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Abstract
Medulloblastoma (MDB) is the most common brain malignancyof childhood. It is currently
thought that MDB arises from aberrantly functioning stem cells in the cerebellum that fail to
maintain proper control of self-renewal. Additionally, it has been reported that MDB cells display
higher endogenous Notch signaling activation, known to promote the survival and proliferation of
neoplastic neural stem cells and to inhibit their differentiation. While interaction between Hypoxia
Inducible Factor-1α (HIF-1α) and Notch signalling is required to maintain normal neural
precursors in an undifferentiated state, an interaction has not been identified in MDB. Here we
investigate whether hypoxia, through HIF-1α stabilization, modulates Notch1 signaling in primary
MDB-derived cells. Our results indicate that MDB-derived precursor cells require hypoxic
conditions for in vitro expansion, whereas acute exposure to 20% oxygen induces tumor cell
differentiation and death through inhibition of Notch signaling. Importantly, stimulating Notch1
activation with its ligand Dll4 under hypoxic conditions leads to expansion of MDB-derived
CD133+ and nestin+ precursors, suggesting a regulatory effect on stem cells. In contrast, MDB
cells undergo neuronal differentiation when treated with γ-secretase inhibitor, which prevents
Notch activation. These results suggest that hypoxia, by maintaining Notch1 in its active form,
preserves MDB stem cell viability and expansion.
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Introduction
Medulloblastoma (MDB) is the most common brain tumor of childhood, accounting for
14.5% of all newly diagnosed cases 1. They are typically malignant, invasive embryonal
tumors of the cerebellum, predominantly displaying neuronal differentiation and an inherent
tendency to metastasize via cerebrospinal fluid. It is currently thought that MDB arises from
aberrantly functioning stem cells in the cerebellum that fail to maintain proper control of
self-renewal 2. MDB cells display high endogenous activation of Notch 3–6, a crucial
signaling pathway known to promote the survival and proliferation of neoplastic neural stem
cells by inhibiting their differentiation 7, 8. Notch signaling is initiated by Delta or Jagged
family ligand binding, followed by intramembranous proteolytic cleavage of the Notch
receptor by the γ-secretase complex. Inhibitors of this complex slow the growth of Notch-
dependent tumors such as MDB and T-cell leukaemia 4, 5, selectively depleting the tumor
stem cell fraction 3. Moreover, brain tumors are often characterized by intra-tumoral
hypoxia. Recent literature shows that hypoxia and over-activity of Hypoxia Inducible
Factor-1α (HIF-1α) correlate with tumor aggressiveness 9–11 and progression 12. Hypoxia
has a role in normal physiological responses, such as carotid body growth and generation of
new neural crest derived glomus cells 13, angiogenesis 14 and it is implicated in the
regulation of crucial signaling pathways, such as bone morphogenetic proteins (BMPs) 15,
Akt/mTOR 16 and Notch 17. Here, we sought to investigate whether hypoxia and in
particular HIF-1α modulate Notch signalling in primary MDB derived cells. Our results
indicate that hypoxia is crucial for MDB stem cell survival and expansion, which is
dependent on co-operation of HIF-1α and Notch1 signaling.

Materials and Methods
Isolation and gas-controlled expansion of cells

Written informed consent for the donation of tumor brain tissues was obtained from parents,
prior to tissue acquisition, under the auspices of the protocol for the acquisition of human
brain tissues obtained from the Ethical Committee board of the University of Padova and
Padova Academic Hospital. All tissues were acquired following the tenets of the Declaration
of Helsinki. MDB precursors were derived from 13 tumors taken at surgery (see Suppl.
Table 1); initial pathological review was followed by secondary neuropathological review to
reconfirm diagnosis. We dissociated and cultured cells as previously described 18 (in
HAM’SF12/DME, Irvine Scientific, Santa Ana, CA) with additional BIT9500 (10%, serum
substitute, Stem Cell Technologies, Vancouver, Canada) and 20 ng/ml epidermal growth
factor (EGF, human from R&D Systems, Minneapolis, MN), in an atmosphere of 2%
oxygen, 5% carbon dioxide and balanced nitrogen (Ruskinn C300, Ruskinn Technology Ltd,
Bridgend, UK) as already described 15. For continuous expansion, one-half of the medium
was replaced every day and cultures were passaged every 7–10 days using TrypLE
(Invitrogen, Carlsbad, CA). Cells were not cultured for more than 8 passages in vitro in
order to avoid long term culture related effects. Normal subventricular zone (SVZ)-derived
cells were cultured using the same protocol as that used for their previous extensive
characterization 19, 20. In some experiments, MDB-derived cells were supplemented with the
immobilized Notch ligand Delta-Like 4 (Dll4, 2μg/ml R&D Systems, Minneapolis, MN) or
gamma secretase inhibitor X or IX (DAPT, 10μM, Calbiochem, Nottingham, UK) for 72 hr;
both secretase inhibitors elicited analogous Notch1 inhibition.
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Immunohistochemistry
Tumor biopsies were formalin-fixed, paraffin-embedded and cut in 5 μm-thick sections.
Some sections were used for H&E staining and others for immunohistochemical analyses as
previously described 21. Sections were re-hydrated and antigen retrieval was performed by
incubation with either citrate buffer 0.01M pH6 at 95°C for 20′ or trypsin at room
temperature for 15′. After saturation with 5% BSA, slides were incubated with anti-Notch1
(goat, 1:200, Santa Cruz, Santa Cruz, CA), anti-Hes1 (rabbit 1:500, Chemicon, Billerica,
MA), anti-HIF-1α (mouse, 1:20, BD, Franklin Lakes, NJ; rabbit 1:50, Abcam, Cambridge,
MA), anti-nestin (mouse, 1:100, Chemicon, Billerica, MA; rabbit, 1:100, Millipore,
Billerica, MA), anti-CD34 (mouse, 1:50, Novocastra, Wetzlar, Germany), anti-CD133
(rabbit, 1:200, Abcam, Cambridge, MA), anti-CAIX (rabbit, 1:1000, Novus Biologicals,
Littleton, CO) and anti-Dll4 (rabbit, 1:200, Abcam, Cambridge, MA). After incubation,
sections were washed and incubated with species-specific secondary antibodies conjugated
to Alexa dyes (Invitrogen, Carlsbad, CA). Tissues were counterstained with DAPI
(1:10,000, Sigma-Aldrich, St. Louis, CO) to label cell nuclei. Staining was visualized by
epifluorescence (video-confocal, Vico, Nikon, Melville, NY) and images were compiled for
figures using Adobe Photoshop and Illustrator (Adobe, San Jose, CA). The specificity of
each staining procedure was confirmed by replacing primary antibodies with PBS or
matched isotype control.

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 15′, rinsed and stored at 4°C prior to analysis.
Primary antibody staining was performed for Ki67 (mouse, 1:100, Dako, Glostrup,
Denmark), nestin (mouse, 1:200, Chemicon, Billerica, MA), activated caspase-3 (rabbit,
1:2000, Cell Signaling, Danvers, MA), glial fibrillary acidic protein (GFAP, rabbit, 1:1000,
Dako, Glostrup, Denmark), β-III-tubulin (Tuj-1, mouse, 1:1000, Covance Princeton, NJ),
MAP2 (AP20, mouse, 1:100, Sigma-Aldrich, St. Louis, CO) and p21cip1 (mouse, 1:800,
Calbiochem, Nottingham, UK). After incubation, cells were washed and incubated with
species-specific secondary antibodies conjugated to Alexa dyes (Invitrogen, Carlsbad, CA).

To label apoptotic cells a terminal deoxynucleotidyltransferase-mediated dUTP nick end
labeling (TUNEL) staining protocol was used using the In Situ Cell Death Detection Kit
(Roche Diagnostics, Basel, Switzerland) according to manufacturer’s instructions on
paraformaldehyde-fixed GBM cell cultures. Cells were counterstained with DAPI (1:10000,
Sigma-Aldrich, St. Louis, CO) to identify cell nuclei and count total cell number. Staining
was visualized by epifluorescence (Vico, Nikon, Melville, NY) and images were compiled
for figures using Adobe Photoshop and Illustrator (Adobe, San Jose, CA).

Results
Hypoxia promotes expansion of MDB-derived cells

We previously reported that normal human subventricular zone (SVZ)-derived neural
precursor cells undergo enhanced proliferative expansion in lowered, physiologically
relevant 5% oxygen compared with standard laboratory conditions of 20% oxygen 20.
Furthermore, primary glioblastoma-derived cells require an even lower, hypoxic 2% oxygen
tension for maximal expansion 15, 16. To determine if MDB-derived neural precursors
required the same lowered oxygen tensions for optimal expansion, we performed a similar
analysis. We found that 5% and particularly 2% oxygen promoted expansion and long term
survival of MDB derived cells (Fig 1A,B). Acute exposure to 20% oxygen for 7 days
elicited significant reduction of total cell numbers and, in this condition, MDB cells did not
survive for more than two consecutive passages. As previously described, expansion of
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normal SVZ-derived neural precursor cells was maximally enhanced by 5% oxygen (Fig
1C), as already reported 20, but was lower than expansion of MDB.

Acute exposure to high oxygen tension inhibits proliferation and induces neuronal
differentiation in MDB-derived neural precursor cells

In order to determine if the reduced MDB cell expansion in 20% oxygen reflected increased
cell death or mitotic arrest, we first analyzed cell growth, expression of the proliferation
markers Ki67 and p21cip1, and performed cleaved-caspase-3, Annexin-V and TUNEL
staining to measure apoptosis levels. We found that MBD derived cells growth was strongly
inhibited when cells were cultured at 20% oxygen (Suppl. Fig 1A) and Ki67+ cells were
more abundant in 2% oxygen, indicating higher percentages of actively dividing cells in
hypoxic conditions (Fig 2A,F). Conversely, cleaved-caspase3 (Fig 2A,F) and p21cip1 (Fig
2B,F) were more frequently expressed in MDB cells exposed to 20% oxygen for 48 hr,
consistent with the onset of apoptosis and mitotic arrest. Moreover, analyses of Annexin-V/
PI and TUNEL staining revealed a modest, albeit not significant, increase in the percentage
of apoptotic cells at 20% oxygen, particularly of AnnexinV+/PI+ and TUNEL+ apoptotic
cells (Suppl. Fig 1B,C). These results indicate that an acute exposure to increased oxygen
tension inhibits proliferation and slightly promotes apoptosis in MDB derived cells.

In order to evaluate if the observed mitotic arrest resulted in cell differentiation, we analyzed
MDB-derived cells for the expression of nestin, an intermediate filament which marks
multipotent neural stem cells and the lineage-committed progenitors derived from them, but
not differentiated neurons, astrocytes and oligodendrocytes 25. We also measured expression
of glial fibrillary acidic protein (GFAP), which marks both astrocytes and some radial
glia 26, β-III-tubulin, a marker of immature neurons and their committed progenitors 27, and
MAP2, a microtubules associated protein that marks differentiated neurons 28. In 2%
oxygen, MDB-derived cells were mainly nestin+ precursors with some β-III-tubulin+ cells,
but few if any GFAP+ or MAP2+ cells; exposure to 20% oxygen for 48 hr caused a 2-fold
increase in the percentage of β-III-tubulin+ cells, more than 5 fold increase in the percentage
of MAP2+ cells and a decrease in nestin+ precursors (Fig 2C,D,E,G). To better characterize
this response, we dual-labelled cells with nestin/Ki67 or β-III-tubulin/Ki67, which showed
that 20% oxygen reduced the percentages of both nestin+/Ki67+ cells and β-III-tubulin+/
Ki67+ (Suppl. Fig. 1D,E). There was a concurrent increase in β-III-tubulin+/Ki67− cells,
consistent with a differentiation of neuronal progenitors to post-mitotic neurons (Suppl. Fig.
1E) and the increase of the MAP2+ cells fraction, as previously shown in Fig 2E,G. Dual
labelling with cleaved-caspase3/nestin indicated that, while an increase in apoptotic cells
occurred in 20% oxygen compared with 2% oxygen (Fig. 2A,F), only a very small
percentage of nestin+ cells were apoptotic (Suppl. Fig. 1F). This suggests that the apoptotic
response to increased oxygen is selective to neuronal progenitors while the anti-proliferative
response is common to multiple precursors, possibly including stem cells. Acute exposure to
20% oxygen did not significantly change the low numbers or absence of GFAP+ (Fig 2D,F)
or GFAP+/Ki67+ cells (not shown).

To confirm the observed neuronal commitment of MBD derived cells following acute
exposure to high oxygen tension, we analyzed the expression of a series of genes reported to
be differentially modulated during neuronal differentiation of cerebellar neural
progenitors 29. In particular, the stem cells related gene Sox2 disclosed a dramatic down-
regulation after 48 hr of 20% oxygen exposure (Fig. 2H). On the contrary genes involved in
the regulation of the mid-hindbrain regions and the generation of the external granular layer
(EGL) of the developing cerebellum (EN1 and Math1),in the formation of granule neuron
precursors (Neurod1 and NSCL1), in the migration of more differentiated neuron precursors
(β-III-tubulin) and their differentiation to post mitotic neurons (MAP2)29, were all up-
regulated after 2 days at 20% oxygen (Fig. 2H). Pax6, involved in several stages of
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migration of differentiating neurons, did not vary its expression (Fig. 2H). All these data
confirm the observed neuronal differentiation of MDB derived cells when exposed at high
oxygen tensions and their progressive acquirement of a non cycling neuronal phenotype.

Recent studies have shown that brain tumor progenitors preferentially localize near
vasculature but are also present in surrounding hypoxic tissues 30–32. Vasculature is a source
of signals for CNS stem cell self-renewal 33, but is also a delivery vehicle for oxygen,
thereby presenting two potentially antagonistic signals for precursor proliferation 34. We
performed immunohistochemical analyses of MDB tumor tissues to determine if neural
precursor numbers co-varied with tumor areas of low or high microvascular density (MVD),
measured by CD34 expression 35. Staining indicated that MDB areas with low MVD had
high HIF-1α expression (Suppl. Fig. 2A,B and Suppl. Table 2), were more enriched in
nestin+ cells and had few β-III-tubulin+ cells (Suppl. Fig. 2C,D, left panels and Suppl. Table
2), when compared to tumor areas with high MVD (Suppl. Fig. 2C,D, right panels and
Suppl. Table 2). GFAP+ cells were barely detectable in the analyzed MDB samples (not
shown).

To verify that HIF-1α molecule was not just accumulated but also that HIF-1α signaling
was actually activated in MDB tissues, we analyzed the expression of a well known HIF-1α
downstream target gene, carbonic anhydrase IX (CAIX) 36 together with CD34. This
confirmed that tumor areas with a low MVD had a higher proportion of CAIX+ cells (Suppl.
Fig. 2E and Suppl. Table 2). These in vivo results are consistent with our in vitro findings
that hypoxia preferentially promotes expansion and survival of MDB-derived precursor
cells, while an acute exposure to a higher oxygen tension promotes neuronal differentiation.
Consistent with our data, it has been reported that restricted oxygen conditions increase the
cancer stem cell fraction and promote acquisition of a stem-like state 30.

Acute exposure to high oxygen tension inhibits Notch signaling in MDB derived cells
We then sought to determine the molecular mechanisms by which increased oxygen tension
promotes neuronal differentiation of MDB cells. HIF-1α is rapidly degraded by proteolysis
in response to increasing oxygen tension, which explains its actions as a signal transducer of
hypoxia 37; we also found that this rapid degradation occurred in MDB-derived precursors
in response to acute 20% oxygen exposure (Fig. 3A). Notch signaling supports the survival,
proliferation and prevents differentiation of normal and tumor-derived neural stem
cells 4, 5, 8, 38, 39. Signaling is initiated by the binding of Delta or Jagged ligands to Notch
receptors, which leads to intramembranous proteolytic cleavage of the Notch receptor (from
a 270 kDa to a 110 kDa protein) by the γ-secretase complex, yielding an activated Notch
Intracellular Domain (NICD) that translocates to the nucleus to regulate target gene
transcription. We found that Notch signaling was inhibited by acute exposure to 20%
oxygen (Fig. 3A), as shown by the decrease of NICD (110 kDa) after 30 min exposure to
20% oxygen. We also found that Delta-like-4 (Dll4), a Notch ligand, was transiently down-
regulated within 30 min in 20% oxygen (Fig 3A). Analysis of Notch1-transcriptional
activity using a luciferase reporter assay revealed a significant decrease in Notch1 activation
when MDB cells were acutely exposed to 20% oxygen (Fig. 3B). We then analyzed Dll4
expression in MDB tissue and found that Dll4 expression was high in tumor areas
characterized by low MVD, but was not detectable in presence of high MVD (Suppl. Fig
2F). This is consistent with a previous report showing that Dll4 expression is induced by
vascular endothelial growth factor (VEGF)-A and hypoxia 40.

One Notch1 target gene is the basic-helix-loop-helix transcription factor Hes1, which is
known to inhibit neurogenesis and maintain the neural stem cell identity 41. We found that
acute exposure of MDB cells to 20% oxygen caused Hes1 down-regulation along with β-III-
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tubulin up-regulation (Fig 3A). This is consistent with a role for downstream Notch target
genes in mediating the cell fate responses to changing oxygen tension.

HIF-1α is required to maintain Notch1 activation
To investigate whether HIF-1α is required to maintain Notch1 in its active form, we
silenced HIF-1α with a lentiviral vector bearing a siRNA specific for HIF-1α 21, 24 (Suppl.
Fig 2G). Experiments were performed in 2% oxygen to model conditions in which HIF-1α
is normally active. Silencing of HIF-1α caused MDB-derived precursors to show
morphological differentiation and eventually die by 5–7 days post-transduction (nearly 85%
cell death, not shown). In contrast, sham silencing with luciferase siRNA did not induce cell
death, thus excluding a non-specific effect of viral infection (not shown). This indicates that
HIF-1α stability may be required to preserve MDB cell viability. During the early stages of
morphological differentiation, we found that components of the Notch1 pathway were
down-regulated after HIF-1α silencing; these included total and activated (NICD) Notch,
Hes1 and Dll4; sham silencing with luciferase siRNA had little effect on Notch or NICD,
but did cause some non-specific down-regulation of Dll4 and Hes1 relative to the unchanged
β-actin loading control. In contrast, β-III-tubulin expression increased after silencing
HIF-1α, consistent with increased neuronal differentiation (Fig. 3C). These results provide
evidence that HIF-1α is required to maintain the activation of Notch1 signaling in MDB-
derived precursor cells.

HIF-1α and Notch1 are co-expressed in MDB precursor cells
Immunohistochemical analysis of MDB tissues indicated that the majority of HIF-1α+ cells
co-expressed Notch1 and Hes1 (merged images in Fig. 4A,B and Table 1). Moreover, the
HIF-1α downstream target gene CAIX, was found to be expressed in the majority of both
HIF-1α+ and Notch1+ MDB cells (Suppl. Fig 3A,B). In accordance to our data, a previous
report described that direct interaction between NICD and HIF-1α occurs in several cell
types, such as cortical embryonic stem cells, satellite cells, C2C12 and mouse embryonic
teratocarcinoma cell line P19, and HIF-1α is recruited to Notch-responsive promoters upon
Notch activation under hypoxic conditions 17. Hes1 localization was primarily nuclear and
co-localized in the same cells as HIF-1α (Fig. 4B). The majority of nestin+ precursor cells
resulted to express Notch1 (Fig 4C), and both CD133+ cells, representative of tumor stem
cell fraction, and nestin+ cells expressed HIF-1α (Fig. 4D,E) (quantification in Table 1).

Modulation of Notch1 signaling affects HIF-1α protein stability and transcriptional activity
Next, we sought to investigate whether exogenous modulation of Notch pathway in MDB
derived cells was differentially regulated in 2% oxygen compared to 20% oxygen. We
treated cells for 72 hr with immobilized Dll4 (R&D, 2μg/ml) or with DAPT (Calbiochem,
10μM), a γ-secretase inhibitor that prevents Notch cleavage and activation 42–44. Analyses
of total protein confirmed that Notch1 pathway was more strongly activated in 2% oxygen,
as shown by an increase of 110 kDa NICD; addition of Dll4 increased this activation as well
as Hes1 expression in both oxygen tensions (Fig. 5A). Conversely, β-III-tubulin was slightly
down-regulated by Dll4 in 2% oxygen, while Dll4 protein level did not significantly change
among conditions (Fig 5A). In contrast, DAPT treated cells underwent inhibition of Notch1
signaling, especially when acutely exposed to 20% oxygen (Fig 5A). In order to verify if
DAPT treatment promoted either increased MDB cell differentiation or apoptosis, we tested
cleaved caspase3, PARP and p21cip1 expression; we found increase of p21cip1 protein level
in DAPT treated cells in 2% oxygen, while levels of cleaved caspase3 (not shown) and
cleaved PARP did not significantly change (Fig. 5A).

We then analyzed whether HIF-1α protein stability was altered by Notch1 activation or
inhibition. Surprisingly, we found that HIF-1α protein did not change following Dll4
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stimulation, but was reduced in DAPT treated cells (Fig 5A) maintained under hypoxia.
Moreover, we found that the level of PHD2, a proline hydroxylase that is a direct sensor of
oxygen tension and is responsible for initiating HIF-1α protein degradation, was higher
following DAPT treatment in 2% oxygen (Fig 5A). We previously showed the involvement
of the peptidyl prolyl cis/trans isomerase FKBP38 in controlling PHD2 degradation 16,
consistent with previous reports 45, 46. Indeed, it has been shown that PHD2 protein
abundance depends on the membrane-associated localization of FKBP38 46. Thus, we
wanted to determine if a similar PHD2 modulation of HIF-1α protein levels occurred in
MDB cells following DAPT or Dll4 stimulus. We found that Dll4 stimulation in both
oxygen tensions promoted up-regulation of FKBP38 (Fig. 5A). In contrast, DAPT promoted
a strong reduction of FKBP38 (Fig. 5A). Even though this is not a direct measure of higher
PHD2 activation, it indicates that increased PHD2 protein stability is a consequence of
Notch inhibition and that this could be mediated by FKBP38.

In order to measure the interaction between HIF-1α and its cognate consensus sequence
(HRE), we used a hypoxia responsive element (HRE)-luciferase reporter assay. We found
that 8 hr of Dll4 treatment induced a significant increase of HIF-1α dependent
transcriptional activity in 2% oxygen, in contrast to the effects mediated by DAPT (Fig. 5B).
Also, a Notch1-luciferase reporting assayconfirmed Dll4-dependent activation in both 2%
and 20% oxygen, while DAPT decreased Notch1 signaling more effectively in 2% oxygen
(Fig. 5C). This is probably due to the fact that endogenous Notch1 signaling was already
inhibited in MDB cells acutely exposed to 20% oxygen (Fig 3B and Fig 5C). Together these
results suggest that Notch1 signaling is preferentially activated in MDB-derived cells in
hypoxic conditions, and also that Dll4 and DAPT control HIF-1α mediated transcriptional
activity. They also indicate that inhibition of Notch1 signaling by DAPT causes HIF-1α
down-regulation, probably by PHD2 up-regulation.

Furthermore, QRT-PCR analyses revealed that hes1 transcript was up-regulated by Dll4
only in cells maintained in 2% oxygen (Fig 5D), while hey1, another Notch1 downstream
target gene involved in the progression of glioblastoma 47, was more highly expressed after
Dll4 treatment, regardless of oxygen tension (not shown). Conversely, hes1 expression was
decreased by DAPT, confirming the effectiveness of DAPT in inhibiting Notch1 pathway
activation in 2% and 20% oxygen. Analysis of dll4, hif-1α and phd2 gene expression did not
show significant differences among conditions (not shown), suggesting that the observed
modulations in protein expression levels do not necessarily reflect transcriptional changes.

Notch1 signaling modulation affects MDB cell phenotype depending on hypoxia
We and others previously provided evidence that hypoxia either instructs or selects for a
more primitive phenotype of tumor cell 10, 11, 15 and that HIF-1α is an important factor in
promoting this cell state 15, 17. We tested whether the interaction between Notch signaling
and HIF-1α regulated the relative abundance of MDB-derived precursor cells compared
with more differentiated cell types. We tested this by activating Notch1 signaling with Dll4
and found an increase in CD133+, marking stem cells, and nestin+ cells (i.e. nestin+/β-III-
tubulin−) in 2% oxygen but not 20% oxygen within 72 hr of treatment (Fig 6A,B,F).
Interestingly, this treatment led to a decrease in β-III-tubulin+ cells (i.e. nestin−/β-III-
tubulin+) in 20% oxygen but not 2% oxygen (Fig 6B,F). Another cell surface marker, CD15,
is used analogously to CD133 as a stem cell marker for normal and MDB-derived cells in
mouse models18, 48, 49, but we did not see any change in the percentage of CD15+ cells
following Dll4 or DAPT treatments (not shown). Interestingly, Dll4 treatment led to a
decrease in mitotically active cells (measured by Ki67 expression) in both oxygen tensions
relative to their control counterparts (Fig 6D), suggesting that Notch signalling promotes
quiescence that is characteristic of slowly dividing stem cells 8, 50. This effect was much
stronger during acute exposure to 20% oxygen, where Dll4 treatment led to a substantial
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reduction in both Ki67 expression and total cell number (Fig. 6D,E,F). This is consistent
with the anti-proliferative effect of Dll4 previously described for other cell types 51, 52.

We found that inhibition of Notch signalling with DAPT, despite also having an indirect
inhibitory effect on HIF-1α (Fig 5A,B), did not reduce CD133+ cell numbers within 72 hr
(Fig. 6A); however, it did reduce numbers of nestin+ cells and increase numbers of β-III-
tubulin+ cells under both 2% and 20% oxygen tensions (Fig 6B,C,F). Mitotically active cell
numbers, as measured by Ki67 staining, were also reduced by DAPT (Fig. 6D), while total
cell numbers were slightly but not significantly reduced following DAPT stimulus compared
to control group at 2% oxygen (Fig. 6E). The observed decrease of total cells number is not
related to increased cell death by DAPT, as shown by analysis of cleaved PARP (Fig. 5A),
but rather to increased cell differentiation, as shown by higher p21cip1 expression (Fig. 5A).
MDB cells treated with DAPT and acutely exposed to high oxygen tension did not undergo
further decrease of Ki67 expression and of total cells number compared to 20% oxygen
control group (Fig. 6D,E). In total, our results suggest that Notch1 activation, by promoting
the un-differentiated cellular state, makes MDB precursor cells more sensitive to the effects
of changing oxygen tensions.

Discussion
There is increasing evidence that MDB, like many other cancer types, originates from and is
maintained by aberrantly functioning stem cells in the cerebellum that fail to maintain
proper control of self-renewal 2. Since an important feature of stem cells is their quiescence
relative to their more active daughter progenitors 50, the failure to adequately target slowly
dividing “cancer stem cells” during clinical treatment may be responsible for cases of tumor
recurrence. Notch signalling has been implicated in regulating MDB-derived precursors with
stem cell properties 3–6 and is found to promote the survival and proliferation and inhibit
differentiation of tumor-derived precursors 7, 8. Our results show that Notch signalling
requires hypoxia to maintain MDB-derived precursors in an undifferentiated state and
suggest that Notch signalling in turn sensitizes these precursors to changes in oxygen
tension. Furthermore, we show that these responses are mediated by a reciprocal interaction
between components of the Notch signalling pathway and HIF-1α, a canonical effector of
oxygen response signalling.

While measurements of oxygen in non-neoplastic human brain show a mean oxygen tension
varying from 3.2% (23.8 ± 8.1 mmHg) at 22–27 mm below the dura to 4.4% (33.3 ± 13.3
mm Hg) at 7–12 mm below the dura 53, levels below these are a consistent feature of brain
tumors 54. Several reports showed a decrease in oxygen tension in human brain tumors,
including reductions of flow and oxygen utilization 55, 56. Even though direct measurements
of oxygen tension specifically in MDB tissues have not been directly performed, it is
reasonable to hypothesize that MDB cells reside within a hypoxic niche. According to this
hypothesis, it has been reported that intracerebral tumors and MDB are characterized by a
higher percentage of hypoxic cells, compared to other neoplasms and for this reason higher
doses of radiation therapy are required to get equivalent cell killing 57. Moreover, both
hypoxic conditions and HIF-1α over-activation correlate with tumor aggressiveness 9–12, 15.
Our previous results showed that HIF-1α is an important mediator of this response, in part
through its modulation of key intracellular pathways that regulate precursor cell proliferation
and fate, such as BMP and Akt/mTOR signalling in glioblastoma 15, 16. Here we show that,
in MDB, hypoxia and HIF-1α also regulate Notch signalling. This interaction was
previously identified in fetal mouse neural precursors 17, but our work provides the first
characterization of this interaction and its novel reciprocal features in MDB-derived
precursors.
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We show that MDB derived cells, which can be expanded successfully in vitro only when
cultured under hypoxic condition, undergo differentiation and eventually cell death when
acutely exposed to high oxygen tension. This occurs in part through Notch1 signaling
inhibition. We found that Notch signaling is activated by hypoxia and its transducer HIF-1α,
while it is down-regulated following acute exposure to high oxygen or HIF-1α silencing.
Our in situ histological analysis shows that Notch1 signaling is higher within tumor areas
with low MVD, where MDB cell precursors are more abundant. Recent studies have shown
that within brain tumors, cancer stem cells preferentially reside near both vasculature and in
surrounding necrotic and/or less vascularized (i.e. hypoxic) tissues 30–32. Consistent with
our data, it has been reported that restricted oxygen conditions increase the cancer stem cell
fraction and promote acquisition of a stem-like cell features 30. While the preferential
association of cancer stem cells with both vascularized and non-vascularized regions may
seem paradoxical, we have hypothesized that vascular regions may actually promote both
stem cell properties and quiescence because of the combination of vascular niche factors and
higher oxygenation, while specifically restricting oxygen may activate stem cells to re-enter
the cell cycle and undergo self-renewal and/or transit-amplifying divisions 34. In our culture
conditions of low oxygen tension (2% O2) CD133+ cells derived from MDB tissues
disclosed clonogenic potential in respect to CD133− MDB cells (Suppl. Fig. 4). CD133+

cells have been isolated from different types of brain tumors including MDB and were
shown to form aggressive tumors in the brain of mice when injected at low numbers 58, 59.
The utility of CD133 in the isolation of cells with tumor initiating properties has been
confirmed by several research groups 60, 61, but it is unclear whether this marker really
identifies tumor initiating cells or a subset of cells that can resist the immune system in
partially immunodeficient mice strains. Recent works reported that the CD133− population
from GBM tumors is able to produce orthotopic tumors even if with a lower
efficiency 62, 63. However, at this time no cell marker is considered absolute in identifying
brain tumor stem cells 64. Thus, since we did not evaluate the in vivo tumorigenicity of
MDB derived CD133+ cells maintained in hypoxic culture conditions, our hypotheses on the
diverging role of the vascular and hypoxic stem cell niche remain speculative.

We found that HIF-1α and Notch signaling occur in a high proportion of nestin+ MDB
precursors, while inhibition of Notch signaling by DAPT promotes neuronal differentiation.
The increase in CD133+ cell numbers by Notch activation in 2% oxygen suggests that
hypoxia is required for MDB stem cell maintenance, consistent with our previous report on
glioblastoma 16. Another potential link between HIF-1α and Notch signaling is found in
recent work showing that Factor Inhibiting HIF-1 (FIH-1) regulates asparagine
hydroxylation of both HIF-α and Notch1-3 65. Additionally, in mouse embryonic stem cells
the hypoxia-induced increase of HIF-1α promotes Notch-1 activation via Wnt-1
signaling 66. Thus, there appear to be several levels of shared molecular regulatory
mechanisms between Notch and HIF1α.

Hes1, a Notch1 target gene, is one of the gene mammalian homologues of Drosophila Hairy
and Enhancer of split, which encode basic helix-loop-helix (bHLH) transcriptional
repressors. In the developing central nervous system, hes genes are highly expressed in
neural stem cells and their inactivation leads to accelerated neurogenesis and premature
depletion of neural stem cells41. We found that Dll4 treatment increased Hes1 protein levels
in both 2% and 20% oxygen, while hes1 transcript was upregulated by Dll4 only under
hypoxia, which is consistent with HIF-1α-dependent Notch1 activation and consequentially
maintenance of MDB stem cells. Additionally, DAPT treated cells undergo a decrease of
HIF-1α level, phenomenon correlated to PHD2 stabilization. As a consequence, DAPT
treated cells undergo neuronal differentiation, as shown by higher proportion of β-III-
tubulin+ cells.
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Conclusion
Our results suggest that two components of the tumor microenvironment, cell-to-cell
signaling through Notch and oxygen sensing through HIF-1α, regulate precursor
proliferation and fate and may exert specific control on stem cell quiescence. While
definitive evidence of this requires prospective isolation of these cells and testing of tumor
reconstitution in vivo, our results provide mechanistic insight into how stem cell niche
signals may be utilized by cancer stem cells to promote tumor aggression. This in turn can
potentially be exploited to selectively target the cells that initiate and maintain MDB,
thereby increasing the success rate of treatment.
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Figure 1. 2% oxygen preserves viability and proliferation of MDB derived cells
(A) representative pictures of HuTu33 cells expanded at 2%, 5% or 20% oxygen for 7 days.
(B,C) Total cell number counts (by trypan blue exclusion) of MDB (B) and SVZ cells
(HuSC30 and HuSC23) (C) cultured for 7 days. For (B), mean of 5 different MDB ± S.E.M.,
n = 2 for each tumor; for (C), mean of 2 different normal SVZ cells cultures ± S.E.M., n = 4
for each cell culture. 10X pictures, bar = 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Acute exposure to high oxygen tension promotes neuronal differentiation, mitotic
arrest and eventually cell death in MDB derived cells
(A) Representative immunocytochemical images (HuTu33) of (A) Ki67 (red)/cleaved-
Caspase3 (green), (B) p21cip1 (red), (C) nestin (green)/β-III-tubulin (red), (D) nestin (green)/
GFAP (red) and (E) nestin (green)/MAP2 (red) staining of MDB cells expanded for 2 days
at either 2% or 20% oxygen. Quantifications in (F,G); for all graphs, mean of 5 different
MDB ± S.E.M., n = 3 for each tumor. (H) QRT-PCR analyses of Sox2, EN1, Math1,
Neurod1, NSCL1, β-III-tubulin, Pax6 and MAP2, normalized to gusb and then calibrated to
2% oxygen control. Mean ± S.E.M of 4 different MDB. *p < 0.05, **p < 0.01, ***p <
0.001, ns: not significant.
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Figure 3. Acute exposure to high oxygen tension promotes Notch1 pathway inhibition and
HIF-1α is required to maintain Notch1 signaling activated
(A) Representative western blot analyses of HIF-1α, Notch1, NICD, Dll4, Hes1, β-III-
tubulin and β-actin of MDB cells acutely exposed to 20% oxygen for 30, 60 or 120 minutes.
(B) Notch1-Luciferase transfected MDB cells, have been either left at 2% oxygen or acutely
exposed to 20% oxygen for 8 hrs. The graph reports mean of 3 different MDB. (C)
Representative western blot analyses of cells that had been transduced with a siHIF-1α/
EGFP or si-LUC/EGFP bearing vectors. (D,E) Representative immunohistochemical images
of (D) HIF-1α (red)/β-III-tubulin (green), (E) HIF-1α (red)/nestin (green) staining of MDB
tissues. See quantification in Suppl. Table 2. Magnification 10X, bar = 100 μm. *p < 0.05,
**p < 0.01, ***p < 0.001. RLU, relative light units; v, vessels; MVD, microvessel density.
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Figure 4. Notch1, Hes1 and HIF-1α are co-expressed in nestin+ and CD133+ MDB cells in vivo
Representative immunohistochemical images of (A) HIF-1α (red)/Notch1 (green), (B)
HIF-1α (red)/Hes1 (green), (C) nestin (red)/Notch1 (green), (D) HIF-1α (red)/CD133
(green) and (E) HIF-1α (red)/nestin (green) staining of MDB tissues. Insets in panel A, B
show nuclear localization of Notch1 (left, A), HIF-1α (middle, A, B and E), and Hes1 (left,
B) and cytoplasmic localization of nestin (left, E). 10X pictures, bar = 100 μm (for
A,B,C,D,E), 60X insets, bar = 20 μm (in A,B merge). See quantification in Table 1.
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Figure 5. Effects of Notch1 signaling exogenous modulation by Dll4 and DAPT on MDB cells
(A) Representative western blot analyses of HIF-1α, PHD2, FKBP38, Notch1, NICD, Dll4,
Hes1, β-III-tubulin, p21cip1, PARP and β-actin of MDB derived cells cultured for 72 hrs in
presence of either immobilized Dll4 (2 μg/ml) or DAPT (10 μM) at either 2% or 20%
oxygen. (B) HRE-luciferase transfected cells in the same conditions as in (A) at 2% oxygen.
(C) Notch1-luciferase transfected MDB cells treated with Dll4 and DAPT for 8 hr as
described in Materials and Methods. For both B and C, values are expressed in RLU (=
relative light units). (D) QRT-PCR analysis of hes1 normalized to gusb and then calibrated
to 2% oxygen control. Mean ± S.E.M of 3 different MDB. *p < 0.05, **p < 0.01, ***p <
0.001.
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Figure 6. Notch1 signaling modulation by Dll4 and DAPT affects MDB cell phenotype depending
on hypoxia
(A) Percentages of CD133+ cells of MDB derived cells cultured for 72 hr in presence of
either immobilized Dll4 (2 μg/ml) or DAPT (10 μM) at either 2% or 20% oxygen. Mean of
3 tumors ± S.E.M., n = 2 for each tumor. (B-E) Immunocytochemical analysis for nestin (B)
β-III-tubulin (C), Ki67 (D) and total cell quantification relative to total DAPI+ cells (E).
MDB cells were treated as described in (A). Mean of 6 tumors ± S.E.M. (F) Representative
immunocytochemical images of nestin (green)/β-III-tubulin (red) staining. 20X pictures, bar
= 40 μm. *p < 0.05, **p < 0.01, ***p < 0.001.
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