
CD133 as a Marker for
Regulation and Potential for
Targeted Therapies in
Glioblastoma Multiforme

Winward Choy, BAa, Daniel T. Nagasawa, MDa,
Andy Trang, BSa, Kimberly Thill, BSa, Marko Spasic, BAa,
Isaac Yang, MDa,b,*
KEYWORDS

� Cancer stem cell � CD133 � Glioblastoma � Glioma

KEY POINTS

� CD133 is a reliable and widely studied tumor marker for glioblastoma multiforme (GBM) cells with
cancer stem cell (CSC)-associated phenotypes.

� Tumorigenic capacity is not limited in the CD1331 subpopulation, and several models bridging the
relationship between CD1331 and CD133� tumorigenic cells in GBMS have been proposed.

� Many of the studies examining CD1331GBMcells as putative CSCs are complicated by the complex
regulation of CD133, lack of a uniform protocol, and ability of in vivo and in vitro studies to replicate
the true physiologic role of CD133 in patients.

� Associations between the presence of CD1331 cells within resected tumors and clinical outcomes,
including poorer prognosis and resistance to adjuvant therapies, have been demonstrated, and
CD1331 cells remain a promising target for future GBM therapies.
INTRODUCTION diffuse patterns of tumor infiltration throughout
Glioblastoma multiforme (GBM) is the most com-
mon primary malignant brain tumor found in adults.
Despite standard treatment comprising surgical
resection followed by concomitant radiotherapy
and adjuvant temozolomide chemotherapy, the
prognosis for GBM is poor, with amedian survival of
14.6 months.1 Themajor challenge for current treat-
ment paradigms stems from the characteristically
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healthybrain parenchyma.2Most therapeutic efforts
and glioma research to date have focused on the
tumor in its entirety; however, recent findings have
highlighted the incredible heterogeneity of GBM
cells, denoted by the term multiforme, in terms of
not only their immunogenic, histologic, and genetic
profile but also their proliferative and tumorigenic
potential. Thus, the characterization and identifica-
tion of the different GBM cell types, particularly
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those involvedwith driving tumor growth, are critical
not only in the understanding of GBM formation and
pathogenesis but also in the advancement of more
effective cancer therapies.

Cancer Stem Cells

The cancer stem cell (CSC) model has provided
a new paradigm in understanding what predomi-
nant cellular mechanisms drive tumor growth.
Similar to the organization of growth processes
within normal tissue such as bone marrow or in-
testinal epithelium, the CSC concept postulates
the presence of a functional and cellular hierarchy
within the heterogeneous tumor body.3 Within this
hierarchical model, the vast majority of the tumor
bulk comprises rapidly dividing, partially or termi-
nally differentiated cells with limited replicative po-
tential, while neoplastic growth is driven by a small
population of cancer cells with stemlike proper-
ties.3 Similar to the properties of normal stem cells,
CSCs represent a population of neoplastic cells
that have the capacity to initiate and maintain
tumors and are characterized by self-renewal, re-
sistance to chemical insults and radiation, and
ability to produce new tumors even after periods
of dormancy.3

To be defined as CSCs, the cells must have
the following characteristics: (1) self-renewal and
proliferation, (2) multilineage differentiation into
mature fates resembling tissue of origin, and (3)
capacity to form new tumors resembling the orig-
inal tumor. To date, studies have used similar
procedures to identify and characterize the stem-
ness of putative CSCs. A differentially expressed
marker or set of markers is used to isolate a small
subset of tumor cells within the tumor bulk.3 The
capacity to form nonadherent tumorspheres by
limiting dilution in culture conditions permissive
for stem cell proliferation is assessed to demon-
strate properties of clonal expansion and self-
renewal and is used to identify and expand
potential CSCs. In vivo demonstration of CSC
behavior is confirmed by the ability of putative
CSCs transplanted into immunodeficient mice to
form tumors resembling the original tumor.4

DISCOVERY OF CD133

CD133 was first identified by Yin and colleagues5

in 1997 through generating a monoclonal anti-
body–recognizing AC133, a glycosylated CD133
epitope. AC133 expression was restricted to the
CD341 subset of hematopoietic stem cells derived
from human fetal liver, adult blood, and bone
marrow, suggesting that AC133 is a novel marker
for human hematopoietic stem cells and progen-
itor cells. Unlike CD34, the AC133 antigen is not
found in other blood cells, endothelial cells (ECs),
or fibroblasts and may be an important marker of
more primitive progenitor cells.5,6 In xenograft
models, AC1331 cells obtained from primary fetal
sheep recipients demonstrated sustained prolifer-
ative and self-renewal potential when transplanted
into secondary recipients.5 Of note, a second gly-
cosylated CD133 epitope, AC141, distinct from
AC133, has also been characterized, and both
AC141 and AC133 are commonly used to identify
and purify CD1331 cells.7,8

The gene for human CD133, located on chromo-
some 4p15.33, encodes a 120-kD protein with
865 amino acids and shares 60% homology with
mouse prominin, which is localized to neuroepithe-
lial stem cells.9,10 Structurally, CD133 comprises
5 transmembrane domains, an extracellular N-
terminus, a cytoplasmic C-terminus, 2 large extra-
cellular loops containing 8 putative N-glycosylation
sites, and 2 smaller cytoplasmic loops.10 Although
the precise function of CD133 is unclear, the local-
ization of AC133 antigen expression on epithelial
microvilli suggests a possible role in the organiza-
tion of plasma membrane topography and the
maintenance of apical-basal cell polarity.6,11 Asso-
ciations between CD133 and plasma membrane
cholesterol have alluded to a role in the regulation
of lipid composition within the cell membrane.6,7

Loss of CD133 has been associated with degener-
ation of photoreceptors associated with improper
retinal disk formation, suggesting a possible role
in the regulation of phototransduction and neu-
ral retinal development.12,13 In addition, CD1331

progenitor cells obtained from human fetal aorta
have also been shown to stimulate Wnt pathway–
dependent angiogenesis during wound healing of
ischemic diabetic ulcers.14,15
CD133 AS A STEM CELL MARKER

Following the initial characterization in CD341

hematopoietic stem cells, CD133 has been used
to purify several progenitor and stemlike cell popu-
lations within both healthy and neoplastic tis-
sues. CD1331 neural progenitor cells have been
identified in human fetal and postmortem brain
tissue.16–19 Neural stemlike cells have been iso-
lated from human fetal brain tissue through flow
cytometry. These CD1331, CD34�, CD45� cells
demonstrated characteristic stem cell activity,
including clonal expansion, serial neurosphere
culture initiation, and differentiation.17,18 On in-
tracranial transplantation into neonatal nonobese
diabetic, severe combined immunodeficient (NOD-
SCID) mice, the sorted cells successfully en-
grafted, migrated, proliferated, and differentiated
along neuronal and glial fates.8,17
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Human epithelial-derived CD1331 cells20 and
fetal liver-derived CD1331, CD341, CD3� hemato-
poietic cells21 have been shown to differentiate into
neurons and astrocytes on transplantation into
intracranial mouse and in culture with differentia-
tion-promotingmedia. Vascular endothelial growth
factor receptor 2–positive circulating human en-
dothelial progenitor cells coexpress CD133, and
plating of these nonadherent cells in vascular
endothelial growth factor (VEGF) and fibroblast
growth factor 2 led to rapid differentiation, loss of
CD133 expression, and formation of adherent
colonies.22 Similar downregulation of CD133 on
differentiation was observed in the colon carci-
noma–derived epithelial cell line Caco-2.23

Some studies have demonstrated the ability of
these progenitor cells to reconstitute the original
tissue.16,24,25 CD1331 human prostate basal cells
showed increased proliferation in vitro and, on
transplantation, formed fully differentiated pros-
tate epithelium–expressing prostatic secretions.24

CD133 expression either independently or in
conjunction with other stem and progenitor cell
markers has also been used to identify CSC
subpopulations within a wide range of human
cancers, including osteosarcomas,26,27 laryngeal
carcinomas,26,28 melanomas,26,29–32 breast can-
cers,26,33 hepatocellular carcinomas,26,34 prostate
tumors,26,35,36 retinoblastomas,10 leukemias,37–39

and non–small cell lung cancer.40 In addition,
CD133 expression has been used to purify CSC
populations in a number of brain tumors, including
medulloblastomas5,26 and ependymomas.26,41
Gliomas

Initial evidence suggesting the presence of brain
tumor cells with stemlike potential came from the
isolation of a clonogenic subpopulation of cells
from resected gliomas through neurosphere as-
says.42,43 These neurospheres possessed the
capacity for self-renewal and demonstrated intra-
clonal neuronal and glial cell lineage heterogeneity.
Among the several markers associated with CSCs,
CD133 is one of the most widely studied in brain
tumors.15 Singh and colleagues44 first identified
a subpopulation of brain tumor cells within medul-
loblastomas and gliomas coexpressingCD133 and
nestin, a marker for undifferentiated neural stem
cells. Unlike theCD133� population, CD1331 cells,
representing 0.3% to 25.1% of the tumor bulk,
were capable of neurosphere formation in serum-
free media following addition of the stem cell
growth factors bFGF and EGF. These tumor-
spheres had greater proliferative capacity relative
to neural stem cell controls and formed secondary
tumorspheres with immunoreactivity for nestin and
CD133. Tumorspheres resembled a more primitive
state and were devoid of glial fibrillary acidic
protein (GFAP) and b-tubulin III, markers of differ-
entiated neural cells and glial cells, respectively.
However, CD1331 cells were capable of multiline-
age differentiation into oligodendrocytes, astro-
cytes, and neurons and expressed differentiated
markers mirroring that of the parent tumor.6

Although many xenograft assays require up to
106 tumor cells for successful engraftment,45–47

as few as 100 purified CD1331 tumor cells have
been reported to be sufficient for intracranial tumor
formation when transplanted into NOD-SCIDmice.
In contrast, injection of 105 CD133� cells failed to
form tumors.45 Engrafted CD1331 GBM cells pro-
duced tumors with classic GBM features that
were phenotypically identical to the patient’s orig-
inal tumor and could be serially transplanted.45 In
addition, engrafted tumors were widely infiltrating
and comprised differential expression of CD133
and GFAP, suggesting that CD1331 cells were
capable of self-renewal and differentiation in
vivo.45

Subsequently, 2 groups identified tumorsphere-
forming subpopulations within tumor specimens
obtained from patients with primary and sec-
ondary GBMs.48,49 Spheres arising from less
than 1% of all GBM cells coexpressed nestin
and CD133. Unlike the progeny of normal neural
stem cell (NSC)-derived neurospheres, differentia-
tion of GBM tumorspheres led to progeny that
closely mirrored the parental tumor phenotype,
comprising 80% b-tubulin III1 cells and 25% oligo-
dendrocytes. In addition, tumorspheres demon-
strated greater proliferative potential and the
ability to retain stemlike features following differ-
entiation, suggesting a role in the maintenance of
the stem cell pool and production of differentiated
cells within the tumor bulk.49 Unlike the non–
sphere-forming population, the sphere-forming
GBM cells were able to form tumors following
transplantation in nude mice, and the new tu-
mors expressed both neural and glial markers.49

Expression of CD133 is restricted to a subpopula-
tion of tumor cells positive for the neural stem
and progenitor cell marker nestin, which sug-
gests that this subpopulation may represent
a less-differentiated subset of tumor cells.50

Consistent with CSC model, which proposes
that CSCs represent a rare fraction of tumor cells,
the extent of CD133 expression within gliomas
is typically low or barely detectable, as dem-
onstrated by quantitative analysis using flow
cytometry.7,45,51–54 However, some immunohis-
tochemical reports have suggested that the
CD1331 glioma fraction comprises up to 25% of
the tumor bulk.50
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Recently, transcriptome profiling of purified
CD1331 and CD133� GBM cells identified a
CD133 gene expression profile comprising 214
differentially expressed genes.55 Computational
comparison with established stem cell and cancer
cell profiles demonstrated a close association of
the CD133 gene expression signature with that of
human embryonic stem cells. The CD133 gene
signature distinctly differentiated between NSC-
like GBM cells cultured in stem cell medium and
GBM cells cultured in serum. Enrichment of the
CD133 gene signature was closely associated
with increasing glioma grade, with greatest resem-
blance in grade IV GBMs. The CD133 gene signa-
ture was associated with a more aggressive GBM
subtype and significantly shorter median patient
survival. In addition, the GBMs enriched for the
CD133 gene signature were associated with a
greatly increased number of genetic mutations.
Overall, the CD133 gene signature, obtained from
sorted CD1331 populations, is characteristic of
a stemlike cell population of tumor cells as well as
more clinically aggressive and hypermutated sub-
types of GBM cells.55

There exists a functional hierarchy within the
heterogeneous GBM cell population consisting of
a small CD1331 fraction of GBM cells that formed
tumorspheres in stem cell media, generated serial
tumorspheres on dissociation, was enriched for
several stem cell markers (nestin, Musashi 1, and
SOX2), and gave rise to progeny-expressing neu-
ronal, oligodendrocytic, and astrocytic markers
on culturing under prodifferentiation conditions.56

Consistent with in vitro features of stem cells,
CD1331 GBM cells demonstrated a heightened
capacity for proliferation, self-renewal, and multili-
neage differentiation.56 Transplantation led to the
formation of highly invasive and angiogenic tumors
that histologically and morphologically resembled
the original patient GBM.4,45 Altogether, these
findings suggest that the CD1331 GBM subpopu-
lation contains putative stemlike cells that can
initiate and maintain tumors that phenotypically
resemble the original GBM and are capable of
driving tumor growth even when challenged with
serial transplantations.56
CD133L CELLS IN GLIOMAS

Although there has been mounting evidence for
a selected population of cells with stemlike prop-
erties, the role of CD133 as a definitive marker
for tumor-initiating cells is contentious. Studies
have demonstrated that CD1331 cells are absent
from select GBM specimens and glioma cell
lines that are capable of tumor formation in
vivo.7,52,57,58 Following initial studies characterizing
the stemness of CD1331 glioma cells and the lack
of tumorigenicity in CD133� cells, several investi-
gators demonstrated that CD133� glioma cells
were also capable of in vivo tumor initiation and
maintenance.54,57 Beier and colleagues57 demon-
strated that bothCD1331 andCD133� populations
obtained from primary GBM cell cultures formed
tumorspheres in stem cell–permissive media.
Although the CD133� sphere-forming population
represented a smaller fraction than the CD1331

sphere-forming cells, both subpopulations dem-
onstrated stemlike features in vitro, including
sustained proliferative ability and formation of
tumorspheres containing cells expressing differ-
entiated markers from all 3 neural lineages.57

Transplantation of both CD1331 and CD133�

GBM cells formed GBM-resembling tumors within
mice. Transplantation of CD133� cells derived
from CD1331 cell lines failed to produce tumors,57

suggesting a functional heterogeneity between
tumorigenic CD133� cells and CD1331-derived
CD133� cells.
Studies using marker-independent sorting

methods have further demonstrated the presence
of putative CD133� GBM CSCs. Using fluores-
cence-activated cell sorting (FACS) based on
specific tumor cell autofluorescence, Clément
and colleagues51 isolated a subpopulation of
glioma cells (FL11) with high nuclear:cytoplasmic
ratios capable of multipassage tumorsphere
formation. FL11 cells demonstrated marked
capacity for self-renewal, differentiation associ-
ated with a loss of FL1 properties, and tumorige-
nicity when as few as 103 FL11 cells were
transplanted into mice. FL11 cells displayed
a heightened expression of several stemness-
related genes, including POU5F1/OCT4, SOX2,
NOTCH1, and NANOG. However, CD133 expres-
sion was not correlated with tumorigenicity, and
differences in CD133 expression between FL11

cells and the remaining tumor block were not
statistically significant. The side population (SP),
sorted based on the ability to extrude Hoechst
33342 dye, represented a rare stemlike fraction
of highly tumorigenic glioma cells that, unlike
non-SP cells, can give rise to both SP and non-
SP cells.16,59 While studies examining the SP
and CD133 expression have been scarce, a
single murine glioma cell line (GL261) study found
that sphere-forming and highly tumorigenic
CD1331 glioma cells demonstrating stemlike fea-
tures did not reside within the SP.16,60 Although
this may suggest the presence of a tumorigenic
CD133� SP cells, recent data from Broadley
and colleagues61 demonstrated that cells within
the GBM SP could not self-renew and form
tumors.



CD1331 Glioblastoma Cells 395
Son and colleagues58 used stage-specific em-
bryonic antigen 1 (SSEA-1), amarker for embryonic
stem cells, to purify a subpopulation of patient-
derived GBMs with high tumorigenic potential.
Although CD133 expression was present in only
half of the 24 GBM samples, SSEA-1 immunoreac-
tivity was present in all but one. Relative to the
SSEA-1� population, SSEA-11 cells expressed
higher levels of established stem cell makers,
including SOX2, Bmi2, L1CAM, Olig2, and Ezh2.
Independent of CD133 expression, SSEA-1 al-
lowed enrichment of a tumorsphere-forming popu-
lation with increased clonogenic potential and the
ability to differentiate down neuronal lineages.
In addition, SSEA-11 cells could generate both
SSEA-1� and SSEA-11 cells, suggesting a hierar-
chal organization underlying a heterogeneous pop-
ulation.58 Unlike SSEA-1� cells, transplantation of
as few as 104 SSEA-11 cells successfully formed
tumors in mice that retained their tumorigenic
capacity following serial transplantations.58 Simi-
larly, other investigators have successfully identi-
fied putative GBM CSCs expressing alternative
markers, including integrin a662 and A2B5,63 that
displayed heightened tumorigenicity and distinct
stemlike phenotypes that either lacked or were
independent of CD133 immunoreactivity.16,64 In
addition, alternative methods and parameters
have been used to identify putative CSCs within
gliomas.48,59,64–66
Limitations

The variable protocols used in the purification of
CD1331 cells and the assessment of stemness
make comparing study results difficult.67 Tumor
samples have been obtained from a variety of
sources (eg, fresh resections from patients,50

glioma cell lines60) and cultured in variable condi-
tions, including serum-free media16,44 and in the
presence of fetal calf serum.16,68 Because serum
has been shown to induce differentiation, cul-
ture media should be taken into account when as-
sessing results from studies examining CD133
expression.16,67,69

Furthermore, many of the CD133 studies use
AC133 monoclonal antibodies, which recognize
glycosylated CD133 epitopes. Accurate detection
of CD133 may be limited because of the unknown
specificity of AC133 binding to differential glyco-
sylation patterns of the 8 potential glycosylation
sites on CD133.5,16 Furthermore, studies have
characterized several different tissue-dependent
isoform tissue produced by alternative splicing of
the CD133 transcript within human37 and murine
models.8,70 It is possible that AC133 monoclonal
antibodies, unable to uniformly recognize different
isoforms, would provide an underestimate of
true CD133 protein expression levels within gli-
omas.8,71 Recently, Osmond and colleagues71

reported that GBM cells found to be AC133� con-
tained a truncated and possibly functional CD133
variant that was localized within the cytoplasm. It
is unclear whether the isoform type, the extent of
protein expression, or the specific glycosylation
status is the more biologically relevant marker of
CD133 expression.8 Tissue distribution of CD133
messenger RNA is much more prevalent than
expression of AC133,10 as the downregulation of
the AC133 epitope is independent of intracellular
levels of CD133 messenger RNA.8,23,72 Thus, the
presence of AC133 epitopes is not necessarily
equivalent to CD133 expression.

Although transplantation of sorted cells into
immunodeficient mice remains the gold standard
of assessing tumorigenicity, it has several limita-
tions. The process of sorting and transplanting
tumor cells into mice subjects the cells to several
procedural insults and places them in a foreign
environment vastly different from the original
tumor niche.3 Inherent differences between the
patient and mice microenvironment due to various
species barriers (eg, differences in cytokines and
growth factors important in tumor growth) may
drastically alter proliferation potential.3 In addition,
the xenographic immune response in mice re-
ceiving transplants is significantly more robust
than the native immune response within the
patient.73 Fundamentally, the issue is the applica-
bility of tumor xenograft assays in immunocom-
promised mice in studying the clinical behavior of
human cancers.

LINKING CD133L AND CD133D

SUBPOPULATIONS

Despite the limitations, there is still strong support
for the role of both CD1331 and CD133� cells
in driving GBM tumorigenesis and maintenance.
Progress in understanding the multifaceted mech-
anisms regulating CD1331 expression has led to
several models proposed to bridge the functional
relationship between these 2 cell types.

The Multiple CSC Model

Recent data have suggested that CD1331 and
CD133� tumorigenic glioma cells may represent
distinct CSC populations associated with different
GBM subtypes.65,74 Following the initial character-
ization of CD133� glioma cells with stemlike prop-
erties,57 Lottaz and colleagues74 compared gene
expression profiles in various GBM CSC lines
and identified a 24-gene signature that faithfully
distinguished 2 distinct subgroups of GBM CSC



Choy et al396
cells. Compared with a previously established
gene signature differentiating different GBM sub-
types,74,75 type I CSCs showed a proneural
transcriptional profile, whereas type II CSCs dis-
played a mesenchymal profile. Type I CSCs
resembled fetal NSCs and were strongly CD133
positive, whereas type II CSC lines resembled
adult NSCs and were mainly CD133 negative. In
accord with previous studies reporting different
growth capacities and extent of stemlike pheno-
types between the 2 CSC types,57,65 CD1331

type I CSCs formed tumorspheres in culture,
whereas type II cells displayed semiadherent
growth. Key molecular differences among the 2
types included differences in TGF-b/BMP pathway
activation and expression of extracellular matrix
and adhesion molecules.65,74 Compared with their
presumed cells of origin, both CSC types demon-
strated heightened metabolic and proliferative
activity as well as greatly impaired differentiation
capacity. As suggested in previous studies of
genetically engineered medulloblastoma and
glioma models,76–81 tumorigenic CSCs are derived
through distinct mechanisms from cells that have
either preserved or gained (eg, trough dedifferenti-
ation) features reminiscent of fetal NSCs and adult
NSCs.16,74 The findings, corroborated by an earlier
array-based classification system by Gunther and
colleagues,65 suggest that CD1331 and CD133�

CSCs represents at least 2 different GBM sub-
types with distinct molecular and phenotypic
characteristics.
The Hierarchical Model

Other studies have demonstrated the ability of
CD133� glioma cells to give rise to both CD1331

and CD133� progeny. Intracranial transplanted
glioma spheroids obtained from human GBM
biopsies in nude rats gave rise to invasive CD133-
negative tumors with minor signs of angiogen-
esis.54,82 Successive serial transplantation of these
initial tumors gave rise to tumors with increasing
CD133 immunoreactivity, which was closely corre-
lated with an increased angiogenic phenotype and
decreased survival in the host rats. Transplantation
of CD133� cells, purified via FACS of the serially
transplanted tumors, into nude rat brains gave
rise to tumorswith bothCD1331 andCD133� cells.
Tumors derived fromCD133�GBMcells contained
up to 5%CD1331 cells, suggesting that a subset of
CD133� cells can not only initiate and support
tumor growth but also recapitulate the initial tumor
heterogeneity.54

Similarly, Chen and colleagues76 demonstrated
that both CD1331 and CD133� GBM cell fractions
are capable of neurosphere formation and also
demonstrate varying degrees of tumorigenicity
in vivo. Accounting for all clonogenic GBM cells
within neurosphere cultures, the investigators
proposed 3 categories of GBM CSCs organized
within a lineage hierarchy representing different
stages of differentiation. CD133� type I cells give
rise to a mixture of CD1331 and CD133� cells,
CD1331 type II cells also give rise to a mixture of
CD1331 and CD133� cells, but CD133� type III
cells only give rise to a population of self-renewing
CD133� cells. All 3 cell types expressed the NSC
marker nestin, were capable of multilineage differ-
entiation, and formed tumors following serial trans-
plantation in mice. Much of the histologic and
molecular differences between the 3 types place
types I and III at 2 extremes, whereas type II
cells possessed intermediate features. Although
CD133� type III cells were restricted to only
producing CD133� tumors, type I cells could
produce type I, II, and III cells. Tumors derived
from type III cells grew the slowest and gave rise
to well-circumscribed tumors, whereas type I cells
were more elongated and generated more aggres-
sive and invasive tumors with diffuse borders.
Consistent with the observed histologic character-
istics, type I and II clones expressed significantly
higher levels of the radial glial marker, FABP7,
among several other NSC markers in comparison
with type III clones. FABP expression has been es-
tablished as a GBM marker for increased invasion
and shorter survival76,83,84 and is associated with
maintaining the stem cell features during neural
development.76,85 In contrast, type III grafts dis-
played higher levels of intermediate progenitor
markers such as TBR2, DLX1, DLX2, and
CUTL2.76 Within this model, type I and III CD133�

cells represent the most primitive and differenti-
ated states along a spectrum. Taken together,
CD133� progenitor cells are capable of forming
both CD1331 and CD133� cells, supporting the
presence of a lineal hierarchy of self-renewing cells
that support GBM growth.
Enrichment of neurosphere-forming GBM cells

have identified 2 lineally related but distinct popu-
lations of CD133� cells (type I and III) with unique
gene signatures and in vivo phenotypes represent-
ing differing stages of differentiation. These differ-
ences within the CD133� population, comprising
both type I and type III CD133� cells, may account
for the discordant results of previous studies
examining the ability of CD133� cells to demon-
strate in vitro or in vivo stem cell properties.76
The Dynamic Model

In addition, the cancer stem–like phenotype as-
sociated with CD133 expression may actually
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represent a dynamic and plastic trait that re-
sponds to the changing signals and stresses.
Oxygen has been the well-characterized signaling
molecule involved with mediating various signaling
pathways and regulating gene expression,86,87

and availability of oxygen within the tumor micro-
environment has been thought to influence the
proliferative phase underlying neoplastic growth.88

Although oxygen tensions within the normal brain
range from 5% to 10% and likely lower within the
tumor bulk, in vitro studies typically culture glioma
cells under normoxic conditions of 20% O2.

86,89,90

Platet and colleagues91 demonstrated that cul-
turing of GBM resection specimens at 3% O2,
representing a more physiologically relevant con-
centration, was associated with a significant in-
crease in CD133 expression in comparison with
GBM cells cultured at atmospheric concentrations
of 20% O2. McCord and colleagues86 demon-
strated similar results with more mild reductions
of oxygen concentration and that disaggregated
GBM spheres derived from surgical resection
samples had a 2-fold increase in percentage of
CD1331 cells when recultured and allowed to
form neurospheres in 7% O2 compared with nor-
moxic 20% O2 conditions. CD1331 cells cultured
in 7% O2 had a higher frequency of colony forma-
tion, shorter doubling time, and enhanced ability to
differentiate along glial and neuronal lines, sug-
gesting that hypoxic conditions not only increase
the CD1331 cell composition but also modify
and enhance the associated tumorigenic and
stemlike phenotype. CD1331 neurospheres cul-
tured in hypoxic conditions demonstrated in-
creased expression of other stem cell markers,
including nestin, Oct4, and SOX2. Levels of HIF-
2a were increased in CD1331 cells cultured in
7% O2, and consequent small interfering RNA
silencing of HIF-2a led to decreased Oct4 and
SOX2.86 Consistent with the induction of the stem-
like phenotype, growth in 7% O2 induced alter-
ations in global gene expression patterns with
the upregulation of critical stem cell–associated
genes including those involved with the notch
and frizzled-2 signaling pathway, angiogenesis,
and transforming growth factor b.86 When
CD1331 cells were moved from 7% to 20% O2,
rates of colony formation and expression of
HIF-2a and stem cell markers reversed to lev-
els originally observed in normoxic conditions.
Oxygen-induced stemlike features, partially medi-
ated by HIF-2a, are reversible and mediated by
epigenetic changes and are not the result of the
hypoxic selection of a CD1331 subpopulation of
tumorigenic cells.86

In their studies with the established human
glioma cell line U251MG, Griguer and colleagues92
further proposed that mechanisms underlying
hypoxia-induced CD133 upregulation and func-
tional changes partly involved loss of mitochon-
drial function. In accord with previous studies,
U251MG glioma cells, containing undetectable
levels of CD133 above background in 21% O2

culture conditions, became strongly CD133 posi-
tive when changed to 1% O2. Following exposure,
20% of U251MG cells were CD1331 within 24
hours and up to 60% were CD1331 within 72
hours. On return to 21% O2, levels of CD133
expression decreased to original normoxic levels.
In addition, treatment of U251MG glioma cells
with rotenone, an electron transport chain blocker,
resulted in a significant and dose-dependent
increase in CD1331 expression, reminiscent of
exposure to hypoxic conditions. Depletion of mito-
chondrial DNA similarly led to constitutive and
substantial increases in CD133 expression that
persisted through multiple cell passages. Relative
to controls, mitochondrial DNA–depleted glioma
cells demonstrated a more aggressive phenotype
of increased anchorage-independent growth and
invasiveness. These cells readily initiated and
expanded as tumorspheres in serum-free media
that expressed the stem cell markers nestin and
CD133 and had multilineage differentiation poten-
tial. In addition, rescue of mitochondrial function
by transfer of parental mitochondrial DNA re-
versed the elevated CD133 expression levels. In
their proposed model of glioma progression, Gri-
guer and colleagues92 suggest that tumor growth
is driven by a dynamic and adaptive biological
response to oxygen and metabolic demands in
reaction to a changing tumor microenvironment.
Stringent nutrient and oxygen barriers selectively
signal a switch within glioma cells in hypoxic
regions to gain phenotypic changes associated
with increased survival and migration.

Overall, the data support a critical role of
reduced oxygen tension and disruption of mito-
chondrial function in mediating an in vitro response
within glioma cells characterized by upregulated
CD133 expression.16,86,91–95 These hypoxia-
induced changes are associated with global alter-
ations in the expression of stem cell–associated
genes and promote CSC phenotypes, including
increased clonogenicity, proliferation, invasive-
ness, capacity for multilineage differentiation, and
tumorigenicity in xenograft models. While it is
unclear if the extent of fluidity is present in vivo,
the sensitivity of glioma cells toward changes in
oxygen levels and the reversibility of hypoxia-
induced characteristics suggest a dynamic regula-
tory component of CD133 expression and stemlike
features. In addition, the low frequency of CD1331

glioma cells reported in literature may be linked to
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normoxic culture oxygen concentrations that do
not reflect physiologic levels.
Recent studies have begun to provide further

insight into the complex mechanisms regulating
the expression of CD133 and its associated
phenotype in gliomas. Differential methylation
patterns have been identified as transcriptional
regulators of CD133 in several cancers.96,97

CD133 promoter methylation, not present within
normal brain tissue, represents an abnormal
epigenetic regulator of differential CD133 expres-
sion in glioma cells.97 Yi and colleagues97 reported
a high frequency of CD133 promoter hypermethy-
lation in both GBM and colon cancer cells lines
and primary tumor samples; however, such meth-
ylation patterns were absent in CD1331 cells. Up-
regulation of CD133 expression was strongly
associated with genetic and drug-induced inhibi-
tion of DNA methyltransferase activity. This mode
of regulation is unique to CD133, as hypermethyla-
tion profiles of other genes do not vary between
CD1331 and CD133� populations.97 In addition,
Jaksch and colleagues98 demonstrated that the
extent of AC133 immunoreactivity is cycle depen-
dent in embryonic stem cells, colon cancer, and
melanomas. Specifically, AC133 immunoreactivity
was highest in the actively dividing cell subpopula-
tion with 4N DNA content and lowest in cells in the
G0 and G1 phases with 2N DNA content. MELK
protein expression, which has been demonstrated
to be cell cycle dependent,98,99 mirrored AC133
immunoreactivity with respect to cell cycle status.
Prolonged culturing of purified CD133� and puri-
fied CD1331 cells produced similarly heteroge-
neous cell populations comprising both CD1331

and CD133� cells. The ability of cells at either
extremes of CD133 immunoreactivity to produce
CD133-heterogeneous populations suggests that
CD133 immunoreactivity may not be unique to
a discrete and stable population.98 Overall,
although it does appear that CD133 expression
may be used to enrich a glioma population with in-
creased tumorigenicity, it is possible that CD133
expression and the associated phenotype are fluid
traits responding to dynamic extracellular and
intracellular processes.
CONTRIBUTION TO ANGIOGENESIS

The extensive tumor vascularity, high endothelial
proliferation rates, and elevated VEGF production
within GBMs have provided promise for antiangio-
genic therapies.100 Indeed, in clinical trials using
the anti-VEGF antibody, Avastin, roughly half of
the patients responded to treatment.101,102

However, the effect was transient, and antiangio-
genic resistance developed inmost patients.102,103
Bao and colleagues56 reported the formation of
highly vascular and hemorrhagic tumors following
mice xenograft of purified CD1331 GBM cells rela-
tive to CD133� cells. CD1331 cells demonstrated
amarked elevation of VEGF expression in compar-
ison with CD133� cells in both normoxic and
hypoxic conditions. CD1331 promoted EC migra-
tion and formation of vasculature in vitro, and these
proangiogenic effects were blocked by treatment
with anti-VEGF antibodies (bevacizumab). In addi-
tion, bevacizumab reduced the growth and vascu-
larity of tumors derived from mice transplantation.
Recently, CD1331 GBM cells have demon-

strated to contribute to tumor neoangiogenesis
through direct transdifferentiation down endothe-
lial lineages to give rise to tumor-derived ECs
(TDECs).104–106 Wang and colleagues105 identified
a subpopulation within the CD1331 fraction of
GBM cells that coexpressed vascular endothelial
cadherin (CD144) that were capable of giving rise
to ECs. These TDECs harbored the same muta-
tions found within the parent tumor, namely, gains
in chromosome 7 and epidermal growth factor
receptor.105 He and colleagues104 further demon-
strated that CD1331 GBM CSCs are capable of
forming TDECs and were localized within niches
that were in close proximity to blood vessels.
Blood vessels surrounding CD1331 tumor cell
niches expressed tumor-specific markers, further
suggesting that these ECs are of neoplastic origin
and arise from the differentiation of GBM stem
cells.104

These TDEC comprised up to 90% of ECs in the
tumors and appeared to contribute to glioma
angiogenesis.105,106 Although CD1331/CD144�

cells were capable of sphere formation and differ-
entiation along neuronal lineages, cocultures of
tumor cells and purified CD1331/CD144� cells
generate ECs through intermediate CD1331/
CD1441 progenitor cells. When cultured in EC
media, CD1331/CD1441 cells lose CD144 expres-
sion and display features associated with an
epithelial phenotype (eg, CD105 andCD31 expres-
sion, and DiI-AcLDL uptake). Endothelium derived
from CD1331/CD1441 GBM cells formed ves-
sels with glomeruloid features morphologically
reminiscent of abnormal tumor vasculature. Unlike
CD133�/CD1441 cells, transplantation of CD1331/
CD1441 and CD1331/CD144� populations gave
rise to highly invasive and aggressive tumors,
with CD1331/CD1441-derived tumors displaying
significantly increased levels of angiogenesis. In
addition, CD1331/CD144� fractions were capable
of maintaining its multilineage potential follow-
ing serial transplantations. Elevated levels of
HIF-1a in tumors exposed to hypoxic conditions
lead to increased angiogenesis through VEGF



CD1331 Glioblastoma Cells 399
production.103,107,108 Similarly, hypoxia seems to
induce the transdifferentiation of select gliomacells
into ECs through elevation of HIF-1a levels
in vitro.103 However, unlike normal ECs, most
TDECs lacked VEGF-R1, VEGF-R2, and VEGF-R3
expression.103 Accordingly, treatment with anti-
VEGF did not inhibit in vivo TDEC tube formation
and did not produce improved survival in murine
GBM models.103 TDEC transdifferentiation is
VEGF independent and may explain GBM resis-
tance to anti-VEGF therapies.103 Furthermore,
selective targeting of TDEC in mouse xenografts
led to marked tumor regression, indicating that
TDECs play a critical role in maintaining tumor
viability.106

Although tumor angiogenesis is typically thought
to be driven by bone marrow–derived circulating
endothelial precursors,103,109 tumor cells appear
to be closely involved with tumor angiogenesis
and TDECs have been identified in other cancers,
including myeloma, lymphoma, and chronic
myelocytic leukemia.103,110–112 Taken together,
the data suggest that CD1331 GBM cells not only
are capable of giving rise to the tumor bulk but
also can contribute to tumor angiogenesis partly
through transdifferentiation through a CD1331/
CD1441 intermediate to generate ECs of neo-
plastic origin that can form functional vessels.
The Stem Cell Niche

Normal stem cells have been demonstrated to
exist within a stem cell niche comprising differen-
tiated cell types that help regulate and maintain
the stem cell trait.113–116 Coculture studies have
demonstrated a role of ECs within the stem cell
niche in modulating and maintaining NSCs.117

ECs secrete pigment epithelium–derived factor,
which modulates capacity for self-renewal in adult
neural stem cells within the subventricular zone.118

Similarly, other diffusible factors released by ECs
within the stem cell niche, including brain-derived
neurotrophic factor and leukemia inhibitory factor,
have been characterized to regulate NSC prolifer-
ation and differentiation.119,120 In addition, recent
studies have suggested that a parallel interaction
exists between glioma stem cells and tumor ECs
within the vascular niches critical in maintaining
CSCs.113

CD1331 brain tumor cells demonstrated a high
affinity for ECs and formed close interactions along
vascular tubes formed by primary human ECs
(PHECs) in culture. When CD1331 tumorspheres
were cocultured with PHECs, the tumorspheres
demonstrated heightened capacity for prolifera-
tion and self-renewal.113 ECs similarly enhanced
the CSC phenotype in vivo, as transplantation of
tumor cells into mice in the presence of PHECs
was associated with increased expansion of
CD1331 cells and quicker tumor initiation and
growth. Increased number of blood vessels in
tumor xenografts, and consequently an increase
in the release of endothelial derived factors, led
to a significant expansion of self-renewing tumori-
genic cells while treatment with antiangiogenic
drugs blocked tumor growth and depleted the
self-renewing CD1331/nestin1 tumor popula-
tion.113 A recent study of 87 resected grade II–IV
glioma samples identified CSC niches character-
ized by CD1331 blood vessels surrounding and
infiltrating CD1331 glioma cell clusters.121 Preva-
lence of CD1331 niches, ranging from 11.57% to
24.81%, was correlated with increasing tumor
grade and extent of CD1331 blood vessels. In
accordance with previous reports of glioma
CSC–derived EC cells, CD1331 cells were local-
ized around CD311 blood vessels that contained
cells that coexpressed CD31 and CD133. In
contrast to NSC maintained in predominantly
quiescent states by NSC niches, a fraction of
CD1331 cells within the neoplastic perivascular
niche were proliferating cell nuclear antigen posi-
tive and actively proliferating.121 Thus, ECs and
the vascular niche are critical for not only nutrient
supply but also providing a tumor microenviron-
ment that supports and promotes the proliferation
of CSCs.113

Recently endothelium-derived nitric oxide (NO)
was demonstrated to regulate stemlike features
of glioma cells within the perivascular niche in
platelet-derived growth factor–induced mouse
glioma models.122 Charles and Holland122 demon-
strated a close correlation between endothelial NO
synthase (eNOS) expression, which was limited to
ECs, and Notch1 expression in adjacent nestin1

glioma stem cells within the perivascular niche.
NO activation of the Notch signaling pathway
heightened the stemlike features of glioma cells
in vitro and enhanced tumorigenicity and tumor
growth in tumor xenografts. In addition, mice lack-
ing eNOS exhibited impaired notch pathway acti-
vation and tumor growth and improved survival.
These results complement the established role of
NO in mediating glioma angiogenesis and highlight
the critical importance of the tumor perivascular
niche in maintaining and supporting resident tu-
mor stem cells.122 Thus, the capacity for CD1331

CSCs to transdifferentiate and directly contribute
to tumor vasculature, to modulate regulated
angiogenesis, and to respond to endothelium-
derived signals, among other mechanisms, repre-
sents an intricate and bidirectional cross talk
between glioma CSCs and their microenvironment
niche.
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THERAPEUTIC POTENTIAL

The glycosylated CD133 epitope has been identi-
fied as a reliable tumor marker for the purification
of a subpopulation of GBM cells demonstrating
CSC phenotypes. Isolated tumorsphere-forming
CD1331 GBM cells demonstrated heightened
in vitro proliferation, self-renewal, and invasive
capacity. When cultured in prodifferentiation con-
ditions, CD1331 GBM cells were capable of differ-
entiating along neuronal, oligodendrocytic, and
astrocytic lineages. Orthotopic transplantation of
CD1331 cells led to the formation of heteroge-
neous tumors thatwere phenocopies of the original
patient tumor. Thus, CD1331 cells are highly
tumorigenic and demonstrate extensive capacity
for self-renewal even when challenged with serial
transplantation. Given these characteristic stem-
like properties of the CD1331 population, the
CSC model has been extended to GBMs. The
application of the CSC model may account for
the highly heterogeneous, invasive, and therapy-
resistant nature of GBMs67 and has directed inves-
tigators to identify specific cellular elements for
targeted therapies.
Later CSC studies using CD133-independent

means to isolate putative CSCs in GBMs have
demonstrated that these in vitro and in vivo CSC
features are not present in all CD1331 GBM cells
nor are they unique to the CD1331 subpopulation.
The identification and characterization of tumori-
genic CD133� cells has led to not only a greater
appreciation of the multifaceted regulation of
CD133 in GBMs but also a more comprehensive
understanding of the role of CD133 in GBM tumor-
igenesis. These findings have suggested several
models that are not necessarily mutually exclusive:
(1) CD1331 and CD133� GBM cells comprise
unique and separate CSC populations responsible
for driving the growth of different GBM subtypes,
(2) CD133� GBM cells are functionally heteroge-
neous and may comprise more primitive cells
capable of giving rise to tumorigenic CD1331

cells, and (3) the CD1331 stemlike phenotype is
transient and fluid, and CD133expression de-
pends on temporally and spatially dynamic intra-
cellular and extracellular cues.
Most of the studies analyzing CD133 expres-

sion are faced with technical challenges from
accounting for the complex genetic and epigenetic
regulation of CD133 to the ability of the in vitro and
in vivo assays to reflect the true physiologic role of
CD133 in patients’ tumors. However, a growing
number of studies have linked clinical outcomes
with the presence of CD1331 cells within resected
tumors.50,55,123,124 Analysis of 95 resected gliomas
found that increased CD133 expression and
presence of CD1331 clusters were significant
prognostic predictors of worse overall survival
and progression-free survival independent of
glioma grade, patient age, or extent of resection.50

In addition, greater extent of CD133 expression is
correlatedwith increasing glioma grade and is typi-
cally found in advanced-stage gliomas.125 The
greater reliability of CD133 expression relative to
histologic analysis in predicting patient outcomes
has suggested that the gain of CD133 expression
may be a key step in the progression to secondary
GBM.124 Furthermore, CD1331 cells have been
found to play a critical role in mediating GBM resis-
tance to radiation and chemotherapy. Standard
cancer treatments, which mainly target rapidly
dividing cells of the tumor bulk, are not effective
in eradicating CSCs, which are slowly dividing
andoften quiescent cells.GBMCSCspreferentially
activate DNA checkpoint proteins to ensure proper
repair of DNA damage resulting from treatment.126

CD1331 glioma cells persist in greater fractions
after treatment with ionizing radiation through pref-
erentially activating Chk1 and Chk2 checkpoint
kinases, and this radioresistance is lost following
Chk1 and Chk2 inhibition.126 Chemoresistance of
CD1331 glioma cells is mediated through several
mechanisms, including the upregulation of adeno-
sine triphosphate–binding cassette transporters
to facilitate drug efflux,127 elevated expression of
multidrug-resistant associated proteins 1 and
3,128 and the enrichment of the “side population”
that is resistant to cytotoxic drugs.60 In addition,
CD1331 glioma cells upregulate the DNA repair
protein, O-methylguanine-DNA methyltransferase,
as well as other antiapoptotic genes, including Bcl-
2, Bcl-X, and FLIP.129 Adjacent ECs within the
perivascular niche, along with the activation of a
number of developmental pathways, have been
suggested to contribute to CD1331 GBM resis-
tance to radiotherapy and chemotherapy.26,130

While CD1330s status as a stable, obvious CSC
is still not established and its biological functions
are unclear, CD133 remains a promising marker
for targeted and personalized therapeutic inter-
vention. Although several putative models exist,
CD133 consistently identifies cells with not only
stemlike properties intimately involved with tumor
growth and angiogenesis but also profound clin-
ical consequences in dictating patient outcomes
and resistance to chemotherapy and radiotherapy.
Thus, targeting the CD1331 subpopulation repre-
sents a promising adjuvant in conjunction with
standard therapies. Several exciting and novel
approaches have been proposed, including treat-
ment with prodifferentiation agents, drugs that
target aberrant CSC signaling pathways, disrup-
tion of the perivascular niche, and the use of
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CSC-targeted immunotherapies. Research into
therapies targeting CSCs is still in nascent stages
and must consider several challenges: (1) several
different and heterogeneous glioma CSCs may
exist, (2) the CSC phenotype is regulated by
several complex extracellular and intracellular
mechanisms, and (3) treatment of glioma CSCs
may also affect healthy neural stem cells that share
similar markers and phenotypes.26 Indeed, the
optimal treatment strategies likely include a combi-
natorial approach and rely on continued explora-
tion of the complex regulation of GBM CSCs and
their underlying biology.
ACKNOWLEDGMENTS

Marko Spasic was partially supported by an
American Association of Neurological Surgeons
Fellowship. Daniel Nagasawa was supported by
an American Brain Tumor Association Medical
Student Summer Fellowship in Honor of Connie
Finc. Isaac Yang (senior author) was partially sup-
ported by a Visionary Fund Grant, an Eli and
Edythe Broad Center of Regenerative Medicine
and Stem Cell Research UCLA Scholars in Trans-
lational Medicine Program Award, and the STOP
CANCER Jason Dessel Memorial Seed Grant.
REFERENCES

1. Stupp R, Mason WP, van den Bent MJ, et al. Radio-

therapy plus concomitant and adjuvant temozolo-

mide for glioblastoma. N Engl J Med 2005;352:

987–96.

2. Holland EC. Glioblastoma multiforme: the termi-

nator. Proc Natl Acad Sci U S A 2000;97:6242–4.

3. Clevers H. The cancer stem cell: premises, prom-

ises and challenges. Nat Med 2011;17:313–9.

4. Dirks PB. Brain tumour stem cells: the undercur-

rents of human brain cancer and their relationship

to neural stem cells. Philos Trans R Soc Lond B

Biol Sci 2008;363:139–52.

5. Yin AH, Miraglia S, Zanjani ED, et al. AC133, a novel

marker for human hematopoietic stem and progen-

itor cells. Blood 1997;90:5002–12.

6. Mizrak D, Brittan M, Alison MR. CD133: molecule of

the moment. J Pathol 2008;214:3–9.

7. Wan F, Zhang S, Xie R, et al. The utility and limita-

tions of neurosphere assay, CD133 immunopheno-

typing and side population assay in glioma stem

cell research. Brain Pathol 2010;20:877–89.

8. Bidlingmaier S, Zhu X, Liu B. The utility and limitations

of glycosylated human CD133 epitopes in defining

cancerstemcells. JMolMed(Berl) 2008;86:1025–32.

9. Shmelkov SV, St Clair R, Lyden D, et al. AC133/

CD133/Prominin-1. Int J Biochem Cell Biol 2005;

37:715–9.
10. Miraglia S, Godfrey W, Yin AH, et al. A novel five-

transmembrane hematopoietic stem cell antigen:

isolation, characterization, and molecular cloning.

Blood 1997;90:5013–21.

11. Corbeil D, Roper K, Fargeas CA, et al. Prominin:

a story of cholesterol, plasma membrane protru-

sions and human pathology. Traffic 2001;2:82–91.

12. MawMA, Corbeil D, Koch J, et al. A frameshift muta-

tion in prominin (mouse)-like 1 causes human retinal

degeneration. Hum Mol Genet 2000;9:27–34.

13. Zacchigna S, Oh H, Wilsch-Brauninger M, et al.

Loss of the cholesterol-binding protein prominin-

1/CD133 causes disk dysmorphogenesis and

photoreceptor degeneration. J Neurosci 2009;29:

2297–308.

14. Barcelos LS, Duplaa C, Krankel N, et al. Human

CD1331 progenitor cells promote the healing of

diabetic ischemic ulcers by paracrine stimulation

of angiogenesis and activation of Wnt signaling.

Circ Res 2009;104:1095–102.

15. Ji J, Black KL, Yu JS. Glioma stem cell research for

the development of immunotherapy. Neurosurg

Clin N Am 2010;21:159–66.

16. Campos B, Herold-Mende CC. Insight into the

complex regulation of CD133 in glioma. Int J

Cancer 2011;128:501–10.

17. Uchida N, Buck DW, He D, et al. Direct isolation of

human central nervous system stem cells. Proc

Natl Acad Sci U S A 2000;97:14720–5.

18. Tamaki S, Eckert K, He D, et al. Engraftment of

sorted/expanded human central nervous system

stem cells from fetal brain. J Neurosci Res 2002;

69:976–86.

19. Schwartz PH, Bryant PJ, Fuja TJ, et al. Isolation

and characterization of neural progenitor cells

from post-mortem human cortex. J Neurosci Res

2003;74:838–51.

20. Belicchi M, Pisati F, Lopa R, et al. Human skin-

derived stem cells migrate throughout forebrain

and differentiate into astrocytes after injection into

adult mouse brain. J Neurosci Res 2004;77:475–86.

21. Hao HN, Zhao J, Thomas RL, et al. Fetal human

hematopoietic stem cells can differentiate sequen-

tially into neural stem cells and then astrocytes

in vitro. J Hematother StemCell Res 2003;12:23–32.

22. Peichev M, Naiyer AJ, Pereira D, et al. Expression

of VEGFR-2 and AC133 by circulating human

CD34(1) cells identifies a population of functional

endothelial precursors. Blood 2000;95:952–8.

23. Corbeil D, Roper K, Hellwig A, et al. The human

AC133 hematopoietic stem cell antigen is also ex-

pressed in epithelial cells and targeted to plasma

membrane protrusions. J Biol Chem 2000;275:

5512–20.

24. Richardson GD, Robson CN, Lang SH, et al.

CD133, a novel marker for human prostatic epithe-

lial stem cells. J Cell Sci 2004;117:3539–45.



Choy et al402
25. Leong KG, Wang BE, Johnson L, et al. Generation

of a prostate from a single adult stem cell. Nature

2008;456:804–8.

26. Cheng JX, Liu BL, Zhang X. How powerful is

CD133 as a cancer stem cell marker in brain

tumors? Cancer Treat Rev 2009;35:403–8.

27. Tirino V, Desiderio V, d’Aquino R, et al. Detection

and characterization of CD1331 cancer stem

cells in human solid tumours. PLoS One 2008;3:

e3469.

28. Zhou L, Wei X, Cheng L, et al. CD133, one of the

markers of cancer stem cells in Hep-2 cell line.

Laryngoscope 2007;117:455–60.

29. Frank NY, Margaryan A, Huang Y, et al. ABCB5-

mediated doxorubicin transport and chemoresist-

ance in human malignant melanoma. Cancer Res

2005;65:4320–33.

30. Frank NY, Pendse SS, Lapchak PH, et al. Reg-

ulation of progenitor cell fusion by ABCB5 P-

glycoprotein, a novel human ATP-binding cassette

transporter. J Biol Chem 2003;278:47156–65.

31. Klein WM, Wu BP, Zhao S, et al. Increased expres-

sion of stem cell markers in malignant melanoma.

Mod Pathol 2007;20:102–7.

32. Monzani E, Facchetti F, Galmozzi E, et al. Mela-

noma contains CD133 and ABCG2 positive cells

with enhanced tumourigenic potential. Eur J

Cancer 2007;43:935–46.

33. Wright MH, Calcagno AM, Salcido CD, et al. Brca1

breast tumors contain distinct CD441/CD24- and

CD1331 cells with cancer stem cell characteris-

tics. Breast Cancer Res 2008;10:R10.

34. Suetsugu A, Nagaki M, Aoki H, et al. Characteriza-

tion of CD1331 hepatocellular carcinoma cells as

cancer stem/progenitor cells. Biochem Biophys

Res Commun 2006;351:820–4.

35. Collins AT, Berry PA, Hyde C, et al. Prospective

identification of tumorigenic prostate cancer stem

cells. Cancer Res 2005;65:10946–51.

36. Miki J, Furusato B, Li H, et al. Identification of puta-

tive stem cell markers, CD133 and CXCR4, in

hTERT-immortalized primary nonmalignant and

malignant tumor-derived human prostate epithelial

cell lines and in prostate cancer specimens.

Cancer Res 2007;67:3153–61.

37. Shmelkov SV, Jun L, St Clair R, et al. Alternative

promoters regulate transcription of the gene that

encodes stem cell surface protein AC133. Blood

2004;103:2055–61.

38. Kratz-Albers K, Zuhlsdorp M, Leo R, et al. Expres-

sion of a AC133, a novel stem cell marker, on

human leukemic blasts lacking CD34-antigen and

on a human CD341 leukemic line:MUTZ-2. Blood

1998;92:4485–7.

39. Buhring HJ, Seiffert M, Marxer A, et al. AC133

antigen expression is not restricted to acute

myeloid leukemia blasts but is also found on acute
lymphoid leukemia blasts and on a subset of

CD34 1 B-cell precursors. Blood 1999;94:832–3.

40. Tirino V, Camerlingo R, Franco R, et al. The role of

CD133 in the identification and characterisation of

tumour-initiating cells in non-small-cell lung cancer.

Eur J Cardiothorac Surg 2009;36:446–53.

41. Taylor MD, Poppleton H, Fuller C, et al. Radial glia

cells are candidate stem cells of ependymoma.

Cancer Cell 2005;8:323–35.

42. Vescovi AL, Galli R, Reynolds BA. Brain tumour

stem cells. Nat Rev Cancer 2006;6:425–36.

43. Ignatova TN, Kukekov VG, Laywell ED, et al.

Human cortical glial tumors contain neural stem-

like cells expressing astroglial and neuronal

markers in vitro. Glia 2002;39:193–206.

44. Singh SK, Clarke ID, Terasaki M, et al. Identification

of a cancer stem cell in human brain tumors.

Cancer Res 2003;63:5821–8.

45. Singh SK, Hawkins C, Clarke ID, et al. Identification

of human brain tumour initiating cells. Nature 2004;

432:396–401.

46. Houchens DP, Ovejera AA, Riblet SM, et al. Human

brain tumor xenografts in nude mice as a chemo-

therapy model. Eur J Cancer Clin Oncol 1983;19:

799–805.

47. Hu B, Guo P, Fang Q, et al. Angiopoietin-2 induces

human glioma invasion through the activation of

matrix metalloprotease-2. Proc Natl Acad Sci U S A

2003;100:8904–9.

48. Galli R, Binda E, Orfanelli U, et al. Isolation and

characterization of tumorigenic, stem-like neural

precursors from human glioblastoma. Cancer Res

2004;64:7011–21.

49. Yuan X, Curtin J, Xiong Y, et al. Isolation of cancer

stem cells from adult glioblastoma multiforme.

Oncogene 2004;23:9392–400.

50. Zeppernick F, Ahmadi R, Campos B, et al. Stem

cell marker CD133 affects clinical outcome in

glioma patients. Clin Cancer Res 2008;14:123–9.

51. Clément V, Dutoit V, Marino D, et al. Limits of

CD133 as a marker of glioma self-renewing cells.

Int J Cancer 2009;125:244–8.

52. Joo KM, Kim SY, Jin X, et al. Clinical and biological

implications of CD133-positive and CD133-

negative cells in glioblastomas. Lab Invest 2008;

88:808–15.

53. Shu Q, Wong KK, Su JM, et al. Direct orthotopic

transplantation of fresh surgical specimen pre-

serves CD1331 tumor cells in clinically relevant

mouse models of medulloblastoma and glioma.

Stem Cells 2008;26:1414–24.

54. Wang J, Sakariassen PO, Tsinkalovsky O, et al.

CD133 negative glioma cells form tumors in nude

rats and give rise to CD133 positive cells. Int J

Cancer 2008;122:761–8.

55. Yan X, Ma L, Yi D, et al. A CD133-related gene

expression signature identifies an aggressive



CD1331 Glioblastoma Cells 403
glioblastoma subtype with excessive mutations.

Proc Natl Acad Sci U S A 2011;108:1591–6.

56. Bao S, Wu Q, Sathornsumetee S, et al. Stem cell-

like glioma cells promote tumor angiogenesis

through vascular endothelial growth factor. Cancer

Res 2006;66:7843–8.

57. Beier D, Hau P, Proescholdt M, et al. CD133(1)

and CD133(-) glioblastoma-derived cancer stem

cells show differential growth characteristics and

molecular profiles. Cancer Res 2007;67:4010–5.

58. Son MJ, Woolard K, Nam DH, et al. SSEA-1 is

an enrichment marker for tumor-initiating cells in

human glioblastoma. Cell Stem Cell 2009;4:

440–52.

59. Kondo T, Setoguchi T, Taga T. Persistence of a small

subpopulation of cancer stem-like cells in the C6

glioma cell line. Proc Natl Acad Sci U S A 2004;

101:781–6.

60. Wu A, Oh S, Wiesner SM, et al. Persistence of

CD1331 cells in human and mouse glioma cell

lines: detailed characterization of GL261 glioma

cells with cancer stem cell-like properties. Stem

Cells Dev 2008;17:173–84.

61. Broadley KW, Hunn MK, Farrand KJ, et al. Side

population is not necessary or sufficient for

a cancer stem cell phenotype in glioblastoma mul-

tiforme. Stem Cells 2011;29:452–61.

62. Lathia JD, Gallagher J, Heddleston JM, et al. Integ-

rin alpha 6 regulates glioblastoma stem cells. Cell

Stem Cell 2010;6:421–32.

63. Ogden AT, Waziri AE, Lochhead RA, et al. Identifi-

cation of A2B51CD133- tumor-initiating cells in

adult human gliomas. Neurosurgery 2008;62:

505–14 [discussion: 514–5].

64. Tabatabai G, Weller M. Glioblastoma stem cells.

Cell Tissue Res 2011;343:459–65.

65. GuntherHS, SchmidtNO,PhillipsHS, et al. Glioblas-

toma-derived stem cell-enriched cultures form

distinct subgroups according to molecular and

phenotypic criteria. Oncogene 2008;27:2897–909.

66. Rasper M, Schafer A, Piontek G, et al. Aldehyde

dehydrogenase 1 positive glioblastoma cells

show brain tumor stem cell capacity. Neuro Oncol

2010;12:1024–33.

67. Fatoo A, Nanaszko MJ, Allen BB, et al. Under-

standing the role of tumor stem cells in glioblas-

toma multiforme: a review article. J Neurooncol

2011;103:397–408.

68. Zheng X, Shen G, Yang X, et al. Most C6 cells are

cancer stem cells: evidence from clonal and popu-

lation analyses. Cancer Res 2007;67:3691–7.

69. Lee J, Kotliarova S, Kotliarov Y, et al. Tumor

stem cells derived from glioblastomas cultured

in bFGF and EGF more closely mirror the pheno-

type and genotype of primary tumors than do

serum-cultured cell lines. Cancer Cell 2006;9:

391–403.
70. Fargeas CA, Joester A, Missol-Kolka E, et al. Iden-

tification of novel Prominin-1/CD133 splice variants

with alternative C-termini and their expression

in epididymis and testis. J Cell Sci 2004;117:

4301–11.

71. Osmond TL, Broadley KW, McConnell MJ. Glio-

blastoma cells negative for the anti-CD133 anti-

body AC133 express a truncated variant of the

CD133 protein. Int J Mol Med 2010;25:883–8.

72. Florek M, Haase M, Marzesco AM, et al. Prominin-

1/CD133, a neural and hematopoietic stem cell

marker, is expressed in adult human differentiated

cells and certain types of kidney cancer. Cell

Tissue Res 2005;319:15–26.

73. Shackleton M, Quintana E, Fearon ER, et al.

Heterogeneity in cancer: cancer stem cells versus

clonal evolution. Cell 2009;138:822–9.

74. Lottaz C, Beier D, Meyer K, et al. Transcriptional

profiles of CD1331 and CD133- glioblastoma-

derived cancer stem cell lines suggest different

cells of origin. Cancer Res 2010;70:2030–40.

75. Phillips HS, Kharbanda S, Chen R, et al. Molecular

subclasses of high-grade glioma predict prog-

nosis, delineate a pattern of disease progression,

and resemble stages in neurogenesis. Cancer

Cell 2006;9:157–73.

76. Chen R, Nishimura MC, Bumbaca SM, et al.

A hierarchy of self-renewing tumor-initiating cell

types in glioblastoma. Cancer Cell 2010;17:362–75.

77. Dai C, Celestino JC, Okada Y, et al. PDGF auto-

crine stimulation dedifferentiates cultured astro-

cytes and induces oligodendrogliomas and

oligoastrocytomas from neural progenitors and

astrocytes in vivo. Genes Dev 2001;15:1913–25.

78. Read TA, Fogarty MP, Markant SL, et al. Identifica-

tion of CD15 as a marker for tumor-propagating

cells in a mouse model of medulloblastoma.

Cancer Cell 2009;15:135–47.

79. Schuller U, Heine VM, Mao J, et al. Acquisition of

granule neuron precursor identity is a critical deter-

minant of progenitor cell competence to form Shh-

induced medulloblastoma. Cancer Cell 2008;14:

123–34.

80. Uhrbom L, Dai C, Celestino JC, et al. Ink4a-Arf loss

cooperates with KRas activation in astrocytes and

neural progenitors to generate glioblastomas of

various morphologies depending on activated

Akt. Cancer Res 2002;62:5551–8.

81. Yang ZJ, Ellis T, Markant SL, et al. Medulloblastoma

can be initiated by deletion of Patched in lineage-

restricted progenitors or stem cells. Cancer Cell

2008;14:135–45.

82. Engebraaten O, Hjortland GO, Hirschberg H, et al.

Growth of precultured human glioma specimens in

nude rat brain. J Neurosurg 1999;90:125–32.

83. Kaloshi G, Mokhtari K, Carpentier C, et al. FABP7

expression in glioblastomas: relation to prognosis,



Choy et al404
invasion and EGFR status. J Neurooncol 2007;84:

245–8.

84. Liang Y, Bollen AW, Aldape KD, et al. Nuclear

FABP7 immunoreactivity is preferentially expressed

in infiltrative glioma and is associated with poor

prognosis in EGFR-overexpressing glioblastoma.

BMC Cancer 2006;6:97.

85. Arai Y, Funatsu N, Numayama-Tsuruta K, et al. Role

of Fabp7, a downstream gene of Pax6, in the main-

tenance of neuroepithelial cells during early embry-

onic development of the rat cortex. J Neurosci

2005;25:9752–61.

86. McCord AM, Jamal M, Shankavaram UT, et al.

Physiologic oxygen concentration enhances the

stem-like properties of CD1331 human glio-

blastoma cells in vitro. Mol Cancer Res 2009;7:

489–97.

87. Pouyssegur J, Dayan F, Mazure NM. Hypoxia sig-

nalling in cancer and approaches to enforce tu-

mour regression. Nature 2006;441:437–43.

88. Keith B, Simon MC. Hypoxia-inducible factors,

stem cells, and cancer. Cell 2007;129:465–72.

89. Evans SM, Judy KD, Dunphy I, et al. Hypoxia is

important in the biology and aggression of human

glial brain tumors. Clin Cancer Res 2004;10:

8177–84.

90. Dings J, Meixensberger J, Jager A, et al. Clinical

experience with 118 brain tissue oxygen partial

pressure catheter probes. Neurosurgery 1998;43:

1082–95.

91. Platet N, Liu SY, Atifi ME, et al. Influence of oxygen

tension on CD133 phenotype in human glioma cell

cultures. Cancer Lett 2007;258:286–90.

92. Griguer CE, Oliva CR, Gobin E, et al. CD133 is

a marker of bioenergetic stress in human glioma.

PLoS One 2008;3:e3655.

93. Li Z, Wang H, Eyler CE, et al. Turning cancer stem

cells inside out: an exploration of glioma stem

cell signaling pathways. J Biol Chem 2009;284:

16705–9.

94. Matsumoto K, Arao T, Tanaka K, et al. mTOR signal

and hypoxia-inducible factor-1 alpha regulate

CD133 expression in cancer cells. Cancer Res

2009;69:7160–4.

95. Forristal CE, Wright KL, Hanley NA, et al. Hypoxia

inducible factors regulate pluripotency and prolifer-

ation in human embryonic stem cells cultured at

reduced oxygen tensions. Reproduction 2010;

139:85–97.

96. Tabu K, Sasai K, Kimura T, et al. Promoter hypome-

thylation regulates CD133 expression in human

gliomas. Cell Res 2008;18:1037–46.

97. Yi JM, Tsai HC, Glockner SC, et al. Abnormal DNA

methylation of CD133 in colorectal and glioblas-

toma tumors. Cancer Res 2008;68:8094–103.

98. Jaksch M, Munera J, Bajpai R, et al. Cell cycle-

dependent variation of a CD133 epitope in human
embryonic stem cell, colon cancer, and melanoma

cell lines. Cancer Res 2008;68:7882–6.

99. Gray D, Jubb AM, Hogue D, et al. Maternal embry-

onic leucine zipper kinase/murine protein serine-

threonine kinase 38 is a promising therapeutic

target for multiple cancers. Cancer Res 2005;65:

9751–61.

100. El Hallani S, Boisselier B, Peglion F, et al. A new

alternative mechanism in glioblastoma vasculariza-

tion: tubular vasculogenic mimicry. Brain 2010;133:

973–82.

101. Kreisl TN, Kim L, Moore K, et al. Phase II trial of

single-agent bevacizumab followed by bevacizu-

mab plus irinotecan at tumor progression in recur-

rent glioblastoma. J Clin Oncol 2009;27:740–5.

102. Vredenburgh JJ, Desjardins A, Herndon JE 2nd,

et al. Phase II trial of bevacizumab and irinotecan

in recurrent malignant glioma. Clin Cancer Res

2007;13:1253–9.

103. Soda Y, Marumoto T, Friedmann-Morvinski D, et al.

Transdifferentiation of glioblastoma cells into

vascular endothelial cells. Proc Natl Acad Sci U S

A 2011;108:4274–80.

104. He H, Niu CS, Li MW. Correlation between glioblas-

toma stem-like cells and tumor vascularization. On-

col Rep 2012;27:45–50.

105. Wang R, Chadalavada K, Wilshire J, et al. Glioblas-

toma stem-like cells give rise to tumour endothe-

lium. Nature 2010;468:829–33.

106. Ricci-Vitiani L, Pallini R, Biffoni M, et al. Tumour

vascularization via endothelial differentiation of

glioblastoma stem-like cells. Nature 2010;468:

824–8.

107. Marumoto T, Tashiro A, Friedmann-Morvinski D,

et al. Development of a novel mouse glioma model

using lentiviral vectors. Nat Med 2009;15:110–6.

108. Bergers G, Benjamin LE. Tumorigenesis and the

angiogenic switch. Nat Rev Cancer 2003;3:

401–10.

109. Bertolini F, Shaked Y, Mancuso P, et al. The multi-

faceted circulating endothelial cell in cancer:

towards marker and target identification. Nat Rev

Cancer 2006;6:835–45.

110. Gunsilius E, Duba HC, Petzer AL, et al. Evidence

from a leukaemia model for maintenance of

vascular endothelium by bone-marrow-derived

endothelial cells. Lancet 2000;355:1688–91.

111. Streubel B, Chott A, Huber D, et al. Lymphoma-

specific genetic aberrations in microvascular endo-

thelial cells in B-cell lymphomas. N Engl J Med

2004;351:250–9.

112. Rigolin GM, Fraulini C, Ciccone M, et al. Neoplastic

circulating endothelial cells in multiple myeloma

with 13q14 deletion. Blood 2006;107:2531–5.

113. Calabrese C, Poppleton H, Kocak M, et al.

A perivascular niche for brain tumor stem cells.

Cancer Cell 2007;11:69–82.



CD1331 Glioblastoma Cells 405
114. Fuchs E, Tumbar T, Guasch G. Socializing with the

neighbors: stem cells and their niche. Cell 2004;

116:769–78.

115. Moore KA, Lemischka IR. Stem cells and their

niches. Science 2006;311:1880–5.

116. Borovski T, De Sousa EMF, Vermeulen L, et al.

Cancer stem cell niche: the place to be. Cancer

Res 2011;71:634–9.

117. Shen Q, Goderie SK, Jin L, et al. Endothelial cells

stimulate self-renewal and expand neurogenesis

of neural stem cells. Science 2004;304:1338–40.

118. Ramirez-Castillejo C, Sanchez-Sanchez F, Andreu-

Agullo C, et al. Pigment epithelium-derived factor is

a niche signal for neural stem cell renewal. Nat

Neurosci 2006;9:331–9.

119. Leventhal C, Rafii S, Rafii D, et al. Endothelial

trophic support of neuronal production and recruit-

ment from the adult mammalian subependyma.

Mol Cell Neurosci 1999;13:450–64.

120. Louissaint A Jr, Rao S, Leventhal C, et al. Coordi-

nated interaction of neurogenesis and angiogen-

esis in the adult songbird brain. Neuron 2002;34:

945–60.

121. He H, Li MW, Niu CS. The pathological characteris-

tics of glioma stem cell niches. J Clin Neurosci

2012;19(1):121–7.

122. Charles N, Holland EC. The perivascular niche

microenvironment in brain tumor progression. Cell

Cycle 2010;9:3012–21.
123. Pallini R, Ricci-Vitiani L, Banna GL, et al. Cancer

stem cell analysis and clinical outcome in patients

with glioblastoma multiforme. Clin Cancer Res

2008;14:8205–12.

124. Beier D, Wischhusen J, Dietmaier W, et al. CD133

expression and cancer stem cells predict prog-

nosis in high-grade oligodendroglial tumors. Brain

Pathol 2008;18:370–7.

125. Kong DS, Kim MH, Park WY, et al. The progression

of gliomas is associated with cancer stem cell

phenotype. Oncology Reports 2008;19:639–43.

126. Bao S, Wu Q, McLendon RE, et al. Glioma stem

cells promote radioresistance by preferential acti-

vation of the DNA damage response. Nature

2006;444:756–60.

127. Angelastro JM, Lame MW. Overexpression of

CD133 promotes drug resistance in C6 glioma

cells. Mol Cancer Res 2010;8:1105–15.

128. Salmaggi A, Boiardi A, Gelati M, et al. Glioblas-

toma-derived tumorospheres identify a population

of tumor stem-like cells with angiogenic potential

and enhanced multidrug resistance phenotype.

Glia 2006;54:850–60.

129. LiuG, Yuan X, ZengZ, et al. Analysis of gene expres-

sion and chemoresistance of CD1331 cancer stem

cells in glioblastoma. Mol Cancer 2006;5:67.

130. Das S, Srikanth M, Kessler JA. Cancer stem

cells and glioma. Nat Clin Pract Neurol 2008;4:

427–35.


	CD133 as a Marker for Regulation and Potential for Targeted Therapies in Glioblastoma Multiforme
	Introduction
	Cancer Stem Cells

	Discovery of CD133
	CD133 as a stem cell marker
	Gliomas

	CD133− cells in gliomas
	Limitations

	Linking CD133− and CD133+ subpopulations
	The Multiple CSC Model
	The Hierarchical Model
	The Dynamic Model

	Contribution to angiogenesis
	The Stem Cell Niche

	Therapeutic potential
	Acknowledgments
	References


