measurements (V = a*> X b/2, where a = b). Mice
were euthanized in accordance with our institutional guidelines
for animal welfare and experimental conduct. Survival until the
onset of neurologic sequelae was used for intracranial injections.
For subcutaneous injections, mice were euthanized when tumor
volume reached 1500 mm? or tumors became ulcerated.

GFP immunofluorescence and X-Gal staining

Tumor samples were fixed in 4% PFA and embedded in OCT, and
6-wm cryostat sections were obtained. GFP immunofluorescence
and X-Gal staining were performed by conventional methods.
Images were analyzed using Image Pro-Analyzer 6.2 software.

Antibodies

Antibodies used were as follows: anti-phospho-tyrosine (pEGFR)
(4G10) and anti-gp130 (immunoprecipitation and Western blot)
were obtained from Upstate Biotechnologies; anti-phospho-Akt
(S473), total Akt, phospho-STAT3 (Y705), total STAT3, phospho-
ERK (T202/Y204), and total ERK were obtained from Cell
Signaling; antif-actin was obtained from Sigma; anti-IL-6, anti-
gp130 (neutralization), and anti-LIF were obtained from R&D Sys-
tems; rabbit-anti-GFP was obtained from Molecular Probes; and
anti-EGFR was obtained from BD Biosciences (Western blot) and
Calbiochem (immunoprecipitation).

Flow cytometry analysis

Tumors harvested from euthanized mice were processed for flow
cytometry using a Medimachine system and 50-wm Medicon
filters (BD Biosciences). Resulting single-cell suspensions were
stained for wtEGFR and AEGFR, and for wtEGFR with Ab-1 (clone
528) and Ab-5 (clone EGFR.1) (Calbiochem), respectively. After 1 h
of incubation at 4°C, cells were washed in 5% BSA and incubated
for 1 h at 4°C with IgG isoform-specific secondary antibodies
conjugated with either FITC (anti-IgG 2a) or APC (anti-IgG 2b)
(Jackson ImmunoResearch). Stained cells were analyzed with a
FACS LSR II using FACS DIVA software (BD Biosciences).

Western blot and immunoprecipitation

Cells were seeded at equal densities, serum-starved for 48 h,
treated with CM or recombinant proteins for 15 min at 37°C, and
harvested in RIPA buffer, and cell lysates were analyzed by
Western blot. CM was prepared fresh from identically prepared
cells, and was collected and cleared of debris by centrifugation.
Where indicated, CM was preincubated with IL-6- and/or LIF-
neutralizing antibodies for 30 min at 4°C. For gp130 neutraliza-
tion, cells were incubated with antibody for 30 min prior to
treatment. Gefitinib and erlotinib were added to the cells 15 min
before the treatment at 2 .M concentration. For immunoprecip-
itation, cells were lysated in 1% NP-40 or 1% Brij97. Two
milligrams of proteins was precleared and incubated overnight
with 2 pg of antibody plus 25 pL of protein G-sepharose, washed,
and resolved by SDS-PAGE.

ELISA and Multiplex

Cells were seeded in 24-well plates at 4 X 10° cells per well and
serum-starved. Serum-free media was changed daily. On the
second day, media was collected and centrifuged to remove cell
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debris. ELISA was performed in 96-well plates (Nunc), coated
overnight with capture antibodies. Plates were blocked, incu-
bated with standards and CM samples, and incubated with the
biotinylated detection antibodies followed by streptavidin-HRP
(Biosource). The conversion of the substrate tetramethylbenzi-
dine (Sigma), terminated with 1N sulfuric acid, was measured by
a Tecan Genios-Pro microplate reader at 450 nm with wave-
length correction set to 540 nm. The absorbance readings from
standards were converted using a four-parameter logistic curve.
Bio-Rad human LIF multiplex kit was used according to the
manufacturer’s instructions.

siRNA transfection and ex vivo delivery

Cells were transfected with 25 nM siRNA using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions,
and were injected subcutaneously into nude mice. Luciferase
siRNA was used as negative control. Luciferase, LIF, and gp130
siRNAs were purchased from Dharmacon. IL-6 siRNAs were
synthesized by Alnylam Pharmaceuticals on an ABI3900 DNA
synthesizer using standard procedures, purified by AEX HPLC,
and annealed in PBS (Ambion). IL-6 siRNA sequences were
siRNA#1: sense, 5'-AuGAGcGuuAGGAcAcuAudTsdT-3’, and
antisense, 5'-AuAGUGUCCuUAACGCUCcAUdTsdT-3’; siRNA#2:
sense, 5- GAGcGuuAGGAcAcuAuuudTsdT-3’, and antisense,
5'-AAAuUAGUGUCCuUAACGCUCATsdT-3’ (lowercase letters in-
dicate 2'-O-methyl modification, S indicates phosphorothioate
linkage, and dT indicates deoxythymidine). Effectiveness of
siRNAs was tested by Western blot, ELISA, and/or real-time
PCR (Supplemental Fig. 12).

Soft agar colony formation assay

Soft agar colony formation assays were performed in six-well
plates, with a bottom layer containing 0.6% agar in 1X DMEM/
10% FBS. The upper layer, containing 2.5 X 10° wtEGFR cells,
was prepared by mixing equal volumes of 1.2% agar, 2X DMEM/
20% FBS, and CM or normal media. CM treatment media was
added on top of the agar and replaced weekly. Every treatment
was performed in triplicate. After 3-6 wk, plates were stained
with 0.005% crystal violet solution, and colonies were counted
using Image Pro-Analyzer 6.2 Software.

RNA extraction and retrotranscription

Total RNA from 19 frozen human GBM tumor samples and one
normal brain tissue was extracted using Trizol (Invitrogen)
according to the manufacturer’s instructions. Total RNA from
cell lines was extracted using RNeasy Plus Mini Kit (Qiagen).
Two micrograms to 5 pg of RNA was retrotranscribed using
SuperScript II transcriptase (Invitrogen).

Real time PCR

Real-time PCR was performed with 2 pL of diluted cDNA using
iQTM SYBR Green Supermix (Bio-Rad) on an iCycler (Bio-Rad)
following the manufacturer’s instructions. All reactions were
performed in duplicate and repeated at least three times. Primers
used for real-time PCR are described in the Supplemental
Material (Supplemental Table 1). Relative quantification was
performed for each sample and normalized with GAPDH ex-
pression for comparison.

Statistical analysis

All data were analyzed for significance using GraphPad Prism 5.0
software, where P < 0.05 was considered statistically significant.
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One-way ANOVA and two-tail t-test were used to compare groups.
Real-time PCR results were analyzed by Fisher’s exact test.
Densitometry results were analyzed by Mann-Whitney U-test.
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