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Wnt5b is a member of the same family of proteins as Wnt5a, the overexpression

of which is associated with cancer aggressiveness. Wnt5b is also suggested to be

involved in cancer progression, however, details remain unclarified. We analyzed

the biochemical properties of purified Wnt5b and the mode of secretion of

Wnt5b by cancer cells. Wnt5b was glycosylated at three asparagine residues and

lipidated at one serine residue, and these post-translational modifications of

Wnt5b were essential for secretion. Purified Wnt5b showed Dvl2 phosphorylation

and Rac activation abilities to a similar extent as Wnt5a. In cultured-cell condi-

tioned medium, Wnt5b was detected in supernatant or precipitation fractions

that were separated by centrifugation at 100 000 g. In PANC-1 pancreatic cancer

cells, 55% of secreted endogenous Wnt5b was associated with exosomes. Exo-

somes from wild-type PANC-1 cells, but not those from Wnt5b-knockout PANC-1

cells, activated Wnt5b signaling in CHO cells and stimulated migration and prolif-

eration of A549 lung adenocarcinoma cells, suggesting that endogenous, Wnt5b-

associated exosomes are active. The exosomes were taken up by CHO cells and

immunoelectron microscopy revealed that Wnt5b is indeed associated with

exosomes. In Caco-2 colon cancer cells, most Wnt5b was recovered in precipita-

tion fractions when Wnt5b was ectopically expressed (Caco-2/Wnt5b cells).

Knockdown of TSG101, an exosome marker, decreased the secretion of Wnt5b-

associated exosomes from Caco-2/Wnt5b cells and inhibited Wnt5b-dependent

cell proliferation. Exosomes secreted from Caco-2/Wnt5b cells stimulated migra-

tion and proliferation of A549 cells. These results suggest that Wnt5b-associated

exosomes promote cancer cell migration and proliferation in a paracrine manner.

W nts are secretory proteins that are conserved evolution-
ally and regulate at least two intracellular signaling

pathways: b-catenin-dependent and –independent.(1,2) Among
19 human or mouse Wnt family members, Wnt1 and Wnt3a
activate the b-catenin-dependent pathway, whereas Wnt5a and
Wnt11 activate the b-catenin-independent pathway.(3,4) Wnt5a
is one of the most extensively studied Wnts and has been
shown to be essential for embryonic development. Wnt5a is
also involved in several post-natal diseases, including cancer
and inflammatory diseases.(4–6) Wnt5b is a Wnt5a family
member (80% identity) in mammals;(7) one Wnt5 also exists in
Drosophila and zebrafish (pipetail).(8,9) Wnt5b is essential for
convergent extension in zebrafish,(9) whereas in the mouse,
Wnt5a, but not Wnt5b, is essential for development.(10,11)

Evidence has accumulated that Wnt5b expression is involved
in mouse chondrocyte maturation(12,13) and is associated with
human diabetic mellitus and adipogenesis.(14,15) Similar to
Wnt5a,(16–20) it is likely that Wnt5b is involved in cancer pro-
gression. Periostin, interferon-induced transmembrane protein
1, and Wnt5b were reported to be highly expressed in head
and neck squamous cell carcinomas; their expression promoted
the invasive ability of head and neck squamous cell

carcinomas cells by inducing MMP-10.(21,22) Wnt5b was also
highly expressed in breast cancer with high invasive activity,
and Wnt5b expression in basal-like cancers was associated
with brain metastasis.(23) In breast cancers and mammary stem
cells, secreted MMP-3 interacted with and inactivated Wnt5b,
thereby enhancing the b-catenin-dependent pathway.(24) Lung
cancer and pancreatic cancer cells produced Wnt5b, which
promoted invasion activity, when they were treated with trans-
forming growth factor-b (TGF-b).(25) However, the biochemi-
cal properties and cancer-associated activities of Wnt5b have
not been well characterized compared with Wnt5a because
Wnt5b has not yet been purified.
Wnt proteins are post-translationally glycan- and lipid-modi-

fied secretory proteins that are ready to self-aggregate and bind
heparin sulfate proteoglycans.(26–28) Therefore, Wnts are not
easily diffusible in the extracellular milieu. Several possible
mechanisms have been proposed to explain the long-distance
movements of Wnts. Lipoprotein particles are large, globular
complexes composed of a central core of hydrophobic lipids
that are associated with apoproteins and surrounded by a
monolayer of membrane phospholipids. In Drosophila, the
Wingless (Wg) protein derived from wing discs was found to
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be copurified with lipoprotein particles.(29) Larvae with
reduced lipoprotein particles showed a narrow expression of
Distalless, a target gene of Wnt signaling, in wing porch. In

mammals, Wnt3a was released from mouse fibroblasts by the
presence of lipoproteins in the culture medium, specifically
through high-density lipoprotein particles.(30) A Wnt3a mutant

Table 1. Purification of Wnt5b

Volume, mL

Protein

concentration,

mg/mL

Total

protein,

mg

Wnt5b

concentration,

lg/mL

Wnt5b,

lg

Wnt5b CM 20 000 (in total) 4.67 93 400 0.0288 576.0

Blue Sepharose 625 (in total) 23.70† 14.800 0.3620 226.5

Gel filtration 80 (in total) 32.30† 2.650 2.2100 176.8

Heparin

Sepharose

3.0 52.00† 0.156 50.0000 150.0

Concentration of Wnt5b protein in the conditioned medium was determined by comparing its signal intensity on a Wnt5b immunoblot to that
of serial dilutions of a known amount of purified Wnt5b protein. †Concentration in lg/mL.

Fig. 1. Determination of the glycan profiles of
Wnt5b. (a) Coomassie Brilliant Blue (CBB) staining
of an SDS polyacrylamide gel containing fractions
from all chromatographies in the purification
process. CM, conditioned medium. (b) Purified
Wnt5a and Wnt5b proteins were stained with CBB
and probed with anti-Wnt5a and anti-Wnt5b
antibodies. (c) Wnt5b glycopeptides obtained from
nano-flow liquid chromatography were separately
analyzed by MALDI mass spectrometry (MS). (d)
MALDI mass spectrum of a peptide containing
Ser223 of Wnt5b. (e) MALDI-MS/MS spectrum from
the ion at m/z 1455.9 in (d). The sequences from
the N- and C-termini and the position of the
modified residue were read out based on y’’l and
bm ions.
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that lacked palmitate was not associated with lipoproteins. The
lipid modification of Wnt3a could be important for targeting
Wnt3a to the phospholipids of lipoproteins. These results sug-
gest that lipoprotein particles act as machinery for the efficient
intercellular movement and stabilization of Wnt3a/Wg. In
addition, it has been reported that some proteins, including
swim and afamin, bound to and solubilized Wg and
Wnts.(31,32)

It is also possible that Wnt is secreted and spread by
being attached to membranous vesicles.(33) A substantial
fraction of Wnts were found on extracellular vesicles known
as exosomes.(34,35) As intraluminal vesicles that originate in
large multivesicular bodies (MVBs), exosomes are released
in the extracellular milieu following fusion of MVBs with
cell surface membranes.(36,37) In larval neuromuscular junc-
tions, Wg was released with Evi/Wntless-containing extracel-
lular vesicles and traveled from one cell to another at the
synaptic cleft.(38) Subsequent electron microscopy and pro-
teomics studies revealed that these vesicles are exosomes.(39)

In addition, Wnt3a and Wg are observed on exosomes

released from mammalian L and HEK293 and Drosophila
S2 cells.(40,41) Fibroblasts secreted exosomes, which were
internalized by breast cancer cells (BCCs) and associated
with Wnt11. Exosome-associated Wnt11, in turn, promoted
BCC protrusion activity and motility to drive invasive
behavior.(42) Thus, exosome-associated Wnt ligands could be
involved in intercellular communication. However, whether
Wnt5b is secreted with exosomes is unclear; if so, whether
Wnt5b-associated exosomes show some activity remains to
be clarified.
Here, we characterized purified Wnt5b and found that

Wnt5b is secreted with exosomes in a cell context. We also
showed that Wnt5b-associated exosomes promote cancer cell
migration and proliferation in a paracrine manner.

Materials and Methods

Purification of Wnt5b. Wnt5b was purified to near homogene-
ity from Wnt5b conditioned medium (CM) through three suc-
cessive column chromatography, including Blue Sepharose HP

Observed

molecular

mass

Theoretical

molecular

mass

Sequence Modification Position

2152.15 2152.05 KLC†QLYQEHMAYIGEGAK 60–77

1416.77 1416.69 TGIKECQHQFR 78–88

2652.19 2652.06 WNCSTADNASVFGR HexNAc2Hex4 92–105

2814.26 2814.12 HexNAc2Hex5

2976.32 2976.17 HexNAc2Hex6

3138.38 3138.22 HexNAc2Hex7

3300.46 3300.28 HexNAc2Hex8

3462.54 3462.33 HexNAc2Hex9

789.46 789.42 VMQIGSR 106–112

1900.06 1899.98 ETAFTHAVSAAGVVNAISR 113–131

1282.59 1282.53 EGELSTCGCSR 135–145

2441.18 2441.09 DLPRDWLWGGCGDNVEYGYR 151–170

735.39 735.36 EFVDARER 174–181

1513.86 1513.78 VLMNLQNNEAGRR 195–207

635.41 635.38 RAVYK 207–211

807.40 807.36 MADVACK 212–218

1454.90 1454.76 CHGVSGSCSLK C16:1-fatty

acid

219–229

1464.83 1464.76 TCWLQLAEFRK 230–240

1140.58 1140.52 EKYDSAAAMR 247–256

1042.64 1042.59 GRLELVNSR 261–269

2525.29 2525.18 FTQPTPEDLVYVDPSPDYCLR 270–290

2301.15 2300.96 NESTGSLGTQGR HexNAc3Hex3 291–302

2463.12 2463.01 HexNAc3Hex4

2625.19 2625.07 HexNAc3Hex5

2828.22 2828.14 HexNAc4Hex5

2990.32 2990.20 HexNAc4Hex6

3152.40 3152.25 HexNAc4Hex7

3187.64 3187.34 STGSLGTQGRLCNKTSE‡ HexNAc2Hex6 293–309

3349.77 3349.40 HexNAc2Hex7

3511.81 3511.45 HexNAc2Hex8

3673.95 3673.50 HexNAc2Hex9

1803.75 1803.67 TSEGMDGCELMCCGR 307–321

755.40 755.36 GYNQFK 322–327

1238.61 1238.55 FHWCCFVR 338–345

1583.85 1583.77 KCTEIVDQYICK 348–359

†Cys (C) is an S-(propionamide) cysteine. ‡Peptide was obtained from the Glu-C digest
of Wnt5b.

Table 2. Summary of observed masses of digested

peptides of human Wnt5b, fractionated by nano-

flow reversed-phase liquid chromatography, and

their corresponding theoretical masses analyzed by

MALDI mass spectrometry and electrospray

ionization mass spectrometry
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(GE Healthcare Bio-Sciences, Buckinghamshire, UK), HiLoad
Superdex 200 (GE Healthcare Bio-Sciences) and HiTrap
Heparin (GE Healthcare Bio-Sciences) columns. Details of the
purification of Wnt5b are described in Data S1.

Isolation of exosome fraction. Conditioned media from cul-
tured cells were subjected to sequential centrifugation steps of
2000 and 10 000 g. The obtained supernatant was further cen-
trifuged at 100 000 g in a SW55Ti or SW32Ti swinging bucket
rotor (Beckman Coulter, Brea, CA, USA) for 3 h as described.(43)

Proteins of the supernatant were precipitated with Blue Sephar-
ose to detect Wnts (indicated as “Sup” in figures). The precipi-
tates were suspended in 1/1000 of their original volume in PBS
(indicated as “P100” in figures) and considered exosomes.
For sucrose density gradient ultracentrifugation of exosome

fractions, P100 was loaded on top of a discontinuous sucrose
gradient (0.25–2.5 M) and centrifuged at 100 000 g in a
SW55Ti swinging bucket rotor for 3 h.(44) Eleven fractions of
1 mL were collected and protein contents were enriched by
centrifugation at 100 000 g.

Semiquantitative RT-PCR. Semiquantitative RT-PCR was car-
ried out as described previously.(45) Forward and reverse pri-
mers are listed in Table S1.

Knockdown by siRNA. CHO and Caco-2 cells were trans-
fected with a mixture of siRNAs (20 nM each) against genes
of interest using RNAiMAX (Invitrogen, Grand Island, NY,
USA) and the cells were used for experiments 48 h post-trans-
fection. Target sequences are listed in Table S2.
Supplementary materials and methods are described in Data

S1.

Results

Purification and characterization of Wnt5b. To characterize
Wnt5b biochemically, we first purified Wnt5b from CM of L
cells that stably expressed Wnt5b (L/Wnt5b cells) by the use of
three successive conventional column chromatographies
(Table 1, Fig. 1a). Using peptides based on different amino acid
sequences between Wnt5a and Wnt5b as antigens, anti-Wnt5
antibodies that specifically recognized Wnt5a and Wnt5b were
generated (Fig. 1b). Purified Wnt5b induced Dvl2

phosphorylation in NIH3T3 cells (Fig. S1a) and activated Rac in
HeLaS3 cells to a similar extent as purified Wnt5a (Fig. S1b).
Wnt5b has four possible N-glycosylation sites, namely Asn-

X-Ser/Thr, including N93, N99, N291, and N305. Wnt5b
peptides, which were digested with trypsin or Glu-C, were sub-
jected to nano-flow liquid chromatography (LC) followed by
MALDI mass spectrometry (MS)/MS and nano-flow LC/elec-
trospray ionization MS (LC/ESI-MS). Approximately 70% of
the entire Wnt5b amino acid sequence was covered (Table 2).
Among the four possible glycosylation sites, N93, N291, and
N305 were glycosylated with high-mannose-, hybrid-, and
high-mannose-type oligosaccharides, respectively (Fig. 1c).
The MALDI-MS/MS analysis of the peptide containing N93
and N99 observed at m/z 3300.46 revealed that N99 is not gly-
cosylated (Fig. S1c). Further analyses of digested peptides
using nano-flow reversed-phase LC and MALDI-MS/MS con-
firmed that glycans were attached to N93, N291, and N305 of
Wnt5b (Table 3).
A peptide containing S223, observed at m/z 1455.9

(Fig. 1d), was identified as a peptide with a monounsaturated
fatty acid (C16:1, palmitoleic acid) (Fig. 1e), indicating that
Wnt5b was modified with palmitoleic acid as well as Wnt3a,
Wnt5a, and Wnt11.(46,47)

Wnt secretion modes vary among cell lines. Wnts are secreted
into the extracellular space through secretory vesicles or extra-
cellular microvesicles.(33) In cultured cells, Wnts were reported
to be secreted with extracellular microvesicles, such as exo-
somes, which were recovered in the 100 000 g centrifugation
precipitation fractions from CM. These fractions contained cla-
thrin and tumor susceptibility gene 101 (TSG101), which play
roles in the trafficking of exosomes.(48,49) Wnts released by the
fusion of secretory vesicles with cell surface membranes were
detected in supernatant fractions. In L cells stably expressing
Wnts, most Wnt5b, Wnt5a, and Wnt3a proteins were recovered
in supernatant fractions; Wnts were not detected in precipita-
tion fractions, or only a small fraction was detected (Fig. 2a).
In MDCK cells expressing Wnts, almost all Wnt1, Wnt3a,
Wnt5a, and Wnt11 proteins were recovered in supernatant
fractions (Fig. S2a). Some cancer cell lines, including HeLaS3
cervical cancer, A549 lung adenocarcinoma, and KKLS gastric

Table 3. Summary of observed and theoretical masses of glycopeptides of human Wnt5b and the relative abundance of each glycoform

observed in MALDI mass spectrometry

Observed

molecular mass

Theoretical

molecular mass
Sequence Modification Position

Relative

abundance (%)

2652.19 2652.06 WNC†STADNASVFGR HexNAc2Hex4 N93 4.3

2814.26 2814.12 HexNAc2Hex5 2.6

2976.32 2976.17 HexNAc2Hex6 12.0

3138.38 3138.22 HexNAc2Hex7 41.2

3300.46 3300.28 HexNAc2Hex8 35.4

3462.54 3462.33 HexNAc2Hex9 4.4

2301.15 2300.96 NESTGSLGTQGR HexNAc3Hex3 N291 5.3

2463.12 2463.01 HexNAc3Hex4 9.9

2625.19 2625.07 HexNAc3Hex5 10.6

2828.22 2828.14 HexNAc4Hex5 7.3

2990.32 2990.20 HexNAc4Hex6 23.9

3152.40 3152.25 HexNAc4Hex7 43.0

3187.64 3187.34 STGSLGTQGRLCNKTSE‡ HexNAc2Hex6 N305 15.1

3349.77 3349.40 HexNAc2Hex7 37.4

3511.81 3511.45 HexNAc2Hex8 37.4

3673.95 3673.50 HexNAc2Hex9 10.2

†Cys (C) is an S-(propionamide) cysteine. ‡Peptide was obtained from the Glu-C digest of Wnt5b.
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cancer cells, expressed Wnt5a endogenously,(16,20,50) and most
Wnt5a secreted in CM was present in supernatant fractions
(Fig. 2b). Therefore, in these cells, Wnt1, Wnt3a, Wnt5a, and
Wnt11 might not be associated with extracellular microvesicles
prepared by 100 000 g centrifugation, but it is possible that
there are microvesicles associated with other Wnts in super-
natant fractions when exosomes are prepared by other meth-
ods.(51)

Almost all Wnts were recovered in precipitation fractions when
Wnt5b, Wnt5a, and Wnt3a were transiently expressed in Caco-2
colon cancer cells (Fig. 2c). However, Wnt5b NQ (N93Q, N99Q,
N291Q, and N305Q) mutant that lacks glycosylation and Wnt5b
S223A mutant that lacks lipidation were hardly recovered in
precipitation and supernatant fractions of CM (Fig. S2b,c),
suggesting that glycosylation and lipidation are essential for
Wnt5b secretion and its association with exosomes.
To analyze endogenous Wnt5b on exosomes, the expression

levels of Wnt5b mRNA were quantified in various cancer cell

lines. Among various types of cancer cells, Wnt5b mRNA was
highly expressed endogenously in PANC-1 cells (Fig. S2d).
Wnt5b mRNA expression was the highest in PANC-1 cells
compared with other Wnt mRNA (Fig. S2d). Approximately
55% of endogenous Wnt5b released from PANC-1 cells was
recovered in precipitation fractions, which also contained
CD63, CD81, and TSG101 that are known to be present on
exosomes (Fig. 2d).(48,49,52,53) Therefore, whether secreted
Wnts are recovered in supernatant or precipitation fractions
depends on cell types. Wnt5b recovered in precipitation frac-
tions from CM of PANC-1 cells was subjected to discontinu-
ous sucrose density gradient analysis, which revealed that
CD81 and TSG101 are partially overlapped with Wnt5b
(Fig. 2e). The reason why Wn5b and exosome markers, such
as CD81 and TSG101, were not co-sedimented, was unclear,
but it might be due to Wnt5b not only being associated
with exosomes containing CD81 and TSG101, but also other
exosomes.

Fig. 2. Wnt secretion modes vary among cell lines.
(a) Conditioned medium (CM) of L cells stably
expressing Wnts was separated into 100 000 g
precipitates (P100) and supernatants (Sup). Each
fraction was probed with anti-Wnt5a/b or anti-
Wnt3a antibodies. Wnt signals were quantified
using ImageJ (National Institutes of Health,
Bethesda, MD, USA) and results expressed as the
ratio of Wnts in P100 and Sup fractions. The sum of
Wnts secreted from cultured cells into P100 and
Sup fractions was set to 100%. Results are shown as
means � SD of three independent experiments. (b)
P100 and Sup prepared from HeLaS3, A549, and
KKLS cells were probed with anti-Wnt5a/b
antibody. Arrowheads indicate the position of
Wnt5a. (c) P100 and Sup from Caco-2 cells
transiently expressing indicated Wnts were probed
with anti-Wnt5a/b or anti-Wnt3a antibodies. (d)
P100 and Sup prepared from PANC-1 cells were
probed with the indicated antibodies. (e) P100
prepared from PANC-1 cells was subjected to
discontinuous sucrose gradient analysis, and
samples of fractions were probed with the
indicated antibodies.
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Development of a reporter assay system to measure Wnt5a

and Wnt5b signaling. As Wnt5b-associated exosomes prepared
from 50 mL CM did not show Dvl2 phosphorylation or Rac
activation activities (data not shown), we developed a highly
sensitive reporter system to measure Wnt5a and Wnt5b signal-
ing using CHO cells. As shown in a previous report,(54) the N-
terminal region of Ror2 was fused with the transmembrane
and intracellular region of low-density lipoprotein receptor-
related protein 6 (LRP6) to thereby construct a Ror2-LRP6
chimera (Fig. 3a). The chimera construct was stably expressed
in CHO cells that had been already transfected with a TOP-
flash gene, which is a luciferase reporter plasmid that contains
wild-type T-cell factor binding regions (CHO/Ror2-LRP6-TOP
cells; Fig. 3a).
Using CHO/Ror2-LRP6-TOP cells, Wnt5a activity was mea-

sured as control. Wnt5a CM induced the phosphorylation of
the Ror2-LRP6 chimera under the same conditions used in the
induction of the phosphorylation of endogenous LRP6 by
Wnt3a CM (Fig. 3b). Although Wnt5a CM did not increase
luciferase activity without Ror2-LRP6 chimera expression, chi-
mera expression strongly promoted a Wnt5a-dependent
increase in luciferase activity (Fig. 3c). Knockdown of endoge-
nous Frizzled 2 (Fz2) or the addition of secreted Frizzled-
related protein-2, which inhibits the binding of Wnts and
Fzs,(6,55) reduced the Wnt5a-dependent luciferase activity
(Fig. 3d,e). Therefore, in this reporter system, Wnt5a activates
transcription factor T-cell factor activity through the Ror2-
LRP6 chimera and endogenous Fz2. Similar to Wnt5a, purified
Wnt5b increased luciferase activity in a dose-dependent man-
ner (Fig. 3f). Such a reporter system is therefore useful for
quantitatively measuring Wnt5a or Wnt5b activity.

Wnt5b-associated exosomes from PANC-1 cells are active. To
examine endogenous Wnt5b activity in PANC-1 cells, the
WNT5B gene was successfully knocked out by a CRISPR/Cas9
system (Fig. 4a); Wnt5b protein expression was completely
lost (Fig. 4b). WNT5B knockout (KO) PANC-1 cells showed
reduced migration and invasion activity (Fig. 4c). Transform-
ing growth factor-b increased the expression of Snail and vi-
mentin mRNA, and decreased E-cadherin mRNA expression in
PANC-1 cells (Fig. 4d). In WNT5B KO PANC-1 cells, TGF-
b-dependent increases in Snail and vimentin mRNAs and the
decrease in E-cadherin mRNA were attenuated (Fig. 4d), sug-
gesting the involvement of Wnt5b signaling in epithelial–mes-
enchymal transition induced by TGF-b. However, WNT5B KO
did not affect PANC-1 cellular proliferation (Fig. 4e). These
results are consistent with previous observations using Wnt5b
siRNA.(25)

Using CHO/Ror2-LRP6-TOP cells, Wnt5b-associated exo-
some activity was measured. Precipitation fractions from CM
of PANC-1 cells increased luciferase activity in a dose-depen-
dent manner, but those from WNT5B KO PANC-1 cells
decreased luciferase activity dramatically (Fig. 4f). To clarify
the biological significance of paracrine mechanisms of Wnt5b-
associated exosomes, we used A549 cells as target cells,
because A549 cells were reported to migrate and proliferate in
response to Wnt5a.(20) Wnt5a was knocked down to reduce
endogenous Wnt5a effects in A549 cells (A549/shWnt5a cells).
Exosomes prepared from wild-type PANC-1 cells, but not
those from Wnt5b KO PANC-1 cells, stimulated cell migration
of, and increased 5-ethynyl-20-deoxyuridine (EdU) incorpora-
tion into A549/shWnt5a cells (Fig. 4g,h). Therefore, Wnt5b
secreted with exosomes is active.

Fig. 3. Development of reporter assay to measure Wnt5a and Wnt5b signaling. (a) Schema of the reporter system used to measure Wnt5a/b signal-
ing using CHO cells stably expressing a Ror2– low-density lipoprotein receptor-related protein 6 (LRP6) chimera and TOP-flash (CHO/Ror2-LRP6-TOP
cells). GSK3-b, glycogen synthase kinase 3b; TCF/LEF, T-cell factor/lymphoid enhancer factor. (b) CHO/Ror2-LRP6-TOP cells were stimulated with 1 mL
control, Wnt3a, or Wnt5a conditioned medium (CM) for 3 h, and cell lysates were probed with anti-phospho-LRP6 and anti-LRP6 antibodies. (c)
CHO/Ror2-LRP6-TOP cells and parental CHO cells stably expressing only TOP-flash were stimulated with control or Wnt5a CM for 8 h. A luciferase
assay was carried out and the activity was expressed as a fold increase compared with samples without Wnt5a and Ror2-LRP6. Results are shown as
means � SD of three independent experiments. *P < 0.05. (d) CHO/Ror2-LRP6-TOP cells, which had been transfected with control or Frizzled-2 (Fz2)
siRNAs, were stimulated with control or Wnt5a CM for 8 h. (e) CHO/Ror2-LRP6-TOP cells were stimulated with Wnt5a CM for 8 h in the presence of
the indicated concentrations of secreted Frizzled-related protein-2 sFRP2. (f) CHO/Ror2-LRP6-TOP cells were stimulated with the indicated concentra-
tions of purified Wnt5b for 8 h.
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To confirm that Wnt5b-associated exosomes are taken up
by cells, exosomes prepared from PANC-1 cells were
labelled with PKH26. Exosome uptake in CHO cells was
observed in a time-dependent manner at 37°C, but not at
4°C (Fig. 5a,b). Internalization of labeled exosomes was
also detected as merged images of vertical sections by con-
focal stacks (Fig. 5c). To observe that Wnt5b is indeed
associated with exosomes, we generated a plasmid vector
expressing HA-tagged Wnt5b (HA-Wnt5b), by introducing
HA tag sequence at position Arg36, located in a weakly
conserved surface region opposite the Frizzled receptor
binding site.(56) HA-Wnt5b was active comparable to non-
tagged Wnt5b in CHO/Ror2-LRP6-TOP cells (Fig. 5d). HA-
Wnt5b was recovered in precipitation fractions from CM of
PANC-1 cells expressing HA-Wnt5b (Fig. 5e). Immunoelec-
tron microscopy revealed that HA-Wnt5b is present on exo-
somes isolated from PANC-1 cells expressing HA-Wnt5b
(Fig. 5f).

Wnt5b-associated exosomes from Caco-2 cells are active.

Caco-2 cells expressed Wnt5a mRNA more highly than Wnt5b
mRNA (see Fig. S2d). To reduce endogenous Wnt5a effects,
Wnt5a was knocked down in Caco-2 cells stably expressing
GFP (Caco-2/GFP cells) or Wnt5b (Caco-2/Wnt5b cells)
(Fig. S3a,b). Knockdown of Wnt5a did not affect cell migra-
tion and expression of Wnt5b did not affect it either,

regardless of Wnt5a expression (Fig. S3c). Therefore, Wnt5b
could not be involved in Caco-2 cell motility. However,
Wnt5b expression promoted cell proliferation compared with
GFP expression, and knockdown of Wnt5b inhibited Wnt5b-
dependent cellular proliferation (Figs 6a,S4a).
TSG101 was knocked down by two siRNAs (#1 and #2).

Knockdown of TGS101 by siRNA#1 suppressed Wnt5b-asso-
ciated exosomes (Figs 6b,c,S4b) and inhibited Wnt5b-depen-
dent, but not Wnt5b-independent, cell proliferation (Figs 6d,
S4c). The inhibitory phenotypes of TSG101 siRNA#1 were
rescued by exogenous mouse TSG101 expression (Figs 6b–d,
S4d), excluding siRNA off-target effects. Similar phenotypes
were observed with knockdown of TGS101 by siRNA#2
(Fig. S4b,c,e–g). Taken together with the observations that
most secreted Wnt5b in CM was recovered in precipitation
fractions (see Fig. 2c), Wnt5b-associated exosomes might have
activities on cancer cell proliferation.
To address this possibility, precipitation fractions from CM

of Caco-2/Wnt5b cells were prepared. The fractions increased
luciferase activity in a dose-dependent manner, but those
from Caco-2/GFP cells only slightly increased luciferase
activity (Fig. 6e). Furthermore, exosomes prepared from
Caco-2/Wnt5b cells, but not those from Caco-2/GFP cells,
stimulated cell migration and increased EdU incorporation
into A549/shWnt5a cells (Fig. 6f,g). Taken together, Wnt5b

Fig. 4. Wnt5b-associated exosomes from PANC-1
cells are active. (a) Schematic drawing of the
targeting site of single guide RNA (sgRNA) at exon
3 of human WNT5B gene, and the nucleotide
sequences of both alleles from wild-type (WT) and
WNT5B knockout (KO) PANC-1 cells are shown. A
dash represents a single base deletion. (b) Lysates
from WT and WNT5B KO cells were probed with
anti-Wnt5b antibody. Hsp90, heat shock protein 90.
(c) WT and WNT5B KO PANC-1 cells were subjected
to migration and invasion assays and relative
migration and invasion activities of WNT5B KO
PANC-1 cells were expressed as percentages of
those of wild-type PANC-1 cells. Results are shown
as means � SD of three independent experiments.
*P < 0.05. (d) WT and WNT5B KO PANC-1 cells were
stimulated with 5 ng/mL transforming growth
factor-b (TGF-b) for 48 h and mRNA levels of Snail,
vimentin, and E-cadherin (E-cad) were measured by
quantitative real-time PCR. The results were
expressed as fold-changes compared with WT cells
without TGF-b stimulation. n.s., not significant. (e)
WT and WNT5B KO PANC-1 cells were subjected to
cell proliferation assay. (f) CHO/Ror2-LRP6-TOP cells
were treated with the P100 fraction recovered from
the indicated volumes of PANC-1 conditioned
medium (CM) for 8 h. (g) A549/shWnt5a cells were
subjected to migration assay in the presence of the
exosomes isolated from CM of WT and WNT5B KO
PANC-1 cells and relative migration activity of
A549/shWnt5a cells were expressed as percentages
of those of A549/shWnt5a cells in the absence of
the exosomes. (h) A549/shWnt5a cells were treated
for 48 h with the exosomes isolated from CM of
WT and WNT5B KO PANC-1 cells, and then the cells
were incubated with 5-ethynyl-20-deoxyuridine
(EdU) for 1 h before fixation and stained with
DRAQ5. EdU-positive cells are expressed as
percentages of positively stained cells compared
with total DRAQ5 stained cells per field (n = 200–
300). Scale bar = 100 lm.
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secretory modes depend on cell types, with active Wnt5b-
associated exosomes.

Discussion

In this study, we purified Wnt5b for the first time and revealed
its biochemical properties and activities. Purified Wnt5b
induced Dvl2 phosphorylation, Rac activation, and luciferase
activity at comparable levels to purified Wnt5a. At least
in vitro, little difference exists between the biochemical activi-
ties of purified Wnt5a and Wnt5b; the large difference noted
in KO mouse phenotypes may be attributable to their expres-
sion patterns in vivo.
The profiles of glycans attached to Wnt5b were determined by

ESI-MS/MS. N93 and N305 of Wnt5b, which correspond to
N114 and N326 of Wnt5a,(57) were modified with high-man-
nose-type glycans. At least one of these asparagine residues is
conserved in 17 Wnt members, including Wnt3a and Wnt11,(47)

among 19 human Wnts. In addition, Wnt5b was modified with a
hybrid-type glycan at N291, which corresponds to N312 of
Wnt5a. Although the glycosylation sites are unique in Wnt5a
and Wnt5b, the role of glycosylation at asparagine residues
(N291 of Wnt5b and N312 of Wnt5a) remains to be clarified.
Wnt5b was also modified with palmitoleic acid at S223, along
with serine residues at the same positions of Wnt3a, Wnt5a, and

Wnt11.(46,47,57) The lipidation of Wnt5b could allow it to be
inserted into the groove of the extracellular domain of Friz-
zled.(58) Consistent with the results of other Wnts, Wnt5b NQ
and Wnt5b S223A, indeed, failed to be secreted.
Evidence has accumulated that cancer cells, along with

epithelial cells and neurons, secrete exosomes that originate
from MVBs in vitro and in vivo.(49) As tumor-derived exo-
somes, it has been proposed that they exhibit anti-immune
effects to promote tumor aggressiveness and antitumor
responses,(59) and to facilitate cancer cell migration to future
metastatic sites by educating bone marrow progenitors.(60)

Such diverse roles of exosomes could depend on their compo-
sition in terms of proteins, lipids, and nucleic acids. Some
Wnts were associated with exosomes that are secreted from
human and Drosophila cell lines.(40,41) Fibroblast-derived exo-
somes are associated with Wnt11 in BCCs and exosome-asso-
ciated Wnt11 promotes cancer cell metastatic activity through
a b-catenin-independent pathway.(42)

Although a definitive protocol to isolate exosomes has not
yet been established, one of the acceptable methods is sedi-
mentation by ultracentrifugation at 100 000 g after successive
centrifugations at increasing speeds (2000 and 10 000 g).
Using this method, we found that the association of Wnts with
exosomes varies among cell types, and that Wnt5b is secreted
with exosomes from PANC-1 and Caco-2 cells. The

Fig. 5. Wnt5b-associated exosomes are taken up
by CHO cells. (a, b) CHO cells were incubated with
PKH26-labeled PANC-1 exosomes for the indicated
times at 4°C or 37°C. Representative images (a) and
quantification of exosome uptake (b) are shown.
Scale bar = 20 lm. (c) CHO cells incubated with
PKH26-labeled PANC-1 exosomes were stained with
phalloidin (F-actin, green) and DRAQ5 DNA Dye
(nucleus, blue). Upper panel, vertical section of the
CHO cells (0.3-lm steps); lower panel, side views of
the CHO cells are merges of 35 vertical sections of
confocal stacks. Scale bar = 10 lm. (d) CHO/Ror2-
LRP6-TOP cells were transfected with Wnt5b or HA-
Wnt5b for 48 h. A luciferase assay was carried out
and the activity was expressed as a fold increase
compared with mock-transfected cells. (e) Left,
lysates from mock and HA-Wnt5b transfected
PANC-1 cells were probed with anti-HA antibody.
Right, The 100 000 g precipitates (P100) and
supernatants (Sup) from PANC-1 cells transiently
expressing HA-Wnt5b were probed with anti-HA
antibody. (f) Exosomes isolated from PANC-1 cells
transiently expressing HA-Wnt5b were
immunolabeled using anti-HA and anti-TSG101
antibodies followed by gold-conjugated secondary
antibodies and the samples were observed by
electron microscopy. HA-Wnt5b, 25-nm gold
particle; TSG101, 10-nm gold particle. Scale
bar = 100 nm.
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association of Wnt5b with exosomes was confirmed by immu-
noelectron microscopy.
To examine whether Wnt5b-associated exosomes are active,

we developed a reporter assay system for measuring Wnt5a
and Wnt5b signaling using CHO cells stably expressing a
Ror2-LRP6 chimera and a TOP-flash gene. In this system,
when Wnt5a or Wnt5b binds to the extracellular domain of
Ror2 of the chimera with endogenous Fz, the signal induces
the expression of luciferase through the intracellular domain of
LRP6. As PANC-1 cells express high levels of Wnt5b relative
to other Wnt ligands, the luciferase activity induced by exo-
somes could be derived from Wnt5b. Wnt5b-associated exo-
somes from Caco-2/Wnt5b cells also increased the luciferase
activity. However, exosomes prepared from a large amount
(50 mL) of CM from WNT5B KO PANC-1 cells still showed
slight luciferase activity. Thus, the possibility that other Wnt
ligands, which bind to endogenous LRP6 in CHO cells, also
activate luciferase expression cannot be excluded. The pres-
ence of active Wnt5b-associated exosomes from PANC-1 and
Caco-2 cells was also supported by results showing that the
exosomes promote cell migration and proliferation of A549
cells. The results also suggest that Wnt5b-associated exosomes
act in a paracrine manner. However, exosomes from PANC-1
and Caco-2 cells did not affect their migration and prolifera-
tion in an autocrine manner. This might be due to the differ-
ence of the sensitivity for Wnt5b-associated exosomes.

Almost all Wnt5b secreted from Caco-2 cells was associated
with exosomes. Wnt5b secretion and Wnt5b-dependent prolif-
eration was suppressed by TSG101 knockdown. TSG101
belongs to endosomal sorting complex required for transport
components and is required for the secretion of Wnt3a with
exosomes in HEK293 cells.(40) However, as no individual pro-
tein or class of proteins has been shown to be universally
required for exosome production in all systems,(59) the traffick-
ing steps that target Wnt to exosomes may vary among cancer
cell lines. Further studies are necessary for a full understanding
of the actions of Wnt5b and Wnt5b-associated exosome in
cancer cells.
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Fig. 6. Wnt5b-assocated exosomes from Caco-2
cells are active. (a) Caco-2 cells stably expressing
GFP or Wnt5b were transfected with the indicated
siRNAs and subjected to cell proliferation assay.
Results are shown as mean � SD of three
independent experiments. *P < 0.05, between GFP-
siControl and Wnt5b-siControl. (b, c) The 100 000 g
precipitates (P100) and supernatants (Sup) prepared
from Caco-2 cells stably expressing Wnt5b (Caco-2/
Wnt5b cells) or Wnt5b and TSG101 (TSG101 rescue
construct) (Caco-2/Wnt5b, TSG101 cells), which were
transfected with the indicated siRNAs, were probed
with anti-Wnt5b and anti-clathrin antibodies. The
Wnt5b signal secreted from control siRNA-
transfected cells into the P100 fraction was set to
100%. Representative images (b) and quantification
of Wnt5b protein (c) are shown. (d) Caco-2/Wnt5b
or Caco-2/Wnt5b, TSG101 cells transfected with the
indicated siRNAs were subjected to cell
proliferation assay. *P < 0.05. (e) CHO/Ror2-LRP6-
TOP cells were treated for 8 h with the P100
fraction prepared from the indicated volumes of
conditioned medium (CM) of Caco-2/Wnt5b or
Caco-2/GFP cells. (f) A549/shWnt5a cells were
subjected to migration assay in the presence of the
exosomes isolated from CM of Caco-2/Wnt5b or
Caco-2/GFP cells and relative migration activity of
A549/shWnt5a was expressed as percentages of
those of A549/shWnt5a cells in the absence of the
exosomes. (g) A549/shWnt5a cells were treated for
48 h with the exosomes isolated from CM of Caco-
2/Wnt5b or Caco-2/GFP cells, and then the cells
were incubated with 5-ethynyl-20-deoxyuridine
(EdU) for 1 h before fixation and stained with
DRAQ5. EdU-positive cells are expressed as
percentages of positively stained cells compared
with total DRAQ5 stained cells per field (n = 200–
300). Scale bar = 100 lm.
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