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CD133 is widely used as a marker for the isolation and
characterization of normal and cancer stem cells. The
dynamic alternation of CD133 glycosylation contrib-
utes to the isolation of normal and cancer stem cells,
and is supposed to be associated with cell differenti-
ation. Although CD133 has been identified as a N-gly-
cosylated protein, the specific glycosylation status of
CD133 remain unclear. Here, we found that CD133
could be sialylated in neural stem cells and glioma-
initiating cells, and the sialyl residues attach to
CD133N-glycan terminal via a2,3-linkage. Furthermore,
desialylation of CD133 by neuraminidase specifically ac-
celerates its degradation in lysosomes-dependent pathway.
Taken together, our results characterized CD133 as an
a2,3-sialylated glycoprotein and revealed that the sialyla-
tion modification contributes to the stability of CD133
protein, providing clues to understanding the function of
CD133 molecular and to understanding the utility of gly-
cosylated CD133 epitopes in defining neural stem cells
and tumour-initiating cells.
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Abbreviations: CHX, cycloheximide; CSCs, cancer
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CD133, also known as Prominin 1, is a founding
member of pentaspan transmembrane glycoproteins
that are thought to act as the organizers of

plasma-membrane protrusions (1, 2). The general
interest in CD133 has grown rapidly, since it appears
to be an important cell surface marker widely used to
identify and isolate normal and cancer stem cells
(CSCs) from various tissues including brain (3�5).
CD133-positive human brain tumour cell fraction (as
opposed to CD133-negative) contains cells that initiate
tumour information in immunodeficient mice (6�10),
raising the exciting possibility that CD133 becomes a
molecular target for effective cancer therapies.

However, it remains unclear at this point how
CD133 contributes to CSCs characteristics such as re-
sistance to therapy, self-renewal and differentiation.
CD133 protein is predicted to contain eight N-linked
glycosylation sites, all within the putative extracellular
domains (4, 11, 12). Because the anti-CD133 antibo-
dies typically used, that are AC133 and AC141 mAbs,
recognize undefined glycosylated epitopes (4, 12), it is
hypothesized that the glycosylation status of CD133,
rather than the expression of CD133 protein itself, can
act as an indirect marker of the stem cells (13). This
idea is supported by the findings in K. Kemper’s pub-
lication, where it is reported that CD133 mRNA and
protein are not decreased when CSCs differentiate and
lose their ‘stemness’, but that the epitope for AC133 is
lost (maybe due to a change in glycosylation and a
resulting distinct overall tertiary structure) (14),
suggesting that the dynamic glycosylation of CD133
might play a critical role in its biological functions.
Thus, identification of CD133 glycosylation status,
which might be different in cells at different stages of
differentiation and in different tissues, means a crucial
step in defining the potential role of CD133 in normal
and CSCs.

Glycosylation is one of the most frequently occur-
ring co- or post-translational modifications made to
proteins (15). The polysaccharide chains attached to
the target proteins are primarily localized on the
plasma-membrane surface of cells and participate in
many key biological processes including cell adhesion,
molecular trafficking, receptor activation, signal trans-
duction and endocytosis (15�21). Normal and CSCs
may be distinguished by the expression of the carbo-
hydrate antigens (22). The carbohydrate antigens car-
ried by oligosaccharides are mainly localized on the
plasma membrane surface of the cells and they serve
as excellent biomarkers for various stages of cellular
differentiation (22, 23). Furthermore, oligosaccharides
have also been suggested to have a wide range of re-
ceptor and signaling functions in NSCs (22, 23). Thus,
understandings the glycosylation modification of pro-
teins regulating the characteristics of stem cells provide
us the clues for understating stem cell biology.

Here, we found that CD133 could be terminally
sialylated in both neural stem cells (NSCs) and
glioma-initiating cells (GICs). These sialyl residues
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attached to the N-glycan of CD133 via a2,3-linkage.
Furthermore, desialylation reduced the stability of
CD133 which was degraded by the lysosome-
dependent pathway rather than by the protease-
dependent pathway. Our results identified the
characteristics of terminal sialic acid (SA) of CD133
as a a2,3-linkage, enhancing our understanding of the
utility of glycosylated CD133 epitopes in defining
NSCs and tumour-initiating cells (TICs).

Materials and Methods

Antibodies and reagents
Mouse monoclonal anti-GFP antibody was purchased from Roche
Applied Science, mouse anti-CD133 antibody (W6B3C1) was pur-
chased from Miltenyi Biotec, and mouse anti-b-actin antibody was
purchased from Sigma-Aldrich. Goat anti-mouse-HRP secondary
antibody was purchased from Santa Cruz Biotechnology.
a2,3-neuraminidase was purchased from New England Biolabs.
a2-3,6,8-Neuraminidase was purchased from Sigma. Biotinylated
MAA lectin was purchased from Vector Laboratories.
Streptavidin-HRP was purchased from Southern Biotech.
Peptide-N-glycosidase F (PNGase F) was purchased from sigma.

Cell culture and transfection
Human NSCs and human GICs were cultured in Dulbecco’s mod-
ified Eagle’s and F12 media supplemented with B27 (Invitrogen),
2 mg/ml heparin (Sigma), 20 ng/ml EGF (Chemicon) and 20 ng/ml
FGF-2 (Chemicon). To establish U87MG that stably expressed
CD133, U87MG were transfected with pEGFP-N1 vector or
pEGFP-N1 containing a cDNA sequence encoding CD133 by
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions (24). After 72 h transfection, the cells were selected in
the DMEM containing G418 (400 mg/ml). After 3 weeks of growth in
the selection medium containing 400 mg/ml of G418, the individual
G418-resistant clones were selected and analysed. The stablely trans-
fected U87MG cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum,
100U/ml penicillin and 50 mg/ml streptomycin at 37�C in a humidi-
fied CO2 incubator (5% CO2, 95% air).

Immunoblot, immunoprecipitation and lectin blot
Cell extracts were prepared using the lysis buffer containing 80mM
Tris pH 6.8, 2% SDS, 15% glycerol, 0.01% bromophenol blue,
5% b-mercaptoethanol supplemented with a cocktail of protease
inhibitors (Roche, Indianapolis, IN, USA). The cell lysates were
resolved by SDS�PAGE under reducing conditions using 8% gels.
After electrophoresis, proteins were transferred to PVDF membrane
(BioRad) and were probed with the appropriate antibody followed
by HRP-conjugated secondary antibody and an enhanced chemilu-
minescent substrate.

For immunoprecipitation of CD133, �1.0� 107 U87MG/
CD133-GFP cells were harvested in the lysis buffer [50mM Tris
(pH 7.5), 150mM NaCl, 1% TritonX-100, 2mM EDTA, 60mM
b-glycerophosphate, 1mM sodium orthovanadate, 20mM NaF,
10 mg/ml aprotinin, 10 mg/ml leupeptin and 1mM PMSF]. Then,
immunoprecipitations were carried out with the indicated antibodies
and protein G-agarose beads according to the manufacturer’s proto-
col. The immunoprecipitates were subjected to western blot analysis
according to the standard procedures. For lectin staining, the PVDF
membrane was blocked in 5% BSA in TBS for 4 h at room tempera-
ture. The membrane was washed twice for 10min with TBS, then
once with lectin vehicle (1mM MgCl2, 1mM MnCl2 and 1mM
CaCl2 in TBS) before 1 h incubation with biotinylated MAA lectin
(1 : 2000, Vector Laboratories). The membrane was washed three
times for 10min each in TBST (1% Tween-20 in TBS), and were
then incubated 45min with Streptavidin-HRP (1 : 2000, Southern
Biotech) as described earlier (25).

Neuraminidase treatment of cell lysates
Hundred micrograms of cell lysates were treated with different con-
centrations of a2-3- or a2-3,6,8-neuraminidase according to the
manufacturer’s protocol at 37�C overnight. The cell lysates were

subsequently boiled in 5� SDS sample buffer, resolved by
SDS�PAGE, and immunoblotted for the CD133 protein.

Neuraminidase treatment of cells
To examine whether CD133 is sialylated at the terminal
positions of its oligosaccharides, cells were incubated with
a2-3,6,8-neuraminidase added to the culture media at concentration
of 10mU/ml or 100mU/ml for 3 h at 37�C. Then the cells were
harvested, and proceeding with western blot analysis.

To examine the effect of desialylation on CD133 protein stability,
U87MG/CD133-GFP cells were treated with or without a2-3-
-neuraminidase added to the culture medium for 3 h at 37�C. The
CHX was added to the culture medium (100 mg/ml) to inhibit protein
synthesis. Protein extracts were prepared at the indicated time points
following CHX treatment.

Immunofluorescent staining
Cells were plated on coverslips coated with poly-L-lysine overnight at
37�C and then fixed with 4% formaldehyde at room temperature for
30min. The cells were treated with 0.2% Triton X-100 in PBS on ice
for 5min and blocked with 1% bovine serum albumin (BSA). For
nuclear staining 50 mg/ml Hoechst 33258 (Invitrogen) was used. Cells
were viewed under 60� oil objective of a fluorescent microscope
(Nikon, Tokyo, Japan). Images were taken by a Nikon CoolSNAP
camera.

Results

CD133 is sialylated in NSC and GIC
To determine whether CD133 is sialylated at the ter-
minal positions of its oligosaccharides, the alteration
of CD133 molecular weight was investigated in various
cells which were treated with neuraminidase to remove
the terminal sialyl residues of surface glycans. The elec-
trophoretic mobility of CD133 in NSCs treated with or
without neuraminidase was monitored by blotting with
CD133-specific antibody W6B3C1. As shown in
Fig. 1A, neuraminidase treatment of NSCs caused an
increase in the electrophoretic mobility of CD133 pro-
tein, consistent with the enzymatic removal of SAs. We
obtained the same results in GICs (Fig. 1B). Thus,
these data indicated that endogenous CD133 protein
in NSCs and GICs is sialylated.

To further explore whether exogenous CD133 is sia-
lylated, stable cell lines U87MG/GFP or U87MG/
CD133-GFP were established by transfecting the re-
combinant plasmid of GFP or GFP-fused CD133
into U87MG cells. CD133 was localized predominant-
ly on the plasma membrane and pre-nuclear (Fig. 1C),
which was consistent with previous report (26).
Western blot assay showed that U87MG/
CD133-GFP cells expressed the moderate levels of
ectopic CD133 (Fig. 1D). The lysates of U87MG/
CD133-GFP cells treated with different concentra-
tions of neuraminidase were analysed by western
blotting using anti-GFP or W6B3C1 antibody.
Neuraminidase treatment caused a gradually decrease
in the molecular weight of CD133-GFP in a dose-
dependent manner, suggesting that ectopic CD133 is
sialylated (Fig. 1E). Thus, these data confirmed the
existence of SAs residues on the polysaccharide
chains of CD133 protein.

Identification of a2,3-linked SA in the polysaccharide
chains of CD133
SA is commonly attached to the termini of complex
carbohydrates through an a2!3 or an a2!6 linkage
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or is poly-merized in the form of an a2!8 or an a2!9
linkage (27�29). In order to investigate the character-
istic of CD133 sialylation, the lysates of U87MG/
CD133-GFP cells were treated with a2,3-
neuraminidase, which specifically cleaves a2,3-linked
terminal SA residues. a2,3-Neuraminidase treatment
caused a gradually decrease in the molecular weight
of CD133-GFP, confirming the a2,3-sialylation of
CD133 (Fig. 2A). To further investigate the character-
istic of CD133 sialylation, the lysates of U87MG/
CD133-GFP cells were subject to mock, a2,3-
neuraminidase or a2-3,6,8-neuraminidase hydrolysis.
In response to treatment with different neuraminidases
to remove a2-3- or a2-3,6,8-linked SAs residues,
CD133-GFP protein showed the same alteration of
electrophoretic mobility as compared to that of
control-treated example (Fig. 2A), suggesting that
SAs at the termini of complex carbohydrates attaching
to CD133 are mainly via a a2,3-linkage.

a2,3-Sialylation of CD133 was further confirmed
using biotin-labeled lectins: Maackia amurensis lectin
(MAA) which is specific for carbohydrate structures

containing a2,3-linked SAs, and Sambucus nigra
lectin (SNA) which is specific for carbohydrate struc-
tures containing a2,6-linked SAs (30). We precipitated
CD133-GFP protein from the cell lysates of U87MG/
CD133-GFP cells using anti-GFP antibody, and then
MAA and SNA lectins were detected by immunoblot-
ing. As shown in Fig. 2B, MAA, but not
SNA (data not shown), was precipitated by CD133
protein. We then did the same type of assay using
anti-poly-a2,8-linked SAs antibody and found that
there was no detectable amount poly-a2,8-linked SAs
in CD133 precipitates (data not shown). Thus, these
data further demonstrated that SAs at the termini of
complex carbohydrates attaching to CD133 are mainly
via a2, 3-linkage.

CD133 carries SAs that are predominantly
attached to the N-linked sugar chains
Proteins can be glycosylated on certain amino acid
side chains, and these modifications are designated as
N- and O-glycosylation. N-glycosylated species are
modified at Asn-residues and O-glycosylation occurs

Fig. 1 Desialylation of CD133 in cells after neuraminidase treatment. (A) and (B) Human NSCs (A) and GICs (B) were treated with neur-
aminidase at 100mU/ml for 3 h at 37�C, then cells were harvested and lysates were analysed by SDS�PAGE followed by immunobloting for
CD133 with W6B3C1 antibody. b-Actin expression served as a loading control. (C) Expression of CD133 in U87MG/GFP and U87MG/
CD133-GFP cells was confirmed by immunofluorescent staining with anti-GFP antibody. Hoechst 33258 was used for nuclear staining. Images
were captured at 60� magnification. (D) Expression of CD133 in U87MG/GFP and U87MG/CD133-GFP cells was confirmed by western blot
using anti-GFP antibody. b-Actin expression served as a loading control. (E) U87MG/CD133-GFP cells were treated with the indicated
concentrations of neuraminidase for 3 h at 37�C. Cell lysates were immunoblotted with anti-GFP and W6B3C1 antibodies. b-Actin expression
served as a loading control.
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at Ser- or Thr-residues. An enzyme, PNGase F, re-
moves unaltered most of the common N-linked carbo-
hydrates from proteins while hydrolyzing the originally
glycosylated Asn residue to Asp. The lysates of
U87MG/CD133-GFP cells were treated with PNGase
F to remove N-linked glycans, resulting in a mobility
shift equaling around 30 kDa (Fig. 3). These data indi-
cated that CD133 is heavily N-glycosylated, which was
consistent with previous reports (12).

To further explore the characteristic of CD133 sia-
lylation, the lysates of U87MG/CD133-GFP cells
pre-treated PNGase F to removal N-linked carbohy-
drates were performed with a2-3-neuraminidase hy-
drolysis. SDS�PAGE analysis was then used to
identify the shift in the apparent size of treated
CD133 protein. However, there was no difference in
apparent size between CD133 protein treated with
PNGase F alone and CD133 protein treated with
PNGase F and a2-3-neuraminidase (Fig. 3). These re-
sults suggested that CD133 carries SAs that are pre-
dominantly or entirely attached to the N-linked sugar
chains.

Sialylation of CD133 regulates its protein stability
SA, the most abundant terminal monosaccharide of
glycoconjugates, has been found to be involved in a
variety of cellular functions, such as cell�cell inter-
action, angiogenesis and the biological stability

of glycoproteins (31�36). Therefore, we supposed
that there might be a direct connection between a2-3-
sialylation and CD133 protein stability. To test this
hypothesis, we first evaluated whether a2-3-
neuraminidase added to cell medium effectively
removed the a2,3-linked SA residues of CD133.
The alteration of CD133 molecular weight was inves-
tigated in U87MG/CD133-GFP cells treated with
mock, a2,3-neuraminidase or a2-3,6,8-neuraminidase.
In response to treatment with different neuraminid-
ases, CD133-GFP protein showed the same alteration
of electrophoretic mobility as compared to that of con-
trol-treated example (Fig. 4A, lanes 1-3). Furthermore,
a2,3-neuraminidase treatment in U87MG/CD133-
GFP cells resulted in the same alteration of electro-
phoretic mobility of CD133-GFP protein as compared
to that of lysates treated with a2,3-neuraminidase or
a2-3,6,8-neuraminidase (Fig. 4A, lanes 2 and 4�6).
Next, the half-lives of CD133 protein were measured
by CHX chase experiments in U87MG/CD133-GFP
cells pre-treated with or without a2-3-neuraminidase
to remove the terminal SAs. As shown in Fig. 4B,
the half-life of CD133 protein was significantly
decreased to �3 h in U87MG/CD133-GFP cells after
treatment with a2-3-neuraminidase to remove the ter-
minal a2-3-linked SAs. CD133 protein decreased to
only 80% of the initial amount after 6 h in U87MG/
CD133-GFP cells without treatment of a2-3-
neuraminidase, suggesting that desialylation of
CD133 leads to a remarkable decrease in its protein
stability. To investigate whether CD133 is specifically
stabilized by the a2,3-sialylation, we examined the con-
tribution of the a2,3-sialylation to Naþ/Hþ exchanger
isoform 1 (NHE1) protein stability. NHE1 is an ubi-
quitous protein that plays a central role in the regula-
tion of intracellular pH and is N-glycosylated (37, 38).
a2,3-Neuraminidase treatment caused a gradually de-
crease in the molecular weight of NHE1, confirming
the a2,3-sialylation of NHE1. However, treatment
with a2-3-neuraminidase to remove the terminal
a2-3-linked SAs did not obviously decrease the
half-life of NHE1 protein (Fig. 4C).

These data raised the question of how a2,3-
sialylation specifically regulates the CD133 protein sta-
bility. Eukaryotic cells contain two major systems for

Fig. 2 SA residues are linked to CD133 glycan via a2,3-linkage.
(A) Lysates from U87MG/CD133-GFP cells were subject to mock,
a2-3-neuraminidase or a2-3,6,8-neuraminidase hydrolysis at 37�C
overnight. Then the lysates were boiled with 5� SDS sample buffer
and immunoblotted for CD133 with anti-GFP antibody. b-Actin
expression served as a loading control. (B) GFP-fused CD133 pro-
teins were immunoprecipitated (IP) from U87MG/CD133-GFP
cells, resolved by SDS�PAGE and transferred to PVDF membrane.
The membrane was overlaid with antibody W6B3C1 to verify the IP
efficiency and with lectin MAA to confirm a2,3-linked SA residues.

Fig. 3 SA residues are linked to CD133N-glycan. Cell lysates were
treated with a2-3-neuraminidase with or without pre-treatment with
PNGase F at 37�C overnight. The lysates were then subjected to
SDS�PAGE analysis. b-Actin expression served as a loading
control.
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protein degradation: the lysosomal apparatus, a
membrane-enclosed vacuole containing multiple acid
proteases and the proteasome, an ATP-dependent pro-
teolytic complex that mostly degrades the ubiquiti-
nated proteins (39, 40). Chloroquine and NH4Cl are
known to inhibit lysosomal hydrolases by reducing the
acidification of the endosomal/lysosomal compart-
ments. MG132 is a widely used inhibitor of the prote-
asome (39, 40). To explore the mechanism of
a2,3-sialylation-regulating CD133 protein stability,
we first determined the level of CD133 protein follow-
ing inhibition of proteasomal or lysosomal degrad-
ation. We did not observe the significant alteration of
CD133 protein level in response to MG132 treatment
(Fig. 5A, lanes 1 and 2). However, both chloroquine

and NH4Cl treatments induced an obvious increase in
CD133 protein level (Fig. 5A, lanes 3�6). These data
indicated that CD133 degradation mainly requires the
activity of lysosomal hydrolases but not the prote-
asome. Thus, we examined next whether a2,3-
sialylation regulates CD133 protein stability through
lysosomal pathway-mediated CD133 degradation. To
test this hypothesis, U87MG/CD133-GFP cells
pre-treated with or without a2-3-neuraminidase to
remove the terminal SAs were treated with CHX and
vehicle or lysosomal hydrolases inhibitor chloroquine.
We examined the levels of CD133 proteins using west-
ern blot and observed that the negative effect of desia-
lylation on the level of CD133 protein was inhibited by
lysosomal degradation inhibitor chloroquine (Fig. 5B).

Fig. 4 Desialylation of CD133 decreases its stability. (A) U87MG/CD133-GFP cells were treated with mock, a2-3-neuraminidase or a2-3,6,8-
neuraminidase added to cell medium for 3 h at 37�C. The cell lysates were immunoblotted with anti-GFP antibody (lanes 1�3). The lysates from
U87MG/CD133-GFP cells were subject to mock, a2-3-neuraminidase or a2-3,6,8-neuraminidase hydrolysis at 37�C overnight. Then the lysates
were boiled with 5� SDS sample buffer and were immunoblotted for CD133 with anti-GFP antibody (Lanes 4�6). (B) After treatment with or
without a2,3-neuraminidase for 3 h at 37�C, the half-lives of CD133 were measured by cycloheximide (CHX) chase experiment in U87MG/
CD133-GFP cells. Protein extracts were prepared at the indicated time points following CHX treatment and were immunoblotted using the
CD133 antibody W6B3C1. b-Actin expression served as a loading control. The graph represented CD133/b-actin ratio level as measured by
densitometry. The value of CD133/b-actin at 0 h was taken as 100%. The data was shown as the means ± SD of at least three experiments.
(C) After treatment with or without a2,3-neuraminidase for 3 h at 37�C, the half-lives of NHE1 were measured by CHX chase experiment in
U87MG/CD133-GFP cells. Protein extracts were prepared at the indicated time points following CHX treatment and were immunoblotted using
the NHE1 antibody. b-Actin expression served as a loading control.
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Collectively, these findings indicated that a2,3-
sialylation might protect CD133 from lysosomal
pathway-mediated degradation.

Discussion

CD133 is a cholesterol-interacting pentaspan mem-
brane glycoprotein specifically associated with
plasma membrane protrusions (1, 2). Although the
biological function of CD133 remains largely un-
known, CD133 has received interest due to its
widespread use as a marker for the isolation and

characterization of normal and CSCs, especially
in brain tumours (3). The glycosylation status of
CD133 is supposed to be associated with cell differen-
tiation, and might play a role in the recognition of
CD133 by the AC133 antibody which is frequently
used to isolate normal and CSCs (13, 14, 41).
Although CD133 has been identified as a
N-glycosylated protein, the specific glycosylation
status of CD133 remains unclear. Here, we reported
that SAs could be linked to CD133N-glycan terminal
through a2,3-linkage, which in turn contributes to
CD133 protein stability.

Fig. 5 CD133 is degraded by lysosomes-dependent pathway. (A) U87MG/CD133-GFP cells were incubated with vehicle (lanes 1, 3 and 5),
various protease inhibitors MG132 (2 mM) (lane 2), NH4Cl (50mM) (lane 4) or chloroquine (100 mM) (lane 6) for 24 h. Equivalent amounts of
protein from each sample were immunoblotted with anti-GFP antibody and b-actin expression served as a loading control. The graph repre-
sented CD133/b-actin ratio level as measured by densitometry. The value of CD133/b-actin in U87MG/CD133-GFP cells treated with vehicle
was taken as 100%. The data was shown as the means±SD of at least three experiments. (B) U87MG/CD133-GFP cells pretreated with or
without a2-3-neuraminidase to remove the terminal SAs were treated with CHX and vehicle or chloroquine (100 mM) for 12 h. Protein extracts
were immunoblotted using GFP antibody. b-Actin expression served as a loading control.

F. Zhou et al.

278

 at C
alifornia State U

niversity, Fresno on June 3, 2014
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


SAs are known to be ubiquitously expressed on the
non-reducing ends of the sugar chains of glycoproteins
and glycolipids in tissues and are known to be key
determinants for a large variety of biological processes,
including cell�cell communication, immune defense,
tumour cell metastasis and inflammation (31�36).
Our important finding of this study is that CD133
carries SAs that are predominantly or entirely attached
to the N-linked sugar chains through a2,3-linkage,
which was suggested by several evidences: (i) the mo-
lecular weight of CD133 was decreased in response to
the treatment of a2-3-neuraminidase or a2-3,6,8-neur-
aminidase; (ii) MAA, which is specific for carbohy-
drate structures containing a2,3-linked SAs, was
precipitated by CD133 protein and (iii) there was no
obvious difference in the apparent size between CD133
protein treated with PNGase F alone and CD133 pro-
tein treated with PNGase F and a2-3-neuraminidase.
Changes in the expression of specific SAs during dif-
ferentiation may be useful markers for the degree of
cell maturation (42, 43). The alternation of CD133
molecular weight in response to neuraminidase was
coincident with the decrease in molecular weight of
CD133 during CSC differentiation. Taken all of
these facts into account, we conclude that CD133 is
an a2,3-sialylated glycoprotein, which might contrib-
ute to CD133 biological functions.

Another important finding of this study is that a2,3-
sialylation might protect CD133 protein from lyso-
somal pathway-mediated degradation. Desialylation
by a2-3-neuraminidase decreased the half-life of
CD133, but had no obvious effect on the half-life
of NHE1 protein. Interestingly, the negative effect of
desialylation on the protein level of CD133 was in-
hibited by lysosomal degradation inhibitor chloro-
quine. Several studies support a role for sialylation in
regulating the protein stability (44, 45). Although these
data indicated the relationship between sialylation-
regulating CD133 protein stability and lysosomal
pathway-mediated degradation, the mechanism of
how a2,3-sialylation protects CD133 from lysosomal
pathway-mediated degradation should be further
investigated.

Thus, when all of the data presented here are taken
in whole, it suggests that: (i) SAs could be linked to
CD133N-glycan terminal through a2,3-linkage and
(ii) a2,3-sialylation might protect CD133 from lyso-
somal pathway-mediated degradation. Our findings
may provide clues to understanding the utility of gly-
cosylated CD133 epitopes in defining NSCs and TICs
and to understanding CD133 molecular function.

Acknowledgements

We thank Drs Xing Wu and Hongying Sha for assistant.

Funding
The Shanghai Rising-Star Program (08QA14013); Program for New
Century Excellent Talents in University (NCET-08-0128); National
Natural Scientific Foundation of China (30930025 and 30900248
and 30870542); a Grant from the Development of Science and
Technology of Shanghai (09ZR140340); Shanghai Educational
Development Foundation (2007CG02) and Shanghai Educational

Development Foundation (2007CG02); andShanghai Leading
Academic Discipline Project (B110).

Conflict of interest
None declared.

References

1. Weigmann, A., Corbeil, D., Hellwig, A., and Huttner,
W.B. (1997) Prominin, a novel microvilli-specific polyto-
pic membrane protein of the apical surface of epithelial
cells, is targeted to plasmalemmal protrusions of
non-epithelial cells. Proc. Natl Acad. Sci. USA 94,
12425�12430

2. Corbeil, D., Roper, K., Fargeas, C.A., Joester, A., and
Huttner, W.B. (2001) Prominin: a story of cholesterol,
plasma membrane protrusions and human pathology.
Traffic 2, 82�91

3. Wu, Y. and Wu, P.Y. (2009) CD133 as a marker for
cancer stem cells: progresses and concerns. Stem Cells
Dev. 18, 1127�1134

4. Peh, G.S., Lang, R.J., Pera, M.F., and Hawes, S.M.
(2009) CD133 expression by neural progenitors derived
from human embryonic stem cells and its use for their
prospective isolation. Stem Cells Dev. 18, 269�282

5. Bakondi, B., Shimada, I.S., Perry, A., Munoz, J.R.,
Ylostalo, J., Howard, A.B., Gregory, C.A., and Spees,
J.L. (2009) CD133 identifies a human bone marrow stem/
progenitor cell sub-population with a repertoire of
secreted factors that protect against stroke. Mol. Ther.
17, 1938�1947

6. Kim, C.F. and Dirks, P.B. (2008) Cancer and stem cell
biology: how tightly intertwined? Cell Stem Cell 3,
147�150

7. Sell, S. (2007) Cancer and stem cell signaling: a guide to
preventive and therapeutic strategies for cancer stem
cells. Stem Cell Rev. 3, 1�6

8. Chumsri, S. and Burger, A.M. (2008) Cancer stem cell
targeted agents: therapeutic approaches and conse-
quences. Curr. Opin. Mol. Ther. 10, 323�333

9. Park, C.Y., Tseng, D., and Weissman, I.L. (2009) Cancer
stem cell-directed therapies: recent data from the labora-
tory and clinic. Mol. Ther. 17, 219�230

10. Das, S., Srikanth, M., and Kessler, J.A. (2008) Cancer
stem cells and glioma. Nat. Clin. Pract. Neurol. 4,
427�435

11. Yin, A.H., Miraglia, S., Zanjani, E.D., Almeida-Porada,
G., Ogawa, M., Leary, A.G., Olweus, J., Kearney, J.,
and Buck, D.W. (1997) AC133, a novel marker for
human hematopoietic stem and progenitor cells. Blood
90, 5002�5012

12. Shmelkov, S.V., St Clair, R., Lyden, D., and Rafii, S.
(2005) AC133/CD133/Prominin-1. Int. J. Biochem. Cell
Biol. 37, 715�719

13. Bidlingmaier, S., Zhu, X., and Liu, B. (2008) The utility
and limitations of glycosylated human CD133 epitopes
in defining cancer stem cells. J. Mol. Med. 86, 1025�1032

14. Kemper, K., Sprick, M.R., de Bree, M., Scopelliti, A.,
Vermeulen, L., Hoek, M., Zeilstra, J., Pals, S.T.,
Mehmet, H., Stassi, G., and Medema, J.P. (2010) The
AC133 epitope, but not the CD133 protein, is lost
upon cancer stem cell differentiation. Cancer Res. 70,
719�729

15. Mitra, N., Sinha, S., Ramya, T.N., and Surolia, A.
(2006) N-linked oligosaccharides as outfitters for glyco-
protein folding, form and function. Trends Biochem. Sci.
31, 156�163

16. Sato, T., Guo, S., and Furukawa, K. (2001) Occurrence
of poly-N-acetyllactosamine synthesis in Sf-9 cells

Sialylation of CD133 contributes to its stability

279

 at C
alifornia State U

niversity, Fresno on June 3, 2014
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


upon transfection of individual human beta-1,4--
galactosyltransferase I, II, III, IV, V and VI cDNAs.
Biochimie 83, 719�725

17. Xu, S., Zhu, X., Zhang, S., Yin, S., Zhou, L., Chen, C.,
and Gu, J. (2001) Over-expression of beta-1,4-
galactosyltransferase I, II, and V in human astrocytoma.
J. Cancer Res. Clin. Oncol. 127, 502�506

18. Reboul, P., George, P., Geoffroy, J., Louisot, P., and
Broquet, P. (1992) Study of O-glycan sialylation in
C6 cultured glioma cells: regulation of a beta-galactoside
alpha 2,3 sialyltransferase activity by Ca2þ/calmodulin
antagonists and phosphatase inhibitors. Biochem.
Biophys. Res. Commun. 186, 1575�1581

19. Dawson, G., Moskal, J.R., and Dawson, S.A. (2004)
Transfection of 2,6 and 2,3-sialyltransferase genes
and GlcNAc-transferase genes into human glioma
cell line U-373 MG affects glycoconjugate expression
and enhances cell death. J. Neurochem. 89, 1436�1444

20. Yasukawa, Z., Sato, C., and Kitajima, K. (2007)
Identification of an inflammation-inducible serum pro-
tein recognized by anti-disialic acid antibodies as carbon-
ic anhydrase II. J. Biochem. 141, 429�441

21. Fujita, A., Sato, C., and Kitajima, K. (2007)
Identification of the nuclear export signals that regulate
the intracellular localization of the mouse CMP-sialic
acid synthetase. Biochem Biophys. Res. Commun. 355,
174�180

22. Lanctot, P.M., Gage, F.H., and Varki, A.P. (2007) The
glycans of stem cells. Curr. Opin. Chem. Biol. 11, 373�380

23. Yanagisawa, M. and Yu, R.K. (2007) The expression
and functions of glycoconjugates in neural stem cells.
Glycobiology 17, 57R�74R

24. Wei, Y., Liu, D., Ge, Y., Zhou, F., Xu, J., Chen, H., Gu,
J., and Jiang, J. (2008) Identification of E1AF as a target
gene of E2F1-induced apoptosis in response to DNA
damage. J. Biochem. 144, 539�546

25. Zhou, J., Wei, Y., Liu, D., Ge, X., Zhou, F., Jiang, X.Y.,
and Gu, J. (2008) Identification of beta1,4GalT II as a
target gene of p53-mediated HeLa cell apoptosis.
J. Biochem. 143, 547�554

26. Griguer, C.E., Oliva, C.R., Gobin, E., Marcorelles, P.,
Benos, D.J., Lancaster, J.R. Jr, and Gillespie, G.Y.
(2008) CD133 is a marker of bioenergetic stress in
human glioma. PLoS One 3, e3655

27. Koles, K., Repnikova, E., Pavlova, G., Korochkin, L.I.,
and Panin, V.M. (2009) Sialylation in protostomes: a
perspective from Drosophila genetics and biochemistry.
Glycoconj J. 26, 313�324

28. Li, Y.L., Wu, G.Z., Zeng, L., Dawe, G.S., Sun, L.,
Loers, G., Tilling, T., Cui, S.S., Schachner, M., and
Xiao, Z.C. (2009) Cell surface sialylation and fucosyla-
tion are regulated by the cell recognition molecule L1 via
PLCgamma and cooperate to modulate embryonic
stem cell survival and proliferation. FEBS lett. 583,
703�710

29. Mortensen, N.P., Kuijf, M.L., Ang, C.W., Schiellerup,
P., Krogfelt, K.A., Jacobs, B.C., van Belkum, A., Endtz,
H.P., and Bergman, M.P. (2009) Sialylation of
Campylobacter jejuni lipo-oligosaccharides is associated
with severe gastro-enteritis and reactive arthritis.
Microbes and infection/Institut Pasteur 11, 988�994

30. Videira, P.A., Amado, I.F., Crespo, H.J., Alguero, M.C.,
Dall’Olio, F., Cabral, M.G., and Trindade, H. (2008)
Surface alpha 2-3- and alpha 2-6-sialylation of human
monocytes and derived dendritic cells and its influence
on endocytosis. Glycoconj. J. 25, 259�268

31. Cottingham, K. (2008) Sialylation alterations of
acute-phase proteins in mice with tumors. J. Proteome
Res. 7, 3068

32. Froesch, M., Bindila, L., Zamfir, A., and Peter-
Katalinic, J. (2003) Sialylation analysis of
O-glycosylated sialylated peptides from urine of pa-
tients suffering from Schindler’s disease by Fourier trans-
form ion cyclotron resonance mass spectrometry and
sustained off-resonance irradiation collision-induced
dissociation. Rapid Commun. Mass Spectrom. 17,
2822�2832

33. Kosanovic, M.M. and Jankovic, M.M. (2005) Sialylation
and fucosylation of cancer-associated prostate specific
antigen. J. BUON 10, 247�250

34. Lance, M.P. (1990) Sialylation and metastatic colon
cancer. Gastroenterology 99, 564�565

35. Uemura, S., Kabayama, K., Noguchi, M., Igarashi, Y.,
and Inokuchi, J. (2003) Sialylation and sulfation of
lactosylceramide distinctly regulate anchorage-
independent growth, apoptosis, and gene expression in
3LL Lewis lung carcinoma cells. Glycobiology 13,
207�216

36. Schwarzkopf, M., Knobeloch, K.P., Rohde, E.,
Hinderlich, S., Wiechens, N., Lucka, L., Horak, I.,
Reutter, W., and Horstkorte, R. (2002) Sialylation is es-
sential for early development in mice. Procd. Natl Acad.
Sci. USA 99, 5267�5270

37. Coupaye-Gerard, B., Bookstein, C., Duncan, P., Chen,
X.Y., Smith, P.R., Musch, M., Ernst, S.A., Chang, E.B.,
and Kleyman, T.R. (1996) Biosynthesis and cell surface
delivery of the NHE1 isoform of Naþ/Hþ exchanger in
A6 cells. Am. J. Physiol. 271, C1639�C1645

38. Sato, Y., Ariyoshi, N., Mihara, K., and Sakaguchi, M.
(2004) Topogenesis of NHE1: direct insertion of the
membrane loop and sequestration of cryptic glycosyla-
tion and processing sites just after TM9. Biochem.
Biophys. Res. Commun. 324, 281�287

39. Sorokin, A.V., Kim, E.R., and Ovchinnikov, L.P. (2009)
Proteasome system of protein degradation and process-
ing. Biochemistry 74, 1411�1442

40. Wang, X., Su, H., and Ranek, M.J. (2008) Protein qual-
ity control and degradation in cardiomyocytes. J. Mol.
Cell. Cardiol. 45, 11�27

41. Zhu, L., Gibson, P., Currle, D.S., Tong, Y., Richardson,
R.J., Bayazitov, I.T., Poppleton, H., Zakharenko, S.,
Ellison, D.W., and Gilbertson, R.J. (2009) Prominin 1
marks intestinal stem cells that are susceptible to
neoplastic transformation. Nature 457, 603�607

42. Wolosin, J.M. and Wang, Y. (1995) Alpha-2,3 sialylation
differentiate the limbal and corneal epithelial cell pheno-
types. Investigative ophthalmology & visual science 36,
2277�2286

43. Toivonen, S., Aitio, O., and Renkonen, O. (2001) alpha
2,3-Sialylation of terminal GalNAc beta 1-3Gal deter-
minants by ST3Gal II reveals the multifunctionality of
the enzyme. The resulting Neu5Ac alpha 2-3GalNAc
linkage is resistant to sialidases from Newcastle disease
virus and Streptococcus pneumoniae. J. Biol. Chem. 276,
37141�37148

44. Lee, M., Lee, H.J., Bae, S., and Lee, Y.S. (2008) Protein
sialylation by sialyltransferase involves radiation resist-
ance. Mol. Cancer Res. 6, 1316�1325

45. Kitazume, S., Imamaki, R., Ogawa, K., Komi, Y.,
Futakawa, S., Kojima, S., Hashimoto, Y., Marth, J.D.,
Paulson, J.C., and Taniguchi, N. (2010) {alpha}2,6-Sialic
Acid on platelet endothelial cell adhesion molecule
(PECAM) regulates its homophilic interactions and
downstream antiapoptotic signaling. J. Biol. Chem.
285, 6515�6521

F. Zhou et al.

280

 at C
alifornia State U

niversity, Fresno on June 3, 2014
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

