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High hypoxia-inducible factor-2«a (HIF-2a) protein levels predict
poor outcome in neuroblastoma, and hypoxia dedifferentiates
cultured neuroblastoma cells toward a neural crest-like phenotype.
Here, we identify HIF-2« as a marker of normoxic neural crest-like
neuroblastoma tumor-initiating/stem cells (TICs) isolated from pa-
tient bone marrows. Knockdown of HIF-2« reduced VEGF expres-
sion and induced partial sympathetic neuronal differentiation
when these TICs were grown in vitro under stem cell-promoting
conditions. Xenograft tumors of HIF-2a-silenced cells were widely
necrotic, poorly vascularized, and resembled the bulk of tumor cells
in clinical neuroblastomas by expressing additional sympathetic
neuronal markers, whereas control tumors were immature, well-
vascularized, and stroma-rich. Thus, HIF-2a« maintains an undiffer-
entiated state of neuroblastoma TICs. Because low differentiation
is associated with poor outcome and angiogenesis is crucial for
tumor growth, HIF-2« is an attractive target for neuroblastoma
therapy.
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he childhood tumor neuroblastoma is a sympathetic nervous

system (SNS) malignancy that can present at any location
where sympathetic neuroblasts are found. Neuroblastomas vary
considerably in stage of sympathetic differentiation. Patients
with highly differentiated tumors (i.e., high expression of neu-
ronal sympathetic differentiation markers) have a more favor-
able prognosis than those with more immature tumors (1).
Whether differences in maturation stage reflect that neuroblas-
tomas derive from precursor cells arrested at corresponding
diverse differentiation stages, or whether neuroblastomas derive
from stem cell-like cells with different capabilities to mature
neuronally, is an open question. The recent identification in
tumor sections of immature neural crest-like tumor cells virtually
devoid of SNS marker expression in neuroblastoma specimens
(2) might suggest that neuroblastomas derive from an immature
precursor cell, a neuroblastoma stem/initiating/founder cell, and
that the bulk of tumor cells are considerably more differentiated
than the initiating cell.

The early regulatory steps of human SNS development are not
known, but extrapolation from rodent and avian development
provides a conceptual framework for human neural crest develop-
ment and specification of cells destined for the sympathetic gan-
glionic lineage. Early induction in vertebral neural crest specifica-
tion toward SNS development involves transcription factors, like
Cash-1/Mash-1/Ascll, Phox2b, Phox2a, dHAND, and Islet-1 which,
in turn, induce the noradrenergic phenotype by transcribing the
catecholamine-synthesizing genes TH and DBH (3).

We have demonstrated that low tumor oxygen levels—
hypoxia—can lead to reduced expression of differentiation
lineage-specific genes and the development of stem cell-like
phenotypes, as first demonstrated in neuroblastoma (4) and later
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in breast cancer (5). We have also reported that high hypoxia-
inducible factor-2a (HIF-2a), but not HIF-1e, protein levels in
neuroblastoma and breast cancer specimens correlate with poor
outcome and distal metastasis (5, 6). In neuroblastoma speci-
mens, we further identified a small subset of tumor cells that are
strongly positive for HIF-2«, express neural crest-associated
genes, and lack expression of SNS markers. We postulated that
these cells might be the tumor stem cells of neuroblastoma (2),
but it is unclear whether HIF-2« is the cause or a consequence
of the undifferentiated state.

Neuroblastoma tumor-initiating cells (TICs) were recently
isolated from bone marrow metastases of patients with high-risk
neuroblastoma, and when cultured as neurospheres they re-
tained their tumor-forming properties (7). Here, we found that
cultured TICs have high HIF-2« protein levels at normoxia and
express neural crest and stem cell-associated genes but lack or
have minute expression of SNS markers, and they are in these
aspects remarkably similar to the strongly HIF-2a-positive cells
in tumor specimens we reported on recently (2). Knockdown of
HIF-2« or inhibition of HIF-2a synthesis in TICs resulted in
enhanced ASCLI expression and induced expression of a num-
ber of SNS differentiation marker genes. In vivo, tumors of
HIF-2a knockdown cells were poorly vascularized and highly
necrotic, expressed HIF-1a protein, and differentiated further
toward a mature neuronal phenotype, thus resembling the bulk
of cells in human neuroblastoma specimens. In contrast, tumors
of control cells with high HIF-2« were well-vascularized, rich in
stroma, virtually HIF-1a-negative, and retained an undifferen-
tiated phenotype. As opposed to HIF-2«, HIF-la was not
associated with adverse clinical outcome and correlated nega-
tively to advanced clinical stage, and thus tumor spread in human
neuroblastoma. We conclude that HIF-2« maintains bone mar-
row-derived neuroblastoma tumor cells at a neural crest-like
stage of differentiation in vitro and in vivo and has profound
effects on tumor stroma and blood vessel formation in vivo.

Results

Neuroblastoma TICs Express High Levels of HIF-2a Protein at Nor-
moxia. As described previously, immunohistochemical staining
of human neuroblastoma tissue sections identified a subset of
tumor cells in well-vascularized tissue regions that expressed
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Fig. 1.

Normoxic HIF-2« protein levels are high in cultured neuroblastoma TICs. (A) Neuroblastoma specimen stained by immunohistochemistry for HIF-2« and

TH. *, Magnified areas as shown in the two panels to the right. Note the virtual lack of TH signal in the HIF-2a-positive cells. (B-F) HIF-2« is expressed in
neuroblastoma TICs at normoxia, as determined by gPCR (B), Western blot analysis (C), and immunohistochemistry (F). HIF-1« is expressed in neuroblastoma TICs,
as determined by gqPCR (D), but protein is generally very low at normoxia (E). HIF-2«a but not TH protein levels are high in neuroblastoma TICs, as demonstrated
by immunohistochemistry (F). (G) HIF-2a is expressed in TICs at normoxia with or without EGF and bFGF in the culture medium, as shown by immunohisto-
chemistry. In Cand E, actin serves as loading control. (Scale bars: A, 50 um; Fand G, 10 um.) The qPCR data are mean values of three independent experiments
performed in triplicate. Error bars represent SEM. Immunohistochemistry and Western blot analysis data were repeated at least three times. Dividing lines in C
and E indicate that two areas of the same film or two different films have been merged.

high levels of HIF-2a and neural crest-associated genes while
lacking expression of SNS differentiation markers, such as TH
(Fig. 14) (2). In human neuroblastoma TICs isolated from
high-risk patient bone marrows and grown as neurospheres (7),
both HIF-1a and HIF-2« were expressed at the mRNA level in
all four lines tested (Fig. 1 B and D), but only HIF-2« protein was
readily detectable when cells were grown under normoxic con-
ditions (21% Og; Fig. 1 C and E)). Immunostainings revealed that
HIF-2a protein was highly expressed in these cells, even at
normoxia, and that they also had no or barely detectable TH
protein expression (Fig. 1F). Normoxic HIF transcription and
translation can be growth factor-driven, but HIF-2a expression
remained high in TICs both at the mRNA (qPCR) and protein
(immunostaining) levels when the culture medium did not
contain EGF and bFGF (Fig. 1G and Fig. S1) and when spheres
were dissociated 4 h before analysis.

At hypoxia, HIF-2a protein levels were modestly increased
(Fig. 2A4) in contrast to HIF-1a protein, which was robustly
induced (Fig. 2B). Accordingly, BNIP3 (HIF-la-driven) was
more substantially induced than VEGF (primarily HIF-2a-
driven) at hypoxia (Fig. 2 C and D). Mechanistically, normoxic
HIF-2a expression did not seem to reflect unusually high
transcription, because HIF24 mRNA levels were lower in TICs
than in cell lines. Therefore, we tested TICs for expression of the
prolyl hydroxylases (PHD1-3) responsible for targeting HIFs for
proteasomal degradation under normoxic conditions and for
effects of rapamycin, because signaling through mammalian
Target of Rapamycin (mTOR) is elevated in neuroblastoma
TICs*, and because mTOR can increase HIF translation (8).
Inhibiting mTOR in neuroblastoma TICs by rapamycin resulted
in diminished HIF-2« protein levels at normoxia (Fig. 2E).

*Zhang et al., 99th Annual Meeting of the American Association for Cancer Research, April
12-16, 2008, San Diego, CA, abstr 1204.
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Literature data suggest that PHD3 is more important than PHD1
and PHD?2 for HIF-2«a degradation, and that PHD3 siRNA
induces HIF-2a but not HIF-1a protein at normoxia as well as
hypoxia (9). Interestingly, we found that PHD] and PHD?2
expression levels in TICs were similar to those seen in neuro-
blastoma cell lines (Fig. 2 F and G), whereas PHD3 was
expressed at very low levels in TICs compared with neuroblas-
toma cell lines (Fig. 2H). Together, our data suggest that
normoxic HIF-2a expression in neuroblastoma TICs is due to
high translation via the mTOR pathway combined with insuffi-
cient degradation due to lack of PHD3.

Neuroblastoma TICs Are Neuronally Immature and Neural Crest-Like.
The bulk of cells in neuroblastoma specimens as well as cell lines
typically express differentiation markers of the SNS, including
TH, Neuropeptide Y (NPY), Synaptophysin (SYP), GAP43, and
CHGA (10). The immature phenotype of HIF-2a-expressing
cells in neuroblastoma tissue prompted us to investigate the
differentiation status of TICs and, intriguingly, these neuronal
markers were all undetectable or expressed at very low levels in
neuroblastoma TICs (Fig. 34). Conversely, genes expressed by
neural crest and early SNS cells [ID2, NOTCHI, HESI, and
Vimentin (VIM)] and the stem cell marker OCT4 were all
expressed in TICs (Fig. 3B), inferring that these cells are arrested
at a neural crest-like stage. Furthermore, the stem cell marker
ALDHI1 was expressed in HIF-2a-expressing tissue cells and a
subset of TICs alike but was undetectable in neuroblastoma cell
lines (Fig. S2), thus strengthening the relation between bone
marrow-derived TICs and the perivascular immature neuroblas-
toma cells. In neural stem/progenitor cells as well as in brain
tumor TICs (11-13), Notch signaling is a key factor in main-
taining an undifferentiated state, and both NOTCHI1 and its
downstream target HES1 were expressed in TICs and HIF-2a-
expressing neuroblastoma tissue cells. In keeping with this,
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Fig. 2.  HIF stabilization/activation in neuroblastoma TICs in response to

hypoxia. (A and B) HIF protein levels as determined by Western blot analysis
in TICs grown for 72 h at 1% O, with actin as loading control. (C and D)
Expression determined by qPCR of the known hypoxia-driven genes VEGF and
BNIP3 at 21% and 1% O,. *, P < 0.05; **, P < 0.01 (Student’s t test, 2-sided).

(E) HIF-2a protein down-regulation upon rapamycin treatment in TICs as
determined by Western blot analysis. (F-H) Expression of PHDs in TICs as
determined by gPCR with SK-N-BE (2)c neuroblastoma cell expression data as
comparison. The qPCR data are mean values of three independent experi-

ments performed in triplicate. Error bars represent SEM. Western blot analysis
data were repeated at least three times. Dividing lines in A and B indicate that
two areas of the same film have been merged.

nuclear extracts from TICs contained the activated intracellular
Notch-1 (icNotch-1) domain that was undetectable in cell lines
(Fig. 3C). Inhibiting Notch signaling with the y-secretase inhib-
itor DAPT completely abolished the icNotch-1 signal (Fig. 3D),
confirming that the Notch pathway in TICs is active and may
contribute to the undifferentiated state.

Down-Regulation of HIF-2« in TICs Induces Early Sympathetic Differ-
entiation. HIF'2A is transiently expressed during the development of
the SNS (4, 14, 15). Despite this, there is no established role for
HIF-2« in neuronal differentiation, and it is thus unclear whether
HIF-2a expression in TICs and tumor specimens causes or simply
reflects the immature phenotype. The link between HIF and Notch
signaling (16)—that Notch is induced in hypoxic neural crest-like

neuroblastoma cells (4) and the high basal Notch levels in neuro-
blastoma TICs demonstrated here—prompted us to investigate
whether silencing of HIF-2a would alter expression of genes
associated with early SNS differentiation, and specifically whether
Notch signaling was directly affected. To investigate this, we gen-
erated NBI12 cells stably expressing shRNA against HIF24 by
retroviral transduction. Two different sSiIRNA sequences targeting
HIF-2a were used and compared to a scrambled nontargeting
control shRNA (shC). One shRNA (shHIF2A) resulted in a
near-complete knockdown of HIF-2« protein and mRNA, whereas
the second sequence modestly affected HIF-2a protein levels
despite substantial mMRNA knockdown (Fig. 4 A and B, and Fig.
S34). qPCR showed that VEGF mRNA levels were significantly
reduced in shHIF2A compared with shC cells (Fig. 4C), showing
that HIF-2a actively transcribes hypoxia-inducible genes at nor-
moxia in TICs.

The shHIF2A cells had equally high levels of icNotch-1 as
control cells (Fig. 4D); however, they expressed on average less
than one-fifth of the Notch downstream target HES! mRNA
measured in shC cells (Fig. 4E). Similar results were obtained for
HEYI, another neural crest-associated gene downstream of
Notch (Fig. 4F). Furthermore, the Notch ligand JAG! was
expressed at lower levels in shHIF2A cells (Fig. 4G). In sympa-
thetic progenitor cells, HES] is a transcriptional repressor of the
early proneural gene HASHI/ASCLI (17) and, indeed, ASCLI
mRNA levels were significantly increased in HIF-2a knockdown
cells (Fig. 4H). The shHIF2A cells additionally expressed mark-
edly higher levels of the sympathetic neuronal markers (18, 19)
ISL1 (Fig. 4I) and SCG10 (Fig. 47). CHGA, a clinical marker of
neuroblastoma and neuroendocrine tumors, was strongly up-
regulated at the protein level (Fig. 4K). Effects of HIF-2«
knockdown on HESI loss and induction of ASCLI were con-
firmed in cells expressing the less-efficient RS2 shRNA (Fig. S3
B and C) and in cells transiently transfected with an independent
HIF-2a siRNA (Fig. S3 D-F). In addition, NBS88 cells differen-
tiated neuronally with induction of the same set of genes upon
HIF-2a knockdown (Fig. S4). These data indicate that HIF-2«
knockdown pushes TICs toward a sympathetic neuronal pheno-
type. This conclusion was further supported in an unrelated
experimental system, where HIF-2a down-regulation by rapa-
mycin (Fig. 2E) induced the same set of neuronal differentiation
markers in both NB12 and NB88 TICs (Fig. 4 L-N). These
markers were not further increased by rapamycin in shHIF2A
cells, suggesting that the rapamycin effects on neuronal differ-
entiation were HIF-2a-dependent (Fig. 4 O-Q). Treating
shHIF2A cells with dipyridyl (DIP) stabilized the residual
HIF-2a protein (Fig. S54) and the increase in HIF-2«a protein
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Fig. 3. Human neuroblastoma TICs are immature and express neural crest/stem cell markers. (A) Neuroblastoma TICs lack or have very low expression of
sympathetic neuronal differentiation markers compared with the established neuroblastoma SK-N-BE (2)c cells, as determined by qPCR. (B) Genes associated with
a neural crest/stem cell phenotype are expressed in neuroblastoma TICs. (C) The activated Notch protein (icNotch) is abundant in neuroblastoma TICs but not
in SK-N-BE (2)c cells, as determined by Western blotting. (D) Inhibition of y-secretase activity by DAPT abolishes icNotch in TICs. The qPCR data are mean values
of three independent experiments performed in triplicate. Error bars represent SEM. Western blotting data were repeated at least three times.
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Fig. 4. HIF-2a knockdown induces early sympathetic differentiation in TICs.
(A) HIF-2a knockdown at the protein level assessed by Western blot analysis.
Dividing lines indicate that two areas of the same film have been merged. (B)
HIF2A knockdown at the mRNA level assessed by gPCR. (C) Down-regulation
of VEGF mRNA upon HIF-2a knockdown. (D) icNotch-1 is not affected by
HIF-2a knockdown, as measured by Western blot analysis of nuclear extracts
from shC and shHIF2A TICs. (E-G) Down-regulation of Notch pathway com-
ponents upon HIF-2a knockdown assessed by gqPCR. (H-J) Up-regulation of
sympathetic neuronal differentiation markers at the mRNA level upon HIF-2«
knockdown assessed by qPCR. (K) Up-regulation of chromogranin A protein by
HIF-2a knockdown as shown by immunohistochemistry. (L-N) Up-regulation
of sympathetic neuronal differentiation markers at the mRNA level upon
rapamycin treatment in TICs, as determined by qPCR. Error bars represent SD.
(O-Q) Neuronal differentiation markers are not induced by rapamycin in
shHIF2A cells, as determined by gPCR. The gPCR data are mean values of three
independent experiments performed in triplicate or representative data of
three independent experiments performed in triplicate (L-Q). Error bars
represent SEM. Immunohistochemistry and Western blot analysis data were
repeated at least three times.

associated with increased VEGF mRNA expression, and it
reverted the increase in ASCLI levels (Fig. S5 B and C), thus
further supporting a specific role for HIF-2« in regulation of
differentiation.

Enhanced Neuronal Differentiation and Impaired Vascularization in
HIF-2a Knockdown Tumors in Vivo. To test effects of HIF-2« and the
induced differentiation on tumor phenotype in vivo, shC and
shHIF2A cells were injected s.c. in athymic mice. HIF-2« protein
levels were generally high in shC and markedly lower in shHIF2A
tumors (Fig. 54), and histopathological examination revealed dra-
matic differences between the two tumor types. Tumor cells in
control tumors were surrounded by abundant stromal structures
and vasculature as measured by CD34 staining (Fig. 5 D-F). In
contrast, HIF-2a knockdown tumors were overtly necrotic (Fig. 5
D and E) and contained few blood vessels (Fig. 5 D and F) and,

16808 | www.pnas.org/cgi/doi/10.1073/pnas.0904606106

scarcely, stromal structures (Fig. 5D). Although no apparent ne-
crotic regions were found in shC tumors, 5-33% (average, 18.9%)
of shHIF2A tumors consisted of necrotic tissue as measured
morphometrically. In agreement with poor vascularization, HIF-1«
protein was expressed in HIF-2a knockdown tumors but was
virtually absent in control tumors (Fig. 5B). Importantly, the in vivo
conditions apparently allowed HIF-2a knockdown tumors to fur-
ther differentiate toward a more mature neuronal phenotype with
frequent TH-positive cells, resembling the bulk of tumor cells in
human neuroblastoma specimens (Fig. 5C). Similar results were
obtained with xenograft tumors derived from NB88 shC and
shHIF2A cells (Fig. S6).

Because HIF-2a knockdown tumors expressed high levels of
HIF-1a, we asked how HIF-la protein expression associates
with clinical behavior in neuroblastoma. A clinical neuroblas-
toma material that was previously analyzed for HIF-2a, orga-
nized in a tissue microarray, was stained for HIF-1a protein.
Unlike HIF-2a (6), HIF-1a protein correlated negatively with
advanced clinical stage (P = 0.02, p = 0.27; Fig. 64) and did not
predict outcome in neuroblastoma (Fig. 6B). We conclude that
these clinical data are in agreement with our experimental tumor
data; i.e., HIF-2a expression relates to undifferentiated, well-
vascularized tumors, whereas tumors with reduced HIF-2«
protein are neuronally differentiated, necrotic, and HIF-1a-
positive.

Discussion

In this report, we found that neuroblastoma TICs isolated from
patient bone marrow express high levels of HIF-2a protein even
when oxygen supply is sufficient. Recent reports on HIF-2« regu-
lation of stem cell-associated genes (20, 21) have led to speculations
on putative roles for HIF transcription factors in stem cells and
TICs (22). Knockdown of HIF-2« protein in neuroblastoma TICs
resulted in a spontaneously diminished expression of neural crest-
associated genes, accompanied by an increased expression of SNS
neuronal lineage-specific marker genes, including ASCLI1, ISL1,
and SCGI0. The neuronal phenotype of HIF-2a: knockdown cells
was further developed with induced TH expression, a hallmark of
the sympathetic neuronal lineage, when cells were grown as xeno-
graft tumors in vivo, whereas control cells remained remarkably
undifferentiated in vivo. In addition, control tumors were rich in
stroma and vasculature, in sharp contrast to the necrotic and
hypoxic HIF-2a knockdown tumors, indicating that HIF-2« has a
central role in recruiting stromal and endothelial cells to neuro-
blastoma tumors.

Previous and present data strongly suggest that high normoxic
and hypoxic levels of HIF-2« protein in neuroblastoma cells are
associated with an immature, neural crest-like phenotype (2, 4),
but until now it was unclear whether HIF-2« caused or reflected
the immature phenotype. Here, we present data supportive of
HIF-2a as a key factor in keeping the undifferentiated state of
cultured neuroblastoma TICs. Down-regulation of HIF-2a by
shRNA or rapamycin resulted in increased expression of a set of
genes associated with a sympathetic neuronal phenotype. How-
ever, other transcription factors, like Phox2b, Phox2a, and
dHAND, and neuronal differentiation markers, like TH and
GAP43, were not induced in vitro. In vivo conditions, however,
allow the shHIF2A cells to further differentiate, with expression
of TH and CHGA as the most notable result. We conclude that
without HIF-2«, the neuroblastoma TICs give rise to tumors
with a reduced number of viable cells and with a phenotype very
similar to that of the bulk of cells in clinical neuroblastoma
specimens, where expression of neuronal markers like TH is
frequent (2).

There appear to be several layers of interplay between hyp-
oxia/HIF and the Notch signaling pathway in regulation of
differentiation, exemplified by the direct HIF interaction with
the intracellular domain of Notch-1 enhancing the transcription
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Enhanced differentiation and reduced stromal support and vascularization in xenograft tumors derived from shHIF2A TICs. Immunohistochemistry

showing HIF-2« (A), HIF-1a (B), TH (C), and CD34 (D-F) protein in shC and shHIF2A tumors. Note the high number of blood vessels in shC compared with shHIF2A
tumors (D). +, Stromal regions. *, Necrotic regions. (Scale bars: A-C, E, and F, 50 um; D, 100 um.)

of Notch downstream target genes (16). We report here that
transcription of the Notch downstream target genes HESI and
HEY] is markedly reduced upon HIF-2a knockdown in neuro-
blastoma TICs. One interpretation of these results would be that
a reduction of HIF-2« protein leads to a reduction in HIF-2a-
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on two tissue microarrays representing a total of 93 neuroblastoma cases. A
fraction of positive cells was dichotomized into four groups as described
previously (6). (A) Patient stage, as determined by the International Neuro-
blastoma Staging System (INSS), was divided into three groups of increasing
stage (INSS 1, 2, 4s; INSS 3; and INSS 4). A weak, significant correlation was
found between a high number of HIF-1a-positive cells (fraction) and low
patient stage (p = —0.27, P = 0.02). (B) For Kaplan-Meier survival analysis
HIF-1a fraction scores were pooled into two groups: low fraction (0-25%
positive cells) and high fraction (26-100% positive cells). There was no signif-
icant correlation between level of HIF-1a staining fraction and patient out-
come (P = 0.42, log-rank test).
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icNotch complexes available to induce transcription of Notch
target genes. By such a mechanism, Notch downstream tran-
scriptional activity could be affected even without a decrease in
icNotch-1 itself, which indeed seems to be the case. The role of
Notch signaling in maintaining neural precursor cells in an
undifferentiated state is well-established. In cultured SH-SYSY
neuroblastoma cells, Notch inhibition results in induction of
neuronal differentiation as measured by GAP43 transcription
and increased neurite outgrowth (23). Furthermore, neuroblas-
toma cell lines transfected to overexpress icNotch-1 fail to
differentiate (24).

The facts that both HIFs are expressed and HIF-2« but not
HIF-1a protein expression is high in normoxic TICs show that
the HIF proteins are regulated differently. As a rule, both
HIF-1a and HIF-2«a are proteasomally degraded after oxygen-
dependent modification by three different PHDs; however,
HIF-2« is particularly sensitive to degradation by PHD3-
dependent hydroxylation (9). The virtual lack of PHD3 expres-
sion in neuroblastoma TICs therefore provides an attractive
explanation for the high normoxic HIF-2«a protein levels. As
reported here, inhibiting the mTOR pathway pharmacologically
results in a marked decrease of HIF-2« protein in TICs. Thus,
signaling through this pathway appears to be involved in main-
taining the high basal HIF-2a protein levels. It is therefore
intriguing to find that the mTOR inhibitor rapamycin was one of
our best candidate drugs for inhibiting neuroblastoma TIC
growth in a mass screen (Zhang et al., AACR Annual Meeting
2008, abstract 1204). It may be of further interest that several
recent reports have linked PI3K/Akt pathway activity specifically
to brain tumor TICs and that it appears that such cells are
particularly sensitive to inhibitors of these pathways (25, 26).
Furthermore, it is of particular interest to note that brain tumor
TICs, similarly to the situation in neuroblastoma, occupy a
perivascular niche (26, 27) and promote angiogenesis by express-
ing high levels of VEGF (28). It was demonstrated recently that
the glioma stem cell phenotype is indeed in large part regulated
by high basal HIF-2« expression (29).

Another function of HIF-2« is related to the formation of
blood vessels and tumor stroma. In tumors formed by the shC
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TICs, stroma and blood vessels are abundant, suggesting that
these HIF-2a-expressing, VEGF-producing cells support neo-
vascularization and stromal growth, mimicking the situation in
neuroblastoma specimens with perivascular and stromal local-
ization of strongly HIF-2a-positive neural crest-like cells (2). In
contrast, HIF-2a knockdown cells resulted in highly necrotic and
poorly vascularized tumors. Because a low-differentiation stage
of neuroblastomas is an established predictor of aggressive
tumor behavior, tumor angiogenesis is a prerequisite for growth
of solid tumors, and the possibility that TICs rely on a vascular/
stromal niche, data presented here identify HIF-2a as an
attractive therapeutic target for aggressive neuroblastomas.

Materials and Methods

Detailed materials and methods may be found in SI Materials and Methodss.

Cell Culture. Human neuroblastoma SK-N-BE (2)c cells (American Type Culture
Collection) were grown routinely as monolayers in Minimal Essential Medium
(Sigma-Aldrich) containing 10% FCS and penicillin (100 units/mL) and strep-
tomycin (100 ng/mL). Human neuroblastoma TICs were grown as described
previously (7) in DMEM/F12 (3:1; Invitrogen), 1X B27, penicillin (100 units/mL)
and streptomycin (100 wg/mL), bFGF (40 ng/mL; Peprotech), and EGF (20
ng/mL; Invitrogen). For hypoxia, cells were cultured at indicated oxygen
tension in a humidified InvivO, Hypoxia workstation 400 (Ruskinn Technol-
ogy). TICs were exposed to rapamycin (0.1-1 uM; Sigma; stored at —20 °Cas a
1-mM stock in DMSO) or loading control (DMSO) for 48 h.

Western Blot Analysis. Cells were lysed in RIPA, and protein concentrations
were determined by the method of Bradford. Proteins were separated by
SDS/PAGE and blotted onto Hybond-C-Extra nitrocellulose membranes (Am-
ersham). After blocking, membranes were incubated with primary antibodies
at 4 °C overnight and secondary antibodies for 1 h at room temperature.

Nuclear Extracts. For measurements of icNotch-1, nuclei were extracted as
described in S/ Materials and Methods, and lysates loaded on gels for Western
blotting.

Quantitative Real-Time PCR. Total RNA was extracted and washed by using the
Qiashredder and RNeasy mini kits (Qiagen) according to the manufacturer’s
recommendations before extensive washing and DNase treatment. The cDNA
synthesis was performed by using random primers and Multiscribe Reverse
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Transcriptase enzyme (Applied Biosystems). For normalization of expression
levels, three housekeeping genes (UBC, YWHAZ, and SDHA) were used (30).
Primer sequences are listed in Table S1.

Patient Material and Immunohistochemistry. Human neuroblastoma speci-
mens were fixed and embedded in paraffin routinely before analysis (ethics
approval LU 389-98; Lund University). Human neuroblastoma TICs and cell
lines were pelleted and fixed in 4% paraformaldehyde, then routinely em-
bedded in paraffin after dehydration and several rounds of EtOH washing. A
tissue microarray consisting of 93 neuroblastomas was described previously (6)
and analyzed for HIF-1a expression independently by two pathologists. Im-
munoreactivity was detected after antigen retrieval using the Envision system
and DAKO Techmate 500. Only freshly sectioned tissue was used for HIF-2«
stainings.

Retrovirus Production and Transductions. pRETRO-SUPER-shHIF-2a RS2 and RS9
were kindly provided by W. G. Kaelin, Jr. (31). rvShRNAsnc expressing a
scrambled negative control shRNA in a pRETRO-SUPER vector (shC) was kindly
provided by G. L. Semenza (32). For retroviral transductions, cells were pas-
saged and seeded in six-well plates in medium consisting of 75% retrovirus-
containing supernatant (DMEM) and 25% F12 medium supplemented with 40
ng/mL bFGF and 20 ng/mL EGF. After 12 h, the virus-containing medium was
removed. Four days after the transduction, cells were replated in selection
medium, which consisted of TIC medium with the addition of 2 ug/mL puro-
mycin or 800 ng/mL G418, then used without further cloning.

Xenograft Tumors. Cells (3 X 10° per 200 uL of PBS) were injected s.c. on the
flank of athymic mice (NMRI nu/nu strain). Female mice ages 6-8 weeks and
weighing 20-25 g at arrival were used and housed in a controlled environ-
ment. All procedures were approved by the regional ethics committee for
animal research (approval no. M200-06). Experiments were terminated when
tumors reached a maximum size of 15-mm diameter. After mice were killed,
tumors were fixed in 4% paraformaldehyde, then embedded in paraffin and
immunostained as above.
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