
INTRODUCTION
Microvesicles (microparticles) are

plasma membrane–derived particles that
are released from cells by the outward
budding and fission of the plasma mem-

brane (1). Microvesicles play essential
physiological/pathological roles, includ-
ing the progression of the tumor via the
modulation of tumor–stroma interac-
tions, immune suppression, angiogenesis

and tumor metastasis (2–6). The interac-
tions between neoplastic cells and their
microenvironment components such as
stroma, extracellular matrix and
 endothelial/inflammatory cells reside in
the tumor microenvironment have great
effects on tumor expansion and metasta-
sis (7). Tumor cells constitutionally re-
lease microvesicles by the way they
transmit their membrane growth factor
receptors, metastasis-related proteases
and other bioactive molecules to other
tumor cells, nontumor cells and other tis-
sue components in the tumor microenvi-
ronment, thereby promoting tumor pro-
gression (8, 9). It has been reported that
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microvesicle shedding is a major secre-
tory pathway for cathepsin B, a metasta-
sis-related protease, releasing from
tumor cells (10). Studies with human and
murine lung cancer cells have shown
that microvesicles shed by tumor cells in-
duce the expression of several pro-an-
giopoietic factors in stromal cells, thus
actively modulating the behavior of en-
dothelium and tumor stroma (11).
Tumor-derived microvesicles are rich in
metastasis-related proteases such as ma-
trix metalloproteinase (MMP)-2 and
MMP-9, which are involved in the degra-
dation of extracellular matrix in the
tumor microenvironment, thereby pro-
moting tumor metastasis (12). The
amounts of microvesicles shed by tumor
cells have been reported to be correlated
with the invasiveness of tumor cells both
in vitro and in vivo (13). Thus, an under-
standing of the mechanism of microvesi-
cle biogenesis can facilitate the control of
cancer progression.

The ras family consists of three func-
tional genes, H-ras, K-ras and N-ras,
which encode highly similar 21-kDa Ras
proteins. Mutations in codon 12, 13 or 61
of one of the three ras genes convert
these genes into active oncogenes and ac-
tivate the mitogen-activated protein ki-
nase signaling and stimulate cancer pro-
gression (14). Ras is associated with both
the initiation and malignant progression
of the tumor (15). Aberrant activation of
Ras was implicated in the metastasis of
the tumor (16). Extracellular signal–
 regulated kinase (ERK) is a major down-
stream transducer of Ras (17). ERK has
been shown to mediate the shedding of
microvesicles during tumor invasion
through the modulation of myosin light-
chain kinase (MLCK) activation (18). Mi-
crovesicles need to be generated before
being  released outside the cell mem-
brane. However, the cellular mechanism
that regulates microvesicle biogenesis,
therefore promoting tumor metastasis, is
not fully understood.

The chromosome segregation 1–like
(CSE1L) protein is the human homolog of
CSE1, the yeast chromosome segregation
protein (19). CSE1L is highly expressed in

cancer, and its expression is associated
with advanced stage and poor outcome
of cancer patients (20–28). CSE1L has
been shown to regulate the migration of
tumor cells (29). The shed microvesicles
may remain in the extracellular environ-
ment around tumor cells; thus there may
be a relatively higher level of microvesi-
cles in the tumor microenvironment
(4,30). Hence, microvesicle membrane
proteins may be the potential targets for
cancer therapy. We report here that
CSE1L mediates microvesicle biogenesis.
Furthermore, CSE1L is preferentially ac-
cumulated in microvesicles and is located
in the microvesicle membrane. We show
that anti-CSE1L antibody–conjugated
quantum dots can target tumors in ani-
mal models. Our results suggest that
CSE1L may be a potential target for tar-
geted cancer therapy.

MATERIALS AND METHODS

Antibodies
The antibodies used in the experiment

were anti-p21/ras (EP1125Y) (Epitomics,
Burlingame, CA, USA); anti-CSE1L (3D8)
and anti-phospho-ERK1/2 (phospho
T202/204, G15-B) (Abnova, Taipei, Tai-
wan); anti-phosphotyrosine (PY20) and
anti-phosphoserine/threonine (22A/
pSer/Thr) (BD Biosciences, San Jose, CA,
USA); anti-β-tubulin (D66) (Sigma, St.
Louis, MO, USA); anti-β-actin (Ab-5) and
anti-GFP (Ab-1) (Lab Vision, Fremont,
CA, USA); anti-CSE1L (24), anti-CSE1L
(H2), anti-MMP-2 (H-76), anti-ERK1/2
(MK1) and anti-phosphothreonine (H2)
(Santa Cruz Biotechnology, Santa Cruz,
CA, USA); anti-MMP-9 (EP 1328Y)
(Novus Biologicals, Littleton, CO, USA);
goat anti-mouse IgG (Jackson Immuno -
Research Laboratories, West Grove, PA,
USA); and goat anti-mouse (or anti-
 rabbit) IgG secondary antibodies coupled
with Alexa Fluor 488 (or 568) (Molecular
Probes, Eugene, OR, USA).

Plasmids
v-H-Ras (pZIP-v-H-ras) expression vec-

tor carrying a neomycin selectable marker
was provided by Channing J Der (31).

Mammalian CSE1L expression vector,
pcDNA-CSE1L, carrying a neomycin se-
lectable marker was generated by insert-
ing cse1l complementary DNA (cDNA) as
an ApaI and NotI fragment from the
pGEM-CSE1L vector (29) into the ApaI
and NotI sites of the pcDNA3.1 vector.
The cse1l shRNA plasmids (sc-29909-SH)
designed to knock down cse1l expression,
and the control shRNA plasmids (sc-
108060) encode of a scrambled shRNA se-
quence that will not lead to the specific
degradation of any cellular any known
cellular mRNA, were ordered from Santa
Cruz Biotechnology. The shRNA plasmids
carry the puromycin selectable marker.

Cells and DNA Transfections
B16F10 melanoma cells, Michigan

Cancer Foundation-7 (MCF-7) breast
cancer cells and HT-29 colon cancer cells
were obtained from the American Type
Culture Collection (Manassas, VA, USA).
Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal
bovine serum (FBS), 100 units/ mL peni-
cillin, 100 mg/mL streptomycin and
2 mmol/L glutamate at 37°C under a
humidified 5% CO2 atmosphere. B16F10
cells were transfected with the control
pZIP-NeoSV(X)1 empty vector (EV) plus
control shRNA plasmids, pZIP-v-H-ras
plus control shRNA plasmids, pcDNA-
CSE1L plus control shRNA plasmids,
and pZIP-v-H-ras plus cse1l shRNA plas-
mids to obtain B16-dEV, B16-Ras, B16-
CSE1L and B16-Ras/anti-CSE1L cells, re-
spectively, by using the Lipofectamine
Plus reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s
instructions. Transfected cells were se-
lected with 1 mg/mL G418 for 3 wks
and then with 1 μg/mL puromycin for 
3 wks. Multiple drug- resistant colonies
(>50) were pooled together and ampli-
fied in mass culture. For the experi-
ments, cells were cultured in medium
without G418 and puromycin. In experi-
ments where cells were treated with di-
methyl sulfoxide (DMSO) or PD98059,
the relative volume of solvent to total
media was 5:10,000, and the concentra-
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tion of PD98059 was 50 μmol/L for all
experiments.

Immunoblotting
Cells were washed with phosphate-

buffered saline (PBS) and lysed in ice-
cold radioimmunoprecipitation assay
buffer (25 mmol/L Tris-HC1 [pH 7.2],
0.1% sodium dodecyl sulfate [SDS], 0.1%
Triton X-100, 1% sodium deoxycholate,
150 mmol/L NaCl, 1 mmol/L ethylene-
diaminetetraacetic acid [EDTA], 1 mmol/L
sodium orthovanadate, 1 mmol/L
phenylmethylsulfonyl fluoride, 10 μg/mL
aprotinin and 5 μg/mL leupeptin). The
protein concentrations were determined
with a BCA protein assay kit (Pierce,
Rockford, IL, USA). A total of 50 μg of
each protein sample was loaded onto
SDS-polyacrylamide gel. Proteins were
transferred to nitrocellulose membranes
(Amersham Pharmacia, Little Chalfont,
Buckinghamshire, UK). The membrane
was blocked at 4°C overnight in block-
ing buffer (1% bovine serum albumin
[BSA], 50 mmol/L Tris-HCl [pH 7.6],
150 mmol/L NaCl and 0.1% Tween-20).
The blots were incubated for 1 h at room
temperature with primary antibodies fol-
lowed by incubation with secondary an-
tibodies conjugated to horseradish per-
oxidase for 1 h. The levels of protein
were detected by enhanced chemilumi-
nescence with a Forte Western HRP
(horseradish peroxidase) Substrate (Milli-
pore, Billerica, MA, USA). For im-
munoblotting with biotin-conjugated an-
tibodies, the biotin-conjugated antibody
was prepared by biotinylating anti-
CSE1L antibodies by using the Biotin
 Labeling Kit-NH2 kit according to the
manufacturer’s protocol (Dojindo Labo-
ratories, Kumamoto, Japan). The im-
munoblot reacted with HRP-conjugated
streptavidin, and the levels of protein
were detected by Forte Western HRP
Substrate.

Immunofluorescence and
Microvesicle Scoring

Cells grown on glass cover slides (12 ×
12 mm) for 4 d were changed to medium
without FBS. After incubation for 24 h,

the cells were cytospun at 150g for
10 min. Cells were washed with PBS,
fixed with 4% para formaldehyde, perme-
abilized with methanol and blocked with
PBS containing 0.1% BSA. Samples were
incubated with primary antibodies for
1 h. Samples were then washed three
times with PBS and followed by incubat-
ing with secondary antibodies coupled
with Alexa Fluor 488 (or 568) and exam-
ined with an inverted fluorescence mi-
croscope. For each experimental condi-
tion, cells showing microvesicles at the
surface were scored. A total of 300 cells
were observed for each experiment, and
the data from three independent experi-
ments were plotted. Standard deviation
bars are shown.

Conditioned Medium
Cells were grown to subconfluence,

washed with PBS and changed to me-
dium without FBS. After incubation for
24 h, the conditioned medium was col-
lected, and the cell numbers were
counted. To remove possible suspended
cells or cell debris, medium was cen-
trifuged at 10,000g for 10 min, after
which the supernatant was harvested.

Cell Proliferation Assay
Equal numbers of cells (1 × 104 cells/

dish) were seed on 100-mm culture
dishes. The media were refreshed every
3 d. The cell numbers were countered
every 24 h by trypan blue exclusion as-
says after cell seeding. For each time
point, three plates of cells were counted,
and each plate was only counted once.

Gelatin Zymography Assay
Microvesicles harvested from cell

number–standardized conditioned 
media were resolved using 10% SDS–
polyacrylamide gel electrophoresis
(PAGE) containing 1 mg/mL gelatin. The
gel was washed twice with 2.5% Triton
X-100 for 30 min to remove SDS and was
subsequently incubated in buffer con-
taining 50 mmol/L Tris-HCl (pH 7.6),
200 mmol/L NaCl and 10 mmol/L CaCl2

at 37°C for 24 h. The gel was stained
with Comassie blue R-250 (0.125% Co-

massie blue R-250, 50% methanol, 10%
acetic acid) for 30 min and destained
with destaining solution (20% methanol,
10% acetic acid, 70% deionized distilled
water [ddH2O]) until the clear bands
were visualized.

Production of Glutathione 
S-transferase–CSE1L (GST-CSE1L)
Fusion Protein

GST-CSE1L fusion protein was pro-
duced by using a wheat germ cell-free
protein synthesis system according to the
method described by ENDEXT technol-
ogy protocol (CellFree Sciences, Yoko-
hama, Japan). Briefly, the open reading
frame of cse1l cDNA in the pcDNA-
CSE1L vector was cut with restriction en-
zymes and was subcloned into the wheat
germ expression vector pPEU-E01-MCS
(CellFree Sciences). Transcription of cse1l
mRNA was performed by adding 2 μg of
the subcloned plasmid to a tube contain-
ing the transcription premixed solution
(CellFree Sciences). The mixture was in-
cubated at 37°C for 6 h for transcription
reaction. A total of 10 μL of the mRNA
mixture was added into 10 μL wheat
germ extract solution (WEPRO 3240,
CellFree Sciences) for translation reac-
tion. The translation mixture (20 μL) was
transferred to the bottom of the well con-
taining SUB-AMIX (CellFree Sciences) to
form a bilayer with the translation mix-
ture in the lower layer. After incubated at
26°C for 16 h, the mixture was used to
purify the GST-CSE1L fusion protein.
GST-CSE1L fusion proteins were purified
using glutathione-Sepharose 4B beads
and Bulk GST Purification Modules
(Amersham Pharmacia). The purified
GST-CSE1L fusion protein was cleaved
with thrombin, and GST was removed
by using Amicon Ultra-4 Centrifugal Fil-
ter Units (Millipore).

Tissue Microarrays and
Immunohistochemistry

Three tissue cores from colorectal can-
cer (n = 115), breast cancer (n = 100) and
melanoma (n = 92), and one tissue core
from noncancer tissue, in each paraffin
block were longitudinally cut and ar-
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ranged into new paraffin blocks by
using the manual method of a Biosyn-
Matric Handmade Kit (Formosa Tran-
scrip Inc., Kaohsiung, Taiwan) to gener-
ate tissue microarrays. The tissue
sections were stained with hematoxylin
and eosin to confirm the presence of
morphologically representative areas of
the original cancers. For immunohisto-
chemistry, the paraffin-embedded cancer
specimens and paired nontumor tissue
sections (4 μm) were deparaffinized in
xylene and rehydrated in graded alco-
hol. Antigen retrieval was performed by
treatment with boiling citrate buffer
(10 mmol/L, pH 6.0) for 20 min. En-
dogenous peroxidase activity was
blocked with 3% hydrogen peroxide in
water, and nonspecific staining was
blocked by incubation with 5% BSA for 
1 h at room temperature. After incuba-
tion with a 100-fold dilution of anti-
CSE1L antibody (3D8, Abnova) for
20 min at room temperature and thor-
ough washing three times with PBS, the
slides were incubated with an HRP/Fab
polymer conjugate for another 30 min.
The sites of peroxidase activity were vi-
sualized by using diaminobenzidine
(3,3′- diaminobenzidine tetrahydrochlo-
ride) as the substrate and counterstained
with Mayer hematoxylin. In the negative
control, the primary antibody was omit-
ted and replaced by PBS.

Patients and Tumor Samples
Colorectal cancer samples were ob-

tained from 115 consecutive patients who
had been given a diagnosis at the
Changhua Christian Hospital (Chang -
hua, Taiwan). All participants had the
study explained to them and gave in-
formed consent by using institutional re-
view board–approved guidelines before
any participation. Serum samples were
collected by allowing blood to sit at
room temperature for a minimum of
30 min to allow clots to form. To remove
any possible suspended cells or cell de-
bris in serum, samples were centrifuged
at 10,000g for 10 min, after which super-
natants were harvested and stored at
–80°C. Baseline characteristics of the pa-

tients are shown in Supplementary
Table S1.

Immunoprecipitation
Cells grown on plastic dishes were

washed with PBS and incubated in lysis
buffer (10 mmol/L Tris-HCl [pH 7.4],
10 mmol/L EDTA, 0.4% deoxycholic acid,
1% Triton X-100, 1 mmol/L phenyl-
methylsulfonyl fluoride, 10 μg/mL apro-
tinin and 5 μg/mL leupeptin) at 4°C for
20 min. Cells were scraped and disrupted
by pipetting. The cell lysate was cleared
of insoluble materials by centrifugation at
10,000g for 10 min at 4°C, and the protein
concentrations were determined with a
BCA protein assay kit (Pierce). Equal
amounts of cell lysate (500 μg) isolated
from B16-dEV and B16-CSE1L cells were

separately incubated with immunopre-
cipitation buffer (50 mmol/L Tris-HCl
[pH 7.5], 150 mmol/L NaCl and 0.25%
gelatin) containing primary antibodies at
4°C for 3 h followed by a slurry of pro-
tein G plus/protein A-agarose (A/G plus
agarose) beads (Santa Cruz Biotechnol-
ogy) and incubated for an additional 2 h.
The immunoprecipitates were washed
with lysis buffer four times and then sub-
jected to SDS-PAGE and immunoblotting
with  antibodies.

For immunoprecipitation with serum
samples, sera were incubated at 4°C
overnight in PBS containing agarose-
 conjugated anti-phosphothreonine anti-
bodies (H2) (Santa Cruz Biotechnology),
with slow rotation. The immunoprecipi-
tates were washed with immunoprecipi-
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Figure 1. v-H-ras triggers microvesicle biogenesis. (A) Representative micrographs of
B16F10, B16-dEV and B16-Ras cells. (B) Representative image shows the presence of de-
veloping microvesicles at the invadopodia (arrowhead) and the membrane (arrow) of
B16-Ras cells. (C) Immunoblotting of phospho-ERK and total ERK in cell lysates from B16-
dEV and B16-Ras cells treated with DMSO or PD98059 for 12 h. Band intensities were quan-
tified by densitometry, and the ratio of phosphor-ERK to total ERK is shown. (D) Represen-
tative micrographs of B16-dEV and B16-Ras cells treated with DMSO or PD98059 in
medium without FBS for 12 h. Note that PD98059 treatment inhibited microvesicle biogen-
esis induced by v-H-ras.



tation lysis buffer three times and were
then subjected to SDS-PAGE and immuno -
blotting with anti-CSE1L antibodies. Con-
trol immunoprecipitation was performed
by using agarose-conjugated normal
mouse IgG (Santa Cruz Biotechnology).

Matrigel-Based Invasion Assay
The Matrigel-based invasion assay was

done using Matrigel (BD Biosciences) and
8-μm pore–sized polyvinylpyrrolidone-
free polycarbonate filters (Costar, Cam-
bridge, MA, USA). The filters were
soaked in Matrigel diluted five-fold with
DMEM. The filters were washed with
DMEM and then were placed in mi-
crochemotaxis chambers. Cells were
treated by 0.1% trypsin-EDTA digestion,
resuspended in DMEM containing 10%
FBS and then washed with serum-free
DMEM. Cells (2 × 104) were finally sus-
pended in DMEM (200 μL) and placed in
the upper compartment of the chemotaxis
chambers. Culture medium (300 μL) con-
taining 20% FBS was placed in the lower
compartment of the chemotaxis chambers
to serve as a source of chemoattractants.
After incubation for 6 h at 37°C, cells on
the upper surface of the filters were com-
pletely wiped away with a cotton swab.
Cells on the lower surface of the filters
were fixed in methanol, stained with
hematoxylin and eosin and then counted
under a microscope. The assays were re-
peated three times, and each assay con-
sisted of four replicates of filters. For each
replicate, the migrated tumor cells in 10
randomly selected fields were deter-
mined, and the counts were averaged.

Animal Metastasis Models
Male C57BL/6 mice aged between 6

and 7 (n = 18) and 14 and 15 (n = 26) wks
old (National Laboratory Animal Center,
Taipei, Taiwan) were housed in an ani-
mal holding room under standard condi-
tions (22°C; 50% humidity; 12-h light/
dark cycle). The experiments included
four groups (that is, mice injected with
B16-dEV, B16-CSE1L, B16-Ras and B16-
Ras/anti-CSE1L cells), and mice with dif-
ferent ages were evenly distributed in
the four groups. Each mouse was in-

jected with viable cells (3 × 104 cells in
100 μL PBS/mouse) in the tail vein. The
experiment included 11, 14, 8 and 11
mice injected with B16-dEV, B16-CSE1L,
B16-Ras and B16-Ras/anti-CSE1L cells,
respectively. Three weeks after injection,
the mice were sacrificed and necropsied.
The numbers of tumors in lungs were
counted by macrography and microgra-
phy. Mouse care and experimental proce-
dures were performed following the
guidelines of the Animal Care Commit-
tee of Academia Sinica (Taiwan). There
were 3, 10, 4 and 1 mice that died 3 wks
after being injected with B16-dEV, B16-
CSE1L, B16-Ras and B16-Ras/anti-CSE1L
cells, respectively, and thus these mice
were excluded from the statistics. There
were 1, 1, 0 and 3 mice injected with B16-

dEV, B16-CSE1L, B16-Ras and B16-Ras/
anti-CSE1L cells, respectively, that did
not grow tumors in the lungs and thus
were also excluded from the statistics.

Immunogold Electron Microscopy
Cells grown on Aclar film (Electron Mi-

croscopy Sciences, Hatfield, PA, USA)
were washed with PBS and fixed in a
mixture of 0.5% glutaraldehyde and 
2% paraformaldehyde in HEPES buffer
(pH 6.8) for 15 min and were then placed
in 2% paraformaldehyde in HEPES buffer
(pH 6.8) at 4°C for 14 d. Samples were de-
hydrated with 80% ethanol and infiltrated
with increasing concentrations of
Lowicryl HM20 resin (Polysciences,
Tokyo, Japan). Polymerization of Lowicryl
HM20 was performed by ultraviolet irra-
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Figure 2. CSE1L mediates microvesicle biogenesis induced by v-H-ras. (A) Representative
micrographs show that CSE1L knockdown inhibited v-H-Ras–induced microvesicle biogen-
esis. (B) Immunofluorescence shows CSE1L and MMP-2 staining in microvesicles in the cy-
toplasm (arrowhead) and the base of invadopodia (arrow) of B16-Ras cells. (C) Repre-
sentative images show CSE1L overexpression stimulates microvesicle generation in
B16-CSE1L cells. (D) Representative micrograph of B16-CSE1L cells treated with DMSO or
PD98059 in medium without FBS for 12 h.



diation (wavelength peak at 360 nm) for
24 h. Ultrathin sections were cut and then
mounted on nickel grids coated with 2%
Neoprene (Ohken, Tokyo, Japan). After
being sunk in 100% ethanol for 3 min,
samples were immersed in 0.01 mol/L
EDTA (pH 7.2) at 65°C for 24 h. The sam-
ples were washed with PBS three times 
(5 min/ wash) and blocked with PBS con-
taining 1% BSA and 0.1% Tween-20 for 
15 min. The samples were incubated with
a mixture of primary antibodies (CSE1L,
clone 3D8) diluted in PBS (1:20) for 1 h,
washed with PBS three times (5 min/
wash) and reacted with 12-nm gold-
 labeled secondary antibodies, followed by
washing with PBS three times (5 min/
wash). The samples were stained with
uranyl acetate and were examined on a
Hitachi H-7000 transmission electron mi-
croscope (Hitachi, Tokyo, Japan).

Preparation of Microvesicles
Microvesicles were prepared from con-

ditioned media by size exclusion chro-
matography and ultracentrifugation.
Briefly, conditioned media were applied
to a Sepharose 2B column (Amersham
Biosciences, Piscataway, NJ, USA) equili-
brated with PBS. Fractions (1 mL) were
collected, and the protein content was
monitored by measuring absorbance at
280 nm. The void volume peak material,
containing proteins of >50 million kDa,
was then centrifuged at 16,000g for 1 h at
4°C. The pellet contains microvesicles
and was resuspended with 50 μL PBS.

For labeling of microvesicles isolated
from cancer sera, the cancer sera were
made free of platelets and cellular debris
by centrifuging at 2,500g for 20 min two
times. The supernatant was then cen-
trifuged at 16,000g for 1 h in 4°C to pre-

cipitate microvesicles. The pellet was
washed with and resuspended in PBS.
The microvesicles were incubated with a
mixtures of primary antibodies (CSE1L,
clone H2) diluted in PBS (1:100) for 1 h
and followed by incubating with second-
ary antibodies coupled to Alexa Fluor
568. Control immunofluorescence was
performed with the samples stained with
Alexa Fluor 568–labeled secondary anti-
bodies. The samples were examined with
an inverted fluorescence microscope.

In Vivo Tumor Imaging
Anti-CSE1L antibodies (clone 24) and

anti-mouse IgG were conjugated with
quantum dots by using a Qdot 800 Anti-
body Conjugation Kit (Invitrogen) accord-
ing to the manufacturer’s instructions.
Briefly, Qdots were activated with 
N-succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC), and
the antibodies were reduced by dithiothre-
itol. The reduced antibodies were cova-
lently coupled with activated Qdots, and
the conjugation reactions were quenched
with β-mercaptoethanol. Conjugates were
concentrated by ultrafiltration and puri-
fied by size exclusion chromatography.
The concentrations of conjugates were de-
termined with a spectrofluorometer.

Male C57BL/6 mice aged between 6
and 7 wks were injected with viable B16-
CSE1L cells (3 × 104 cells in 100 μL
PBS/mouse) in the dorsal skin. Three
weeks after tumor inoculation, mice
bearing tumors were injected with quan-
tum dots conjugated with anti-CSE1L an-
tibodies or anti-mouse IgG (500 pmol in
100 μL PBS/mouse) into the tail vein.
Mice were imaged by using a Xenogen
IVIS 200 imaging system (excitation:
525/50 nm; emission: 832/65 nm) at 0, 1
and 4 h after injection. The near-infrared
fluorescence images were processed
under the same conditions and acquired
on a camera.

Statistical Analysis
Data were analyzed by using SPSS 12.0

statistical software (SPSS, Chicago, IL,
USA). Statistical differences were ana-
lyzed by a paired t test. An α level of
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Figure 3. v-H-ras induces ERK-dependent CSE1L phosphorylation and secretion. (A) Im-
munoblot analysis of CSE1L phosphorylation with synthesized CSE1L protein produced by
wheat germ cell-free protein synthesis system. Lane1: B16-dEV cell lysate; lane 2: CSE1L-
depleted cell lysates produced by depleting CSE1L with anti-CSE1L antibodies and A/G
plus agarose; lane 3: recombinant GST-CSE1L protein; lane 4: CSE1L protein. (B) Levels of
threonine-phosphorylated CSE1L in B16-dEV and B16-Ras cells treated with DMSO or
PD98059 for 24 h. The levels were analyzed by immunoprecipitation of the samples with
anti-CSE1L antibodies and immunoblotting with HRP-conjugated anti-phosphothreonine
antibodies. The immunoblot was reprobed with anti-CSE1L antibodies. Control immuno-
precipitation was performed by using mouse anti-GFP antibodies. (C) Levels of secretory
threonine-phosphorylated CSE1L in cell number–standardized conditioned media har-
vested from serum-starved B16-dEV and B16-Ras cells treated with DMSO or PD98059 for
24 h. The levels were analyzed by immunoprecipitation of the samples with anti-CSE1L an-
tibodies and immunoblotting with HRP-conjugated anti-phosphothreonine antibodies.



0.05 was used to determine statistical
 significance.

All supplementary materials are available
online at www.molmed.org.

RESULTS

v-H-ras Expression Triggers
Microvesicle Biogenesis

The C57BL/6 mouse strain is a fre-
quently used animal model for studying
cancer development, and B16F10 mela-
noma cells have been shown to be a
highly metastatic cancer cell line in
C57BL/6 mice (32). B16F10 cells were
transfected with the control vectors and
v-H-ras–expressing vectors to obtain
B16-dEV and B16-Ras cells, respectively
(Supplementary Figure S1). Microscopic
examination showed the surfaces of B16-
Ras cells were decorated with many
 bubble-like microvesicles, and this was
not observed in the B16-dEV control cells
(Figure 1A). Formation of microvesicles
is often coupled with the extension of
cell pseudopodia (33). Developing
 microvesicles were observed in the
pseudopodia and cytoplasm of B16-Ras
cells (Figure 1B). Treatment with the ERK
inhibitor PD98059 inhibited v-H-ras–
 induced phosphorylation/activation of
ERK and inhibited v-H-ras–induced mi-
crovesicle biogenesis (Figures 1C, D). Mi-
crovesicles are rich in extracellular pro-
teases, which are essential for tumor
metastasis (12). MMP-2 is an extracellu-
lar protease that plays an important role
in the progression of various diseases in-
cluding tumor metastasis (34–37). Im-
munofluorescence showed that micro -
vesicles produced by B16-Ras cells were
rich in MMP-2 (Supplementary Fig -
ure S2A). We isolated microvesicles from
the conditioned media of the cells, and
the results of immunoblotting showed
v-H-ras transfection increased mi-
crovesicular MMP-2 level in an ERK-
 dependent manner (Supplementary Fig-
ure S2B). There was no accumulation of
microvesicles in the surface of PD98059-
treated B16-Ras cells due to inhibition of
microvesicle shedding by ERK repression

(Figure 1D). Thus, v-H-ras regulates
 microvesicle biogenesis in an ERK-
 dependent manner.

CSE1L Mediates Microvesicle
Generation Triggered by v-H-ras

CSE1L has been shown to regulate the
secretion of MMP-2 and promote the in-
vasion of tumor cells (38–40). We investi-
gated whether CSE1L was involved in
microvesicle biogenesis and MMP-2 se-
cretion induced by Ras. Knockout of the
cse1l gene has been shown to be embry-
onically lethal in mice (41). Therefore, we
knock down CSE1L expression to study
the effect of CSE1L on microvesicle gen-
eration induced by v-H-Ras. B16-Ras
cells were transfected with the cse1l-
 specific shRNA-expressing vectors to ob-
tain the B16-Ras/anti-CSE1L cells (Sup-
plementary Figure S1). Microscopic
examination showed there was no micro -
vesicle present in the surfaces of B16-
Ras/anti-CSE1L cells (Figure 2A). Im-
munofluorescence showed CSE1L was
located in both the nuclei and the cyto-
plasm of cells, and in the cytoplasm,
CSE1L was preferentially accumulated in
developing microvesicles that were lo-
cated in the invadopodia of B16-Ras cells
(Figure 2B). Thus, we studied whether
CSE1L stimulated microvesicle biogene-
sis. B16F10 cells were transfected with
CSE1L-expressing vectors to obtain the
B16-CSE1L cells (Supplementary Fig -
ure S1). CSE1L is known to regulate in-
vadopodia extension of cells (29). Micro-
scopic examination showed the presence
of microvesicles in the tips of invado -
podia in B16-CSE1L cells (Figure 2C).
CSE1L also stimulated microvesicle gen-
eration in MCF-7 cells and HT-29 cells
(data not shown). PD98059 treatment
was unable to inhibit microvesicle gener-
ation induced by CSE1L (Figure 2D).
These results indicate that CSE1L medi-
ates the biogenesis of microvesicles.

v-H-ras Induces ERK-Dependent
Threonine Phosphorylation and
Secretion of CSE1L

We studied the expression of phospho-
ERK and CSE1L in colorectal cancer. The

anti-CSE1L antibody (clone 24) was
strong for immunofluorescence, im-
munoblotting and immunoprecipitation;
but its immunoreactivity was weak for
paraffin-embedded tissue. Immunohisto-
chemical analyses of paraffin-embedded
tissue microarray with anti-ERK (MK1)
and anti-CSE1L (clone 3D8) antibodies
showed significant expression of phos-
pho-ERK (100%, 115/115) and CSE1L
(99.1%, 114/115) in colorectal cancer
(Supplementary Figure S3A). The margin
of normal tissue only showed weak
phospho-ERK and CSE1L expression
(Supplementary Figure S3A). Moreover,
there was a coincidence in the relative
staining intensity of CSE1L with phos-
pho-ERK in the tumor (97.4%, 112/115)
(Supplementary Figure S3B), indicating
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Figure 4. Presence of phosphorylated CSE1L
in sera from cancer patients. (A) Serum
threonine-phosphorylated CSE1L analyzed
by immunoprecipitation with agarose-
 conjugated anti-phosphothreonine anti-
bodies and a pool of sera from 36 colorec-
tal cancer patients (each 10 μL) or 36
healthy donors (each 10 μL) and immuno -
blotting with anti-CSE1L antibodies. Control
immunoprecipitation was performed using
agarose-conjugated normal mouse IgG. 
(B) The levels of CSE1L in the pools of can-
cer sera (n = 36) and normal sera (n = 36)
were analyzed by immuno blotting with
anti-CSE1L antibodies (clone 24).



that there was a close relationship be-
tween ERK and CSE1L in colorectal can-
cer progression. Immunohistochemical
analysis also showed that CSE1L and
phospho-ERK were highly expressed in
human breast tumors and melanoma
(Supplementary Figure S3C). Coinci-
dences in the relative staining intensity
of CSE1L with phospho-ERK in the
tumor were also observed in breast
 cancer and melanoma (Supplementary
Figure S3C).

Immunoblotting with GST-CSE1L fu-
sion protein produced by wheat germ
cell-free protein synthesis system showed

CSE1L reacted with anti-phosphoserine/
threonine and anti-phosphotyrosine anti-
bodies (Figure 3A). The result of im-
munoprecipitation showed that v-H-ras
expression increased the phosphorylation
of CSE1L, and PD98059 treatment inhib-
ited v-H-ras–increased phosphorylation
of CSE1L (Figure 3B). The results of im-
munoprecipitation with the cell num-
ber–standardized conditioned media also
showed that v-H-ras expression increased
the secretion of phosphorylated CSE1L,
and PD98059 treatment inhibited v-H-
ras–induced secretion of phosphorylated
CSE1L (Figure 3C). Thus, v-H-ras induces

ERK- dependent phosphorylation and se-
cretion of CSE1L.

Presence of Phosphorylated CSE1L in
Sera from Cancer Patients

We analyzed the presence of phospho-
rylated CSE1L in sera from cancer pa-
tients. Immunoprecipitation with sera
from patients with colorectal cancer (n =
36) and from the healthy donors (n = 36)
showed the presence of a dense phos-
phorylated CSE1L protein band around
100 kDa in the immunoblots of anti-
phosphothreonine antibody–reacted im-
munoprecipitates in sera from cancer pa-
tients, and no CSE1L protein band was
observed in the immunoblots of the nor-
mal serum samples (Figure 4A). Al-
though the serum CSE1L level was
higher in cancer serum samples than in
healthy donor serum samples, the differ-
ence was not as significant as that ob-
served in the assay of phosphorylated
CSE1L (Figure 4B). Therefore, serum
phosphorylated CSE1L may be a poten-
tial biomarker for cancer diagnosis.

CSE1L Mediates the Metastasis of
Tumor Cells Induced by v-H-ras

The proteolytic activities of microvesi-
cles play an important role in tumor
metastasis (13). Immunofluorescence
showed CSE1L was colocalized with
MMP-2 in microvesicles (Figure 5A). We
isolated microvesicles from the condi-
tioned media of the cells. Gelatin zymog-
raphy assay showed v-H-ras expression
increased the microvesicular MMP-2 zy-
mographic activity, and PD98059 treat-
ment attenuated the v-H-ras–induced in-
crease in microvesicular MMP-2
zymographic activity in B16F10 cells
(Supplementary Figure S4A). CSE1L
knockdown also attenuated the v-H-
ras–induced increase in microvesicular
MMP-2 zymographic activity (Supple-
mentary Figure S4A). Immunofluores-
cence also showed that CSE1L was colo-
calized with MMP-9 in microvesicles
(Supplementary Figure S4B). Gelatin zy-
mography assay showed v-H-ras expres-
sion increased the microvesicular MMP-9
zymographic activity, and CSE1L knock-
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Figure 5. CSE1L mediates metastasis of tumor cells induced by v-H-ras. (A) Representative
images show colocalization of CSE1L (arrowheads) with MMP-2 (arrows) in microvesicles
analyzed by immunofluorescence with anti-CSE1L and anti-MMP-2 antibodies. (B) Animal
models showed CSE1L mediated metastasis of B16F10 melanoma cells induced by v-H-
ras. Upper half is a representative photograph of the pulmonary tumors of C57BL/6 mice
injected with B16-dEV, B16-CSE1L, B16-Ras and B16-Ras/anti-CSE1L cells. P = 0.06 between
mice injected with B16-CSE1L and B16-dEV cells. P = 0.03 between mice injected with
B16-Ras and B16-dEV cells. P = 0.02 between mice injected with B16-Ras/anti-CSE1L and
B16-dEV cells. P = 0.01 between mice injected with B16-Ras and B16-Ras/anti-CSE1L cells.
(C) Growth curves of B16-dEV, B16-CSE1L, B16-Ras and B16-Ras/anti-CSE1L cells. The graph
represents the results of three independent assays.



down attenuated the v-H-ras–induced
increase in micro vesicular MMP-9 zymo-
graphic activity (Supplementary Figure
S4C). Matrigel-based invasion assay
showed that both v-H-Ras and CSE1L
enhanced the in vitro invasion of B16F10
cells, and CSE1L knockdown attenuated
the v-H-Ras–  induced increase in the in-
vasion of B16F10 cells (Supplementary
Figure S4D). Animal metastasis models
showed v-H-Ras expression increased
the pulmonary metastasis of B16F10 cells
by 246.1% (P = 0.03) in C57BL/6 mice,
and CSE1L knockdown attenuated the v-
H-Ras–  induced increase in the tumor
pulmonary metastasis of the cells by
100% (P = 0.01); although, the growth
rates of B16-Ras and B16-Ras/anti-
CSE1L cells were similar (Figures 5B, C).
The mean ± standard deviation of lung
tumors were 13.7 ± 4.8, 47 ± 15.8, 32.2 ±
8.5 and 7 ± 3.6 tumors per mouse for
mice injected with B16-dEV, B16-CSE1L,
B16-Ras and B16-Ras/anti-CSE1L cells,
respectively. CSE1L overexpression also
increased the mortality of mice injected
with B16-F10 cells; there were 3, 10, 4
and 1 mice that died 3 wks after injection
with B16-dEV, B16-CSE1L, B16-Ras and
B16-Ras/anti-CSE1L cells, respectively.
Thus, CSE1L mediates the metastasis of
tumor cells induced by v-H-Ras.

CSE1L Is a Microvesicle Membrane
Protein and Anti-CSE1L Antibodies
Can Target Tumors

We studied the distribution of CSE1L
in microvesicles. Immunofluorescence
showed CSE1L was preferentially accu-
mulated in microvesicles; although
MMP-2 was also located in microvesi-
cles, no preferentially accumulation of
MMP-2 in microvesicles was observed
(Figure 6A). The results of immunofluo-
rescence also showed that CSE1L was lo-
cated in the membranes of microvesicles
(Figure 6B). Immunogold electron mi-
croscopy showed that CSE1L (12-nm
gold, arrowheads) was located in the
membranes of microvesicles and also in
the dense-stained material within micro -
vesicles (Figure 6C). We isolated micro -
vesicles from the sera of colorectal cancer

patients. The results of immunofluores-
cence showed positive staining of CSE1L
in the microvesicles harvested from the
cancer sera (Figure 6D). The shed micro -
vesicles may remain in the extracellular
environment around tumor cells. There-
fore, localization of CSE1L in the mem-
branes of microvesicles indicates that
CSE1L may be a therapeutic target for
cancer. C57BL/6 mice bearing tumors

were injected with quantum dots conju-
gated with anti-CSE1L antibodies or anti-
mouse IgG as the control in the tail vain.
The results of in vivo imaging showed
the presence of significant near-infrared
fluorescence signal in tumors of mice in-
jected with the anti-CSE1L antibody–
 conjugated quantum dots but not in tu-
mors of mice injected with the control
IgG–conjugated quantum dots (Fig -
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Figure 6. CSE1L is a microvesicle membrane protein and anti-CSE1L antibodies can target
tumors. (A) Representative immunofluorescence show preferential accumulation of CSE1L
(arrowheads) in microvesicles. MMP-2 distribution was analyzed for comparison. (B) Local-
ization of CSE1L in microvesicle membranes (arrowhead) analyzed by immunofluores-
cence. (C) A representative immunogold electron microscopic image shows CSE1L (12-nm
gold, arrowheads) distributions in microvesicle in B16-Ras cells. (D) Representative immuno-
fluorescence shows CSE1L (arrowheads) staining in microvesicles harvested from the sera
of colorectal cancer patients. Control immunofluorescence was performed with the sam-
ples stained with secondary antibodies coupled with Alexa 568 (lower panel). (E) Repre-
sentative images show near-infrared fluorescence signals of mice bearing B16-CSE1L
cell–derived tumors injected with Qdot-conjugated anti-CSE1L antibodies (right, n = 3) or
Qdot-conjugated anti-mouse IgG (left, n = 3) at 4 h after injection. (F) Pathway of Ras-ERK-
CSE1L signaling in the regulation of microvesicle biogenesis. Ras activated by the up-
stream signaling such as the ErbB2 results in ERK activation. ERK interacts with CSE1L, which
in turn mediates microvesicle biogenesis. CSE1L-induced microvesicle biogenesis is not in-
hibited by PD98059, indicating that there is a signaling pathway other than ERK that also
interacts with CSE1L and regulates microvesicle generation. ERK activation also results in
MLCK activation, which in turn modulates microvesicle shedding.



ure 6E). Therefore, CSE1L is a potential
target for cancer therapy.

DISCUSSION
Microvesicles play important roles in

normal physiological functions as well
as the cellular processes that lead to the
pathogenesis of various diseases (1–6).
Ras may activate a second signaling
pathway that involves the Ras-related
protein RhoA (42). Li et al. (43) reported
that RhoA triggers a specific signaling
pathway that generates microvesicles in
cancer cells. We showed that the Ras-
ERK pathway mediated microvesicle
biogenesis and metastasis of tumor
cells. Both studies demonstrate that Ras
signaling plays a key role in regulating
microvesicle biogenesis and conse-
quently the malignant progression of
the tumor. We further showed that
CSE1L is a microvesicle membrane pro-
tein that mediates microvesicle genera-
tion triggered by Ras. The proposed
pathway of Ras-ERK-CSE1L signaling in
the regulation of microvesicles biogene-
sis is outlined (Figure 6F). The Ras-ERK
signaling is a major pathway down-
stream in the erythroblastic leukemia
viral oncogene homolog/human epider-
mal growth factor receptor (ErbB/HER)
family, an important target for targeted
cancer therapy (44,45). CSE1L is linked
to Ras-ERK signaling, and phosphory-
lated CSE1L is present in the serum of
cancer patients (Figure 4). Therefore,
serum phosphorylated CSE1L may be a
potential marker for cancer diagnosis as
well as for monitoring the  response of
targeted therapy in HER/ ErbB-positive
cancer.

We showed that CSE1L was located in
microvesicles and regulated the biogene-
sis of microvesicles (Figure 2). Unlike mi-
crovesicles induced by v-H-ras, CSE1L
induced larger sizes but fewer numbers
of microvesicles per cell (Figure 2C). The
differences are reasonable, since CSE1L-
induced microvesicles were mainly pres-
ent in the tips of invadopodia; thus, mi-
crovesicles accumulated in the tips of
invadopodia and became bigger in size.
Also, CSE1L was located in the micro -

vesicle membrane, and the dense stained
material within microvesicles (Fig -
ure 6C). Therefore, CSE1L may play a
role in maintaining the structural in-
tegrity of the microvesicle compartment;
this might also contribute to the larger
size of microvesicles induced by CSE1L.
CSE1L is a multifunctional protein and is
implicated in microtubule assembly
(19,29), nuclear transport (46), transcrip-
tional regulation (47), apoptosis (48,49)
and cancer invasion and metastasis (26).
Associations of CSE1L with micro-
tubules, nuclear transporter factor and
chromosomes have been reported before
(19,29,46,47). These facts suggest that the
cellular pool of CSE1L protein must be
delicately regulated. Further study of the
extracellular stimuli, including the tumor
microenvironment, and the cellular sig-
naling that regulates the cellular distri-
bution and association of CSE1L with
other protein is needed to illustrate the
physiological/pathological functions of
CSE1L.

CSE1L was recently investigated in a
larger series of colorectal cancers, and its
association with regulation of MMP-9
was also studied (50). Our results also
showed that CSE1L was colocalized with
MMP-9 in microvesicles and regulated
Ras-induced zymographic activity of
MMP-9 (Supplementary Figures S4B,
S4C). Ras signaling is known to play a
critical role in MMP-2 and MMP-9 secre-
tion and, subsequently, in the invasive-
ness of tumor cells (51,52). We showed
that Ras-stimulated MMP-2 and MMP-9
secretion through the regulation of mi-
crovesicle generation and CSE1L medi-
ated microvesicle generation triggered by
Ras. Because MMP-2 and MMP-9 play
important roles in tumor metastasis,
these findings may offer an approach for
blocking MMP-2 and MMP-9 secretion
for the inhibition of tumor metastasis.
Microvesicles can deliver mRNA,
miRNA and bioactive proteins between
cells and play an essential role in regulat-
ing intercellular communication in the
pathological processes of various dis-
eases (1–6). Therefore, these findings
may also offer an approach for regulat-

ing microvesicle biogenesis for the con-
trol of disease progression.

The accumulated results have sug-
gested that the metastasis of tumor cells
from a primary tumor mass can occur
“early” and “late” in tumorigenesis
(7,53). In the late metastasis, the accumu-
lation of aberrations in tumor cells
makes the tumor cells acquire aggressive
phenotypes and metastasize to ectopic
sites in the hosts. In the early metastasis,
oncogenes and tumor suppressor genes
that associated with tumor initiation and
proliferation can, at a much earlier than
previously recognized stage in the
tumor’s evolution, promote metastasis
(7,54). The tumor microenvironment
such as the extracellular matrix sur-
rounding tumor cells acts as a barrier to
invasion and migration, and MMP-2 and
MMP-9 play important roles in extracel-
lular matrix degradation and metastatic
tumor progression (12,34,35). Ras is asso-
ciated with both the initiation and malig-
nant progression of the tumor
(9,10,44,45). We showed that CSE1L me-
diated Ras-triggered microvesicle gener-
ation and metastasis of tumor cells (Fig-
ure 5). Furthermore, CSE1L was
colocalized with MMP-2 and MMP-9 in
microvesicles and regulated the Ras-
 induced increase in MMP-2 and MMP-9
zymographic activities (Supplementary
Figure S4). MMP-2 and MMP-9 are im-
plicated in both the early and late metas-
tasis of tumor cells in tumorigenesis (7).
It was also reported that early-stage colo-
rectal cancer patients whose tumors
showed strong CSE1L cytoplasmic ex-
pression had a worse survival outcome
(50). Taken together, these findings indi-
cate that CSE1L may play important
roles in both the early and late metastasis
of tumor in tumor tumorigenesis.

We showed the presence of phospho-
rylated CSE1L in the sera of the colorec-
tal cancer patients, and phosphorylated
CSE1L was hard to be detected in the
sera of the healthy donors (Figure 4).
Although the study included only a
limited number of samples (n = 36 in
each group), it did show the presence of
the phosphorylated CSE1L protein in
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the sera of patients with the colorectal
cancer and its absence in the sera of
healthy controls. We used immunopre-
cipitation to examine the presence of
phosphorylated CSE1L in the sera of
cancer patients. Although this tech-
nique could detect the presence of
phosphorylated CSE1L directly on the
blots, there is a need to develop a tech-
nique for analyzing the clinical-patho-
logical correlation between serum phos-
phorylated CSE1L and cancer in a large
cohort study.

A significant limitation in targeted
cancer therapy is that not all patients
can receive targeted therapy, since the
patient’s tumor may be “target-negative.”
Also, tumor-related mortalities may still
occur in targeted therapy because of the
proliferation of the target-negative
tumor cells. Cancer patients have an in-
creased level of circulating microvesicles
(55). Tumor cells constitutionally release
microvesicles, and thus there may be a
relatively higher level of microvesicles in
the tumor microenvironment (4,30).
Hence, microvesicle membrane proteins
may be the potential targets for cancer
treatment. Actually, a few patents con-
cerning vesicles and their use in cancer
chemotherapy have already been deliv-
ered (56). CSE1L is highly expressed in
cancer (20–28). We showed that CSE1L
was preferentially accumulated in mi-
crovesicles and it is a microvesicle mem-
brane protein (Figure 6). Therefore,
CSE1L may be a potential target for the
development of targeted therapy for
most cancer patients.

CONCLUSION
The findings that CSE1L mediates

Ras-triggered microvesicle generation
and metastasis of tumor cells highlight a
novel role of Ras signaling in tumor
progression. Serum phosphorylated
CSE1L may be a potential marker for
cancer diagnosis as well as for monitor-
ing the response of targeted therapy in
HER/ErbB-positive cancer. Further-
more, CSE1L is a microvesicle mem-
brane protein, and it may be a potential
target for cancer therapy.
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