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ABSTRACT

Glioblastoma contains a hierarchy of stem-like cancer cells,
but how this hierarchy is established is unclear. Here, we

show that asymmetric Numb localization specifies glioblas-
toma stem-like cell (GSC) fate in a manner that does not
require Notch inhibition. Numb is asymmetrically localized

to CD133-hi GSCs. The predominant Numb isoform,
Numb4, decreases Notch and promotes a CD133-hi, radial

glial-like phenotype. However, upregulation of a novel
Numb isoform, Numb4 delta 7 (Numb4d7), increases Notch
and AKT activation while nevertheless maintaining CD133-

hi fate specification. Numb knockdown increases Notch and
promotes growth while favoring a CD133-lo, glial progeni-

tor-like phenotype. We report the novel finding that
Numb4 (but not Numb4d7) promotes SCF

Fbw7
ubiquitin

ligase assembly and activation to increase Notch degrada-
tion. However, both Numb isoforms decrease epidermal

growth factor receptor (EGFR) expression, thereby regulat-
ing GSC fate. Small molecule inhibition of EGFR activity
phenocopies the effect of Numb on CD133 and Pax6. Clini-

cally, homozygous NUMB deletions and low Numb mRNA
expression occur primarily in a subgroup of proneural glio-

blastomas. Higher Numb expression is found in classical
and mesenchymal glioblastomas and correlates with
decreased survival. Thus, decreased Numb promotes glio-

blastoma growth, but the remaining Numb establishes a
phenotypically diverse stem-like cell hierarchy that

increases tumor aggressiveness and therapeutic resistance.
STEM CELLS 2012;30:1313–1326
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INTRODUCTION

A primary mechanism for generating neural diversity is the
asymmetric localization of cell fate determinants. During neural
stem cell division, asymmetric segregation of the cell fate deter-
minant, Numb, into daughter cells is thought to promote neuro-
nal differentiation by antagonizing Notch. However, genetic de-
letion of Numb and its homolog, Numb-like, in double-knockout
mice leads to premature neural stem cell depletion, indicating an
essential role for Numb in neural stem cell and neural progenitor
cell maintenance [1]. Recent evidence suggests that epidermal
growth factor receptor (EGFR) activity promotes the transition
from neural stem cell to intermediate progenitor cell by upregu-
lating Numb and inhibiting Notch [2]. How Numb promotes the
maintenance of neural stem cells while also promoting their dif-
ferentiation has not been completely resolved.

Numb antagonizes Notch signaling through multiple
mechanisms. For example, Numb binds Notch and increases

its ubiquitination and degradation through interactions with
amyloid precursor protein (APP) or the HECT (homologous to
E6-AP carboxy terminus) domain ubiquitin ligase, Itch [3, 4].
Numb also increases endocytic trafficking of the Notch recep-
tor [5]. In addition, Numb may regulate differentiation and pro-
liferation through Notch-independent mechanisms such as sta-
bilizing p53 [6] or promoting the Itch-dependent degradation of
the Sonic hedgehog pathway transcription factor, Gli1 [7].

In drosophila and mice, disruption of asymmetric cell di-
vision leads to neural overgrowth [8, 9]. In humans, Numb
restrains the growth of breast cancer cells by inhibiting Notch
and stabilizing p53 [6]. In addition, downregulation of Numb
by musashi 2 promotes the development of blast crisis in leu-
kemia [10]. These observations have led to the suggestion
that Numb is a tumor suppressor.

Glioblastoma contains a related hierarchy of CD133þ/hi
and CD133�/lo cancer cells resembling neural stem cells [11,
12]. Like neural stem cells, many glioblastoma stem-like cells
(GSCs) are self-renewing. However, CD133þ/hi GSCs
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display increased tumorigenicity and increased resistance to
therapy when compared with CD133�/lo GSCs from the
same tumors [13]. Accordingly, CD133 expression correlates
with increased tumor aggressiveness and decreased survival in
glioblastoma and in other cancers [14–16]. Single GSCs can
give rise to a mixed population of CD133þ/hi and CD133�/lo
cells, suggesting that they undergo asymmetric division.
Indeed, a recent study indicated that GSCs undergo both asym-
metric and symmetric divisions, suggesting a potential role for
Numb in regulating glioblastoma growth [17]. However,
another recent study suggests that Numb has no effect on glio-
blastoma cell growth or differentiation [18]. Furthermore, stud-
ies indicate that Notch signaling is essential for GSC mainte-
nance and tumorigenicity [19, 20]. Thus, it is unclear whether
Numb suppresses glioblastoma growth by antagonizing Notch
signaling, whether it establishes the differentiation hierarchy of
GSCs as it does for normal neural stem/progenitor cells, or
whether it plays no role in glioblastoma.

Here, we show that the predominant Numb isoforms in
glioblastoma, Numb4 and a novel isoform (Numb4 delta 7
[Numb4d7]), are asymmetrically localized during GSC divi-
sions and promote a self-renewing CD133þ/hi phenotype.
Low Numb favors the production of more rapidly proliferat-
ing CD133�/lo GSCs that retain self-renewal capacity.
Numb4 and Numb4d7 exert similar effects on GSC differen-
tiation, but they have opposing effects on GSC proliferation,
Notch signaling and AKT activation. Mechanistically, these
two Numb isoforms differentially interact with Skp1-Cullin-F-
box (SCF) ubiquitin ligases to exert opposite effects on Notch
levels and tumor growth. Both Numb isoforms decrease
EGFR activity, and this contributes to maintenance of the
CD133-hi stem-like cell phenotype.

RESULTS

Numb Is Alternatively Spliced in Glioblastoma

Immunostaining of human glioblastoma specimens revealed
an altered pattern of Numb immunoreactivity in approximately
80% of the specimens (n ¼ 13) when compared with nontumor
brain (Fig. 1A). Whereas Numb immunoreactivity in nontumor
brain was primarily present in neurons, Numb staining was
more intense and was localized primarily to tumor cells in
some glioblastomas. In contrast, approximately 20% of glioblas-
tomas displayed very low levels of Numb immunoreactivity.
Immunostaining of Grade II and Grade III oligodendrogliomas
and astrocytomas also revealed increased Numb immunoreactiv-
ity in tumor cells in a subgroup of specimens when compared
with nontumor brain (Supporting Information Fig. S1).

Alternative splicing yields several isoforms of Numb that
are developmentally regulated and that differentially affect
proliferation and differentiation [21]. Numb2 and Numb4 pri-
marily regulate differentiation, while Numb1 and Numb3 pro-
mote the proliferation of neural cells. To determine which iso-
forms of Numb are expressed in glioblastoma, we used
reverse transcription (RT)-PCR (polymerase chain reaction) to
clone and sequence several Numb transcripts from two pri-
mary GSC lines (GSC1 and GSC2; Fig. 1B). To determine
their frequency of occurrence, we randomly selected 15
clones for direct sequencing (Fig. 1C). The most frequent
Numb isoform among the 15 clones selected for sequencing
was Numb4 (40%), followed by Numb2 (20%) and a novel
form of Numb4 that lacks exon 7 (20%), which we have des-
ignated as Numb4d7 (Supporting Information Fig. S2). One
clone encoding a novel Numb4 isoform that lacked exons 7

and 8 was also detected. Numb3 was encoded by one of the
15 sequenced clones, and Numb1 was not detected. Western
blot using protein derived from GSC1, GSC2, and two addi-
tional primary human GSC cell lines (GSC3 and GSC4) con-
firmed the presence of Numb4d7 protein expression in all
four primary GSC lines (Fig. 1D).

We overexpressed the cloned Numb variants to facilitate
identification of the Numb protein isoforms by Western blot
(Supporting Information Fig. S2) and subsequently examined
Numb expression in protein lysates derived from 13 surgical
human glioblastoma and four nontumor brain specimens (Fig.
1E). Numb4 and Numb4d7 were the most abundant Numb
isoforms detected in primary GSCs isolated from surgical
glioblastoma specimens and maintained as tumorspheres [12].
Whereas expression of Numb4 and Numb2 protein was
decreased in glioblastoma when compared with nontumor
brain, Numb4d7 protein expression was increased (Fig. 1E).
RT-PCR confirmed the presence of Numb4d7 mRNA in all
five primary human GSC lines examined (Fig. 1F). In contrast
to primary GSCs, however, only three of nine established
human glioblastoma cell lines expressed Numb4d7. Numb4d7
mRNA was not detected in mouse E14 neural stem cells or in
HEK293T cells.

We examined Numb4d7 expression during mouse nervous
system development using PCR primers designed to detect
mouse Numb4d7, followed by direct sequencing of the PCR
products. As a source of mRNA, we used a commercially
available mouse cDNA panel (Rapid-Scan, OriGene) contain-
ing mRNAs isolated from various regions of the mouse nerv-
ous system throughout development. Low levels of Numb4d7
mRNA were detected from E13 to adulthood during mouse
nervous system development. Interestingly, Numb4d7 mRNA
expression was present in a rostrocaudal gradient in the
mouse nervous system. Numb4d7 expression was most fre-
quently detected in the forebrain and midbrain, with low or
no expression detected in more caudal areas (Fig. 1G).

Numb Is Asymmetrically Localized in Glioblastoma
and Specifies Stem-Like Cell Fate

A recent in vitro study indicated that primary human GSCs
can divide either symmetrically or asymmetrically [17]. We
have examined this phenomenon in vivo, using paraffin-em-
bedded glioblastoma specimens stained for Numb immunore-
activity. Although most cells displayed a symmetric pattern of
Numb immunoreactivity, approximately 15% of dividing
GSCs displayed asymmetric Numb localization in vivo (Fig.
2A). Costaining for the neural stem cell marker, CD133 [22],
revealed frequent colocalization of CD133 and Numb (Fig.
2A). Western blot analysis of protein lysates obtained from
nine surgical glioblastoma specimens revealed a strong corre-
lation between high CD133 expression and high Numb
expression (Fig. 2B).

To investigate the relationship between CD133 and Numb
expression further, we used immunoaffinity columns to sepa-
rate cultured primary human GSCs into CD133þ/hi and
CD133�/lo cell populations. Western blots using protein
lysates derived from these cell populations revealed increased
Numb expression in the CD133þ/hi cell population when
compared with CD133�/lo cells from the same tumor (Fig.
2C). In addition, increased expression of the radial glial stem
cell markers Sox2 and Pax6 [23], as well as increased levels
of cleaved Notch (Notch intracellular domain [NICD]), were
associated with high Numb levels in CD133þ/hi GSCs.

To determine whether asymmetric localization of Numb
contributes to the differential expression of CD133 in GSCs,
we first transfected primary human GSCs using expression
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vectors for Numb4-GFP or Numb4d7-GFP fusion proteins.
Both Numb4-GFP and Numb4d7-GFP were asymmetrically
localized in approximately 32% (n ¼ 19) of dividing GSCs
under these conditions (Fig. 2D). Immunocytochemistry using
dissociated primary human GSCs confirmed increased Numb
immunoreactivity in CD133þ/hi cells when compared with
CD133�/lo cells (Fig. 2E).

When primary human GSCs (GSC1) overexpressing
Numb4 or Numb4d7 were placed into serum-containing me-
dium to induce differentiation, we observed increased expres-
sion of the neuronal differentiation marker, TuJ1/BetaIII tubu-
lin, and decreased expression of the astrocyte marker, glial
fibrillary acidic protein (GFAP) (Fig. 2F). Furthermore, over-
expression of Numb4 and Numb4d7 in GSCs increased

Figure 1. Numb isoform expression in glioblastoma. (A): Numb immunostaining of paraffin-embedded human nontumor brain or glioblastoma
specimens. Open arrows point to a Numb-immunoreactive neuron in the nontumor brain specimen and a Numb-immunoreactive tumor cell in the
glioblastoma specimen. (B): Reverse transcription (RT)-PCR of Numb isoforms expressed in two primary human GSC lines. (C): Domain struc-
ture and frequency of occurrence of Numb isoforms cloned from four primary human GSC lines. (D): Western blot analysis of Numb isoforms
in four primary GSCs. (E): Western blot analysis of Numb isoforms in GBM and human NB specimens. (F): RT-PCR analysis of Numb isoform
expression in five primary human GSC cell lines, nine established glioblastoma cell lines, 293T cells, and E14 cells. Five hundred base pair frag-
ment represents Numb4d7 mRNA. (G): RT-PCR analysis of presence or absence of Numb4d7 mRNA during mouse neural development. Abbre-
viations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GBM, glioblastoma; GSCs, glioblastoma stem-like cells; NB, nontumor brain;
Numb4d7, Numb4 delta 7; PRR, proline-rich region; PTB, phosphotyrosine-binding; PCR, polymerase chain reaction.
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Figure 2. Numb is asymmetrically localized and specifies cell fate in glioblastoma. (A): (left panel) Paraffin section of glioblastoma specimen
stained for Numb immunoreactivity. Arrow indicates asymmetric distribution of Numb immunoreactivity in a single GSC during mitosis. (right
panel) Colocalization of Numb and CD133 immunoreactivity in paraffin section of glioblastoma. Arrow indicates asymmetric colocalization of
Numb and CD133 immunoreactivity in a glioblastoma cell pair. Scale is approximately 10 lm. (B): Correlation between Numb and CD133 protein
expression in nine surgical glioblastoma specimens. (C): Correlation between Numb, CD133, Sox2, Pax6, and cleaved Notch (NICD) in two primary
human GSC lines sorted into CD133-hi (CD133þ) and CD133-lo (CD133�) cell populations. (D): Light microscopy images illustrating asymmetric
localization of Numb4-GFP or Numb4d7-GFP in dividing primary human GSCs. Nuclei are counterstained with DAPI. Scale is approximately 5 lm.
(E): Colocalization of CD133 and Numb in primary cultured GSCs. Arrow identifies CD133�/lo/Numb-lo GSC. Scale is approximately 20 lm. (F):
Effect of Numb4 or Numb4d7 overexpression on Tuj1 and GFAP immunoreactivity after serum-induced differentiation of primary GSCs. Scale is
approximately 50 lm. (G): Effect of Numb4 and Numb4d7 overexpression on NICD, CD133, Pax6, and Tbr2 expression in GSCs. (H): FACS anal-
ysis of CD133-expression on the surface of cultured human GSCs after overexpression of Numb4, Numb4d7, or a control vector. (I): Effect of
Numb knockdown on CD133, Sox2, Pax6, and Tbr2 expression in primary human GSCs. (J): Fluorescence-activated cell sorting analysis of CD133
surface expression in GSCs after overexpression of Numb shRNA or a control vector. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; GFAP,
glial fibrillary acidic protein; GSCs, glioblastoma stem-like cells; NICD, Notch intracellular domain; Numb4d7, Numb4 delta 7.
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expression of the radial glial markers CD133 and Pax6 and
decreased expression of Tbr2, a marker of neurogenic inter-
mediate progenitor cells [24] (Fig. 2G). Fluorescence-acti-
vated cell sorting (FACS) analysis indicated that overexpres-
sion of Numb4 and Numb4d7 increased the fraction of
primary human GSCs that expressed high surface levels of
CD133 (Fig. 2H). Taken together, these data indicate that
Numb4 and Numb4d7 are asymmetrically localized during a
fraction of GSC divisions and promote adoption of a
CD133þ/hi radial glial-like phenotype.

To examine the effect of Numb overexpression on GSC
self-renewal, we cultured primary glioblastoma cells overex-
pressing green fluorescent protein (GFP), Numb4-GFP, or
Numb4d7-GFP as tumorspheres in serum-free medium for
more than five passages, and then used FACS to sort them as
single cells into 96-well plates. All three cell groups contin-
ued to form tumorspheres with similar frequency, indicating
that Numb overexpression does not prevent GSC self-renewal.
Interestingly, tumorspheres formed by cells overexpressing
Numb4-GFP tended to be smaller than those formed by GFP-
expressing control cells, while spheres formed by Numb4d7-
GFP-expressing GSCs were larger and less tightly organized
than controls (Supporting Information Fig. S3).

We next transduced primary GSCs with a lentivirus con-
taining a Numb shRNA or a scrambled control shRNA. This
approach afforded a 50% knockdown of endogenous Numb
protein levels. Numb knockdown decreased CD133, Sox2,
Pax6, and Tbr2 expression (Fig. 2I). Collectively, this pattern
of marker expression suggested that decreased Numb expres-
sion promotes a gliogenic progenitor-like phenotype in human
GSCs. Importantly, FACS analysis indicated that Numb
knockdown decreased the fraction of GSCs with strong sur-
face expression of CD133 (Fig. 2J).

After several passages, single GSCs expressing Numb
shRNA or control shRNA were sorted by FACS into 96-well
plates and maintained in serum-free medium. Numb knock-
down did not significantly alter the frequency of tumorsphere
formation when compared with control GSCs (Supporting In-
formation Fig. S3; p ¼ .074, t test). Taken together, these
data indicate that asymmetric localization of Numb4 and
Numb4d7 establishes a related hierarchy of radial glial-like
and gliogenic intermediate progenitor-like GSCs that display
self-renewal capacity.

Endogenous Numb Constrains Growth in Human
GSCs

Notch is essential for the maintenance of neural stem cells
and CD133þ/hi GSCs [19]. However, Numb reportedly
antagonizes Notch signaling [3], and we observed that Numb
is preferentially expressed in CD133þ/hi GSCs. To investi-
gate this apparent paradox, we examined the effect of overex-
pressing Numb4 and Numb4d7 on GSC growth. Numb4 over-
expression caused a small but significant decrease in the
proliferation of primary GSCs in vitro (Fig. 3A; p < .05, t
test; Supporting Information Fig. S4). In contrast, Numb4d7
robustly increased the proliferation of these cells (Fig. 3A; p
< .04, t test; Supporting Information Fig. S4). MTT cell
growth assays revealed increased growth of Numb4d7-
expressing GSCs when compared with control cells (Fig. 3B,
p ¼ .004, t test). GSCs overexpressing Numb4 initially grew
at a slower pace but grew more quickly at later time points
(Fig. 3B, p ¼ .009, t test). When human U87 glioblastoma
cells overexpressing Numb4, Numb4d7, or a control vector
were transplanted subcutaneously into nude mice, cells over-
expressing Numb4d7 formed significantly larger tumors (Fig.
3C, p ¼ .034, t test), while Numb4 overexpression had no

effect on subcutaneous tumor growth. When primary human
GSCs overexpressing Numb4, Numb4d7, or a control vector
were transplanted into the brains of nude mice, a nonsignifi-
cant trend toward shorter survival was observed for mice that
received Numb4d7-expressing cells when compared with con-
trol mice (Supporting Information Fig. S4; p ¼ .16, log-rank
test). Intracranial transplantation of GSCs overexpressing
Numb4 did not alter survival (p ¼ .90, log-rank test). Thus,
overexpression of Numb in primary human GSCs (which
express significant amounts of endogenous Numb at baseline)
did not inhibit tumor growth, in agreement with previous
reports [18].

To more clearly determine the role of Numb in GSC
growth, we examined the effect of knockdown of endogenous
Numb on GSC growth. Numb knockdown using shRNA sig-
nificantly increased primary human GSC proliferation (Fig.
3D; p < .05, t test) and increased GSC growth in vitro (Fig.
3E, p ¼ .036, t test). Moreover, intracranial transplantation of
human GSCs overexpressing a Numb shRNA vector signifi-
cantly decreased survival in nude mice (Fig. 3F; p ¼ .016,
log-rank test). Histochemical analysis of the brains of mice
transplanted with GSCs expressing Numb shRNA revealed
increased tumor cell density and an increased fraction of cells
immunoreactive for the proliferation marker, Ki67 (Support-
ing Information Fig. S4). Taken together, these data demon-
strate a role for Numb in regulating the growth and differen-
tiation of primary human GSCs in vitro and in vivo.

Numb4d7 Increases Notch Signaling

Consistent with previous reports [3], we observed that Numb4
overexpression decreased levels of cleaved Notch (NICD) in
GSCs and established glioblastoma cell lines and HEK293T
cells. Surprisingly, however, Numb4d7 increased NICD levels
in these same cells (Fig. 4A). Numb4 also decreased activity
of the Notch pathway transcription factor, Hes1 (Fig. 4B; p ¼
.0054, t test), while Numb4d7 increased it (p ¼ .0019, t test).

In immune cells and in GSCs, Notch activates AKT [19,
25]. In primary GSCs, we observed that Numb4 decreased
AKT activation, while Numb4d7 increased it (Fig. 4C). Fur-
thermore, knockdown of endogenous Numb using shRNA
increased AKT activation in primary GSCs and in human
U87 glioblastoma cells (Fig. 4D). The effect of Numb4 and
Numb4d7 on Notch and AKT was observed after enforced
Notch activation using EDTA, indicating that this phenom-
enon does not require ligand-mediated Notch cleavage (Fig.
4E). This observation is consistent with reports that Numb
promotes NICD degradation downstream of Notch cleavage
[3]. Taken together, these findings suggest that the differential
effects of Numb4 and Numb4d7 on GSC proliferation derive
from differences in their effects on Notch and AKT signaling,
and they suggest the existence of a Numb-dependent mecha-
nism governing GSC differentiation that does not require
Notch inhibition.

Numb Regulates SCF Ubiquitin Ligase Assembly
and Activity

Numb4d7 differs from Numb4 in that it lacks exon 7,
although both isoforms retain the PTB and PRR domains. The
PTB domain is critical for Numb-mediated Notch degradation
[3]. We observed that Numb4-GFP and Numb4d7-GFP bound
Notch equally in immunoprecipitation experiments (Fig. 5A).
However, we also observed that Numb4-GFP was localized to
the cytoplasm, while Numb4d7 was located in both the cyto-
plasm and the nucleus of primary human GSCs and 293T
cells (Supporting Information Fig. S5). This observation sug-
gested that Numb4 and Numb4d7 differ with respect to their
interactions with other proteins. To identify such differentially
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interacting proteins, we overexpressed Numb4-GFP or
Numb4d7-GFP in HEK293T cells, immunoprecipitated the
overexpressed proteins, and separated them by Coomassie
Blue gel electrophoresis. Bands that differed between Numb4
and Numb4d7 were then excised and analyzed by mass spec-
trometry. One of the proteins interacting more strongly with
Numb4 than Numb4d7 was cullin-associated and neddylation-
dissociated 1 (CAND1). CAND1 binds Cullin1 (CUL1) and
prevents its binding to substrate adaptors and its neddylation,
a modification necessary for full activation of SCF ubiquitina-
tion complexes [26]. The F-box protein, Fbw7, binds Notch
and promotes its ubiquitination and degradation, indicating
that SCF complexes mediate Notch degradation [27]. Numb
has not previously been reported to regulate SCF complex ac-
tivity or to interact with CAND1. However, the differential

interaction of Numb4 and Numb4d7 with CAND1, combined
with the known role of Fbw7 in regulating Notch levels, led
us to select CAND1 for further study.

Immunoprecipitation of endogenous Numb resulted in
coimmunoprecipitation of endogenous CAND1 (Fig. 5B).
However, reverse immunoprecipitation of endogenous
CAND1 did not result in coimmunoprecipitation of endoge-
nous Numb. This finding suggests that only a small fraction
of cellular CAND1 interacts with Numb under physiological
conditions or, alternatively, that the CAND1-Numb interaction
requires the participation of other proteins. When Numb4-
GFP or Numb4d7-GFP was overexpressed, immunoprecipita-
tion of CAND1 pulled down Numb4 more effectively than
Numb4d7 (Fig. 5C). Although CAND1 binds CUL1 and pre-
vents SCF complex assembly, it is nevertheless required for

Figure 3. Numb isoforms differentially regulate glioblastoma growth. (A): BrdU incorporation into DNA of glioblastoma stem-like cells
(GSCs) overexpressing Numb4, Numb4d7, or a control vector. Data shown are mean 6 SEM. *, p < .05, t test. (B): MTT cell growth assay for
GSCs overexpressing Numb4, Numb4d7, or a control vector. *, p < .05; **, p < .01 compared to control, t test. (C): Tumor growth after subcu-
taneous transplantation of 1 � 106 human U87 glioblastoma cells in nude mice. Data shown are mean 6 SEM. *, p < .04 compared to Numb4,
t test. (D): BrdU incorporation into GSCs after Numb knockdown using shRNA. Data shown are mean 6 SEM. *, p < .05, t test. (E): MTT cell
growth assay for GSCs overexpressing Numb shRNA or a control vector. Data shown are mean 6 SEM. *, p < .05; **, p < .01 compared to
control, t test. (F): Mouse survival after intracranial injection of 5 � 105 primary human GSCs overexpressing Numb shRNA or a control vector.
p ¼ .016, log-rank test. Abbreviations: BrdU, Bromodeoxyuridine; Numb4d7, Numb4 delta 7.
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full SCF activity [28]. Indeed, we observed that knockdown
of CAND1 expression in HEK293T cells increased NICD lev-
els, demonstrating a role for CAND1 in Notch degradation
(Fig. 5D).

The increased association of CAND1 with Numb4 versus
Numb4d7 was confirmed in reverse immunoprecipitation
experiments, in which immunoprecipitation of Numb4-FLAG
pulled down CAND1 more effectively than immunoprecipita-
tion of Numb4d7-FLAG (Fig. 5E). Importantly, Numb4-
FLAG (and to a lesser extent Numb4d7-FLAG) increased the
association between CAND1 and Notch (Fig. 5E). To exam-
ine whether Numb, Notch, and CAND1 interact as part of the
SCF complex, we examined whether Numb associates with
CUL1. CUL1 coimmunoprecipitated with both Numb4-FLAG
and Numb4d7-FLAG (Fig. 5F). However, only Numb4-FLAG
(but not Numb4d7-FLAG) increased the association of NICD
with CUL1 or the association of CAND1 with CUL1.

Inspection of Western blots from immunoprecipitation
experiments (Fig. 5F) suggested that Numb4 increased the
amount of neddylated CUL1 associated with NICD and
CAND1. To investigate this phenomenon further, we immu-
noprecipitated CUL1 and performed Western blots for CUL1
and NEDD8. We observed an increase in neddylated CUL1 in
the presence of Numb4 when compared with Numb4d7 (Fig.
5G). Because neddylation promotes SCF activity [29], these
findings suggest that Numb4 (but not Numb4d7) promotes as-
sembly and activation of the SCF complex.

The F-box protein, Fbw7, is a substrate adaptor for Notch
and promotes its ubiquitination as part of the SCFFbw7 com-
plex [27]. We observed that endogenous Fbw7 coimmunopre-
cipitates with endogenous Numb and, conversely, endogenous
Numb coimmunoprecipitates with endogenous Fbw7 (Fig.
5H). Importantly, Fbw7 coimmunoprecipitated with Numb4-
FLAG to a greater extent than Numb4d7-FLAG (Fig. 5I). In
addition, Numb4-FLAG (and to a lesser extent Numb4d7-
FLAG) increased the association between Fbw7 and CUL1
(Fig. 5J). These data suggest a model in which Numb4
promotes assembly of the SCFFbw7 complex to increase Notch
ubiquitination and degradation more effectively than
Numb4d7.

We sought to test this model further. When NICD was
overexpressed by transient transfection in the presence of a
gamma secretase inhibitor (to prevent endogenous Notch
cleavage), coexpression of Numb4d7-GFP increased NICD
levels, suggesting that Numb4d7 activates Notch signaling
downstream of Notch cleavage (Fig. 5K). We next overex-
pressed Numb4-GFP or Numb4d7-GFP in GSCs, immunopre-
cipitated Notch, and performed Western blots for NICD and
ubiquitin. Numb4 (but not Numb4d7) increased NICD ubiqui-
tination (Fig. 5L).

Based upon these findings, we propose a model in which
Numb4 interacts with NICD, Fbw7, and CUL1 to promote
SCF assembly and activation. Numb4d7 also interacts with
NICD and CUL1 but is less effective in binding Fbw7 and
promoting SCF assembly. In this model, Numb4 (but not
Numb4d7) also recruits CAND1 to augment SCFFbw7-CAND1
cycling, thereby optimizing Notch degradation (Supporting In-
formation Fig. S6).

Numb Decreases EGFR Expression to Regulate GSC
Differentiation

Our finding that Numb4 and Numb4d7 have similar effects on
GSC differentiation but opposite effects on Notch signaling
suggests the existence of a Notch-independent mechanism
that regulates GSC differentiation. Numb has been reported to
regulate the sonic hedgehog pathway by downregulating the

Figure 4. Numb isoforms differentially regulate Notch and AKT.
(A): Effect of Numb4 or Numb4d7 overexpression on cleaved Notch
(NICD) expression in HEK293T cells and in human LN229 glioblas-
toma cells. (B): Hes1 reporter assay in HEK293T cells after overex-
pression of Numb4, Numb4d7, NICD, or a control vector. Data
shown are mean 6 SEM. *, p < .05, t test. (C): Effect of overexpres-
sion of Numb4, Numb4d7, or a control vector on AKT activation in
primary human glioblastoma stem-like cells (GSCs). (D): Effect of
Numb shRNA on AKT activation in primary human GSCs or in
human U87 glioblastoma cells. (E): Effect of overexpression of
Numb4, Numb4d7, or a control vector on cleaved Notch (NICD) and
AKT activation in primary GSCs. EDTA was used to trigger Notch
cleavage. Abbreviations: NICD, Notch intracellular domain;
Numb4d7, Numb4 delta 7.
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Figure 5. Numb isoforms differentially interact with CAND1 and promote Skp1-Cullin-F-box assembly. (A): (left panel) Immunoprecipita-
tion of Notch followed by Western blot for Numb using lysates from primary human glioblastoma stem-like cells (GSCs) overexpressing
Numb4-GFP, Numb4d7-GFP, or a control vector. Control cells were transfected with a GFP control vector. (right panel) Immunoprecipitation
of Numb-GFP using a GFP antibody, followed by Western blot for NICD using lysates from GSCs overexpressing Numb4-GFP, Numb4d7-
GFP, or a GFP control vector. (B): (left panel) Immunoprecipitation of endogenous Numb followed by Western blot for Numb and CAND1
using lysates from primary human GSCs. An isotype control antibody was used as a control. (C): Immunoprecipitation of endogenous CAND1
followed by Western blot for CAND1 and Numb using lysates from primary human GSCs. (D): Effect of CAND1 shRNA or a scrambled con-
trol shRNA on NICD expression in HEK293T cells. (E): (left panel) Immunoprecipitation of Numb-FLAG or Notch followed by Western blot
for CAND1 using lysates from GSCs overexpressing Numb4-FLAG, Numb4d7-FLAG, or an empty control vector. (right panel) Immunopreci-
pitation of CAND1 and Cullin followed by Western blot for NICD using lysates from GSCs overexpressing Numb4, Numb4d7, or an empty
control vector. (F): Immunoprecipitation of CAND1, Numb-FLAG, and Notch followed by Western blot for Cullin1 using lysates from GSCs
overexpressing Numb4-FLAG, Numb4d7-FLAG, or a control vector. (G): Immunoprecipitation of Cullin1 followed by Western blot for
Cullin1 and NEDD8 using lysates from GSCs overexpressing Numb4, Numb4d7, or a control vector. (H): (left panel) Immunoprecipitation of
endogenous Numb followed by Western blot for Fbw7. (right panel) Immunoprecipitation of endogenous Fbw7 followed by Western blot for
Numb. (I): Immunoprecipitation of Numb-FLAG followed by Western blot for Fbw7 using lysates from GSCs overexpressing Numb4-FLAG,
Numb4d7-FLAG, or an empty control vector. (J): Immunoprecipitation of Cullin1 followed by Western blot for Fbw7 or Numb isoforms using
lysates from GSCs overexpressing Numb4-FLAG, Numb4d7-FLAG, or an empty control vector. (K): Western blot for NICD expression using
lysates from HEK293T cells overexpressing NICD in combination with Numb4-GFP, Numb4d7-GFP, or a control vector. Cells were treated
with DMSO vehicle or DAPT (5 lM) to inhibit endogenous Notch cleavage. (L): Immunoprecipitation of Notch, followed by Western blot for
NICD and ubiquitin using lysates from primary human GSCs overexpressing Numb4-GFP, Numb4d7-GFP, or a control vector. Abbreviations:
CAND1, cullin-associated and neddylation-dissociated 1; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester;
DMSO, dimethylsulfoxide; GFP, green fluorescent protein; NICD, Notch intracellular domain; Numb4d7, Numb4 delta 7.
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Gli1 transcription factor [7]. However, we found that overex-
pression of Numb4 or Numb4d7 had no effect on Gli1 expres-
sion levels in primary human GSCs (Supporting Information
Fig. S7), in agreement with a previous report [18].

Numb also binds Hdm2 and stabilizes p53 [6]. We con-
firmed binding of endogenous Numb and Hdm2 and found
that Hdm2 coimmunoprecipitated with both Numb4-FLAG
and Numb4d7-FLAG (Supporting Information Fig. S7).
siRNA-mediated knockdown of endogenous Numb decreased
p53 levels after DNA damage caused by the topoisomerase I
inhibitor, camptothecin (50 lM), and overexpression of either
Numb4 or Numb4d7 increased p53 levels (Supporting Infor-
mation Fig. S7). However, RT-PCR revealed inactivating
mutations in the p53 binding domain in both of the primary
GSC lines used in this study. Moreover, a majority of glio-
blastomas harbor defects in the p53 pathway [30], making it
unlikely that p53 stabilization is responsible for the observed
effects of Numb on GSC differentiation.

A recent study identified the EGFR as a critical determi-
nant of the transition between neural stem cells and interme-
diate progenitors [2]. This study suggested that the effect of
the EGFR is mediated through transcriptional upregulation of
Numb which, in turn, inhibits Notch signaling. Although this
model is Notch dependent, it nevertheless implicates the
EGFR as a key player in neural stem cell differentiation.
Other studies suggest that the EGFR regulates the switch
between symmetric and asymmetric division in the developing
brain, although the mechanism underlying this effect has not
been fully established [31, 32]. We therefore examined the
effect of Numb on EGFR expression in GSCs. Overexpression
of either Numb4 or Numb4d7 decreased EGFR expression in

primary GSCs (Fig. 6A). This effect was also observed in the
LN229 glioblastoma cell line (which expresses low endoge-
nous levels of Numb) and was potentiated in the presence of
serum (Fig. 6B). Likewise, knockdown of Numb in U87 glio-
blastoma cells (which express high endogenous levels of
Numb) increased EGFR expression (Fig. 6C).

Real-time PCR of EGFR mRNA in GSCs overexpressing
Numb4 or Numb4d7 failed to show significant differences,
suggesting a post-transcriptional mechanism of action (Fig.
6D). A proteasome inhibitor (MG132, 10 lM; Fig. 6E) or a
lysosome inhibitor (bafilomycin A1, 100 nM; Fig. 6F) par-
tially antagonized the effect of Numb on EGFR, suggesting
that the decrease was due to Numb-mediated endocytosis. We
reasoned that if Numb-dependent downregulation of EGFR
expression regulates GSC differentiation, then exogenous inhi-
bition of EGFR activity should also regulate GSC differentia-
tion. Consistent with this hypothesis, exposure of GSCs to the
small molecule EGFR inhibitor, AG1517, increased expres-
sion of CD133 and Pax6 (Fig. 6G). Taken together, these data
implicate a Numb-EGFR pathway in the specification of GSC
fate.

Numb Expression Correlates with Glioblastoma
Subclass and Survival

Using array comparative genomic hybridization data for 197
glioblastoma specimens obtained from The Cancer Genome
Atlas (TCGA) Data Portal [30] as well as published glioblas-
toma subclass designations for those specimens [33], we
found that homozygous NUMB deletions occurred primarily
in a small subset of proneural glioblastomas (Fig. 7A). This

Figure 6. Effect of Numb isoforms on EGFR expression. (A): Effect of Numb4, Numb4d7, or a control vector on EGFR and PDGFRA expres-
sion in primary human glioblastoma stem-like cells (GSCs). (B): Effect of Numb4, Numb4d7, or a control vector on EGFR expression in human
LN229 glioblastoma cells in the presence or absence of serum. (C): Effect of Numb knockdown on EGFR expression in human U87 glioblastoma
cells in the presence or absence of serum. (D): Real-time PCR illustrating effect of Numb isoforms on EGFR mRNA expression in primary
human GSCs. (E): Effect of Numb isoforms on EGFR expression in human GSCs in the presence or absence of the proteasome inhibitor,
MG132. (F): Effect of Numb isoforms on EGFR expression in human GSCs in the presence or absence of the lysosome inhibitor, bafilomycin
A1. (G): Effect of Numb isoforms on neural differentiation marker expression in GSCs in the presence or absence of the EGFR inhibitor,
AG1517. Abbreviations: EGFR, epidermal growth factor receptor; Numb4d7, Numb4 delta 7; PCR, polymerase chain reaction.
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finding suggests that defects in asymmetric division may con-
tribute to tumorigenesis in this subset. Gene expression analysis
using these same 197 specimens revealed low, intermediate,
and high Numb mRNA expression in the proneural, classic,
and mesenchymal glioblastoma subclasses, respectively (Fig.
7B). In addition, survival analysis indicated that increased
Numb mRNA expression correlated with decreased patient sur-
vival (Fig. 7C; p ¼ .024, log-rank test). This result was con-
firmed using an independent dataset containing mRNA micro-
array expression data for 24 surgical glioblastoma specimens
from our own institution (Fig. 7C; p ¼ .021, log-rank test).
Because the proneural and mesenchymal glioblastoma sub-
classes are associated with either long or short patient survival,
respectively [33, 34], the relatively high expression of Numb
mRNA in mesenchymal glioblastomas helps to explain the cor-
relation observed between increased NUMB mRNA and
decreased survival in glioblastoma patients.

DISCUSSION

The differentiated state of tumor cells in glioblastoma and
other cancers affects their growth and response to therapy
[11, 10, 35, 36]. In glioblastoma, expression of CD133 corre-
lates with growth rate and the response to radiation and chem-
otherapy [37–40]. Our findings reveal a role for Numb in
establishing the hierarchy of differentiated glioblastoma cell
types. A model summarizing the role of Numb in regulating
glioblastoma growth and differentiation is shown in Support-
ing Information Figure S8.

We show here that Numb is asymmetrically localized dur-
ing GSC divisions and regulates the differentiation and
growth rate of these cells. High Numb expression increases
the number of CD133-hi GSCs while simultaneously decreas-
ing their proliferation. These changes are accompanied by
increased expression of radial glia markers such as Pax6 and
Sox2. Conversely, low Numb expression leads to the adoption
of a highly proliferative CD133-lo/Sox2-lo/Pax6-lo/Tbr2-lo
phenotype that is reminiscent of a transit amplifying glial pro-
genitor. Importantly, both Numb-hi/CD133-hi and Numb-lo/
CD133-lo cells retain self-renewal capacity. This observation
is in agreement with previous reports indicating the existence
of a related hierarchy of glioblastoma cells in which both
CD133-hi and CD133-lo cells display self-renewal and tumor-
initiating capacity [11, 41].

In this study, we show that Numb4d7 is upregulated in
glioblastoma and increases Notch signaling, AKT activation
and GSC growth while preserving asymmetric cell division.
Recent studies have reported the existence of Numb isoforms
lacking exon 10 that are upregulated in cancer and that are
less antagonistic to Notch signaling than previously identified
isoforms [42]. We observed that the frequency and extent of
Numb4d7 upregulation are greater in primary human GSCs
and in glioblastoma specimens than in glioblastoma cell lines
or in nontumor brain specimens, with the ratio of Numb4d7
to Numb4 approaching 1:2 in some tumors. These findings
suggest that Numb4d7 opposes the growth-inhibitory effect of
Numb4.

Previous studies indicated that Numb regulates Notch deg-
radation by activating the HECT-domain E3 ubiquitin ligase,
Itch [3]. However, another major pathway regulating Notch
degradation involves Fbw7, an F-box protein component of
the SCF family of ubiquitin ligases [27]. The gene encoding
Fbw7 is a bona fide tumor suppressor gene, and loss of Fbw7
function leads to tumor formation via increased Notch signal-
ing [27].

Figure 7. Numb expression correlates with glioblastoma subclass
and patient survival. (A): TCGA array CGH data from 197 glioblas-
tomas illustrating relationship between NUMB copy number and
glioblastoma subclass. Subclass designations for TCGA glioblastoma
specimens are from [33]. (B): mRNA expression data from 197 glio-
blastomas illustrating relationship between Numb expression and
glioblastoma subclass. Subclass designations for tumor specimens
are the same as in (A). (C): (upper panel) Cox regression analysis
of Numb mRNA and survival for 197 glioblastoma patients (data
from TCGA for glioblastoma). p ¼ .024, log-rank test. (lower panel)
Kaplan–Meier analysis of Numb mRNA and survival in 24 glioblas-
toma specimens from our institution (BWH/HMS). Specimens were
divided into two equal groups based upon Numb mRNA expression.
p ¼ .021, log-rank test. Abbreviation: TCGA, The Cancer Genome
Atlas.
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Here, we provide the first evidence that Numb interacts
with Fbw7, CUL1, and CAND1, all components of the
SCFFbw7 complex. Although Numb4 and Numb4d7 have op-
posite effects on Notch signaling, they interact similarly with
NICD. They differ, however, in their ability to promote
SCFFbw7 assembly and to interact with Fbw7 and CAND1,
suggesting that these are key regulatory steps in Numb-de-
pendent SCF regulation. Numb4 promotes assembly and acti-
vation of the SCFFbw7 complex, and it also increases the asso-
ciation of CAND1 with the SCF complex. Studies suggest
that CAND1 not only inhibits SCF assembly but also pro-
motes optimal SCF activity [28]. Moreover, only a small frac-
tion of CUL1 is bound by CAND1 at any one time [43], rais-
ing the question of how CAND1 can interact with only a
small proportion of CUL1 molecules and yet effectively regu-
late SCF activity. In the case of the SCFFbw7 complex, we
propose that Numb4 recruits CAND1 specifically to those
SCF complexes where Numb4 is complexed with NICD,
Fbw7, and CUL1 (Supporting Information Fig. S6). After sub-
strate ubiquitination is complete, this association facilitates
CAND1-mediated disassembly of the SCF complex, thereby
increasing substrate/adaptor recycling. Numb4d7 binds NICD
but interacts less effectively with Fbw7 and CAND1. Conse-
quently, it fails to promote SCF assembly or activation. By
competing with Numb4 for binding to NICD, Numb4d7
downregulates SCFFbw7 activity and increases NICD levels.
Upregulation of Numb4d7 in glioblastoma thus provides a
mechanism for increasing cancer stem-like cell diversity while
maintaining cancer cell proliferation.

Surprisingly, both Numb4 and Numb4d7 promoted the
expression of the CD133-hi/Sox2-hi/Pax6-hi phenotype in
GSCs, despite having opposite effects on Notch signaling.
Thus, it appears that Numb can affect GSC differentiation
through mechanisms that do not require Notch inhibition.
Because Numb4 and Numb4d7 are both asymmetrically local-
ized, cosegregation or asymmetric regulation of other cell fate
determinants with Numb may explain this phenomenon. Sev-
eral reports have identified a role for the EGFR in regulating
the transition between symmetric and asymmetric division in
neural stem cells and in determining the transition between
neural stem cells and intermediate progenitors [2, 31, 32].
The proposed mechanism involves Notch inhibition via
EGFR-dependent upregulation of Numb. However, our find-
ings suggest that Numb also maintains neural stem cells by
suppressing EGFR expression via endocytic trafficking [5].

In leukemia and breast cancer, Numb inhibits growth by
stabilizing p53 and inhibiting Notch [6, 10, 35]. In glioblas-
toma, Numb knockdown increased GSC proliferation, indicat-
ing that the net effect of Numb expression in glioblastoma is
to constrain growth. This notion is further supported by our
finding of an overall decrease in Numb protein expression in
glioblastoma when compared with nontumor brain. This rela-
tive decrease in Numb expression may contribute to the pre-
ponderance of symmetric divisions observed in GSCs, as has
recently been reported for GSCs and for oligodendrogliomas
[17, 32]. Homozygous NUMB deletions and low Numb
mRNA expression occurred primarily in a subpopulation of
proneural glioblastomas, suggesting that Numb-related defects
in asymmetric division play a role in tumorigenesis in this
glioblastoma subgroup. Interestingly, a majority of secondary
glioblastomas fall within the proneural subclass [30], and sec-
ondary glioblastomas contain fewer CD133-hi GSCs than pri-
mary glioblastomas [38].

Numb knockdown increased Notch levels and tumor
growth, consistent with our finding that the predominant form
of Numb (Numb4) in most primary glioblastomas inhibits
proliferation. These findings raise questions regarding the

functional significance of Numb4d7, which increases Notch
and GSC proliferation. Our data suggest that Numb4d7 main-
tains GSC fate specification while ameliorating the inhibitory
effect of Numb4 on tumor growth. Interestingly, a minority of
glioblastomas express Numb4 and Numb4d7 in nearly equal
amounts (Fig. 1E). It will be of interest to determine the net
effect of Numb expression on growth in such tumors.

CONCLUSIONS

Increased numbers of CD133-hi cells correlate with increased
tumor aggressiveness and decreased survival in glioblastoma
and other cancers [14–16]. Among glioblastomas, we
observed that increased Numb mRNA correlates with the
mesenchymal phenotype and decreased patient survival. The
fact that Numb-hi/CD133-hi cells divide asymmetrically to
produce a cellular hierarchy comprising rapidly proliferating
Numb-lo/CD133-lo progeny as well as more slowly proliferat-
ing Numb-hi/CD133-hi GSCs that are resistant to therapy
[37–40] may help to explain why patients harboring mesen-
chymal glioblastomas with high Numb expression have
decreased survival.

We report here that Numb expression is decreased overall
in glioblastoma when compared with nontumor brain, and that
Numb knockdown accelerates glioblastoma growth. These
findings appear to be at odds with clinical data indicating a
correlation between increased Numb mRNA expression and
decreased survival in glioblastoma, and with the observation
that Numb promotes adoption of a CD133þ/hi phenotype in
GSCs. We observed that the CD133�/lo GSCs generated by
Numb knockdown in this study retained self-renewal capacity
that was comparable to that of the CD133þ/hi cells, a finding
that is consistent with previous reports [11, 38]. Importantly,
CD133�/lo GSCs can be divided into two groups, one with
tumorigenicity similar to that of CD133þ/hi cells and the
other with much lower tumorigenic potential [11]. Using
Numb shRNA or siRNA, we were only able to achieve a 50%
reduction in Numb protein expression. Collectively, our data
indicate that the CD133�/lo cells generated as a result of this
moderate degree of Numb depletion corresponded to the inter-
mediate group of CD133�/lo cells with tumorigenicity similar
to that of CD133þ/hi cells. Studies in normal neural stem
cells indicate that complete knockout of Numb and its homo-
log, Numb-like, depletes the neural stem cell pool [1]. It will
thus be of interest to determine whether a greater degree of
Numb depletion leads to GSCs with decreased tumorigenicity,
as suggested by published reports of a subpopulation of
CD133�/lo cells with markedly decreased tumor-forming
ability [11], and by the predominance of less aggressive pro-
neural tumors among glioblastomas with homozygous Numb
deletions.

MATERIALS AND METHODS

Tumor Specimens and Cell Lines

Frozen human tissue specimens of World Health Organization
Grade II, III, and IV astrocytomas and nontumor brain sam-
ples were obtained from the BWH Brain Tumor Tissue Bank
under the auspices of a protocol approved by the Brigham
and Women’s Hospital IRB. Histology was confirmed by he-
matoxylin and eosin. Human glioma-derived stem-like cells
(GSCs) were isolated from five surgical glioblastoma speci-
mens using a CD133 affinity column (Miltenyi, Cambridge,
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MA, http://www.miltenyibiotec.com) and maintained as
tumorspheres in serum-free medium containing EGF (20 ng/
ml) and basic fibroblast growth factor (bFGF) (20 ng/ml)
[12]. Established human glioblastoma cell lines (U87, U251,
U343, T98, LN18, LN229, LN308, and LN428) were obtained
from the American Type Culture Collection (Manassas, VA,
http://www.atcc.org) or were a gift (D566, D. Bigner, Duke
University). Established glioblastoma cell lines were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% serum and penicillin/streptomycin at 37�C in a 5% CO2

atmosphere. Mouse E14 neural stem cells were obtained
from Stem Cell Technologies (Vancouver, BC, http://www.
stemcell.com).

Animal Studies

All animal procedures were performed in the animal facility
at Brigham and Women’s Hospital/Harvard Medical School
in accordance with federal, local, and institutional guidelines
under an IACUC protocol approved by the Harvard Medical
School Subcommittee on Animals. Adult male athymic CD1
nude mice (Charles River, Cambridge, MA, http://www.
criver.com) were used. Intracranial transplantation of 5 � 105

cells per animal or subcutaneous transplantation of 1 � 106

cells per flank was performed as described [44].

Copy Number and mRNA Expression Analysis

NUMB array CGH and mRNA expression and survival data
for 197 glioblastoma samples were obtained from the
TCGA website (http://cancergenome.nih.gov/dataportal/data/
about/). To eliminate cases of perioperative death unrelated
to glioblastoma, only samples from patients who survived at
least 30 days after diagnosis were used (n ¼ 192). Segmenta-
tion of copy number data was performed using GISTIC
software. Analysis of NUMB mRNA expression among glio-
blastoma subclasses was performed using subclass annotations
for 197 TCGA samples, the unified NUMB probeset, and con-
sensus clustering as described [33]. Survival analysis was
performed using NUMB mRNA expression data (Affymetrix
probeset 207545_s_at) for 24 glioblastoma specimens obtained
from our institution. Samples were divided into two equal
groups based upon NUMB mRNA expression. Statistical sig-
nificance was determined using the log-rank test.

RT-PCR and Subcloning

Total RNA was isolated from cultured cells or from surgical
glioblastoma specimens. Human NUMB cDNAs were cloned
by RT-PCR. FLAG-tagged NUMB cDNAs were generated
using the primers 50-ACTAGTATGGACTACAAAGACGAT
GACGACAAGAACAAATTACGGCAAAG-30 and 50-GTCG
ACTTAAAGTTCAATTTCAAACGTCTTC-30. The PCR
products were cloned into a pGEM-Teasy vector (Promega,
Madison, WI, http://www.promega.com) and sequenced.
Numb isoforms were also subcloned into lentiviral IRES-
EGFP or pEGFPC2 vectors. Numb shRNA and a control
shRNA vector were a gift from Dr. S. Pece [6]. Numb siRNA
and a control siRNA were purchased from Invitrogen (Grand
Island, NY, http://www.invitrogen.com). CAND1 shRNA was
purchased from Open Biosystems (Lafayette, CO, https://
www.openbiosystems.com).

RT-PCR primers for specific NUMB isoform cDNA frag-
ments were generated: 50-GTTGACCAGACGATAGAG
AAAG-30 (sense, nucleotides 606–627) and 50-GAAGGTAGG
AGATTGTGGTGCCAC-30 (antisense, nucleotides 1,379–
1,355). The predicted cDNA fragments with or without exon
7 were 800 bp and 500 bp, respectively. Primers for GAPDH
were: 50-GTCAACGGATTTGGTCTGTATT-30 (sense) and
50-AGTCTTCTGGGTGGCAGTGAT-30 (antisense).

Semiquantitative RT-PCR Analysis

A mouse cDNA panel (Rapid Scan) derived from mRNA
obtained from various regions of the mouse nervous system
throughout development was purchased from Origene (Rock-
ville, MD, http://www.origene.com). Primers to detect mouse
Numb4 and Numb4d7 mRNA were: 50-CTAAGGACCTCA-
TAGTTGACCAGAC-30 (sense, nucleotides 305–329) and 50-
CTGGAGAGGCAGCACCAGAAG-30 (antisense, nucleotides
1,401–1,422). The expected cDNA fragments with or without
exon 7 were 1,100 bp and 800 bp, respectively. RT-PCR was
then performed, and PCR products were sequenced directly.

Western Blots and Immunoprecipitation

Antibodies used were: anti-Numb, anti-Fbw7, anti-Tbr2,
and anti-EGFR (Abcam, Cambridge, MA, http://www.
abcam.com); anti- CUL1 (Invitrogen); anti-CD133 (Miltenyi
Biotec); anti-cleaved Notch (NICD), anti-SOX2, and anti-
Hdm2; anti-CAND1 and anti-GFP (SantaCruz Biotechnol-
ogy, Santa Cruz, CA, http://www.scbt.com); anti-NEDD8,
anti-phospho-Akt (Ser473), and anti-Akt (Cell Signaling
Technology, Beverly, MA, http://www.cellsignal.com); anti-
PAX6 (Covance, Princeton, NJ, http://www.covance.com);
anti-Tuj1 (Stem Cell Technologies); anti-GFAP (BD Bio-
sciences, Bedford, MA, http://www.bdbiosciences.com);
anti-b-actin and anti-FLAG (Sigma, St. Louis, MO, http://
www.sigmaaldrich.com).

Western blots were performed as described [45]. For
immunoprecipitation experiments, whole cell lysates from cul-
tured cells were immunoprecipitated with 1 lg of antibody
prebound to 30 ll of protein A-Sepharose 4B (GE Healthcare,
Pittsburgh, PA, http://www.gelifesciences.com). Appropriate
isotype antibodies were used as controls. The beads were
washed and boiled in SDS buffer, and the eluates were proc-
essed for Western blot as described.

CD133 and Numb Immunohistochemistry and
Immunocytochemistry

A tissue microarray containing 63 paraffin-embedded human
glioma and nontumor brain samples (Cybrdi, Rockville, MD,
http://www.cybrdi.com) was stained for Numb immunoreac-
tivity using the peroxidase method. Additionally, paraffin-em-
bedded glioblastoma samples obtained from the BWH Brain
Tumor Tissue Bank were costained using anti-CD133 and
anti-Numb antibodies, and secondary antibodies conjugated
with peroxidase and alkaline phosphatase. Control sections
were stained using the secondary antibodies alone.

Primary cultured human GSCs were transiently transfected
with Numb4-GFP or Numb4d7-GFP expression vectors. The
cells were fixed, and the nuclei were counterstained with
DAPI. Images of dividing cells containing low levels of
Numb-GFP fusion protein expression were obtained under
epifluorescence.

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide] Cell Growth Assay
and Bromodeoxyuridine Cell Proliferation Assays

For MTT growth assays, 1 � 103 cells were plated in a 96-
well plate, and MTT was detected at 590 nm serially for 13
days according to the manufacturer’s protocol (Roche Applied
Sciences, Indianapolis, IN, http://www.roche-applied-science.
com). For bromodeoxyuridine (BrdU) proliferation assays, 5
� 103 GSCs were plated on poly(L-ornithine) and maintained
in serum-free medium with EGF (20 ng/ml) and FGF (20 ng/
ml). The cells were then incubated in BrdU (10 lM) at 37�C
for 1 hour, fixed with cold methanol for 10 minutes, washed,
and incubated with anti-BrdU antibody followed by a
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fluorescent secondary antibody for visualization. For quantifi-
cation, BrdU was measured by ELISA assay. Eight wells
were assayed for each condition, and experiments were
repeated in triplicate. Statistical significance was determined
using the t test.

Hes1 Luciferase Reporter Assay

HEK293T cells were cotransfected with a luciferase Hes1
reporter vector (50 ng) or a control vector lacking Hes1
binding sites (50 ng), a b-galactosidase vector to facilitate
normalization (pCMVbeta-gal, 50 ng), and expression vectors
for the genes of interest. The total amount of DNA in each
transfection was kept constant by the addition of an appro-
priate amount of empty control vector. Luciferase activity
was assayed using a luminometer. For normalization, b-ga-
lactosidase activity was measured by ELISA at 420 nm in
the same lysates. Samples were assayed in triplicate. Statisti-
cal significance was determined by t test.

FACS

GSCs overexpressing Numb4-GFP and Numb4d7-GFP, Numb
shRNA-IRES-GFP, or appropriate GFP control vectors were

dissociated and filtered to yield single cells. Cells were
labeled using a CD133-PE antibody, and FACS analysis of
the GFP-expressing cells was performed to measure CD133
expression using a FACScan Flow Cytometer.
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