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ABSTRACT CD133, a widely known marker of cancer stem cells, was recently found
in extracellular vesicles. However, the mechanisms underlying CD133 translocation
to the extracellular space remain largely unknown. Here we report that CD133 is
monoubiquitinated. Ubiquitination occurs primarily on complex glycosylated CD133.
The lysine 848 residue at the intracellular carboxyl terminus is one of the sites for
CD133 ubiquitination. The K848R mutation does not affect CD133 degradation by
the lysosomal pathway but significantly reduces CD133 secretion by inhibiting the
interaction between CD133 and tumor susceptibility gene 101 (Tsg101). Further-
more, knockdown of the E3 ubiquitin protein ligase Nedd4 largely impairs CD133
ubiquitination and vesicle secretion. Importantly, CD133-containing vesicles are
taken up by recipient cells, consequently promoting cell migration. The K848R muta-
tion reduces cell migration induced by CD133. Taken together, our findings show
that monoubiquitination contributes to CD133 vesicle secretion and promotes recipi-
ent cell migration. These findings provide a clue to the mechanisms of CD133 secre-
tion and cancer stem cell microenvironment interactional effects.
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CD133, a 120-kDa pentaspan transmembrane glycoprotein, has been used as a cell
surface marker of normal stem cells and cancer stem cells (CSCs) from a broad

range of tissue types (1–4). A series of studies have shown that CD133 promotes
tumorigenesis, angiogenesis, self-renewal, and cell migration (5–8). The mechanisms by
which cellular CD133 contributes to carcinogenic ability have been demonstrated. For
example, our previous study showed that the interaction between CD133 and p85
activates the phosphatidylinositol 3-kinase (PI3K)/Akt pathway and promotes tumori-
genesis (9). In addition, CD133 interacts directly with a tubulin deacetylase, HDAC6, and
suppresses cancer cell differentiation (10). These observations indicate that cellular
CD133 plays an oncogenic role in tumor occurrence.

In addition to specific localization in plasma membrane protrusions (11), CD133 is
also released into various body fluids. For instance, CD133-containing vesicles have
been detected in murine and human cerebrospinal fluids (CSF), seminal fluids, urine,
and saliva (12–15). There are two major classes of extracellular CD133 vesicles, namely,
P2- and P4-type vesicles (13). In nonepithelial cells, P4-type vesicle secretion is associ-
ated with the endocytic-exocytic pathway (16). Notably, in glioblastoma patients, the
level of P4-type vesicles is greatly increased (17). In recent years, cumulative evidence
has shown that extracellular vesicle (EV) trafficking is involved in important biological
processes, such as embryogenesis, immune responses, and cancer progression, as well
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as in intercellular communication (18–22). It has been reported that secretion of
CD133-containing vesicles is increased during cell differentiation (16). CD133 vesicle
release might avoid asymmetric inheritance and potentially balance stem cell prolifer-
ation and differentiation (23). However, the molecular mechanisms of CD133 trafficking
to the extracellular space remain largely unknown. Understanding these mechanisms
might allow us to manipulate the fate of cancer stem cells, thus opening novel
modalities for stem cell-based therapies.

Posttranslational modifications affect protein interactivity, stability, and subcellular
localization (24–26). CD133 trafficking is linked to its posttranslational modification. For
example, N-glycosylation directly regulates CD133 trafficking to the plasma membrane
without affecting total CD133 levels (27). Similarly, ATase 1 and ATase 2 mediate CD133
lysine acetylation and further regulate its membrane trafficking (28). These observa-
tions led us to the hypothesis that posttranslational modifications are involved in
CD133 protein trafficking.

Cumulative evidence has shown that ubiquitination directs membrane protein
trafficking and contributes to membrane protein internalization and degradation (29).
The endosomal sorting complex required for transport (ESCRT) receives the ubiquiti-
nated cargo and drives it into multivesicular bodies (MVBs), thereby playing a key role
in exosome formation. Tumor susceptibility gene 101 protein (Tsg101), a component of
ESCRT, is relocated from endosomes to the plasma membrane, where it interacts with
arrestin domain-containing protein 1 (ARRDC1) (30). This interaction mediates the
release of microvesicles. Surprisingly, CD133 released from membrane structures into
saliva is ubiquitinated (15). However, whether ubiquitination is involved in regulating
CD133 release is not clear.

To further understand the mechanisms by which CD133 is translocated to the
extracellular space, we examined the contribution of ubiquitination to CD133 vesicle
secretion. Here we report that CD133 is monoubiquitinated. Additionally, ubiquitina-
tion occurs primarily on complex glycosylated CD133. We also demonstrate that the
lysine 848 residue at the intracellular carboxyl terminus is one of the sites of CD133
ubiquitination. A K848R mutation does not affect CD133 degradation by the lysosomal
pathway but significantly reduces CD133 secretion by inhibiting the binding between
CD133 and Tsg101. Furthermore, knockdown of the E3 ubiquitin protein ligase Nedd4
largely impairs CD133 ubiquitination and vesicle secretion. Importantly, CD133-
containing vesicles are taken up by recipient cells, consequently promoting cell migra-
tion. Taken together, our findings show that monoubiquitination contributes to CD133
vesicle secretion and promotes recipient cell migration. This finding contributes to our
understanding of the mechanisms and functions of CD133 secretion.

RESULTS
CD133 can be monoubiquitinated. Ubiquitin modification influences cargo traf-

ficking by serving as a signal in the secretory and endocytic pathways (31–34). To
identify whether the CD133 protein is ubiquitinated, we ectopically overexpressed
CD133-Flag in U87MG cells or HEK293T cells (by lentivirus infection in U87MG cells and
by transient transfection in HEK293T cells). Interestingly, there were two bands with
different molecular masses (lower band, above 100 kDa; and upper band, approxi-
mately 130 kDa) specific for CD133, as shown by Western blotting (Fig. 1A, B, and E to
G). The CD133 protein was enriched by immunoprecipitation (IP) assay. A ubiquitin
antibody (Ub-P4D1) recognizing both mono- and polyubiquitin was used to detect the
presence of ubiquitination. The major band, with a molecular mass of 130 kDa,
corresponded to the ubiquitinated CD133 form (Fig. 1A and B). Furthermore, primary
GBM1 tumor cells derived from tumor sphere cultures were verified by differentiation
experiments (Fig. 1C). Western blotting of immunoprecipitation assay products showed
that endogenous CD133 in cultured GBM1 sphere cells could be ubiquitinated (Fig. 1D).
Together the results showed that endogenous and exogenous CD133 could be ubiq-
uitinated. To determine the type of CD133 ubiquitination, we used a range of antibod-
ies. The Ub-P4D1 antibody (recognizing both poly- and monoubiquitinated proteins)
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showed a positive reaction to CD133 by IP-Western blotting, while the Ub-FK1 antibody
(recognizing poly-Ub) did not (Fig. 1E) (34). This result indicated that CD133 was
monoubiquitinated. To further examine the type of CD133 ubiquitination, two
ubiquitin-expressing plasmids were transfected together with the CD133-expressing
plasmid into HEK293T cells (a hemagglutinin [HA]-tagged ubiquitin knockout construct
[Ub-KO] was unable to cause polyubiquitination, while HA-tagged wild-type ubiquitin
[Ub-WT] was able to cause both mono- and polyubiquitination). Western blotting of the
immunoprecipitation assay products showed that there was no significant difference
between the Ub-WT and Ub-KO lanes (Fig. 1F), indicating that CD133 was monoubiq-
uitinated. We also observed CD133 ubiquitination after treatment with peptide-N-
glycosidase (PNGase F), which cleaves N-glycosylated branches (Fig. 1G). This showed
that there were two positions on the protein with molecular weights of �100 kDa at
which ubiquitination was detected after PNGase F deglycosylation (Fig. 1G, asterisks),
indicating that CD133 was multiply monoubiquitinated but that the ratio of total
CD133 ubiquitination was very low. Collectively, the data show that CD133 can be
monoubiquitinated.

FIG 1 CD133 undergoes monoubiquitination. (A, E, and G) U87MG cells were infected with a lentivirus expressing Flag (control) or CD133-Flag. (A) CD133
expression was analyzed by Western blotting; �-actin was blotted as a loading control. IP analysis using Flag-M2 was performed to determine the ubiquitination
of CD133. Ubiquitin protein was added to neutralizing the primary ubiquitin antibody (bottom panel). (B) HEK293T cells were transfected with a Flag (control)
or CD133-Flag plasmid, and IP analysis was performed to determine the ubiquitination of CD133. �-Actin was blotted as a loading control. (C) A differentiation
assay was performed. GBM1 cells were cultured in 2% FBS medium for 7 days, and the characteristics of CSCs were evaluated. Representative images of GBM1
cells during the differentiation assay are shown. Bars � 150 �m. (D) Endogenous CD133 from GBM1 sphere culture cells was precipitated by use of CD133
antibody. Normal mouse IgG antibody was used as a negative control. Ubiquitination of CD133 protein was detected by Western blotting; �-actin was blotted
as an internal control. (E) CD133 from U87MG cells expressing CD133-Flag was precipitated by use of a Flag antibody. Ub-P4D1 antibody and Ub-FK1 antibody
were used to detecting the type of CD133 ubiquitination. (F) HEK293T cells coexpressing CD133-Flag and either the HA-Ub-WT or HA-Ub-KO plasmid. CD133
ubiquitination was detected by Western blotting following co-IP assays. (G) U87MG cells expressing CD133-Flag were subjected to IP with an anti-Flag antibody,
and CD133 protein was treated with PNGase F for deglycosylation and then immunoblotted with anti-CD133 or anti-Ub (P4D1) antibodies. Whole-cell lysates
were analyzed by immunoblotting, with CD133 and �-actin as input. All results were collected from three independent experiments. N.Ms IgG, normal mouse
IgG; IP, immunoprecipitation; Ub-WT, wild-type ubiquitin; Ub-KO, all 7 ubiquitin lysines were mutated to arginine; Exp., exposure.
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Ubiquitination occurs primarily on complex glycosylated CD133. The CD133
protein contains nine potential N-linked glycosylation sites within its putative extra-
cellular domains (35). N-glycosylation of CD133 contributes to its epitope recognition
and membrane localization (27). Given that there were two bands specific for CD133
(Fig. 1) but that the ratio of ubiquitination was very low, we hypothesized that the
130-kDa band contained mostly nonubiquitinated glycosylated CD133 and a small
amount of ubiquitinated CD133. Therefore, we examined the relationship between
ubiquitination and N-glycosylation of CD133. Treatment of CD133 protein with PNGase
F, which cleaves between the innermost GlcNAc and asparagine residues of high-
mannose, hybrid, and complex oligosaccharides, resulted in the disappearance of both
bands and the appearance of a single band with a molecular mass of 100 kDa (Fig. 2A,
lane 2). In parallel, we treated purified CD133 with endoglycosidase H (endo H), which
cleaves within the chitobiose core of high-mannose and some hybrid oligosaccharides
from N-linked glycoproteins, and only the lower band (above 100 kDa) disappeared,
shifting to 100 kDa (Fig. 2A, lane 4). These changes in molecular mass of CD133-specific
bands suggested that the 130-kDa band was complex glycosylated CD133 and that the
band above 100 kDa was high-mannose glycosylated CD133. Phaseolus vulgaris leuco-
agglutinin (PHA-L) and concanavalin A (ConA), recognizing �-1,6-GlcNAc N-glycans and
high-mannose N-glycans, respectively, were also used to distinguish between complex
and high-mannose glycosylation (36). Western blotting showed that the 130-kDa
CD133 band reacted positively to PHA-L detection, which suggested that this CD133
form was the complex glycosylated form (Fig. 2, red arrows). The minor band (above
100 kDa) was positive for ConA detection, indicating that the CD133 form in this band
was of the high-mannose glycosylated type (Fig. 2, blue arrows). Interestingly, while
both glycosylated types of CD133 reacted positively to ubiquitin antibody detection,
complex glycosylated CD133 was the major type to be ubiquitinated (Fig. 2A, bottom
panel). Of course, complex glycosylated CD133 was the form with the highest stable
expression in U87MG cells (Fig. 2B, red arrows). Taken together, these results indicate
that complex glycosylated CD133 is the major type to be ubiquitinated.

The lysine 848 residue at the intracellular carboxyl terminus is a site for CD133
ubiquitination. CD133 is a five-transmembrane glycoprotein with a cytoplasmic tail
(Fig. 3A) (37). To determine the ubiquitination site of complex glycosylated CD133

FIG 2 Ubiquitination occurs primarily on complex glycosylated CD133. (A) HEK293T cells were transiently
transfected with a Flag (control) or CD133-Flag plasmid. IP methods were performed to purify CD133
protein. PNGase F and endo H were applied for deglycosylation of CD133. PHA-L and ConA were used
to examine complex glycosylated CD133 and high-mannose glycosylated CD133, respectively. (B) U87MG
cells were used to stably express Flag or CD133-Flag. CD133 was precipitated using anti-Flag antibody.
Complex glycosylated CD133 and high-mannose glycosylated CD133 were monitored by use of PHA-L
and ConA, respectively. Red arrows indicate complex glycosylated CD133. Blue arrows indicate high-
mannose glycosylated CD133. All results were collected from three independent experiments. Exp.,
exposure; IP, immunoprecipitation.
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(130 kDa), immunoprecipitation followed by tandem mass spectrometry (IP-MS) was
performed (Fig. 3B). Lysine 848 was shown to be ubiquitinated (Fig. 3C). Next, to
confirm the specific site for CD133 ubiquitination, lysine 848 was mutated to arginine.
Western blotting showed a significant decrease in ubiquitination on the CD133-K848R
mutant (Fig. 3D). We conformed this result by coexpression of HA-Ub together with
CD133-WT or CD133-K848R, followed by IP-Western blotting, which showed that the

FIG 3 Complex glycosylated CD133 is ubiquitinated at Lys848. (A) Proposed structural model of CD133. (B) Purity of CD133 protein from HEK293T
cells, determined by Coomassie blue staining. (C) MS analysis showed complex glycosylated CD133 (�130 kDa) to be ubiquitinated at Lys848.
The multiple lines are the fragment ions that confirm K848 as the ubiquitination site. (D) The K848R mutant or wild-type (WT) plasmid was
expressed in HEK293T cells, and immunoprecipitation was performed using a CD133 antibody. Normal mouse IgG antibody was used as a
negative control. CD133 ubiquitination was detected by Western blotting; �-actin was blotted as a loading control. (E) Flag-tagged CD133-WT
or CD133-K848R was coexpressed with HA-Ub in HEK293T cells, followed by IP-Western blot analysis. (F) U87MG cells were used to stably express
Flag, CD133-WT, or CD133-K848R. Cell lysates were treated with PNGase F for deglycosylation and then subjected to Western blotting. �-Actin
was blotted as a loading control. All results were collected from three independent experiments. aa, amino acids; MS, mass spectrometry; IP,
immunoprecipitation; Exp., exposure.
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K848R mutation reduced CD133 ubiquitination (Fig. 3E). We also deglycosylated the
CD133-WT and CD133-K848R proteins by use of PNGase F and found that the K848R
mutation did prevent the appearance of the protein with a molecular weight of �100
kDa after PNGase F deglycosylation (Fig. 3F, asterisks). Thus, these results show that the
lysine 848 residue is a site for CD133 ubiquitination.

Lys848 ubiquitination does not affect lysosomal degradation of CD133. It is
known that ubiquitination directs membrane protein trafficking and contributes to
membrane protein degradation (29). CD133 is reportedly degraded by the lysosomal
pathway (38). It has also been reported that monoubiquitination directs membrane
protein internalization and degradation (39). To investigate the effect of Lys848 ubiq-
uitination on CD133 lysosomal degradation, we first overexpressed CD133-WT and
CD133-K848R in U87MG cells. The level of CD133 mRNA was examined by reverse
transcription-PCR (RT-PCR). The K848R mutation did not affect CD133 at either the
mRNA level (Fig. 4A and B) or the protein level (Fig. 4C). Chloroquine and ammonium
chloride are widely used to inhibit the lysosomal degradation pathway (40). As shown
in Fig. 4D and E, similar to CD133-WT, CD133-K848R was also degraded by the
lysosomal pathway. We also observed the lysosomal localization of CD133 by confocal
microscopy, which showed that both CD133-WT and CD133-K848R colocalized with the
lysosomal marker LAMP1 (Fig. 4F and G). Thus, Lys848 ubiquitination does not prevent
CD133 degradation by the lysosomal pathway.

Lys848 ubiquitination is critical for CD133 secretion. Ubiquitination influences
cargo trafficking in the secretory and endocytic pathways (29). CD133 is also found in
extracellular vesicles (EVs). To address whether Lys848 ubiquitination is associated with
CD133 EV secretion, we harvested extracellular vesicles from the cell culture superna-
tant and performed transmission electron microscopy (Fig. 5A). This revealed the
presence of small vesicles with diameters of approximately 50 to 150 nm in our EV
preparations. Western blotting showed that inhibition of protein transport by brefeldin
A (BFA; an inhibitor of protein transport) blocked CD133 secretion (Fig. 5B) (16, 41). To
confirm the presence of CD133 in EVs, Western blotting of sucrose density gradient
fractions was undertaken. Both CD133 and the EV marker Tsg101 were detected (Fig.
5C). Furthermore, EVs were resuspended in phosphate-buffered saline (PBS), with or
without 1% Triton X-100, and lysed for 2 h. CD133 was found to be completely soluble
in Triton X-100 after centrifugation for 1 h at 100,000 � g, while being insoluble in PBS,
as previously described for CD133 vesicles (16). Cells were lysed in parallel under
identical conditions (Fig. 5D). These results indicated that CD133 was present in the EVs.
The K848R mutation significantly decreased the ratio of released CD133 to cell lysate
CD133 (Fig. 5E and F). To further confirm the effect of ubiquitination on CD133
secretion, PYR-41 and PYZD-4409, two inhibitors of the ubiquitin-activating enzyme E1,
were used to inhibit total ubiquitination (42, 43). CD133 release was blocked after
treatment with PYR-41 or PYZD-4409 (Fig. 5G). Interestingly, extracellular CD133
showed only one high-molecular-mass band, of approximately 130 kDa (Fig. 5C to E
and G). Together these results showed that mutation of K848 reduced CD133 EV
secretion.

Lys848 ubiquitination-dependent interaction between CD133 and Tsg101 reg-
ulates CD133 secretion. The ESCRT machinery plays a key role in several cellular
processes, during which ubiquitin-tagged proteins enter endosomes via the formation
of vesicles (44, 45). Three ESCRT members, Hrs, STAM, and Tsg101, can interact with
ubiquitinated protein cargos and promote multivesicular body (MVB) formation,
thereby playing a significant role in promoting exosome secretion (46–48). To examine
the effect of ESCRT on secretion of ubiquitinated CD133, further study was conducted
by silencing these ESCRT components by use of small interfering RNA (siRNA) (Fig. 6A).
CD133 secretion was markedly decreased following Tsg101, Hrs, or STAM knockdown
(Fig. 6B). Along this line, we next examined whether CD133 interacts with these ESCRT
components. Co-IP assays showed that CD133-WT could bind to Tsg101, and mutation
of K848 obviously reduced the binding of CD133 to Tsg101 (Fig. 6C). In accordance with
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this, an immunofluorescence assay also showed that CD133 colocalized with Tsg101 in
cells expressing CD133 (Fig. 6D and E). CD133-Tsg101 binding was competitively
inhibited by adding ubiquitin, indicating that Tsg101-CD133 binding was ubiquitin
dependent (Fig. 6F). Knockdown of Tsg101 significantly diminished CD133 secretion in
cells expressing CD133 (Fig. 6G). Taken together, these results show that a
ubiquitination-dependent interaction between CD133 and Tsg101 regulates CD133
secretion.

FIG 4 K848R mutation does not change CD133 degradation by the lysosomal pathway. U87MG cells were infected with
a lentivirus containing CD133-WT or CD133-K848R. (A) Relative CD133 mRNA levels were determined by RT-PCR.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Results are presented as means
and SD (n � 3). Statistical analysis was performed using the Student t test (ns, no significance). (C) Protein levels of
CD133-WT and CD133-K848R were detected by Western blotting; �-actin was blotted as a loading control. (D) Cells were
treated with 50 �M chloroquine or dimethyl sulfoxide (DMSO) for 12 h. The levels of CD133 were determined by Western
blotting; �-actin was blotted as a loading control. (E) Cells were treated with 10 mM NH4Cl or H2O for 12 h. The levels of
CD133 were determined by Western blotting; �-actin was blotted as a loading control. (F) An immunofluorescence assay
was performed to examine the colocalization of CD133 (red) and LAMP1 (green). Bars � 20 �m. (G) Quantification of
LAMP1-CD133 colocalization in confocal microscopy images by use of Pearson’s coefficients. The fluorescence intensity
signals in selected regions with similar areas were measured. Data are presented as means and SD for results from three
independent experiments (n � 20 cells) analyzed by the Student t test (ns, no significance).
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Nedd4 regulates CD133 ubiquitination and extracellular vesicle secretion.
Nedd4, an E3 ligase, plays an important role in identifying and ubiquitinating specific
target substrates (49, 50). Nedd4-regulated ubiquitination is also involved in the release
of microvesicles and in exosomal secretion (30, 51, 52). Nedd4 is also reported to induce
monoubiquitination (53). We next tested the possibility that Nedd4 regulates CD133
ubiquitination and secretion. First, HEK293T cells were transfected with a Flag or
CD133-Flag plasmid together with HA-Ub. The binding of Nedd4 to CD133 was
observed by Western blotting of co-IP assay products. The results showed that Nedd4
could bind to CD133 (Fig. 7A). We then examined the effect of Nedd4 on CD133
ubiquitination. Knockdown of Nedd4 in U87MG cells expressing CD133-Flag by use of
siRNA showed largely decreased CD133 ubiquitination (Fig. 7B). We next explored the
effect of Nedd4 on CD133 EV secretion. After knockdown of Nedd4 by siRNA for 24 h
and serum starvation for 48 h, the collected EVs were subjected to Western blotting. As
expected, CD133 EV secretion was decreased by Nedd4 downregulation (Fig. 7C),
accompanied by a small amount of accumulation of intracellular CD133, indicating that
Nedd4 regulates CD133 ubiquitination and EV secretion.

Lys848 mutation reduces cell migration. Exosomes play a key role in promoting
invasive activity and in controlling invasive actin structures (54). We previously reported
that CD133-Src interaction promotes cell migration (55). Src also regulates the biogen-
esis and activity of exosomes and therefore promotes cell migration through an
ESCRT-dependent pathway (56, 57). We examined whether the K848R mutation af-
fected cell migration and observed that it reduced cell migration induced by CD133 in

FIG 5 K848R mutant inhibits CD133 release into EVs. (A) EVs were isolated from the medium of CD133-expressing U87MG cells and verified by transmission
electron microscopy. (B) CD133 release into the supernatant was blocked following treatment with 20 �M brefeldin A. (C) Western blotting of sucrose gradient
fractions confirmed the presence of CD133 together with the EV marker Tsg101 in purified EVs. (D) EVs were resuspended in PBS alone or in PBS containing
1% Triton X-100 and lysed for 2 h, followed by centrifugation for 1 h at 100,000 � g. The resulting supernatants (S) and pellets (P) were analyzed by Western
blotting. (E to G) U87MG cells were infected with a lentivirus expressing CD133-WT or CD133-K848R. (E) EVs were verified by Western blotting of CD133 and
known vesicular proteins (Hsp90 and Tsg101). A nonvesicular protein from the Golgi apparatus (GM130) was used as a control. Both cell lysates and EVs were
harvested from 5 � 106 cells. (F) Quantification of EV CD133 relative to cell lysate CD133. Data are presented as means and SD for results from three independent
experiments. Statistical analysis was performed using the Student t test (**, P � 0.01). (G) Western blotting demonstrated that treatment with 20 �M PYR-41
or 20 �M PYZD-4409 inhibited ubiquitination and CD133 secretion. Hsp90 and �-actin were used as loading controls. Both cell lysates and EVs were harvested
from 5 � 106 cells. All results were collected from three independent experiments. EVs, extracellular vesicles.
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FIG 6 Lys848 ubiquitination regulates CD133 secretion though binding to Tsg101. (A and B) U87MG cells were infected with a lentivirus expressing CD133-Flag. (A)
U87MG cells expressing CD133-Flag were transfected with the indicated siRNA for 24 h. RT-PCR was used to determine mRNA levels. Protein levels were detected by
Western blotting (WB); �-actin served as a loading control. (B) EVs and cell lysates were subjected to Western blotting following siRNA transfection for 24 h and serum
starvation for 48 h. Both cell lysates and EVs were harvested from 2 � 106 cells. �-Actin was used as a loading control. (C) U87MG cells were infected with a lentivirus
expressing CD133-WT or CD133-K848R. Co-IP assays were performed by use of CD133 antibody. Normal mouse IgG antibody was used as a control. (D) An
immunofluorescence assay was done to observe the colocalization of CD133 (red) and Tsg101 (green). Representative images from confocal microscopy analysis are
shown. Circles represent the randomly selected regions that were Tsg101 positive (green). Bars � 10 �m. (E) Quantification of Tsg101-CD133 colocalization in confocal
microscopy images by use of Pearson’s coefficients. The fluorescence intensity signals in selected regions with similar areas were measured. Data are presented as
means and SD for results from three independent experiments (n � 20 cells) analyzed using the Student t test (**, P � 0.01). (F) Ubiquitin protein (0.2 mg/ml) was
added during the IP process, and Western blotting of IP assay products demonstrated ubiquitination-dependent CD133-Tsg101 binding. (G) U87MG cells stably
expressing CD133-WT or CD133-K848R were transfected with Tsg101 siRNA for 24 h and then serum starved for 48 h. CD133 was detected by Western blotting. Both
cell lysates and EVs were harvested from 2 � 106 cells. All results were collected from three independent experiments. IP, immunoprecipitation.
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a wound-healing assay (Fig. 8A and B) and a Transwell assay (Fig. 8C and D). Thus,
Lys848 ubiquitination of CD133 regulates cell migration.

CD133 EVs are transferred to recipient cells and facilitate cell migration. CD133
could be taken up by feeder cells (16), with EVs driving invasive behavior (54). We

FIG 7 Contribution of Nedd4 to CD133 ubiquitination and secretion. (A) HEK293T cells were transfected with Flag or CD133-Flag in
combination with the HA-Ub plasmid. The interaction between Nedd4 and CD133 was examined using a co-IP assay. (B) U87MG cells
stably expressing Flag or CD133-Flag were transfected with the HA-Ub plasmid in combination with the indicated siRNA. Nedd4
protein levels and CD133 ubiquitination were analyzed by Western blotting. (C) U87MG cells expressing CD133-Flag were transfected
with the indicated siRNA for 24 h and then cultured in FBS-free medium. After 48 h, EVs were harvested from the extracellular medium.
Cell lysates and EV lysates were then subjected to Western blotting. Both cell lysates and EVs were harvested from 2 � 106 cells. Hsp90
was used as a loading control. Data are representative of three independent experiments. EVs, extracellular vesicles; IP,
immunoprecipitation.

FIG 8 K848R mutation reduces cell migration induced by CD133. U87MG cells were infected with a
lentivirus expressing CD133-WT, CD133-K848R, or Flag. (A) Representative images from the wound
healing assay. (B) Relative distances of cell migration in the images from panel A were calculated and are
presented as means and SD (n � 6). Statistical analysis was performed using the Student t test (*, P �
0.05). (C) Representative images from a Transwell assay of cells expressing CD133-WT, CD133-K848R, or
Flag. (D) Cell migration numbers were calculated and are presented as means and SD (n � 3). Statistical
analysis was performed using the Student t test (**, P � 0.01; ***, P � 0.001).
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addressed whether CD133 EVs could be internalized by recipient cells and whether this
contributed to cell migration by adding isolated EVs to U87MG cell culture medium
(Fig. 9A). Interestingly, after 5 h of incubation, expression of CD133 was observed in
recipient cells by use of Western blotting (Fig. 9B). In the Transwell assay, incubation of
recipient cells with CD133-WT EVs (10 �g/ml CD133-WT EV protein) promoted recipient
cell migration, while adding an equal volume of EVs from CD133-K848R cells showed
weakened cell migration (Fig. 9C and D). Collectively, these results show that CD133 EVs
are transferred to recipient cells and facilitate cell migration.

DISCUSSION

Ubiquitin modification influences cargo trafficking in the secretory and endocytic
pathways (29, 31, 32). The present study provides evidence that monoubiquitination
contributes to CD133 secretion and demonstrates that Nedd4 is specifically required for
CD133 ubiquitination and secretion. Additionally, CD133 undergoes monoubiquitina-
tion at its Lys848 residue. Mechanistically, Lys848 ubiquitination regulates CD133
secretion through binding to Tsg101, and mutation of Lys848 significantly blocks
CD133 secretion. Importantly, CD133 EVs are taken up by recipient cells and facilitate
cell migration. Thus, monoubiquitination at Lys848 of the cancer stem cell marker
CD133 regulates its secretion and promotes cell migration.

CD133, a widely known cancer stem cell marker, plays a vital role in tumor progres-
sion (5–8). CD133-containing vesicles are reported to be upregulated in cancer (58).
CD133-containing vesicles are also released during stem cell differentiation (16, 23). It
is therefore apparent that extracellular vesicles are important in relation to the disease.
However, the mechanisms underlying CD133 secretion are still largely unknown. We
showed in this study that ubiquitin modification contributed to CD133 secretion. We
observed that CD133 was monoubiquitinated and demonstrated that the E3 ligase
Nedd4 was required for CD133 ubiquitination. Knockdown of Nedd4 by use of siRNA
significantly blocked CD133 secretion. We identified Lys848 as a site for CD133 ubiq-

FIG 9 CD133-EVs are taken up by recipient cells and promote cell migration. EVs were harvested from U87MG cells expressing
Flag, CD133-WT, or CD133-K848R. (A) Model of U87MG cell incubation with isolated EVs. (B) The indicated EVs were added to
the U87MG cell culture medium. After incubation with EVs for 5 h, the cells were washed with PBS, and the expression of
CD133 in cell lysates was detected by Western blotting. The expression of �-actin served as a loading control. (C) Represen-
tative images from a Transwell assay of cells treated with equal volumes of CD133-WT-, CD133-K848R-, and Flag-EVs. (D) Cell
migration numbers were calculated and are presented as means and SD (n � 6). Statistical analysis was performed using the
Student t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001). EVs, extracellular vesicles.
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uitination and showed that Lys848 mutation or inhibition of the E1 activating enzyme
by use of the PYR-41 or PYZD-4409 inhibitor reduced CD133 ubiquitination and blocked
its secretion. These results confirmed the contribution of ubiquitination to the regula-
tion of CD133 secretion.

Cargo selection during MVB sorting is dependent on several endosomal protein
complexes, such as ESCRT. Several ESCRT components contain ubiquitin-binding do-
mains (UBDs) that may act as receptors for ubiquitinated proteins. For instance,
ESCRT-0, comprising Hrs and STAM, contains Ub-interacting motifs (UIMs) required for
MVB sorting of ubiquitinated cargo. Tsg101, an ESCRT-I component which contains a
Ub E2 variant domain (UEV), has been implicated in MVB cargo selection. Tsg101 also
mediates the release of microvesicles from the plasma membrane through its interac-
tion with ubiquitinated proteins (30). In this study, we found that Tsg101 bound to
CD133 and that this binding was disturbed by either Lys848 mutation or ubiquitin
protein competitive binding, indicating that ubiquitination mediated CD133 secretion
that was at least partly dependent on CD133-Tsg101 binding. However, Lys848 muta-
tion did not affect the binding of CD133 and Hrs. We speculated that Hrs may bind to
CD133 in a K848 ubiquitination-independent manner. We must acknowledge that
Lys848 is not the only monoubiquitination site, because CD133 is still ubiquitinated in
the K848R mutant. The roles of other monoubiquitination sites in CD133 secretion
should be examined in the future. Nevertheless, monoubiquitination at Lys848 of
CD133 facilitates its secretion.

An interesting finding of our study is that ubiquitination is related to the degree
of CD133 N-glycosylation. We demonstrated that ubiquitination occurred primarily
on complex glycosylated CD133. One possible implication of this is that different
types of N-glycosylation regulate CD133 cell surface distribution. For example,
complex N-glycosylation also determines cell surface recognition (27). Another
possibility is that N-glycosylation alters the interaction between CD133 and other
proteins intracellularly. For example, glycosylation site mutation of CD133 reduces
the binding of CD133 to �-catenin (35). However, because our study found that only
a small proportion of complex glycosylated CD133 was ubiquitinated, we cannot
exclude the possibility of a glycosylation-dependent specific ligand-CD133 receptor
interaction regulating CD133 ubiquitination. The mechanisms underlying the ef-
fects of glycosylation on CD133 ubiquitination and EV secretion should be explored
further in the future.

In summary, we have identified ubiquitination-mediated transfer of CD133 into the
extracellular environment and recipient cells. Lys848 ubiquitination of CD133 drives
CD133-containing vesicles toward the extracellular space by means of Tsg101 binding.
Importantly, CD133 EVs are taken up by recipient cells and promote cell migration. Our
results demonstrate a mechanism for CD133 secretion and provide a clue to under-
standing the mechanisms of cell-cell intercommunication.

MATERIALS AND METHODS
Reagents and antibodies. Endoglycosidase H and peptide-N-glycosidase F were obtained from New

England BioLabs (Beverly, MA). PCR reagents and the DpnI enzyme were obtained from TaKaRa. Pfx DNA
polymerase, Lipofectamine 2000 transfection reagent, and Dulbecco’s modified Eagle’s medium (DMEM)
were obtained from Invitrogen. Fetal bovine serum (FBS) was obtained from Biological Industries. A
protease inhibitor mixture was obtained from Roche Applied Science. PYR-41 and PYZD-4409 were
obtained from Med Chem Express (MCE). Brefeldin A, anti-Ub (P4D1) antibody, anti-LAMP1 antibody,
anti-Hrs antibody, anti-STAM antibody, anti-GM130 antibody, anti-HA antibody, and anti-Flag antibody
were obtained from Cell Signaling Technology (Danvers, MA). Anti-FK1 (polyubiquitin) antibody was
obtained from Bio-Rad. Anti-Tsg101 antibody and anti-Nedd4 antibody were obtained from Abcam.
Phaseolus vulgaris leucoagglutinin (PHA-L) and concanavalin A (ConA) were obtained from Vector
Laboratories. Anti-Hsp90 antibody was obtained from Santa Cruz Biotechnology. Donkey anti-rabbit
antibody–Alexa Fluor 488 and donkey anti-mouse antibody–Alexa Fluor 594 were obtained from
Invitrogen. Mouse antiactin antibody, Hoechst 33258 dye, and the Flag peptide were obtained from
Sigma. Protein G-agarose was obtained from Roche Life Science. Mouse anti-CD133 (W6B3C1) antibody
was obtained from Miltenyi Biotec. Horseradish peroxidase (HRP)-conjugated secondary antibodies and
normal mouse IgG antibody were obtained from Santa Cruz Biotechnology.

Cell culture. HEK293T cells, U87MG cells, and wild-type or mutant CD133-overexpressing cells were
cultured in DMEM containing 10% FBS, 50 mg/ml streptomycin, and 100 U/ml penicillin at 37°C in a
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humidified 5% CO2 incubator. For serum starvation, cells were washed three times with PBS and cultured
in DMEM without FBS for 24 to 48 h. GBM1 cells were isolated from primary surgical GBM biopsy
specimens in accordance with protocols approved by the Fudan University Institutional Review Boards.
GBM1 cells were cultured in DMEM–F-12 medium containing B27 supplement lacking vitamin A
(Invitrogen), 2 �g/ml heparin (Sigma), 20 ng/ml epidermal growth factor (EGF; Chemicon), and 20 ng/ml
fibroblast growth factor 2 (FGF-2; Chemicon) for a short period before treatment and analysis. For
examination of the differentiation capacity of GBM1, GBM1 cells were plated onto polylysine-coated
coverslips in DMEM containing 2% FBS for 7 days.

Western blotting. Cells were lysed with buffer containing 0.5% sodium dodecyl sulfate (SDS), 5%
mercaptoethanol, and 1% protease inhibitor mixture. The process of Western blotting was performed as
described previously (9). The dilution ratios of primary antibodies were as follows: CD133 (W6B3C1),
1:500; Ub-P4D1, 1:1,000; Ub-FK1, 1:2,000; PHA-L, 1:500; ConA, 1:500; HA, 1:1,000; Tsg101, 1:2,000; Hsp90,
1:2,000; GM130, 1:1,000; Nedd4, 1:2,000; Flag, 1:1,000; Hrs, 1:1,000; STAM, 1:1,000; and �-actin, 1:5,000.

Plasmids, transfection, and lentivirus production and infection. The cDNA for CD133 was
amplified by PCR and cloned into the pRRLSIN.cPPT.PGK vector to create full-length CD133 with a Flag
tag (9). The Lys848 residue of CD133-Flag was mutated to arginine by use of PCR, the DpnI enzyme, and
the following primers: CD133 (K848R) sense, CGAGATCATGTATATGGTATTCACAATCCT; and CD133
(K848R) antisense, ATATACATGATCTCGATGATAACCATTATT. The pRK5-HA-Ub (WT) and pRK5-HA-Ub (KO)
plasmids were provided by Ronggui Hu (59). All the plasmids were verified by DNA sequencing. For
ectopic expression of CD133, transient transfection of HEK293T cells was carried out by use of Lipo-
fectamine 2000. Cells were harvested 48 to 72 h after transfection. Lentivirus production and infection
were performed as described previously (9).

Immunoprecipitation and CD133 protein purification. Cells transfected with CD133 or the CD133
site-directed mutant were lysed at 4°C for 2 h by use of lysis buffer (150 mM NaCl, 100 mM Tris [pH 8.0],
0.5% Triton X-100, 1 mM EDTA, protease inhibitor mixture, 1 mM phenylmethylsulfonyl fluoride), and
then insoluble materials were removed by centrifugation at 12,000 � g for 10 min. The supernatants of
cell lysates were precleared by incubation with protein G-agarose (Roche) at 4°C for 2 h. Anti-Flag
antibody-conjugated agarose gel (Flag-M2; Sigma) was incubated with the cell lysates overnight under
constant agitation at 4°C. After incubation, the beads with antibody were washed three times in lysis
buffer to remove nonspecific binding proteins from the agarose. The collected protein complexes were
then analyzed by Western blotting.

To purify the CD133 protein, the lysis and incubation processes were the same as those described
above. Flag peptide (100 �g/ml) was used to elute Flag-tagged CD133. The eluate was concentrated to
a volume of 20 �l by use of an ultrafiltration tube (Millipore). The purity of enriched CD133 protein was
determined by Coomassie blue staining.

Identification of ubiquitination sites by MS. The identification of ubiquitination sites by MS has
been described previously (60). Briefly, CD133 protein was fractionated by 8% SDS-PAGE, and the protein
bands were visualized using Coomassie blue staining. The 130-kDa gel lanes were cut into pieces,
followed by in-gel trypsin (sequencing grade; Promega) digestion. The peptide samples were analyzed
by Q Exactive MS. We analyzed K-�-GG MS data. Search parameters included the mass tolerance of
precursor ions (�2 Da), no enzyme restriction, and a fixed modification of ubiquitinated Lys (114.0429).
Only b and y ions were considered during the database match.

Immunofluorescence assay. Cells were grown on coverslips, fixed with 4% paraformaldehyde (PFA)
for 40 min at room temperature, and gently washed three times with PBS. Cells were then blocked with
PBS containing 5% normal serum and 0.3% Triton X-100. Cells were sequentially incubated overnight at
4°C with rabbit antibody and mouse monoclonal anti-CD133 (1:40). After washing three times with PBS,
cells were incubated with donkey anti-rabbit antibody–Alexa Fluor 488 (1:400) and donkey anti-mouse
antibody–Alexa Fluor 594 (1:500) for double immunofluorescence staining. Nuclei were counterstained
with Hoechst 33258 (10 g/ml). Immunofluorescence images were collected on a Leica TCS SP5 confocal
microscope. For quantification, briefly, fluorescence intensity signals were measured in selected regions
with similar areas. Quantification of colocalization was performed for at least 10 cells per experiment,
using LAS AF Lite software.

Extracellular vesicle preparation. Conditioned cell medium was subjected to differential centrifu-
gation at 4°C as follows: 300 � g for 5 min, 500 � g for 5 min, 1,200 � g for 20 min, and 10,000 � g for
30 min. The 10,000 � g supernatant was subjected to filtration with 0.22-�m low-protein-binding
Millex-GV filters (Millipore); the filtrate was then concentrated by use of Amicon Ultracel-10K tubes
(Millipore) according to the manufacturer’s instructions. The concentrate was diluted 1:1 (vol/vol) with
PBS and then concentrated by use of Amicon Ultracel-10K tubes (Millipore). The resulting concentrate
was resuspended in Laemmli buffer and analyzed by Western blotting.

Electron microscopy. Transmission electron microscopy was performed according to standard
protocols. In brief, EVs were fixed in 100 �l of 2.5% (wt/vol) glutaraldehyde (Sigma) in PBS. The EV
preparation was applied to a 200-mesh copper grid supported with Formvar-carbon (ProSciTech, Kirwan,
Australia), and the grid was air dried. Grids were washed, negatively stained with 3% saturated aqueous
uranyl acetate, and viewed with a transmission electron microscope (CM120; Philips, Netherlands).

Sucrose gradient centrifugation. The harvested EVs were resuspended in PBS containing 1%
protease inhibitor mixture, placed on top of the equilibrium sucrose gradient (0.5 to 1.4 M), and
centrifuged at 75,000 � g for 10 h. After centrifugation, fractions of equal volume were collected from
the top to the bottom of the gradient and then subjected to Western blotting.

Transient transfection with siRNAs. U87MG/CD133-Flag cells, seeded at 5.0 � 105 cells per well in
a 6-well dish, were grown overnight. The cells were then transiently transfected with 100 nM (each)
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specific siRNAs by use of Lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA). siRNAs were designed to target the following specific mRNA sequences: Nedd4 siRNA1,
5=-UAGAGCCUGGCUGGGUUGUUU-3=; Nedd4 siRNA2, 5=-CCAUGAAUCUAGAAGAACA-3=; Hrs siRNA1, 5=-
AGAGACAAGUGGAGGUAAA-3=; Hrs siRNA2, 5=-CGACAAGAACCCACACGUC-3=; STAM siRNA1, 5=-UAACU
UGGUAUAUAAGGAAAGGGCC-3=; STAM siRNA2, 5=-AUACAUGGAAUACAUCGGAUCUUCG-3=; Tsg101
siRNA1, 5=-CCAGUCUUCUCUCGUCCUA-3=; and Tsg101 siRNA2, 5=-CCUCCAGUCUUCUCUCGUC-3=. A non-
specific (ns) siRNA (5=-UUCUCCGAACGUGUCACGU-3=) was used as a negative control.

Wound healing assay. In the wound healing assay, cells were seeded in 6-well plates. Scratches were
performed by use of a tip when cells were 70 to 80% confluent. PBS was used to remove the
nonadherent cells, and the cells were then cultured in medium without FBS. The rate of migration was
analyzed by measuring the distance of cell migration in the same view at 0 h and 24 h.

Transwell assay. Transwell chambers (8 �m; Corning Costar Co., Cambridge, MA) were used
according to the manufacturer’s instructions. Briefly, after serum starvation for 12 h, cells were resus-
pended in serum-free medium to a final concentration of 2 � 105/ml. The cell suspension (200 �l) was
pipetted into the top chamber, and medium (600 �l) containing 10% FBS was added to the lower
chamber. After 12 h of incubation, the cells on the upper side of the membrane were removed with
cotton swabs, and cells that migrated to the lower surface were fixed with 4% paraformaldehyde for 30
min and stained with 1% crystal violet in 2% ethanol for 20 min. Cells in 6 randomly selected fields for
each section were counted under a microscope.

Statistical analysis. Statistical analysis was performed by using Microsoft Excel. Comparisons of
categorical data were carried out by use of the unpaired two-tailed Student t test. Data are presented as
means � standard deviations (SD). P values of �0.05 were considered statistically significant.
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