have revealed that HA positively regulates proliferation, in-
vasion, cell motility, multidrug resistance, and epithelial-mes-
enchymal transition in many tumor cell lines in vitro and in vivo
(reviewed in ref. 23). Furthermore, an HAS inhibitor, 4-meth-
ylubelliferon, has been shown to decrease tumor proliferation
and metastasis (25, 26).

Despite the importance of HA in tumorigenesis, assessing the
role of circulating HA in tumor progression is difficult, because
HA administered in the body is rapidly eliminated from the
bloodstream (1). In this study, we generated Stab2 KO mice in
which plasma HA levels were significantly elevated without any
overt phenotype. Unexpectedly, tumor metastasis was markedly
suppressed in these mice. We also found that administration of an
anti-Stab2 antibody in WT mice elevated circulating HA levels and
prevented tumor metastasis. Finally, we found that administration
of a high dose of HA prevented the attachment of melanoma cells
to the lungs in vivo and in vitro, and examined a possible link be-
tween circulating HA levels and tumor metastasis.

Results

Elevation of Circulating HA Levels in Stab2 KO Mice. To address the
physiological roles of Stab2 in vivo, we generated a Stab2 KO
mouse line by replacing most of the first exon, including the
ATG initiation codon and the first intron, with the LacZ and
neomycin resistance genes (Figs. S1 4A-C). The lack of Stab2
expression in KO mice was confirmed by RT-PCR and immu-
nostaining (Figs. S1 D and H and S2D), Stab2-deficient mice
were born according to the Mendelian ratio, grew normally, and
showed no apparent abnormalities (Fig. S1 E and F). Histolog-
ical analyses revealed no significant changes (Fig. S1G). Staining
of liver sections with the anti-CD31 antibody, which binds
HSECs as well as other types of ECs in the liver, demonstrated
normal development of HSECs (Fig. S14). Furthermore, we
found no significant differences in conventional diagnostic
markers for functions of the pancreas, liver, and kidney (Table
S1). These results indicate that Stab2 is dispensable for normal
development and viability in mice.

Given that Stab2 is a known scavenger receptor that binds and
eliminates from the circulation various substances, including HA,
ac-LDL, and heparin (4, 27, 28), we assessed the circulating
levels of these substances in Stab2 KO mice. Although serum
levels of ac-LDL and heparin were unchanged in the Stab2 KO
mice (Table S1), serum HA levels were dramatically increased,
by as much as 59-fold over control values (Fig. 14). Because
HA’s molecular size affects its function (16), we next analyzed
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Fig. 1. Serum HA levels and internalization of HA in Stab2-deficient cells.
(A) Serum HA levels in WT (**) and homozygous (77 littermates (n = 3; **P <
0.01). (B) Internalization of FITC-HA in Percoll-purified HSECs from Stab2**
and Stab2™ littermates. (Upper) Fluorescence of FITC-HA incorporated into
cells. (Lower) Hoechst 33342 staining. (C) Quantification of FITC fluorescence
intensity (n = 4; *P < 0.05).
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the molecular size of serum HA by electrophoresis using Stains-
All (which stains negatively charged molecules), and estimated it
as ~40 kDa (Fig. S1J). Given that >90% of the circulating HA
is cleared by HSECs (1), and that Stab2 is specifically expressed

~ in HSECs, we examined whether the high serum HA levels in

Stab2 KO mice were due to impaired endocytosis. We prepared
HSECs from WT and Stab2 KO mice and quantitatively evalu-
ated their endocytotic activity based on the internalization of
EITC-labeled HA and Dil-labeled ac-LDL (Dil-Ac-LDL) (Fig.
1B and C and Fig. S1 K and L). Although there was no significant
difference in the internalization of Dil-Ac-LDL between WT
and Stab2 KO mice, the internalization of HA into Stab2-de-
ficient HSECs was markedly decreased, to only ~8% of the WT
level. We also examined the expression of other HA receptors
(CD44 and Lyve-1) and HA synthases (HAS1, HAS2, and
HAS3) that can potentially affect HA levels, but found no sig-
nificant changes in the Stab2 KO mice (Fig. S2 4 and B). These
results provide clear evidence that Stab2 is the major clearance
receptor for HA in the body.

Metastasis of Melanoma Cells Is Suppressed in Stab2 KO Mice. The
elevation in serum HA levels in Stab2 KO mice prompted us to
examine whether the lack of Stab2 has any effects on tumori-
genesis. B16 melanoma cells are known to form tumor nodules in
the lung when injected iv. We administered B16F10 cells i.v. in
littermates of Stab2*/* and Stab2™/~ mice. After 14 d, numerous
black nodules had formed on the Iung surfaces of the Stab2*/*
mice, but surprisingly, nodular formation was markedly reduced
in Stab2™~ mice (Fig. 2.4 and B). In contrast, tumor formation
resulting from the s.c. inoculation of melanoma cells did not
differ significantly between the Stab2*/* and Stab2~~ mice (Fig.
2C). Moreover, our in vitro experiments showed that the pro-
liferation of B16F10 cells was not affected by HA, and a cell cycle
analysis of B16F10 cells recovered from lung tumors revealed no
difference between the Stab2 KO and WT mice (Fig. S34). These
results indicate that the metastasis, but not the proliferation, of
melanoma cells was affected by the lack of Stab2.

To analyze the early stages of metastasis, we also conducted
imaging in vivo, because the nodules of B16F10 cells at day 7
were too small to count. B16F10 cells were stably transfected
with the firefly luciferase gene to generate B16F10-luc-G5 cells,

O

— C)
oy w
S 400 £g
5300 ga
§ 200 24
s 3
2100 £2
g o |
+/+ / 4 .‘-;0
w
E xio®
7 £3.
R4 Sa 3
g 8z
° =82
a £%
& 21
X &=
s 0

Fig. 2. Homing of B16F10 melanoma to the lungs in Stab2 KO mice. B16F10
cells (5 x 10%) were injected via the tail vein in Stab2** and Stab2™" litter-
mates. (A) Metastatic nodules formed on the lungs at day 14 after the in-
jection. (BY Numbers of nodules formed on the lungs were counted manually
(**, n=9;7", n=6; **P < 0.01). (C) Size of tumors formed by s.c. inoculated
melanoma cells at day 21 [**, n = 8, ™=, n = 6; *P > 0.05 (not significant)]. (D)
Metastasis of i.v. injected B16F10-luc-G5 cells measured by luminescence
using VIS in vivo imaging at day 7. (€) Quantification of photon counts in C
(**, n=6;""",n=5;*P<0.05).
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which were then injected iv. into littermates of Stab2*/* and
Stab2~~ mice. After 7 d, tumor metastasis was measured based
on the luminescence of luciferase. Photon counts were signifi-
cantly decreased in the Stab2™~ mice, indicating inhibition of
metastasis at an early stage (Fig. 2 D and E).

Administration of Anti-Stab2 Antibedy Increases Serum HA Levels and
Prevents Tumeor Metastasis. We next investigated whether Stab2

functions could be blocked by an anti-Stab2 antibody in vivo. We

generated several mAbs against the extracellular domain of
Stab2 by immunizing rats with BaF3 cells expressing Stab2 and
one of them (#34-2, ref. 10) was found to inhibit HA binding to
Stab2 as assessing by internalization of FITC-labeled HSECs in
vitro (Fig. 34). To test whether that anti-Stab2 mAb has any
effect on the plasma HA level in vivo, we injected it ip. into
C57BL/6 mice every 3 d and monitored serum HA levels. Within
3 d of the first injection, serum HA levels were increased in all of
the mice given the anti-Stab2 mAb, but not in the mice treated
with rat IgG (Fig. 3B). We obtained the same results using SCID
mice (Fig. 4 4 and J). These findings clearly indicate that the
anti-Stab2 mAb effectively increased plasma HA levels by
inhibiting Stab2 function in vivo. To examine whether this mAb
prevents tumor metastasis, we injected mice with either anti-
Stab2 mAD or control rat IgG, followed 2 d later by iv. injection
of B16F10 cells. The anti-Stab2 mAb significantly suppressed
metastasis (Fig. 3 C and D). Taken together, these results in-
dicate that the anti-Stab2 mAb elevates circulating HA levels by
blocking the clearance of HA in HSECs, and that serum HA
levels are inversely correlated with tumor metastasis.

Because the anti-Stab2 mAb elevated plasma HA levels in
immune deficient mice, we investigated its effect on spontaneous
metastasis by multiple cancer cells in SCID mice. To do so, we
transplanted MDA-MB-231-luc-D3H2LN cells (human mam-
mary gland adenocarcinoma cells expressing luciferase) into the
abdominal mammary glands of SCID mice. After 21 d, tumor
metastasis in the upper body, including the brachial lymph nodes,
was evaluated by luminescence analysis. The number of photons
derived from metastasized cells in the upper body was signifi-
cantly reduced in the mice treated with the anti-Stab2 mAb (Fig.
4 A-D). We also transplanted 4T1-LucNeo-1H mouse mammary
tumor cells expressing luciferase into the mammary fad pads of
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Fig. 3. Inhibition of HA clearance and metastasis by anti-Stab2 mAb. (4)
HSECs were incubated with anti-Stab2 mAb or rat igG, and the cell in-
ternalization of FITC-HA was analyzed by flow cytometry. (B) Anti-Stab2
mAb or rat lgG (3 mg/kg body weight) was administered i.p. to C57BL/6 mice
on days 0, 3, and 17, and serum HA levels were measured (n = 5; **P < 0.01).
(C) At 2 d after the i.p. administration of anti-Stab2 mAb or control IgG, 5 x
10% B16F10 cells were injected i.v. via the tail vein. Anti-Stab2 mAb or control
1gG was administered every 3 d. The lungs at 14 d are shown. Arrowheads
indicate nodules of B16F10 cells. (D) The number of nodules formed on the
lungs were counted manually (n = 10; **P < 0.01). «-Stab2 denotes anti-
Stab2 mAb.
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the mice. Starting at 2 d after tumor injection, each animal was
given either anti-Stab2 mAb or rat IgG every 3 d. At 3 wk after
the start of antibody treatment, metastatic luminescence signals
and the numbers of histological lesions in the lung were reduced
in the anti-Stab2 mAb-treated mice. Given the lack of significant
difference in the size of primary tumors (Fig. 4 E-L), anti-Stab2
mADb can be considered to inhibit spontaneous metastasis.

Examination of Possible Mechanisms for Inhibition of Metastasis. To
investigate the inhibitory mechanism of metastasis observed in
the Stab2 KO and anti-Stab2 mAb-treated mice, we first ana-
lyzed whether HA affects tumor cells in vitro. We evaluated the
effects of a 31-kDa HA (similar in size to HA in circulation; Fig.
S1J), on cell proliferation, apoptosis induced by hydrogen per-
oxide, migration, and invasion into the basal membrane. None of
these assays demonstrated any significant effect of HA on tumor
cells at various concentrations (Fig. S3 A-F).

Because the proliferation as well as metastasis of tumors is
under surveillance by the immune system, and HA has been
implicated in the immune system, we examined the immune cells
of Stab2 KO mice for any changes. We found no significant
differences in fractions of regulatory T cells, NK cells, macro-
phages, and myeloid-derived suppressor cells in bone marrow,
peripheral blood, and spleen in Stab2 KO mice compared with
WT mice (Fig. S44). In addition, we found no alterations in
serum levels of TNF-o, IFN~y, IL-2, I1.-4, IL-6 IL-10, and IL-17A
(Fig. S4B), or in the activation of macrophages in vivo and
sensitivity to i.p. LPS (Figs. S2E and S4C). These results showing
no significant alterations in the immune system in Stab2 KO
mice suggest that the immune system may not be directly in-
volved in the inhibition of tumor metastasis.

Attachment of Melanoma Cells to the Lungs Is Prevented by an
Increase in Plasma HA. Intravenously injected melanoma cells are
thought to roll through the bloodstream and lodge in the lungs,
where they proliferate. Our finding that the melanoma cells
injected s.c. in Stab2 KO mice formed tumors as large as those
seen in their WT littermates (Fig. 2C) suggests that the homing
of i.v. injected tumor cells to the lungs might be altered in the
mutant mice. To analyze the attachment of melanoma cells to
the lung in vivo, we inoculated B16F10-luc-GS5 cells iv. After 6 b,
mice were perfused with PBS via the portal vein to remove blood
cells from the tissues, and luciferase activity in the lungs was
evaluated. The luciferase activity in the lungs was significantly
decreased in Stab2 KO mice and in mice treated with the anti-
Stab2 mAb compared with WT mice and rat IgG-treated mice
(Fig. 5 A and B). These results indicate that tumor metastasis
was prevented at an early stage of penetration in the lungs.

Because plasma HA level has been suggested to be involved in
the metastasis of melanoma cells, and HA binds to cell surface
molecules such as CD44, we investigated whether HA mediates
the attachment of tumor cells to tissues. We first tested the
binding of melanoma cells to HA by plating B16F10 cells on an
HA-coated plate, and found that the cells attached to the plate
via HA (Fig. S3F). Adding HA at the concentration found in
Stab2 KO mouse sera inhibited the binding of B16F10 to the
HA-coated plate. This finding suggests that the increased plasma
HA in the mutant mice inhibits metastasis by preventing the
attachment of melanoma cells to the lung via HA.

We also investigated whether HA prevents the attachment of
B16F10 cells to the lung. Although 1.v. injected HA is rapidly
cleared from the bloodstream (1), we found that a very high
dose of HA administered via the tail vain elevated the serum
HA level for several hours (Fig. 5C). Thus, we injected HA at
a dose of 20 mg/kg body weight every 8 h for 24 h to increase the
plasma HA level, and then transplanted B16F10-luc-GS5 cells.
At 6 h after B16F10-luc-G5 cell transplantation, luciferase ac-
tivity in the lungs was significantly reduced, whereas the serum
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Fig. 4. Anti-Stab2 antibody prevents spontaneous metastasis of human and mouse mammary tumor cells in SCID mice. (4) SCID mice were i.p. injected with anti-
Stab2 mAb or rat IgG (3 mgrkg), and serum HA levels were measured at 7 d after the injection (n = 5; *P < 0.05). (B) MDA-MB-231-luc-D3H2LN cells were grafted in
the mammary gland of SCID mice injected i.p. with anti-Stab2 mAb or contro! IgG (3 ma/kg). Luminescence was measured by IVIS at day 21. (C) Quantification of
photon counts in the upper body at day 21 (n = 5; *P < 0.05). (D) Luminescence of the opened thorax in B. (E) Mouse 4T1-LucNeo-1H mammary tumor cells were
grafted into a mammary fat pad of the mice. At 2 d after tumor injection, each animal was given anti-Stab2 mAb or Rat 1gG i.p. every 3 d, for a total of seven
injections. Luminescence of primary tumors was measured by IVIS atday 21. (G) For the detection of signals from metastatic regions, the lower part of each animal
was shielded with black paper before reimaging, to minimize bioliminescence from primary tumor. At the end of the experiment (day 21), ex vivo imaging was
performed on collected lungs. Control group mice exhibited spontaneous lung metastasis. (F, H, and /) Quantification of bioluminescence emitted from primary
tumors on mice and lung metastatic regions at the end of the experiment. Data represent mean = SD (n = 4; *P < 0.05 vs. other groups). (/) H&E-stained sections of
spontaneous lung metastasis lesions at day 21. (K) Quantification of lung lesions in J. Data represent mean values (n = 32; **P < 0.01 vs. other groups). (L) Serum
HA levels measured at the end of the experiment (n = 4; *P < 0.05). o-Stab2 denotes anti-Stab2 mAb.

HA level remained elevated in those mice pretreated with HA ~ WT mice were cultured on VenaEC substrates and connected to
(Fig. 5D and E). a microfiuidic device. Rolling/tethering between pulmonary cells

Finally, to prove that increased HA level decreases the arrest  and B16 melanoma cells under share stress was observed (Fig.
of tumor cells in lung capillaries, we performed in vitro rolling/  5F). At a low HA concentration (0.55 yg/mL, similar to Stab2™/*
tethering assays using a VenaBC system. Pulmonary ECs from  serum levels), B16 melanoma cells were tethered to pulmonary
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Fig. 5. HA inhibits attachment of B16F10 cells. (4) B16F10-luc-G5 cells (1.5 x 10%) were injected into the tail vein of Stab2** and Stab2™'~ mice, and 6 h later,
the mice were perfused with PBS via the portal vein to remove blood cells from tissues. The B16F10-luc-G5 cells remaining in the lungs were detected by
luciferase analysis (**, n = 6; ==, n = 7; *P < 0.05). (B) At 2 d after the i.p. administration of anti-Stab2 or rat IgG, B16F10-luc-G5 cells (1.5 x 10°) were injected
into the tail vein. At 6 h later, the injection cells remaining in the lungs were detected by luciferase analysis as in A (rat IgG, n=5; 7=, n = 6; **P < 0.01). (C) HA
at doses of 1, 5, 10, and 20 mg/kg was injected i.v., and serum HA levels were measured serially (n = 4). (D) HA at 20 mg/kg or an equal volume of PBS was
injected i.v. every 8 h. At 24 h after the first HA injection, B16F10-luc-G5 cells (1.5 x 10°%) were injected into the tail vein with 20 mg/kg of HA. After 6 h, serum
samples were collected, and plasma HA levels were analyzed at the end of experiment (n = 8; **P < 0.01). () Cells remaining in the lungs were detected based
on luciferase activity at D as in A (n = 8; **P < 0.01). (F) Schematic diagram of the VenaEC system (Cellix). (G) Rolling and/or tethering of B16 melanoma cells
onto pulmonary ECs using the VenaEC system. Pulmonary ECs from 6-d-old WT {C57BL/6) mice were isolated, cultured, and stained with 5 uM CMFDA (green)
and 10 pM Hoechst 33342 (blue). B16F10 cells were stained with 5 yM CMTPX (red) and 10 uM Hoechst (blue). The pulmonary cell chamber was connected to
a microfluidic device, and perfusion for 5 min with VL medium containing stained B16F10 cells at 0.7 dynes/cm? was performed during confocal observation of
cell kinetics. Representative images of B16 melanoma cells with low (0.55 pg/mi) and high (33 pg/mL) HA concentrations are shown (Movies 1 and $2). White
arrows denote flow directions, and red arrows indicate rolling and/or tethering B16F10 cells. (H) Quantification of rolling/tethering to the pulmonary ECs. The
numbers of roiling/ tethering B16F10 cells were counted. Note that HA at high concentrations inhibited the rolling/tethering of melanoma cells onto pul-
monary endothelium (n = 20 images from five experiments; *P < 0.05). (Scale bar: 100 pm.) «-Stab2 denotes anti-Stab2 mAb.
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cells. In contrast, at a high HA concentration (33 pg/mL, similar
to Stab2™~ serum levels), tethering was significantly reduced
(Fig. 5 G and H and Movies S1 and S2). These results indicate
that a high level of HA in the circulation prevents the attachment
of melanoma cells to the lung.

Discussion

In this study, using Stab2 KO mice and an anti-Stab2 mAb, we
provide several lines of evidence indicating that Stab2 is the
major clearance receptor for circulating HA. This finding is
consistent with the results of a previous in vitro study showing
that Stab2, not its homolog Stabl, is the major clearance re-
ceptor for HA (5), as well as a recent study using Stabl and Stab2
KO mice (2). In addition, KO mice deficient in either Lyvel or
Stabl showed no change in serum HA levels (2, 29), further
supporting this idea. Although Stab2 is known to bind other
molecules, such as ac-LDL and heparin, serum levels of ac-LDL
and heparin were not increased in the Stab2 KO mice, and the
internalization of ac-LDL into Stab2-deficient HSECs was nor-
mal, indicating that those molecules are cleared by other scav-
enger receptors, such as Stabl. Therefore, we conclude that Stab2
is the bona fide clearance receptor for circulating HA in vivo.

An unexpected finding—and perhaps the most important re-
sult of this study—is the markedly reduced metastasis of mela-
noma cells in the Stab2 KO mice. Furthermore, i.p. admin-
istration of the blocking mAb for Stab2 also increased the serum
concentration of HA and inhibited tumor metastasis in the
Stab2*/* mice at levels comparable to those in Stab2 KO mice
(Fig. 3). The KO mice were fertile, developed normally, and
exhibited no hematological or histological changes except for the
increased serum HA level (Fig. S1 and Table S1). Although
Stab2 has multiple ligands, only HA levels were altered in the
Stab2 KO mice, and the anti-Stab2 mAb caused phenotypes
similar to those in the Stab2 KO mice. Thus, we focused on HA
to investigate the mechanism preventing metastasis, and carried
out various experiments in vitro and in vivo. Our in vitro
experiments indicated that HA did not affect the proliferation,
migration, and invasion of B16F10 cells (Fig. S3 A-E). More-
over, the weights of tumors formed by s.c. transplanted mela-
noma cells, as well as the cell cycle status of i.v. injected melanoma
cells, were not changed in the Stab2 KO mice, indicating that the
lack of Stab2 does not affect tumor proliferation in vivo (Fig. 2C
and Fig. $3B). Likewise, mammary tumor cells formed primary
tumors in abdominal fat pads, but tumor formation in the lymph
nodes or lung was severely suppressed by anti-Stab2 mAb (Fig. 4).
These results strongly suggest that tumor metastasis is prevented
by a mechanism other than proliferation.

Tumorigenesis is controlled by the immune system, and the
role of HA in the immune system has been studied extensively.
Of note, HA binds to TLR2 and TLR4, which play important
roles in innate immunity (18). We examined several parameters
of the immune system, focusing first on macrophage functions,
given that HA has been shown to alter immune responses via
TLR4 that binds to LPS (18). However, macrophage activation
and the severity of sepsis induced by i.p. injected LPS were not
changed in Stab2 KO mice or in mice treated with the anti-Stab2
mAb (Figs. S2E and S4C). Furthermore, levels of inflammatory
cytokines in serum and populations of various immune cells were
not affected (Fig. S4 A and B). Therefore, inhibition of Stab2
function does not appear to directly affect the immune system. It
is known that HA’s functions depend on its molecular size, which
varies from a few kDa to a few MDa (16). In the present study,
HA molecules in Stab2 KO serum were ~40 kDa in size (Fig.
S1J). possibly explaining some of the discrepancy between our
results and those of previous studies.

Tumor cells circulate through the bloodstream and penetrate
preferable tissues. Given that the s.c. proliferation of melanoma
cells in Stab2 KO mice was not altered (Fig. 2C), we examined
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the initial step of attachment to the lungs. Melanoma cells
expressing luciferase were injected via the tail vein, and cells
trapped in the lungs were detected based on luciferase activity
after perfusion with PBS to remove nonadherent cells. At 6 h
after the iv. injection, the number of melanoma cells trapped in
the lungs was decreased in both the Stab2 KO mice and the mice
given anti-Stab2, indicating that tumor metastasis is prevented at
the initial stage of tissue penetration in the absence of Stab2
function (Fig. 5 A and B). Because those mice had extremely
high plasma HA levels, we considered that the attachment of
melanoma cells to the lungs is enhanced by HA displayed on the
surface of blood vessels in normal lungs, and that a high level of
HA in plasma blocks this interaction. In fact, melanoma cells
adhered to HA-coated plates and pulmonary ECs, and HA at
high concentrations, similar to those in serum of Stab2 KO mice,
inhibited the attachment (Fig. 5, Fig. S3F, and Movies S1 and
S2). Although iv. injected HA is rapidly removed from the cir-
culation, we found that the iv. injection of a very high dose of
HA was able to maintain the plasma HA concentration at a high
level for at least 10 h (Fig. 5C). After the circulating HA level
increased, B16F10 cells were injected to evaluate their attach-
ment to the lungs. Metastasis of B16F10 cells to the lungs was
markedly suppressed under these conditions (Fig. 3D). These
results strongly suggest that inhibition of Stab2 function prevents

“tumor metastasis by elevating the plasma HA level.

Previous studies found that forced expression of HAS in-
creased tumor cell proliferation and metastasis, whereas in-
hibition of HAS prevented proliferation and metastasis (23, 24,
30). These experiments suggested that HA promotes tumor
proliferation and metastasis, whereas our results indicate that
HA prevents metastasis. The critical difference between the
previous studies and the present study is that we focused on the
circulating HA, whereas most of the previous studies in-
vestigated extracellular matrix and pericellular HA. Therefore, it
seems that the function of HA can differ depending on location.

In conclusion, our Stab2 KO mice were viable and exhibited no
overt defects, but had dramatically increased plasma HA levels.
This indicates that Stab2 is dispensable for normal development
and homeostasis, and that an extremely high level of plasma HA
has no deleterious effect. The increase in circulating HA levels was
inversely correlated with metastasis and inhibited the attachment of
melanoma cells to the lungs. Moreover, the administration of an
anfi-Stab2 mAb also increased the plasma HA level and blocked
the metastasis of not only mouse melanoma cells, but also human
breast tumor cells with no side effects. Thus, functional inhibition of
Stab2 may be a potential strategy to suppress tumor metastasis.

Materials and Methods

AStab2 KO mouse line was generated by conventional methods, asdescribedin S/
Materials and Methods, and backcrossed with C57BL/6 for at least six gen-
erations. Anti-mouse Stab2 mAb (#34-2) was generated in our laboratory (10).
Serum HA levels were measured with an HA assay kit (Seikagaku Biobusiness) in
accordance with the manufacturer's instructions. The cell internalization of FITC-
HA into HSECs was performed as described previously (10). For FACS analysis,
HSECs were incubated with indicated antibodies and FITCG-HA, and labeled cells
were analyzed with a FACSCalibur flow cytometer (BD Biosciences). B16F10 cells
[5 x 10° (Fig. 2) or 5 x 10* (Fig. 3)] were injected into the tail vein. At 14 d after
injection, the lung surface nodules were counted. For imaging in vivo, 5 x 10°
B16F10-luc-G5 cells were injected i.v. At 7 d after the injection, metastasis was
analyzed with luciferase luminescence as described previously (31). MDA-MB-
2371-luc-D3H2LN cells (4 x 10°% were injected into the mammary gland of SCID
mice, and metastasis was analyzed using the IVIS imaging system (31, 32). 4T1-
LucNeo-1H cells (5 x 10% were injected into a mammary fad pad of SCID mice.
Rolling and/or tethering of B16 melanoma celis onto cultured pulmonary ECs
was analyzed under flow conditions at 0.7 dynes/cm? with the VenaEC System
(Cellix) using confocal microscopy (Nikon A1R). Before the experiments, B16
melanoma cells were stained by CellTracker Red CMTPX (Molecular Probes) and
Hoechst 33342 (Molecular Probes). Pulmonary ECs were also stained with Cell-
Tracker Green CMFDA (Molecular Probes) and Hoechst 33342. More detailed
information is provided in S/ Materials and Methods.
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microRNAs {(miRNAs) have been identified as a fine-tuner in a wide array of biological
processes, including development, organogenesis, metabolism, and homeostasis. Dereg-
ulation of miRNAs causes diseases, especially cancer. This occurs through a variety of
mechanisms, such as genetic alterations, epigenetic regulation, or altered expression of
transcription factors, which target miRNAs. Recently, it was discovered that extracellular
miRNAs circulate in the blood of both healthy and diseased patients. Since RNase is abun-
dant in the bloodstream, most of the secretory miRNAs are contained in apoptotic bodies,
microvesicles, and exosomes or bound to the RNA-binding proteins. However, the secre-
tory mechanism and biological function, as well as the significance of extracellular miRNAs,
remain largely unclear. In this article, we summarize the latest and most significant discov-
eries in recent peerreviewed research on secretory miRNA involvement in many aspects
of physiological and pathological conditions, with a special focus on cancer. in addition, we
discuss a new aspect of cancer research that is revealed by the emergence of “secretory
miRNA."

Keywords: secretory microRNA, microRNA, exosome, cell-cell communication, cancer

INTRODUCTION

microRNAs (miRNAs) are small non-coding RNA that repress a
wide variety of target genes expression at the post-transcriptional
level by sequence-specific base pairing to the 3’ untranslated region
of multiple target mRNAs. They are conserved through species,
and form an important class of regulators that participate in multi-
ple biological phenomena, including development, organogenesis,
and homeostasis. Because of their ability to bind to many tar-
get mRNAs (Kwak et al., 2011), once their expression is altered,
disease could occur through the deregulation of their target gene
networks, particularly thatleading to cancer. For this reason, many
recent studies have focused on the development of novel diagno-
sis and therapeutics in the field of oncology. Current studies have
revealed that miRNAs are secreted outside of the cells, and their
biological significance is beginning to be recognized (Zernecke
et al., 2009; Kosaka et al., 2010b; Pegtel et al., 2010). This article is
a summary of the latest and most significant findings of original
studies on the involvement of secretory miRNAs in cancer, with a
special focus on the potential of secretory miRNAs as a humoral
factor for cancer biology.

RNA IS NOT ONLY THE MEDIATOR IN THE CENTRAL DOGMA
BUT ALSO A SECRETORY FUNCTIONAL MOLECULE

Before Watson and Crick (1953) described the double-helical
structure of the DNA molecule, Mandel and Metais (1947) had
found that DNA is present in plasma and serum in 1947. They
showed the presence of nucleic acids in healthy subjects as well as
in ill patients. After that, many researchers have tried to exarnine
the circulating nucleic acid to develop them as a potential bio-
marker, especially in the research field of cancer (Fleischhacker
and Schmidt, 2007). It is now well documented that RNA can also

be detected in plasma, serum, and other body fluids as well as
from cell-free supernatants of in vitro cultivated cells. One of the
first papers demonstrating the presence of extracellular RNA was
published by Stroun et al. (1978). They reported the presence of
an RNA form in a nucleoprotein complex spontaneously released
from human blood Iymphocytes and frog cell systems from auri-
cle cultures. They also showed that the RNA from this complex
has a stimulating effect on DNA synthesis i1 vitro, suggesting the
function of secretory RNA in recipient cells.

Meanwhile, the uptake of RNA by recipient cells was also
observed. More than 40 years ago, RNAs were reported to be read-
ily taken up by ascites tumor cells (Galand and Ledoux, 1966). In
addition, during a study of co-cultured cells that were previously
incubated with or without tantalum particles, intact labeled RNA
was found to be transferred into the non-labeled recipient cells
from labeled donor cells (Kolodny, 1971). Namely, cell—cell com-
munication was mediated not only by proteins, such as cytokines,
chemokines, and hormones, but also by secretory RNA.

Given that the concentration of RNA-degrading enzymes,
RNase, is high in normal people and even higher in cancer patients
(Reddi and Holland, 1976; Tsui et al., 2002) and that RNase is
extremely stable, it was reasoned that the RNA released from the
cells into the extracellular space must be complexed and in a form
that is resistant against RNases. The first study of associating circu-
lating RNA, as RNA-proteolipid complexes, in sertum was reported
in 1987 (Wieczorek et al., 1987). This study reported a relationship
between the presence of RNA-proteolipid complexes and tumor
mass/response to therapy. These complexes disappeared ~48h
after tumor removal and were undetected in benign disorders.
Another study demonstrated that the release of a macromolecu-
lar substance containing 2P and *H was found when prelabeled
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Chinese hamster ovary cells were treated with trypsin under condi-
tions in which cells remain fully viable (Rieber and Bacalao, 1974).
In contrast, a ribonuclease treatment affected neither the >2P nor
the *H radioactivity. The authors concluded from these experi-
ments that RNA together with glycoproteins is released from the
external cell surface.

FUNGTIONAL IMPORTANCE OF SECRETORY miRNA [N
VARIOUS KINDS OF LIFE PHENOMENA

miRNAs, a class of post-transcriptional gene expression regula-
tors, play critical roles in various kinds of biological phenomena,
including development, organogenesis, and homeostasis. Dysreg-
ulation of miRNA Jeads to cancer development and progression
and has different expression profiles in normal tissues and can-
cers (Garzon et al., 2010). For this reason, miRNAs have been
investigated for their potential use in the diagnosis, prognosis,
and treatment of cancer. miRNAs have recently been detected in
human body fluids, including peripheral blood plasma as extra-
cellular nuclease-resistant entities (Kosaka et al., 2010a). Reports
in two landmark papers noted that not only mRNAs but also miR-~
NAs were secreted outside of the cells and circulated in human
body fluid (Chim et al., 2008; Lawrie et al., 2008). Chim et al.
(2008) reported the existence of placental miRNAs in maternal
plasma. Interestingly, they showed that the four most abundant
placental miRNAs (miR-141, miR-149, miR-299-5p, and miR-
135b) were detectable in maternal plasma during pregnancy and
showed reduced detection rates in post-delivery plasma. Further-
more, Lawrie et al. (2008) investigated whether miRNAs have
diagnostic utility by comparing the levels of tumor-associated
miR-155, miR-210, and miR-21 in serum from diffuse large B-
cell lymphoma patients with healthy controls and showed that the
levels were higher in patients than in control sera. These obser-
vations support the idea that circulating miRNAs can be used as
biomarkers to monitor an individual’s health. In addition, these
reports also suggest the possibility that secretory miRINA must be
contained in or attached to something that could protect RNA
from RNase-mediated degradation.

One breakthrough about circulating RNA was the discovery
of mRNA and miRNA in exosomes (Valadi et al., 2007). Valadi
et al. (2007) showed that mouse and human mast cell-derived
exosomes, which are vesicles of endocytic origin released by many
kinds of cells that can mediate communication between cells, con-
tain RNA and miRNA. The RNA from mast cell exosomes is trans-
ferable to other mouse and human mast cells. After the transfer of
mouse exosomal RNA to human mast cells, new mouse proteins
were found in the recipient human cells, indicating that trans-
ferred exosomal mRNA can be translated after entering another
cell. Observations from these three reports indicated one impor-
tant fact, namely, that miRNA could be existent in the outer space
of the cells, where the RNase is present, and could be functional in
this new location.

After the discovery of miRNA in exosome, many researchers
attempted to identify the function of secretory miRNA because the
report from Valadi et al. (2007) had not clarified it in the exoso-
mal miRNA in recipient cells. One of the earliest studies to prove
the function of secretory miRNA was revealed by an apoptotic
body (Zernecke et al.,, 2009). They demonstrated that CXCL12

production was mediated by miR-126, which was enriched in
apoptotic bodies and repressed the function of the regulator of
G protein signaling 16. This enabled CXCR4 to trigger an autoreg-
ulatory feedback loop that increased the production of CXCL12,
leading to the recruitment of progenitor cells. This study strongly
indicated the importance of a “dying message” for the regulat-
ing homeostasis of a healthy status and highlights the functions
of miRNAs in health and disease that may extend to the recruit-
ment of progenitor cells during other forms of tissue repair or
homeostasis.

After the study of miRNA in apoptotic bodies, three reports
showed the function and transfer of secretory miRNAs contained
inside the exosome. Pegtel et al. (2010) showed that mature EBV-
encoded miRNAs are secreted by EBV-infected B cells through exo-
somes. These EBV-miRNAs repress the EBV target immunoregu-
latory genes, and these target genes are down-regulated in pri-
mary EBV-associated lymphomas. Interestingly, using peripheral
blood mononuclear cells from patients with an increased EBV
load, these researchers also showed that, although EBV DNA is
restricted to the circulating B-cell population, EBV BART miR-
NAs are present in both B-cell and non-B-cell fractions, suggestive
of miRNA transfer in vivo. Zhang et al. (2010) reported that
miR-150 is contained inside the exosomes and is secreted from
a cultured human monocyte/macrophage cell line and that this
exosome delivers miR-150 into human microvascular endothelial
cells. Then, elevated exogenous miR-150 effectively reduced c-Myb
expression and enhanced cell migration in human microvascular
endothelial cells. Our group also demonstrated that a secreted
tumor-suppressive miRNA, which is miR-146a down-regulated in
prostate cancer, was transported to cancer cells and exerted gene
silencing in the recipient prostate cancer cells through the suppres-
sion of its target gene, thereby leading to cell growth inhibition
(Kosaka et al., 2010b). This suggested that secreted miRNA could
function as a cell-cell communication tool between the cancer
cells and their microenvironmental cells.

These three reports clarified a variety of physiological and
pathological phenomena, including virus infection, vascular dis-
ease, and cancer. The variety of research fields highlights the
importance of secretory miRNAs in phenomena vital to life.
Indeed, recent reports have pointed to various functions of secre-
tory miRNA in many aspects of life, such as cellular commu-
nication involving antigen-dependent, unidirectional intercellu-
lar transfer of miRNAs by exosomes during immune synapsis
(Mittelbrunn et al,, 2011), nasopharyngeal carcinoma-mediated
transfer of EBV-encoded BART miRNA (Gourzones et al., 2010),
hepatocellular carcinoma (Kogure et al.,, 2011), and cardiovas-
cular diseases (Kuwabara et al, 2011). These reports mainly
described the importance of exosomes as an miRNA carrier; how-
ever, it is not always the exosome that is important in secretory
miRNA-mediated cell-cell communication.

High-density lipoprotein (HDL) transports endogenous miR-
NAs and delivers them to recipient cells with functional targeting
capabilities (Vickers et al., 2011). The human HDL-miRNA profile
of normal subjects is significantly different from that of famil-
ial hypercholesterolemia subjects. Interestingly, a recent report
showed that the mechanism of horizontal transfer of miRNAs
is not only dependent on vesicle transfer, such as exosomes, but
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also intercellular connection tools, such as gap junction and RNA-
binding protein. Lim et al. (2011) clarified that miRNA was
transmitted from bone marrow stroma to breast cancer cells via
gap junctions and exosomes in tumor cell quiescence. Arroyo
etal. (2011) employed a technique, differential centrifugation and
size-exclusion chromatography, to characterize circulating miRNA
complexes in human plasma and serum and found that the major-
ity of circulating miRNAs cofractionated with Argonaute2 (Ago2,
the key effector protein of miRNA-mediated silencing) protein
complexes rather than within vesicles. This study was also con-
firmed by other groups which have shown Ago2 (Turchinovich
et al., 2011) or nucleophosmin 1 as secretory miRNA carri-
ers (Wang et al,, 2010). Further biological studies are required
to understand the function of miRNAs secreted with an RNA-
binding protein, such as Ago2 or nucleophosmin 1, in a variety of
research fields.

To certify the significance of secretory miRNAs in variety of life
phenomena, it is also essential to understand the secretion mech-
anism of miRNA from cells. Previously, we found in HEK293 and
COS-7 cells that the secretion of miRNAs was regulated by neu-
tral sphingomyelinase 2 (nSMase 2; Kosaka et al., 2010b), which
is the catalytic enzyme of ceramide biosynthesis and is known
as an exosome regulatory protein (Trajkovic et al., 2008). The
decreased activity of nSMase 2 with a chemical inhibitor, GW4869,
and a specific siRNA resulted in the reduced secretion of miR-
NAs. Complementarily, overexpression of nSMase 2 increased the
extracellular amounts of miRINAs. This observation was also con-
firmed using other cells including T-cells (Mittelbrunn et al.,, 2011)
and hepatocellular carcinoma cells (Kogure et al,, 2011). Contrary
to our results, inhibition of nSMase 2 significantly increased the
amount of miRNAs exported to HDL from macrophages (Vickers
etal., 2011).

It remains necessary to elucidate how miRNA is sorted into exo-
somes or other vesicles, such as microvesicles. Microvesicles, also
known as microparticles or shedding vesicles, represent a heteroge-
neous population of vesicles with a diameter of 100-1000 nm that
are released by budding of the plasma (Muralidharan-Chari et al.,
2010). It has been shown that microvesicles isolated from embry-
onic stem cells increase pluripotency of hematopoietic stem cells
after horizontal transfer of embryonic stem cell-derived mRNA.
Although the functions of microvesicles were recently elucidated,
unlike exosome, not only the function but also the sorting mech-
anisms of miRNAs into microvesicles have not been clarified yet.
Furthermore, it has not been shown yet what kind of protein bind
to miRNAs in the vesicles such as exosomes, microvesicles, and
apoptoticbodies, although Arroyo etal. (2011) clearly showed that
circulating Ago2-binding miRNAs were not contained inside vesi-
cles. Gibbings et al. (2009) detected some AGO2 in the purified
exosomes, albeit less than in whole-cell lysates, on the contrary,
GW182, which required for miRNA function through its bind-
ing to AGO2, was dramatically enriched in exosomes. Detecting
the proteins, which bind to miRNAs in vesicles, might lead to
revealing the sorting mechanism of miRNAs in vesicles. Clarify-
ing the details of the molecular mechanisms of secretory miRNA,
such as the manner of cell-cell transfer or secretion mechanisms,
will help us understand a variety of diseases, especially cancer
(Figure 1).

SECRETORY miRNA AS A HUMORAL FACTOR IN CANCER
CELLS

As shown in this report, secretory miRNAs are functional mole-
cules that modulate many aspects of the biological process, In addi-
tion, destruction of the secretion of miRNA from cells might lead
to disease, such as cardiovascular diseases, virus infections, deteri-
oration of the immune system, and cancer. From the field of cancer
research, we would like to propose two hypotheses regarding
secretory miRNA-mediated cancer progression (Bigure 2).

One is the function of secretory miRNA in a metastatic niche
(Figure 2A). As already shown in several reports, various types
of the cells have been shown to have the capability to take up
exosomes. The tumor microenvironment is a complex tissue com-
prising variable numbers of tumor cells, epithelial cells which
originated cancer cells, fibroblasts, endothelial cells, and infil-
trating leukocytes. Recent reports have explained the mechanism
of controlling the cancer cell-mediated phenotypical change of
microenvironmental cells through cytokines (Hanahan and Wein-
berg, 2011). Cytokines are considered as key molecules controlling
autocrine or paracrine communications within and between these
individual cell types. However, considering the existence of secre-
tory miRNA within these environments, their influence to the
cancer niche should be reconsidered. An exosome contains nearly
300 proteins (Atay et al., 2011) with the potential to modulate the
state of microenvironment cells. In addition, miRNAs are known
to regulate hundreds of target mRNA expressions. Thus, not only
exosomal miRNAs but also other types of secretory miRNAs could
control the state of cellular phenotypes to the benefit of cancer cells
within their niche.

Another hypothesis deals with the function of secretory miR-
NAs in distant organs (Figure 2B). Recently, Hood et al. (2011)
provided evidence of exosome-mediated conditioning of lymph
nodes and defined microanatomic responses that enable the
metastasis of melanoma cells. Homing of melanoma exosomes to
sentinel lymph nodes imposes synchronized molecular signals that
affect melanoma cell recruitment, extracellular matrix deposition,
and vascular proliferation in the lymph nodes. They showed the
physiological importance of exosomes for distal metastasis; how-
ever, they have not provided evidence of the molecules species that
take partin the modulation of the distal site of metastasis. To reveal
the exact function of miRNA targeting sites that are distant from
the primary organ, we should identify the molecular mechanisms
of the tropism of secretory miRNA transported by carriers.

SECRETORY miRNA AS A HUWMORAL FACTOR I ORGANISMS
In this study, systemic transfer of miRNAs has been introduced.
However, an active mechanism for the transport of double strand
RNA (dsRNA) across tissues and cellular boundaries was found
in other organisms, such as nematode and plant. Transmembrane
channel-forming protein SID-1 has been shown to mediate passive
cellular uptake and cell-to-cell distribution of dsRNA in the nema-
tode C. elegans (Feinberg and Hunter, 2003). In addition, recent
report showed that mammalian SID-1 homolog localized to the
cell membrane of human cells enhances their uptake of small inter-
fering RNA, resulting in increased siRNA-mediated gene silencing
efficacy (Duxbury et al., 2005). Furthermore, although RNA mole-
cules have been implicated in systemic cell-to-cell communication
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FIGURE 1 | Unveiling the mechanisms and roles of secretory miRNAs in
both physiological and pathological conditions is essential for the
development of novel diagnostic methods and therapeutics to treat
various human diseases. In the physiological condition, secretory miRNAs
may maintain the homeostasis of organs and tissues via diverse types of
miRNA carriers (A). However, this state may be destroyed by the change of
phenotype in donor cells or recipient cells {B). From the viewpoint of donor
cells, changes in the phenotype of donor cells may lead to the alteration of
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miRNA species with carriers {C). Furthermore, the quantity of secretory
miRNA uptake by recipient cells may change in this situation (D). It is
necessary to understand these abnormal changes of molecular mechanisms
for the development of a therapy against "secretory miRNAs-mediated
diseases.” In addition, it is possible that the amount of secretory miRNAs
changes in this situation through the abnormal regulation of carrier production
(E). Understanding these changes may lead to the exploitation of a diagnosis
marker for “secretory miRNAs-mediated diseases.”

in plants (Chitwood and Timmermans, 2010), recent studies have
shown that miRNAs are mobile signals that control gene expres-
sion during plant development (Dunoyeretal., 2010; Molnar et al.,
2010), suggesting that the transfer of RNA is found globally in
organisms.

Surprisingly, Zhang et al. (2011) reported that exogenous plant
miRNAs are present in the sera and tissues of various animals
and that these exogenous plant miRNAs are primarily acquired
orally, through food intake. Rice abundant miRNA, miR-168a,
is one of the most highly enriched exogenous plant miRNAs in
the sera of Chinese subjects. Furthermore, they also found that
MIR168a could bind to the human/mouse low-density lipoprotein
receptor adapter protein 1 (LDLRAP1) mRNA, inhibit LDLRAP1
expression in liver, and consequently decrease LDL removal from
mouse plasma. This study prompted the idea that miRNAs could
regulate the gene expression across the kingdom. In addition,
one of the important point of this study is that identification
of plant miRNAs in human peripheral blood was performed by
Solexa sequencing. High-throughput transcriptome analysis by
Next Generation Sequencing, specifically RNAseq, is currently
widely available. As shown in the case of rice miRNAs, these tech-
niques may help answer the question about the novel small RNAs
recently discovered to be secreted.

FUTURE DIRECTIONS FOR RESEARCH ON SECRETORY RNAs
In this review, we summarized the recent findings of secretory
miRNAs. The research field of secretory miRNAs has just begun.
To use the knowledge of secretory miRNAs for human health, we
should unveil the mystery of secretory RNA as follows.

First, we need to know the all kinds of secretory RNA species.
Interestingly, Dinger et al. (2008) independently analyzed the
microarray dataset from Valadi et al.’s (2007) study and found
that many longer non-coding RNAs (ncRNAs) were also present
in exosomes, including a number of ncRNAs associated with
important genes and several known ncRNAs, such as Copg2as
and Nespas, in mast cell-derived exosomes. This question seems

. quite easy to obtain the answer. As we already mentioned above,
recent development of next generation sequencing technologies
has been developed. This means that we can directly recognize the
nucleic acids that can exist outer space of the cells.

Second, secretory machinery of miRNAs and other types of
RNA should be clarified. As described in this paper, we recently
detected the part of miRNAs secretion mechanism mediated by
exosome (Kosaka et al., 2010b). Analyzing the secretion mecha-
nism of various kinds of RNAs and sorting mechanism of miRNA
into the vesicles leads the development of novel nucleic acids based
medicine.
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FIGURE 2 | Two proposed hypotheses regarding secretory
miRNA-mediated cancer progression. (A} Secretory miRNAs mediate
the modulation of microenvironmental cells. Secretory miRNAs from

Target Organ

cancer cells control the behavior of microenvironmental cells for their own
benefit. {B) Secretory miRNAs could be functional molecules in a distant
organ.

Last point is to know the function of secretory miRNAs in
more detail, such as physiological conditions and pathological
conditions. Reports on the function of secretory miRNAs in phys-
iological conditions, such as embryogenesis, organogenesis, and
maintaining tissue and organ homeostasis, are not available. In
addition, to know the function of secretory miRNAs, we need
to know the incorporation mechanism of miRNAs. Although
SID-1 found in C. elegans is good example of secretory miRNA
transport mechanism, the other machinery might exist in ver-
tebrates. Indeed, both transporter-dependent (SID-1 dependent)
and transporter-independent (SID-1 independent) dsRNA export
takes place from C. elegans cells (Jose et al., 2009). Furthermore,
as shown previously, miRNA from plant was detected in human
circulating peripheral blood, and the function of plant derived
miRNA was documented by the authors, suggesting that other
typés of small RNA from other species might contribute to the reg-
ulating of physiological or pathological situation. Because miRNAs
act as multi-functional molecules via the binding to sequence sim-
ilarities and regulate various life phenomena, secretory miRNAs
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Despite the therapeutic potential of nucleic acid drugs,
their clinical application has been limited in part by
a lack of appropriate delivery systems. Exosomes or
microvesicles are small endosomally derived vesicles that
are secreted by a variety of cell types and tissues. Here,
we show that exosomes can efficiently deliver microRNA
(miRNA) to epidermal growth factor receptor (EGFR)-
expressing breast cancer cells. Targeting was achieved
by engineering the donor cells to express the transmem-
brane domain of platelet-derived growth factor receptor
fused to the GE11 peptide. Intravenously injected exo-
somes delivered let-7a miRNA to EGFR-expressing xeno-
graft breast cancer tissue in RAG2-- mice. Our results
suggest that exosomes can be used therapeutically to
target EGFR-expressing cancerous tissues with nucleic
acid drugs.

Received 17 March 2012; accepted 1 August 2012; advance online
publication 2 October 2012. doi:10.1038/mt.2012.180

INTRODUCTION
MicroRNAs (miRNAs) are small (20-22 nucleotides) noncod-
ing RNA molecules that bind to partially complementary mRNA
sequences, resulting in target degradation or translation inhibi-
tion.! A growing pool of evidence suggests that miRNA-related
gain- or loss-of-function mutations can cause the development
and/or progression of cancer.? For example, let-7a is thought to be
a tumor suppressor that inhibits the malignant growth of cancer
cells by reducing RAS and HMGA?2 expression. Reduced expres-
sion levels of let-7 have been observed in colon, lung, ovary, and
breast cancer cells.” Therefore, miRNA replacement therapies
have emerged as promising treatment strategies for malignant
neoplasms. Yet although miRNA-based modalities may eventu-
ally prove effective, their clinical application has been hampered
by alack of appropriate delivery systems.

Exosomes or microvesicles are small vesicles {(50-100nm
in diameter) that are secreted by a variety of cell types and tis-
sues.* Of clinical interest, tumor cells have been shown to release

exosomes containing miRNA® and miRNAs secreted from donor
cells can be taken up and function in recipient cells.*” These
data indicate that exosomes are natural carriers of miRNA that
could be exploited as an RNA drug delivery system. For instance,
Alvarez-Erviti et al. recently used exosomes with modified mem-
branes containing a neuron-specific peptide to deliver small-in-
terfering RNA (siRNA) to mouse brain tissue.® Nevertheless, the
utility of exosomes as carriers of cancer therapies remains largely
unknown.

A number of human tumors of epithelial origin display ele-
vated epidermal growth factor receptor (EGFR) expression, sug-
gesting that EGFR could serve as a receptor target in cancer drug
delivery systems.” Because the EGFR ligand epidermal growth
factor (EGF) is strongly mitogenic and neoangiogenic, however,
an alternative ligand is needed for clinical applications.

The GE11 peptide (amino-acid sequence YHWYGYTPQNVI)
binds specifically to EGFR, but is markedly less mitogenic than
EGE! Additionally, GE11-conjugated polyethylenimine vectors
and polyethylene glycol-conjugated liposomes have been shown
to be less mitogenic, and can efficiently transfect genes into cells
expressing high levels of EGFR or tumor xenografts.!®* These
studies indicated that the GE11 peptide is likely superior to EGF
for clinically targeting EGFR-expressing tumors.

In this study, we examined exosomes as drug delivery carriers
in a model of cancer. Modified exosomes with the GE11 peptide
or EGF on their surfaces delivered miRNA to EGFR-expressing
cancer tissues; intravenously injected exosomes targeting EGFR
delivered let-7a specifically to xenograft breast cancer cells in
RAG27~ mice. These data indicate that exosomes targeted to
EGFR-expressing cells may provide a platform for miRNA replace-
ment therapies in the treatment of various cancers.

RESULTS

GE11- and EGF-positive exosomes

GEL11 peptide specifically binds to EGFR, but is less mitogenic than
EGE™ To generate GE11- or EGF-positive exosomes, sequence
encoding GE11 or EGF was cloned into the pDisplay vector. This
vector promotes the expression of proteins on plasma membranes
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using the transmembrane domain of platelet-derived growth fac-
tor receptor (Figure 1a). We transfected human embryonic kidney
cellline 293 (HEK?293) cells with pDisplay encoding GE11 or EGF,
and then cloned cells that were stably expressing the constructs.
Exosomes were purified from culture supernatants using an ultra-
centrifugation protocol (see Materials and Methods section).

We then examined the expression of GE11 or EGF in exo-
somes using anti-hemagglutinin (HA) antibodies and western blot
analysis, which revealed bands of the predicted sizes (Figure 1b).
In addition, fluorescence-activated cell sorting (FACS) confirmed
the presence of GE11 and EGF on the outer membranes of exo-
somes bound to latex beads, and these complexes were recognized
by anti-Myc-tag antibodies (Figure 1c). CD81 was used as a posi-
tive control for exosomes. Myc-tag expression was observed more

a
pDisplay-EGF | Signal ! ] " ‘ " : Transmembrane
(insert size 478 bp) § peptide HAj EGF mature peptide . domain

pDisplay-GE11 | Signal ‘ ) ;GEHE ) [
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Percentage of HA-expressing
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Figure T Epidermal growth factor receptor (EGFR) ligands on the
outer surfaces of the exosames. (a) Diagrams of the modified epider-
mal growth factor (EGF) and GE11 proteins. Signal peptide, Igx-chain
leader sequence; HA, hemagglutinin epitope tag (YPYDVPDYA); Linker,
(GGGGS) 3; Myc, Myc epitope (EEKLISEEDL); platelet-derived growth
factor receptor (PDGFR) transmembrane domain, transmembrane
domain from platelet-derived growth factor receptor. () Western blots
of HA-tagged constructs in exosomes obtained from culture superna-
tants of human embryonic kidney cell line 293 (HEK293) cells that had
been transfected with pDisplay encoding EGF or GE11. The quality of
each exosome preparation was confirmed by hybridization with antihu-~
man leukocyte antigen (HLA) antibodies. (¢) For flow cytometry, exo-
somes from transfected HEK293 cells were incubated with latex beads
and stained with anti-Myc tag antibodies. Tetraspanin CD81 was used
as a positive control for the exosomes. () Immunoelectron microscopy
showed that HA-tagged constructs were present on exosomes purified
from the supernatants of cells transfected with pDisplay encoding EGF
or GE11. Bars = 100nm. The percentages of HA-positive exosomes are
indicated in the graph. Data are expressed as means + SD.

)
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frequently in EGE-positive (73.8%) and GEl1l-positive (66.2%)
exosomes than in vector control (14.3%) exosomes. These data
indicated that GE11 or EGF was present on the exosomal mem-
branes. Additionally, immunogold staining with anti-HA antibod-
ies showed that 15.3% and 21.2% of the exosomes were positive for
GE11 and EGE respectively, and no notable morphologic abnor-
malities were observed in the modified exosomes (Figure 1d).

EGFR-dependent uptake of modified exosomes in vitro
We next examined whether the GE11- or EGF-positive exosomes
derived from HEK293 cells bound to recipient cells in an EGFR-
dependent manner. We first evaluated EGFR expression in three
human breast cancer cell lines. HCC70 cells showed higher EGFR
expression levels than HCC1954 and MCE-7 cells (Figure 2a). To
examine whether GE11- or EGE-positive exosomes were taken up
by recipient cells, exosomes were labeled with PKH67 dye (green)
and added to cultures of HCC70 cells (Figure 2b). EGF- and
GEl1-positive exosomes more efficiently bound to HCC70 cells
than HCC1954 or MCF-7 cells. Binding appeared to reflect EGFR
expression levels (Figure 2b). Exosomes did not bind to cell sur-
face membranes when the samples were incubated at 4°C, suggest-
ing that the cells had to be biologically active (Figure 2b). Confocal
laser-scanning microscopy demonstrated that the exosomes were
internalized by the cells (Figure 2c). To confirm that EGF- and
GEI11-positive exosomes were taken up by an EGFR-dependent
mechanism, we performed assays using breast cancer cell lines
with different levels of EGFR expression. First, we prepared
MCE-7 cells expressing high levels of EGFR using a retroviral vec-
tor (Figuare 2d) and examined uptake of EGF- and GE11-positive
exosomes (Figure 2¢). EGF- and GEl1-positive exosomes showed
high affinities for these MCEF-7 cells compared with cells infected
with empty vector or untreated cells. Next, we prepared HCC70
cells in which EGFR expression was knocked down using siRNA.
Three days post-transfection, EGFR expression was markedly
reduced, and we examined exosome uptake using fluorescence-ac-
tivated cell sorting analysis (Figure 2f). Because the cells prolifer-
ated following transfection of EGFR siRNA, relatively low levels of
siIRNA were detected in PKH67-labeled exosomes compared with
the experiment shown in Figure 2b. Of note, however, siRNA lev-
els decreased to near background levels in HCC70 cells in which
EGFR expression was reduced compared with cells expressing high
levels of EGFR or cells transfected with nontarget siRNA.

To assess whether EGE- or GEll-positive exosomes affected
cell growth in vitro, we performed cell proliferation assays using
HCC70 cells. EGF-positive exosomes promoted cell proliferation,
whereas no effect was noted with control or GE11-positive exo-
somes (Supplementary Figure S1). These experiments suggested
that, unlike EGF-positive exosomes, GE11-positive exosomes do
not stimulate EGFR signaling. Thus, GE11-positive exosomes may
provide a more suitable drug delivery system than EGF-positive
exosomes.

GE11-positive exosomies are functional in vitro

Our results indicated that the modified exosomes were taken
up into recipient cells. Next, we investigated exosome-mediated
delivery of siRNA or miRNA in vivo, including the effects of
the exogenous siRNA or miRNA in the recipient cells. We first
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Figure Z Uptake of epidermal growth factor (EGF)- and GET11-positive exosomes by breast cancer cell lines. (a) Flow cytometric analysis of epi-
dermal growth factor receptor (EGFR) expression on HCC70, HCC1954, and MCF-7 breast cancer cells. () Uptake of fluorescently labeled exosomes
by the breast cancer cell lines was detected using flow cytometry. PKH67-labeled exosomes were incubated with the breast cancer cell lines at 37°C
or 4°C for 4 hours. The degree of uptake was relatively low at 4°C. (¢) Intracellular PKH67-labeled exosomes were detected in HCC70 cells (arrows)
using confocal fluorescence microscopy. (d) Flow cytometric analysis of EGFR expression on MCF-7 cells, which were stably infected with retrovirus
expressing EGFR. (e) Uptake of PKH67-labeled EGF- and GE11-positive exosomnes was compared using MCF-7 cells expressing high levels of EGFR and
control cells. (F) Uptake of PKH67-labeled EGF- and GE11-positive exosomes was compared among EGFR'*" HCC70, EGFR*s", and control cells.

transfected HEK293 cells with luciferase-specific siIRNA and puri-
fied loaded exosomes. Then, we added the exosomes to culture
medium containing luciferase-expressing HCC70 cells. After 24
hours, we measured luciferase activities and found that GE11-
positive exosomes containing luciferase-specific siRNA reduced
luciferase activity in the cells (Figure 3). These exosomes likely
contained only a fraction of the transfected siRNA from the exo-
some-secreting cells. Nevertheless, the encapsulated siRNA sig-
nificantly inhibited expression of the target luciferase gene.

GE11-positive exosemes bind tumor cells in vivo

‘We then examined whether GE11-positive exosomes specifically
bind to tumors in vivo. Luciferase-expressing HCC70 cells were
transplanted into the mammary fat pads of RAG2~ mice. GE11-
positive and control exosomes were labeled with XenoLight DiR
and intravenously injected into tumor-bearing RAG2™ mice via

Molecular Therapy

the tail vein. Twenty-four hours later, the locations of the exosomes
were monitored using an in vivo imaging system (IVIS). Signals
from the GE11-positive exosomes were detected in the xenograft
tumors, whereas little signal was detected in experiments using
control exosomes (Figure 42). We also counted the exosomes and
observed that, compared with control exosomes, three times as
many GE11-positive exosomes reached the tumor (Figure 4b). In
addition, we did not histologically detect any major organ dam-
age in the injected mice (Supplementary Figure S2). These data
indicated that GE11-positive exosomes may facilitate the delivery
of therapeutic molecules to EGFR-expressing tumors in vivo.

GET11i-positive exosomes containing let-7 inhibit
tumor development in vivo

We next investigated the delivery of miRNA to tumors using
the GEll-positive exosomes. We used let-7a because elevated
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Figure 3 The activity of encapsulated small-interfering ENA {SIRNA)
in luciferase assays. Luciferase-specific siRNA (siLuc) was encapsulated
in exosomes, which were incubated for 48 hours with HCC70 cells
stably expressing firefly luciferase. Data are expressed as means = SD.
n=3;*P<0.05.

let-7 expression in cancer cell lines alters cell cycle progression
and reduces cell division, suggesting that let-7 functions as a
tumor suppressor.'** Let-7a or control miRNA was introduced
into GEll-positive or control exosomes using the lipofection
method and HEK293 cells, and the amount of loaded miRNA
was determined in quantitative real-time reverse transcription-
PCRs (Figure 52). To measure tumor growth in RAG2 mice,
we prepared tumor-bearing mice with xenograft HCC70 cells that
stably expressed luciferase. To analyze tumor growth and develop-
ment, we injected the tumors with luciferin and monitored signal
emission using an IVIS. Exosomes were intravenously injected
into tumor-bearing mice via the tail vein. After four injections,
tumor growth was measured. Let-7a~containing GE1l-positive
exosomes markedly suppressed tumor growth (Figure 5b and ¢;
n = 6, P < 0.01). Several studies have reported that let-7a inhib-
its tumor development by reducing expression levels of HMGA2
or members of the RAS family (K-RAS, H-RAS, N-RAS)."* We
examined the expression of these genes in let-7a-transfected
HCC70 cells using real-time reverse transcription-PCR analysis,
immunoblotting, and immunostaining (Supplementary Figure
S3a-c). Furthermore, we immunohistochemically assessed the
expression of HMGA2 and RAS family members in xenograft
tumors (Supplementary Figure S3d). Let-7a did not affect the
expression of HMGA2 or RAS family members in vivo or in vitro.
Consistent with previous reports, however, let-7a potently inhib-
ited the expression of HMGA2 mRNA in A549 lung adenocarci-
noma cells'” (Supplementary Figure S3a). These data indicated
that let-7a inhibits tumor development via previously unidenti-
fied or uncharacterized genes in HCC70 breast cancer cells. Taken
together, these findings indicated that GElI-positive exosomes
are a promising vehicle for delivering drugs to EGFR-expressing
tumors.

DHSCUSSION

Although miRNA is a promising anticancer therapeutic modality,
the clinical use of these RNA molecules has been hampered by a
lack of malignant tissue-specific delivery systems. In the present
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ure 4 Migration of CETi-positive exgsomes to tumor tissues
acterized by high levels of epidermal growth factor receptor
{ECGFR} expression. (a) Exosomes labeled with Xenolight DiR (near-
infrared) were intravenously injected (4ug of purified exosomes) into
mice bearing transplanted HCC70 cells. Brain, heart, spleen, liver, lung,
kidney, small intestine, colon, and tumor tissues were harvested 24 hours
postinjection for ex vivo imaging. The migration of fluorescently labeled
exosomes was detected with an in vivo imaging system (IVIS). () The
intensity of fluorescent signals from the tumor was measured using an
IVIS. Data are expressed as means + SD. 1= 5; *P < 0.05.

study, we showed that exosomes can be used to efficiently deliver
antitumor miRNA to cancer tissues in vivo.

A number of nanocarriers using various materials have
been developed for drug delivery systems. Polyethylene glycol-
coated liposomes, which are frequently used as carriers for in
vivo drug delivery, benefit from easy preparation techniques,
acceptable toxicity profiles, and a lack of clearance by the retic-
uloendothelial system. Liposomes, however, have several draw-
backs, including the efficiency of targeting and issues associated
with accelerated blood clearance.’® Although exosomes and
liposomes have similar phospholipid bilayers, exosomes consist
of only biogenic substances. The potential of exosomes as drug
delivery carriers, however, is largely unknown. Adding appro-
priate targeting molecules can cause exosomes to accumulate at
sites of disease in vivo (ref. 7 and Figure 4). Thus, the biocom-
patibility and toxicity profiles of exosomes, which notably are
natural carriers of miRNA in vivo, support their application in
drug delivery systems.

To use exosomes clinically, however, further studies are
needed to resolve several issues. For instance, therapeutic exo-
somes should not be quickly cleared by the reticuloendothelial
system. In this study, when fluorescently labeled exosomes were
injected into the mice tail vein, many exosomes accumulated
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Figure 5 inhibition of breast cancer developrment i vivo using GE1-
positive exosemes containing fet-7a. Human embryonic kidney cell
line 293 (HEK293) cells expressing GE11 were transfected with synthetic
let-7a. Exosomes containing let-7a were purified from culture superna-
tants and intravenously injected (1 pg of purified exosomes, once per
week for 4 weeks) into mice bearing luciferase-expressing HCC70 cells.
(a) Let-7a levels in the purified exosomes were measured using quantita-
tive PCRs. Data are expressed as means £ SD. n = 3. (b) Representative
images of tumors 4 weeks postinjection are shown. (¢) Luciferase signals
from the tumors were measured using an in vivo imaging system (IVIS).
Data are expressed as means = SD. n=5; *P < 0.05.

in the liver 24 hours after the injection (Figure 4a). Thus,
some modifications are required to avoid normal clearance
mechanisms.

This type of delivery strategy requires that the miRNA or
siRNA can be efficiently introduced into the exosomes. We trans-
fected donor cells with miRNA and purified exosomes from the
culture supernatant. A previous report described electroporation
protocols for loading siRNA into exosomes.® We, however, were
unable to use these methods to load our exosomes with miRNA.
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The differences in the results may have been caused by the differ-
ent cell types that were used in the two studies.

The composition of exosomes appears to differ depending on
the source tissue or cell type. For instance, major histocompat-
ibility complex class II molecules are enriched in exosomes from
B lymphocytes, dendritic cells, mast cells, and intestinal epithelial
cells, whereas higher levels of growth factors and their receptors
are found in exosomes released from cancer cells.” For alloge-
neic exosome therapy, the presence of major histocompatibil-
ity complex proteins is problematic owing to potential immune
responses. Therefore, the appropriate selection of donor cells for
exosome production is a key factor for potential clinical applica-
tions of exosome-based therapies.

In conclusion, exosomes targeted to tumors may allow sys-
temic administration of miRNA as cancer therapy. Technologic
improvements that enhance exosome production and reduce
immunogenicity should be explored to further develop this drug
delivery approach.

MATERIALS AND METHODS

Plasmids transfection and retrovirus infection. The pDisplay vector was
purchased from Invitrogen (Carlsbad, CA). Sequence encoding GE1l
peptide (YHWYGYTPQNVI) with a flexible peptide linker (GGGGS)3
or mature EGF (53 amino acids, GenBank accession number P01133
was directly fused into pDisplay (Figure 1a). HEK293 cells were trans-
fected with pDisplay encoding GE11 or EGF using FuGENE HD trans-
fection reagent (Promega, Madison, WI) and selected with Geneticin
(Invitrogen).

EGFR retroviral vector was purchased from Addgene (Cambridge,
MA). Viral supernatants were produced by transient transfection of
GP2-293T cells with a packaging plasmid (pVSV-G) according to the
manufacturer’s instructions (Clontech, Mountain View, CA). MCE-7
cells were infected with viral supernatants using polybrene at a final
concentration of 8 ug/ml.

Cell culture and small RNA transfection. Breast cancer cell lines (HCC70,
HCC1954, and MCF-7) and a HEK293 were purchased from the American
Type Culture Collection (Manassas, VA). Cells were cultured according to
the manufacturer’s instructions. HCC70 cells express firefly luciferase, as
previously described.? miRINA and siRNA used in this study were as fol-
lows: has-let-7a sense (5-UGAGGUAGUAGGUUGUAUAGUU-3") and
antisense (5-CUAUACAAUCUACUGUCUUUC-3"); nontarget control
miRNA sense (5-AUCCGCGCGAUAGCACGUAUU-3") and antisense
(5"-UACGUACUAUCGCGCGGAUUU-3"); EGFR-specific siRNA sense
(5-GUGAGGUGGUCCUUGGGAATT-3") and antisense (5-UUCCC
AAGGACCACCUCACTT-3"); luciferase-specific siRNA sense (5'-CUU
ACGCUGAGUACUUCGATT-3") and antisense (5-UCGAAGUACUCA
GCGUAAGTT-3"); and nontarget control siRNA sense (5-AUCCGCGC
GAUAGCACGUATT-3") and antisense 5'-UACGUACUAUCGCGCGGA
UTT-3"). Oligonucleotides were transfected into cells using HiPerFect
reagent (final concentration, 50nmol/l; Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions.

Western blot analysis. Western blot analysis was performed as previously
described.® Exosome samples were lysed in sodium dodecyl sulfateloading
buffer. After boiling, equal amounts (4 lLg) of the proteins were electrophore-
sed on 15% sodium dodecyl sulfate-polyacrylamide gels and transferred
to Immobilon membranes (Millipore, Bedford, MA) using semidry blot-
ting. Then, using standard techniques, the membranes were probed with
antibodies, including anti-HA (HA?7) (Sigma-Aldrich, St Louis, MO) and
anti-HLA-A/B/C (H-300) (Santa Cruz Biotechnology, Santa Cruz, CA).
Labeling was visualized using Immobilon Western chemiluminescent
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horseradish peroxidase substrate (Millipore) and signals were examined
on an LAS-3000 mini system (Fujifilm, Tokyo, Japan).

RNA isolation and quantitative real-time reverse transcription-PCRs. RNA
was isolated from exosomes using Isogen reagent (Nippon Gene, Osaka,
Japan) according to the manufacturer’s instructions. miRNA levels were
quantified using TagMan miRNA assays (Applied Biosystems, Carlsbad,
CA). Copy numbers were calculated based on a standard curve created
using synthetic RNA. miRINA levels were normalized based on has-miR-16
levels. Quantitative PCRs were run on a Stratagene MX3000P thermocycler
and analyzed with MxPro (Agilent Technologies, Santa Clara, CA).

Preparation of exosomes. Exosomes were prepared from HEK293 cells
that had been cultured for 48 hours in Dulbecco’s modified eagle medium
supplemented with 1% GlutaMax (Invitrogen). Cell supernatants were
subjected to differential centrifugation. To eliminate cellular debris, sam-
ples were centrifuged at 2,000g for 20 minutes and 10,000g for 30 min-
utes. Exosomes were pelleted via ultracentrifugation at 120,000g for 70
minutes and washed once in phosphate-buffered saline. Protein content in
the exosomes was measured using a Protein Assay Rapid Kit (Wako Pure
Chemicals, Osaka, Japan). The average exosome yield was 69.21g from
100ml (2-5 x 107 cells) of culture supernatant (n = 8).

Flow cytometry. For fluorescence-activated cell sorting, exosomes
from HEK293 cells were adsorbed onto 4-pm aldehyde-sulphate latex
beads (Interfacial Dynamics, Tualatin, OR), incubated with Alexa Fluor
488-conjugated anti-Myc tag antibodies (Millipore, Temecula, CA) or
allophycocyanin-conjugated anti-CD81 antibodies (BD Pharmingen, San
Jose, CA), and analyzed on a FACSCalibur system (Becton Dickinson, San
Diego, CA).

Immunoelectron microscopy. Purified exosomes from HEK293 cells were
fixed in 2% paraformaldehyde and loaded onto Formvar-coated Ni elec-
tron microscopy grids. The samples were incubated overnight at 4°C with
anti-HA antibodies (Sigma-Aldrich) followed by 1 hour at room tempera-
ture with anti-mouse immunoglobulin G conjugated with 15-nm colloidal
gold particles. The samples then were fixed in 2% glutaraldehyde, stained
with 1% phosphotungstic acid, air-dried, and analyzed using a Hitachi
H-7000 electron microscope (Hitachi High-Technologies, Tokyo, Japan).
Exosomes positive or negative for gold particles were counted in 10 grids
(~1,000-2,000 exosomes).

Coculture of PKH67-labeled exosomes and breast cancer cell lines.
Exosomes were stained with green PKH67 fluorescent dye (Sigma-Aldrich).
After staining, exosomes were washed with phosphate-buffered saline and
centrifuged at 120,000g for 70 minutes. One microgram of PKH67-labeled
exosomes was incubated with 1 x 10° breast cancer cells at 37 °C or 4°C for
4 hours. The uptake of PKH67-labeled exosomes was analyzed using flow
cytometry and confocal fluorescence microscopy.

Administration of let-7a-containing exosomes in a human tumor
xenograft model. Luciferase-expressing HCC70 cells (2 x 109 were
injected subcutaneously into the mammary fat pads of 5-week-old RAG27-
mice. Four weeks after transplantation, tumors were sized using an IVIS
(Xenogen, Hopkinton, MA). HEK293 cells expressing GE11 were trans-
fected with syntheticlet-7a. Let-7a~containing exosomes were purified from
culture supernatants and intravenously injected (1 g of purified exosomes,
once per week for 4 weeks) into mice with transplanted luciferase-express-
ing HHCC70 cells. Let-7alevels in the exosome samples were evaluated using
TagMan miRNA assays and real-time PCRs. Mice were handled according
to the Ethical Guidelines of our institution. All experiments were approved
by the Committee for Animal Research at our institution.

In vivo imaging of fluorescently labeled exosomes. A stock solution of
the lipophilic near-infrared dye XenoLight DiR (Caliper Life Sciences,
Hopkinton, MA) was prepared in ethanol. A 300-pmol/l working solution
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was prepared in diluent-C solution (Sigma-Aldrich). Exosomes isolated
from culture supernatant-derived HEK293 cells were incubated with 2
pmol/l DiR for 30 minutes. The exosomes were then washed with 10ml of
phosphate-buffered saline, subjected to ultracentrifugation, and injected
intravenously into RAG2" mice (4 ug of exosomes/mouse), Migration of
fluorescently labeled exosomes in murine organs was detected using an
IVIS 24 hours postinjection.

In vivo imaging of xenograft tumors. Mice were anesthetized via isoflu-
rane inhalation, and intraperitoneally injected with 100l of 7.5mg/ml
luciferin solution (Promega). Bioluminescence imaging was initiated with
an IVIS (Xenogen) 10 minutes postinjection. The region of interest was
defined manually, and bioluminescence data are expressed as photon flux
values (photons/s/cm?/steradian). Background photon flux was defined
using an area of the tumor that did not receive an intraperitoneal injec-
tion of luciferin. All bioluminescence data were collected and analyzed
using an IVIS.

Statistical analysis. Differences were statistically evaluated using one-way
analysis of variance followed by the Fisher protected least significant differ-
ence test. P values <0.05 were defined as statistically significant.

SUPPLEMENTARY MATERIAL

Figure $T. Analysis of cell viability based on assays with (4, 5-dime-
thyithiazol-2-yl) 2,5-diphenyl-tetrazolium bromide.

Figure $2. Hematoxylin and eosin staining of lung, liver, spleen, and
kidney tissues from mice injected with exosomes.

Figure $3. Expression analysis of the let-7 target genes.
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