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The biological significance of a known normal and cancer stem cell
marker CD133 remains elusive. We now demonstrate that the
phosphorylation of tyrosine-828 residue in CD133 C-terminal cyto-
plasmic domain mediates direct interaction between CD133 and
phosphoinositide 3-kinase (PI3K) 85 kDa regulatory subunit (p85),
resulting in preferential activation of PI3K/protein kinase B (Akt)
pathway in glioma stem cell (GSC) relative to matched nonstem cell.
CD133 knockdown potently inhibits the activity of PI3K/Akt path-
way with an accompanying reduction in the self-renewal and
tumorigenicity of GSC. The inhibitory effects of CD133 knockdown
could be completely rescued by expression of WT CD133, but not its
p85-binding deficient Y828F mutant. Analysis of glioma samples
reveals that CD133 Y828 phosphorylation level is correlated with
histopathological grade and overlaps with Akt activation. Our
results identify the CD133/PI3K/Akt signaling axis, exploring the
fundamental role of CD133 in glioma stem cell behavior.

ccording to the cancer stem cell (CSC) hypothesis, tumors are

formed and maintained by a population of undifferentiated
cells that are characterized by their ability for self-renewal and to
induce tumorigenesis (1, 2). Critical to CSC research is their
prospective identification and isolation from tumor tissue. CD133
(Prominin-1), a 5-transmembrane domain glycoprotein initially
identified in humans as a hematopoietic stem cell marker (3, 4), is
widely used as a marker of cancer stem cells in brain tumors as well
as in colon cancer, hepatoma, and pancreatic cancer (5-9). How-
ever, the utility of CD133 in defining cancer stem cells has been
questioned following a series of articles. Several groups have
reported that CD133™ glioblastoma (GBM) cells can form tumors
(10-12). The seemingly elusive role of CD133 in defining cancer
stem cells in the literature is an outstanding dilemma in cancer
research today (13), raising questions regarding the functional
significances and the underlying pathways of CD133.

Increasing evidence strongly suggests the functional association
of CD133* cancer stem cell with protein kinase B (Akt) signaling.
CD133* tumor cells derived from hepatoma, colon cancer, and
neuroblastoma consistently displayed increased phospho-Akt levels
compared with matched CD133™ tumor cells (14-16). Indeed, the
significance of activating Akt signaling in cancer stem cell is pro-
voked by the known involvement of Akt signaling in normal stem
cell biology and tumorigenesis (17-19) and by the dependence of
cancer stem cell on Akt signaling. Chemoresistance in CD133*
hepatocarcinoma stem cells may be conferred by activation of Akt
(14). In mouse medulloblastoma models, Akt regulates the survival
of tumor cells in the perivascular niche bearing stem cell markers
(20). Furthermore, Akt inhibition could produce a reduction in the
self-renewal and growth of CD133™ cancer stem cell from glioma
and colon cancer (16, 21). However, the mechanisms and sig-
nificances of Akt activation in cancer stem cell remain unknown.
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To date, the well-characterized mechanism of Akt activation is
activated by the phosphoinositide 3-kinases (PI3Ks) (22, 23). The
PI3K/Akt pathway can be activated in a wide spectrum of human
cancers through the inactivation of phosphatase and tensin ho-
molog tumor suppressor, the activation of receptor tyrosine kina-
ses, the amplification of Akt family members, or the mutations of
the PI3K catalytic subunit (24-26). Nonetheless, the mechanism
regulating the PI3K/Akt pathway that is specific in cancer stem cells
has not been adequately addressed. In this study, we used CD133*
glioma stem cell model to explore the possibility of CD133 as a
component in regulating the PI3K/Akt pathway and to determine
the biological consequence of CD133-PI3K interaction.

Results

CD133 Regulates Akt Signaling. Using techniques described in the
Dirks group’s original report first validating CD133 as a glioma
stem cell (GSC) cell surface marker (6), we isolated CD133* and
CD133™ cells from human glioblastoma samples (T21107, T21109,
and T12179; pathological data are shown in Table S1) (Fig. S14).
CD133* tumor cells showed characteristics consistent with cancer
stem cells: namely, neurosphere formation (Fig. S1B), expression
of stem cell marker Nestin, and multilineage differentiation with
markers for astrocyte (GFAP), neuron (MAP2), or oligodendro-
cyte (O4) (Fig. S1C). In an in vivo limiting dilution tumor forma-
tion assay, CD133* tumor cells were highly tumorigenic in brains of
immunocompromised mice with characteristics of glioblastoma in
concordance with previous report (6). CD133~ cells rarely formed
detectable tumors even when implanted at 1.0 x 10° cells per
mouse, except for occasional tumors from CD133™ cells derived
from T12179 sample at 1.0 x 10° cells (Fig. S1 D-F). Thus, our data
confirm that CD133" subpopulations are enriched for character-
istics of glioma stem cells.

Using this CD133-based selection system, we compared the
activity of Akt signaling between CD133" glioma cells and CD133~
glioma cells. Akt achieves its full activity through phosphorylation
at both threonine 308 (T308) and serine 473 (S473) (27, 28). Al-
though levels of total Akt proteins were similar between CD133*
and CD133™ tumor cells, the phosphorylations of Akt on both
S473 and T308 were dramatically up-regulated in CD133*
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glioma cells compared with matched CD133~ glioma cells (Fig. 1
A-C). Thus, these findings suggest that elevated Akt activity may be
a distinctive feature of CD133* GSC. We next used a lentiviral
shRNA-based system to evaluate the requirement for CD133 in Akt
activation in CD133* glioma stem cells. Knockdown of CD133 in
CD133* glioma stem cells obviously reduced the phosphorylation
of Akt on both S473 and T308 without changing total Akt levels
(Fig. 1 D-F). Consistent with this, Akt signaling was preferentially
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Fig. 1. CD133 knockdown impairs the activity of Akt signaling. (A) The ac-
tivity of Akt, Notch, and Hedgehog signaling in matched CD133* and CD133~
cells isolated from glioblastoma samples. Whole-cell lysates were analyzed by
Western blotting. Tubulin was blotted as a loading control. The figures are
presented from three separate experiments. (B and C) The relative densities
of pT308-Akt (B) and pS473-Akt (C) to total Akt in A were quantified using
densitometry. Values are normalized to that of CD133™ cells. Results are
expressed as mean + SD from three separate experiments; ***P < 0.001. (D)
The activity of Akt, Notch, and Hedgehog signaling in CD133* cells with
CD133 knockdown. Seventy-two hours after lentivirus infection, whole-cell
lysates were analyzed by Western blotting. Tubulin was blotted as a loading
control. (D) The figures are presented from three separate experiments.
(E and F) The relative densities of pT308-Akt (E) and pS473-Akt (F) to total
Akt in D were quantified using densitometry. Values are normalized to that
of CD133"* cells infected with beta-galactosidase (LacZ) shRNA lentivirus.
Results are expressed as mean + SD from three separate experiments; ***P <
0.001. (G) Western blot analysis of Akt S473 phosphorylation and CD133 ex-
pression levels in GBM samples. The lysates of glioblastoma tissues were an-
alyzed by Western blotting. Tubulin was blotted as a loading control. The
figures are presented from three separate experiments. (H) The relative
densities of pS473-Akt to total Akt in G were quantified using densitometry.
Values are normalized to that of sample T12013 (marked by asterisk). Results
are expressed as mean + SD from three separate experiments; ***P < 0.001.
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activated in CD133-positive glioblastoma (GBM) samples com-
pared with CD133-negative GBM samples (Fig. 1 G and H). Thus,
these data suggest that CD133 regulates Akt signaling.

CD133 Interacts with PI3K Regulatory Subunit P85 Depending on
Tyrosine Phosphorylation of Its C-terminal Cytoplasmic Domain. Akt
is a well-characterized key downstream effector of the PI3Ks (23).
Thus, we suppose that CD133 might regulate Akt signaling through
PI3K. Considering that PI3K activates Akt signaling depending
on its lipid kinase activity (29), we first compared PI3K activity in
CD133" glioma cells with CD133™ glioma cells using PI3K ELISA.
CD133* glioma cells displayed higher level of PI3K activity than
matched CD133™ glioma cells (Fig. 24 and Fig. S24). Further-
more, CD133 knockdown attenuated PI3K activity in CD133*
glioma cells (Fig. 2B and Fig S2B). Thus, these results suggest that
CD133 regulates PI3K activity.

The class IA PI3Ks, which are heterodimers composed of p110
catalytic and p85 regulatory subunits, are mostly activated by re-
cruitment to plasma membrane by the interaction between p85 and
growth factor receptor tyrosine kinase (23). In accordance with high
level of PI3K activity in CD133™ cells, the membrane translocation
of p85 and p110 was increased in CD133™ glioma cells compared
with CD133™ glioma cells (Fig. 2C and Fig. S2 C and D). Further,
CD133 knockdown attenuated the membrane translocation of p85
and p110 in CD133™ glioma cells (Fig. 3E). Thus, these data sug-
gest that CD133 promotes PI3K recruitment to plasma membrane.

Combined with the fact that CD133 is a 5-transmembrane gly-
coprotein (3, 4), we hypothesize that CD133 might associate with
PI3K regulatory subunit p85. Reciprocal Coimmunoprecipitation
(co-IP) assays in CD133" glioma cells and CD133™ glioma cells
showed that endogenous p85 regulatory subunit bound to endog-
enous CD133 (Fig. 2D). Consistent with this, p85 was colocalized
with CD133 in the plasma membrane of CD133™ glioma cells (Fig.
2C). To exclude the interaction between CD133 and p85 as a cell
culture artifact, we evaluated the interaction between CD133 and
p85 in human GBM samples (Table S1). P85 was coprecipitated
with CD133 protein in glioblastoma tissues (Fig. 2E), which
powerfully confirms the physical interaction between CD133 and
p85 in vivo.

P85 frequently binds to certain phosphorylated Tyr residues
present in receptor tyrosine kinase (23), whereas CD133 could be
phosphorylated on tyrosine-828 and tyrosine-852 in C-terminal cy-
toplasmic domain by tyrosine kinases Src and Fyn (30). Actually, Src
protein was expressed similarly in CD133" and CD133~ tumor cells
(Fig. S2E). Thus, a binding assay in vitro was performed to evaluate
whether the association of CD133 with p85 depended on the
phosphorylation of CD133 C-terminal cytoplasmic domain. After
a phosphorylation reaction with or without Src, the C-terminal cy-
toplasmic domain of CD133 (amino acids 813-865) fused to GST
purified from bacteria was used in an in vitro binding assay, along
with recombinant p85 (generated from Escherichia coli BL21).
Consistent with a previous report (30), the GST-CD133 C-terminal
cytoplasmic domain was heavily tyrosine-phosphorylated by Src,
resulting in an altered electrophoretic mobility (Fig. 2F, lane 5, in-
dicated by *). The phosphorylated form of CD133 C-terminal cy-
toplasmic domain directly bound to p85 in vitro (Fig. 2F). Treatment
of Src family tyrosine kinase inhibitor PP, significantly abrogated
the interaction between CD133 and p85 in CD133* glioma cells
(Fig. 2D). Together, CD133 interacts with p85 depending on the
tyrosine phosphorylation of CD133 C-terminal cytoplasmic domain.

To accurately monitor CD133 phosphorylation, we generated
and characterized a rabbit polyclonal antibody against a synthetic
phosphopeptide surrounding Y828. This antibody detected a strong
band at the same molecular weight as CD133 on CD133 precip-
itates prepared from CD133™ cells expressing WT CD133 or
CD133 with a single mutation at Y818, Y819, Y846, or Y852, but
not at the Y828F mutant (Fig. S3B). In addition, treatment of cells
with Src family kinase inhibitor PP, abolished the pY828-CD133
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Fig. 2. CD133 physically interacts with p85. (A) The PI3K activity of CD133* cells
versus CD133™ cells derived from glioblastoma specimens were assessed using
a PI3 kinase ELISA kit. Values are normalized to that of matched CD133™ cells.
Results are expressed as mean + SD from three separate experiments; ***P <
0.001. (B) Targeting CD133 decreases PI3K activity in CD133" cells. Seventy-two
hours after lentivirus infection, the PI3K activity of CD133* infected with the
indicated lentivirus was measured using a PI3 kinase ELISA kit. Values are nor-
malized to that of CD133" cells treated with LacZ shRNA, which is set as 100%.
Results are expressed as mean + SD from three separate experiments; ***P <
0.001. (C) Colocalization of CD133 and p85 was assessed by immunofluorescence
staining of CD133 (green) and p85 (red) in CD133" and CD 133" cells derived from
glioblastoma specimens T21109 (Upper) and T12179 (Lower). Nuclei (blue) were
counterstained with Hoechst33258. Colocalization of CD133 and p85 is dem-
onstrated by yellow fluorescence. (Scale bars, 10 pm.) (D) Co-IP analysis to de-
termine the interaction between CD133 and p85 in vivo. Lysates of CD133™ or
CD133" cells pretreated with DMSO or PP, (5 uM) for 1 h were subjected to IP
using anti-CD133 or anti-p85 antibody, followed by immunoblotting (IB) with
anti-CD133, anti-p110, anti-p85, or anti-pY828-CD133 antibodies. Whole-cell
lysates were analyzed by IB with anti-CD 133, anti-p110, or anti-p85 antibodies as
input. (E) Co-IP analysis to determine the interaction between CD133 and p85in
glioblastoma tissues. The lysates of glioblastoma tissues were subjected to im-
munoprecipitation (IP) using anti-CD133 or anti-p85 antibodies, followed by 1B
with anti-CD133 or anti-p85 antibodies. (F) In vitro interaction between CD133
and p85. GST or GST-CD133(813-865) (CD133 C-terminal cytoplasmic domain;
amino acids 813-865) protein preincubated with or without active Src and ATP
in a phosphorylation buffer was incubated with purified p85 protein. The GST
pull-down products were blotted with anti-CD133 C-terminal, anti-p85, anti-
tyrosine phosphorylation, and anti-pY828-CD133 antibodies (Upper). GST and
GST-CD133(813-865) were shown by Coomassie Blue staining (Lower).
*Tyr-phosphorylated form of CD133 C-terminal cytoplasmic domain.

signal (Fig. 2D). Incubation of CD133 C-terminal cytoplasmic do-
main with Src kinase caused a robust pY828 band comigrating with
CD133 (Fig. 2F). This series of experiments confirmed specificity of
this antibody and further established CD133 as an effector molecule
for Src family kinase.
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Phosphorylated Y828 Residue in CD133 Binds to P85 and Is Required
for Activation of the PI3K/Akt Pathway by CD133. Amino acid se-
quence analysis of CD133 revealed five tyrosine residues (Y818,
Y819, Y828, Y846, and Y852) in its C-terminal cytoplasmic do-
main. Y819 conforms to the known p85 consensus-binding motif
YXXM (31). Y828 and Y852 are phosphorylated by Src family
kinases (30) (Fig. S34). To determine which tyrosine residue me-
diates the interaction between CD133 and p85, these five tyrosine
residues (Y) were individually mutated to phenylalanine (F) by
site-directed mutagenesis techniques. Considering that the ab-
sence of CD133 protein expression in CD133™ tumor cells pro-
vided a low background to evaluate the interaction between p85
and exogenous CD133, we performed reciprocal co-IP assays
using lysates from CD133™ glioma cells ectopically expressing WT
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Fig. 3. Y828 phosphorylation of CD133 mediates the interaction between
CD133 and p85 and is required for CD133 activating Akt signaling. (A) Co-IP
analysis to determine the effect of Y828 mutation on the interaction between
CD133 and p85. The lysates of CD133* cells expressing LacZ shRNA, CD133
shRNA1, CD133 shRNA1+shRNA-resistant WT CD133, or CD133 shRNA1+
shRNA-resistant Y828F were subjected to immunoprecipitation (IP) using anti-
CD133 or anti-p85 antibodies, followed by immunoblotting (IB) with anti-
CD133, anti-p110, anti-p85, anti-FLAG, or anti-pY828-CD133 antibodies. shR,
shRNA-resistant. (B and C) Western blot analysis of Akt phosphorylation in
CD133* cell expressing LacZ shRNA, CD133 shRNA1, CD133 shRNA1+shRNA-
resistant WT CD 133, or CD133 shRNA1+shRNA-resistant Y828F. (B) The figures
are presented out of three separate experiments. (C) The relative densities of
pT308-Akt (Upper) and pS473-Akt (Lower) to total Akt in B were quantified.
Results are expressed as mean =+ SD from three separate experiments; ***P <
0.001. (D) PI3K activity in CD133™ cells expressing LacZ shRNA, CD133 shRNA1,
CD133 shRNA1+shRNA-resistant WT CD133, or CD133 shRNA1+shRNA-
resistant Y828F. Results are expressed as mean + SD from three separate
experiments; ***P < 0.001. (E) Membrane and cytoplasmic distribution of p85
and p110 in CD133" cells expressing LacZ shRNA, CD133 shRNA1, CD133
shRNA1+shRNA-resistant CD133 wt, or CD133 shRNA1+shRNA-resistant Y828F
was determined by immunoblotting. EGF receptor (EGFR) was used as the
membrane marker, and a-Tubulin was used as the cytosolic marker.
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CD133 or its tyrosine mutants. WT CD133 or CD133 with a single
mutation at Y818, Y819, Y846, and Y852 equally interacted with
p85 in vivo. In contrast, mutation of Y828 to F completely abro-
gated the ability of CD133 to interact with p85 (Fig. S3B), in-
dicating that Y828 phosphorylation is required for the interaction
between CD133 and p85.

To further verify the significance of Y828 phosphorylation in the
interaction between CD133 and p85, we next performed a series
of experiments using CD133" glioma cells coexpressing CD133
shRNA and either shRNA-resistant WT CD133 or shRNA-re-
sistant Y828F mutant. First, reciprocal co-IP assays revealed that
p85 was coprecipitated in vivo with endogenous and exogenous
CD133 protein, not with exogenous Y828F mutant (Fig. 34), con-
firming that Y828 phosphorylation is required for the interaction
between CD133 and p85. Second, we evaluated the contribution of
Y828 phosphorylation in CD133 activating the PI3K/Akt pathway.
Ectopic expression of shRNA-resistant WT CD133, but not that of
'Y828F mutant, restored the inhibitory effect of CD133 knockdown
on the level of Akt phosphorylation (Fig. 3 B and C), on the activity
of PI3K (Fig. 3D), and on the membrane translocation of p85 and
p110 (Fig. 3E). Together, these data suggest that phosphorylation of
Y828 in CD133 is critical for its physical interaction with p85, which
activates the PI3K/Akt pathway.

Analysis of the amino acid residues flanking Y828 (Y828DDV)
demonstrated that this residue did not match the p85 consensus-
binding motif YXXM (31); rather, it closely resembled a number
of other nonconsensus p85-binding proteins that lacked the pre-
ferred methionine in the Y +3 position (32, 33) (Fig. S3C).
Comparative sequence analysis of CD133 in six mammalian spe-
cies revealed that YDDV sequence was evolutionary conserved
(Fig. S3D).

CD133 Maintains the Self-Renewal and Tumor-Initiating Potentials of
GSC Depending on Its Y828 Phosphorylation. We next evaluated the
biological function of CD133 activating the PI3K/Akt pathway in
glioma stem cell behaviors. We first determined the role of CD133
in self-renewal and tumor-initiating features of GSC. The single-
cell neurosphere formation assay and the bulk-culture neurosphere
formation assay are the conventional methods of measuring the
self-renewal capacity of GSC (6). CD133 knockdown impaired
neurosphere formation not only in primary assays (Fig. S4 A-D),
but also in secondary passages (Fig. S4F), indicating that CD133 is
required for self-renewal of GSC in vitro. Second, we examined the
role of CD133 in the tumor-initiating capacity of GSC through an in
vivo limiting dilution tumor formation assay. Targeting CD133
significantly reduced the tumor-initiating potential of GSC (Fig. S4
F and G); thus, CD133 is required to maintain the tumorigenic
potential of GSC.

To further determine the significance of CD133 activating the
PI3K/Akt pathway, the contribution of Y828 phosphorylation in
CD133 maintaining the characteristics of GSC were evaluated.
Neurosphere formation assay demonstrated that the inhibitory
effect of CD133 knockdown on the self-renewal of GSC was fully
rescued by expression of shRNA-resistant WT CD133, but not
shRNA-resistant CD133 Y828F mutant (Fig. 4 A-D and Fig. S54).
Furthermore, ectopic expression of WT CD133 but not Y828F
mutant fully rescued the inhibitory effect of CD133 depletion
on the tumor-initiating capacity of GSC (Fig. 4E). Importantly,
CD133 knockdown increased the survival of tumor-bearing ani-
mals, which was fully restored by expression of shRNA-resistant
WT CD133, but not shRNA-resistant CD133 Y828 mutant (Fig.
S5 B and C). Together, these data demonstrate that Y828 phos-
phorylation is critical for CD133 sustaining GSC self-renewal
and tumorigenesis.

In Human Glioma, Y828 Phosphorylation Level of CD133 Is Correlated

with Glioma Grade and Overlaps with Active Akt. Src family kinases
are activated in the vast majority of GBM (34, 35). We hypothesize
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Fig. 4. Y828 phosphorylation is required for CD133 maintaining glioma
stem cell self-renewal and tumorigenesis. (A and B) Single-cell neurosphere
formation assay of CD133" cells expressing LacZ shRNA, CD133 shRNA1,
CD133 shRNA1+shRNA-resistant WT CD133, or CD133 shRNA1+shRNA-re-
sistant Y828F. (A) Representative images of neurospheres are shown. (B) The
percentage of neurosphere-containing wells in each group. (Scale bar, 10
um.) (C and D) A total of 1, 10, or 100 CD133* cells isolated from T21109 (C)
or T12179 (D) samples infected with the indicated lentivirus were cultured in
96-well plates. After 10 d, the number of neurosphere was counted. Results
are expressed as mean + SD from three separate experiments; ***P < 0.001.
(E) WT CD133, not Y828F mutant, rescues the effect of CD133 knockdown on
the tumor-initiating capacity of CD133" cells. An intracranial limiting di-
lution tumor formation assay (using 10,000, 5,000, 1,000, and 500 cells per
mouse) was performed using CD133* cells infected with the indicated len-
tivirus. The table displays the number of mice developing tumors.

that Y828 phosphorylation of CD133 could be elevated during
malignant progression of human brain tumors. To test this, we
performed immunohistochemical (IHC) staining on paraffin-
embedded section from human glioma of different grades using the
phospho-CD133 (Y828) antibody characterized previously. We first
tested the specificity of this antibody in IHC staining. The antibody
detected pY828 signals in a grade IV GBM. On adjacent sections,
the signal was blocked by the immunizing phosphopeptide but not
the unphosphorylated peptide (Fig. S6), indicating that the anti-
body specifically recognizes pY828-CD133 in tumor sections.

As shown in Fig. 54, human grade I-II gliomas showed neg-
ative-to-lower levels of pY828-CD133 and grade III glioma
showed a moderate level of pY828-CD133. In contrast, grade IV
glioma displayed a high level of pY828-CD133. Statistical anal-
ysis for the level of pY828-CD133 in a panel of gliomas samples
showed a significant correlation between pY828-CD133 levels
and glioma grades (Fig. 5B).

Considering our finding that CD133 activates the PI3K/Akt
pathway depending on Y828 phosphorylation, we predicted a
significant association between pY828-CD133 and pS473-AKT
expression in GBM samples. To examine this possibility, double-
immunofluorescence studies on frozen sections of human GBM
were performed using pY828-CD133 and pS473-Akt antibodies.
Most tumor cells that expressed pY828-CD133 obviously highly
coexpressed pS473-Akt (Fig. 5C), further supporting the role
of CD133 Y828 phosphorylation in the activation of Akt in
human glioma.
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Self-renewal and tumorigenic potential of of GSC

tumor grade and overlaps with active Akt. (A and B) Expression of pY828-CD133

was examined by IHC staining in 116 gliomas samples of different grades. (A) Representative microphotographs of immunohistochemical staining of pY828-
CD133 in glioma grade I-IV tissues. (B) The scores for quantitative staining of pY828-CD133 in the tissue sections were determined according to a total score

(range, 0-8) that was obtained by combining the score of the percentage of
level of Y828 phosphorylation of CD133 in glioma with different grade was

positive cells and the score of the staining intensity. Values are mean + SD. The
analyzed (Student t test, two-tailed, *P < 0.05, **P < 0.01, ***P < 0.001). (Scale

bar, 10 pm.) (C) Immunofluorescence staining of frozen sections from primary GBM samples reveals coexpression of pY828-CD133 and pS473-Akt. (Scale bar,

10 pm.) (D) Hypothetical model of CD133/PI3K/Akt signaling axis regulating

Discussion

In this study, we present evidence that the phosphorylated Y828
residue in CD133 cytoplasmic tail binds to PI3K regulatory sub-
unit p85, resulting in the activation of PI3K/Akt pathway, sub-
sequently promoting the self-renewal and tumor formation of
glioma stem cells (Fig. 5D). The identification of the CD133/PI3K/
Akt signaling axis supposes that CD133 is a “functional” marker of
glioma-initiating cells, providing theoretical support for the utility
of CD133 in defining glioma stem cell.

The interaction between CD133 and PI3K regulatory unit p85
depends on CD133 Y828 phosphorylation. Although Y828 mu-
tation abrogates the ability of CD133 to activate the PI3K/Akt
pathway, we were somewhat surprised to observe that ectopic ex-
pression of Y828 mutant slightly rescued the inhibitory effect of
CD133 knockdown on the self-renewal and tumorigenesis of gli-
oma stem cells. These data suggest the presence of other Y828
phosphorylation-independent mechanisms for CD133 maintaining
glioma stem cell behaviors. This phenomenon might be explained
partly by the potential role of CD133 in plasma membrane orga-
nization. CD133 binds to plasma membrane cholesterol and con-
centrates selectively in plasma membrane protrusions (36-38),
suggesting that CD133 might be important in maintaining an ap-
propriate lipid composition within the plasma membrane. Treat-
ment with the cholesterol-sequestering drug methyl-B-cyclodextrin
attenuates the self-renewal of ES and hematopoietic stem cells (39,
40). Thus, the potential role of CD133 association with cholesterol-
based lipid microdomains in stem cell self-renewal deserves par-
ticular attention; however, deletion of CD133 C-terminal cyto-
plasmic domain does not impair its concentration in microvillus
(41). It seems, therefore, that CD133 might contribute to stem cell

Wei et al.

glioma stem cell behaviors.

self-renewal partly through organizing plasma membrane topology
in a C-terminal domain-independent manner.

CD133 is phosphorylated on cytoplasmic tyrosine-828 by Src
family kinases (30). The Src family kinases are nonreceptor tyrosine
kinases that are activated rapidly on the engagement of multiple
cell surface receptors and modulate several cellular processes, in-
cluding proliferation, adhesion, migration, and differentiation (42,
43). Analyses of tumor biopsies have indicated that Src family
kinases are consistently found to activate in glioblastoma (34, 35).
Given that CD133 expression has not been consistently shown to be
associated with glioma grade (44), the association of Src family
kinases activation with glioma progression may partly explain why
the level of phospho-Y828-CD133 is associated with glioma grade.

In summary, our results uncover CD133 as an upstream acti-
vator of PI3K and, most importantly, as a crucial trigger of self-
renewal and tumorigenesis of glioma stem cells. These findings
not only provide an improved understanding of the molecular
mechanisms underlying tumorigenesis of glioma stem cells, but
also suggest an additional target for therapeutic intervention.

Materials and Methods
Detailed methods are described in SI Materials and Methods.

Isolation of CD133* and CD133~ Cells. CD133" cells were isolated from pri-
mary surgical GBM biopsy specimens in accordance with protocols approved
by the Fudan University Institutional Review Broads. CD133" and CD133~
cells were separated through magnetic cell sorting with a CD133 Cell Iso-
lation Kit (Miltenyi Biotec) as previously described (6, 45).

Tumor Formation Assay. Intracranial transplantation of tumor cells into 6- to

8-wk-old nonobese diabetic/severe combined immunodeficiency (NOD/SCID)
mice was performed as previously described (6, 45), in accordance with
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a Fudan University Institutional Animal Care and Use Committee—-approved
protocol concurrent with national regulatory standards. Mice were main-
tained up to 180 d or until the development of neurologic signs that sig-
nificantly inhibited their quality of life (e.g., ataxia, lethargy, seizures,
inability to feed).

Assay for Monitoring PI3K Activity. P85 was immunoprecipitated from equal
protein cell lysates with rabbit polyclonal anti-p85 antibody (Millipore), and
immunoprecipitated PI3K activity was evaluated with a PI3 kinase ELISA kit
(Echelon Biosciences, K-1000s) according to the manufacturer’s protocol and
previous descriptions (46, 47).

Statistical Analysis. In general, significance was tested by unpaired two-tailed
Student t test using GraphPad InStat 5.0 software. For in vivo studies,
Kaplan-Meier curves and log-rank analysis were performed. The significance
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