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and human ESCs [39-41]. Thus, these reports suggest that
rat ESCs are readily amenable to gene targeting by
homologous recombination using the basic methodology
that has proved so effective in mouse ESCs.

Discussion

Rat transgenesis via gene manipulation in ESCs was
demonstrated in 2010, marking the beginning of a new era
in rat genetics. Although some problems remain in the rat
ESC handling, a combination of the methods described in
this manuscript as well as newly devised techniques will
lead to the discovery of a gold standard method to routinely
generate genetically modified rats from ESCs. Recently,
not only knockout but also knockin rats have been gener-
ated using ZFN-mediated homologous recombination [42].
This knockin strategy will make it possible to introduce
temporal control and tissue-specific changes in genes in rat
models by combining Cre/loxP and an inducible gene

expression system. ZFN technology also possesses several |

advantages, such that the time frame to obtain mutant
animals is short, ZFN-mediated homologous recombina-
tion in embryos does not require a selection marker, and
time-consuming backcrossing is avoided [42]. However,
this technology remains expensive to purchase, which is an
obstacle for most researchers. In contrast, researchers can
apply gene targeting by using ESCs, as is routinely done in
mouse research. Therefore, ESC is also required to expand
knockout rat lines. There is another advantage of using
ESCs when generating transgenic rats. Useless transgenic
animals are frequently generated with the conventional
method. However, as described in this manuscript, we can
choose ESC clones in which a transgene is correctly
expressed, leading to the generation of high-quality trans-
genic rats [36]. Moreover, we can analyze gene function in
chimeric animals by using ESCs. Recent reports have
shown that this chimeric strategy is effective in identifying
gene functions in vivo in terms of developing a more
clinically relevant stochastic model [43]. Thus, we specu-
late that using both the ESC and ZFN strategies will be
necessary for routine rat transgenesis.

‘We now have an opportunity to find new gene functions
that have been concealed or questioned in mutant mice. We
have accumulated genetic information and a vast amount of
research data on physiology and pharmacology in rats.
Thus, a combination of these studies will lead to the dis-
covery of new and profound mechanisms of human
diseases and the manufacture of medicines to cure patients.
Furthermore, rats with their larger sizes make it possible to
extract sufficient quantities of samples, such as blood,
without killing the animals and to perform difficult sur-
geries, such as those in brain tissue; all of this emphasizes
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the advantages of gene-modified rats. We hope that
researchers will create many genetically modified rats and
open up a powerful new platform for the study of human
diseases.
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Hyaluronic acid (HA) has been implicated in the proliferation and
metastasis of tumor cells. However, most previous studies were
conducted on extracellular matrix or pericellular HA, and the role
of circulating HA in vivo has not been studied. HA is rapidly
cleared from the bloodstream. The scavenger receptor Stabilin-2
(Stab2) is considered a major clearance receptor for HA. Here we
report a dramatic elevation in circulating HA levels in Stab2-
deficient mice without any overt phenotype. Surprisingly, the
metastasis of B16F10 melanoma cells to the lungs was markedly
suppressed in the Stab2-deficient mice, whereas cell proliferation
was not affected. Furthermore, administration of an anti-Stab2
antibody in Stab2* mice elevated serum HA levels and prevented
the metastasis of melanoma to the lung, and also suppressed
spontaneous metastasis of mammary tumor and human breast
tumor cells inoculated in the mammary gland. Administration of
the antibody or high-dose HA in mice blocked the lodging of mel-
anoma cells to the lungs. Furthermore, HA at high concentrations
inhibited the rolling/tethering of B16 cells to lung endothelial cells.
These results suggest that blocking Stab2 function prevents tumor
metastasis by elevating circulating HA levels. Stab2 may be a po-
tential target in antitumor therapy.

cancer | hyaluronan | imaging | antibody therapy | sinusoid

Scavenger receptors mediate the endocytosis of metabolic
waste products produced under normal and pathological
conditions, as well as harmful foreign substances, such as bac-
terial debris absorbed in the gut. The liver functions as a major
filter to eliminate such molecules from the circulation. Liver-
specific capillaries known as sinusoids are vital to this function;
for example, more than 90% of circulating hyaluronic acid (HA)
is cleared by liver sinusoids (1). Sinusoidal walls consist of he-
patic sinusoid endothelial cells (HSECs), stellate cells, and liver
resident macrophages known as Kupffer cells,. HSECs and
Kupffer cells express various types of scavenger receptors to fulfill
the filter functions. Among those scavenger receptors, Stabilin-1
(Stabl, also known as FEEL-1 and CLEVER-1) and Stabilin-2
(Stab2, also known as FEEL-2 and HARE) are structurally re-
lated, exhibiting 55% homology at the protein level, and ex-
pressed on HSECs (2).

Stabl and Stab2 are large type I transmembrane glycoproteins
containing four domains with EGF-like repeats, seven fasciclin-1
domains, and an X-link domain (3). Despite these two glyco-
proteins’ structural similarity, the spectrum of their ligands dif-
fers significantly. Stabl is expressed on lymphatic vessels and
macrophages as well as HSEC and binds to acetylated low-
density lipoprotein (ac-LDL), secreted protein acidic and rich in
cysteine, placental lactogen, growth differentiation factor 15, and
Gram-positive and Gram-negative bacteria, but not to HA (2, 4-
8). It also mediates leukocyte trafficking (9). Stab2 is expressed
on the sinusoid endothelium in the liver, spleen, and lymph.
nodes and has been used as a specific marker for HSECs (10). It

www.pnas.org/cgi/doi/10.1073/pnas.1117560109

binds to and mediates the endocytosis of HA, advanced glycation
end products-modified protein, and heparin in addition to ac-
LDL, growth differentiation factor 15, and bacteria (2, 4). Stab2
also recognizes membrane phosphatidylserine of apoptotic cells
(11). Previous studies found that unlabeled chondroitin sulfate
inhibited the uptake of '*-I-HA (12), and that ac-LDL binding
to Stab2 was partially competed by heparin and dextran sulfate,
but not competed by HA (13). These findings suggest that the
HA binding site overlaps with the binding site of chondroitin
sulfate but differs from the binding sites of ac-LDL, heparin, and
dextran sulfate.

HA is a glycosaminoglycan of the extracellular matrix con-
sisting of tandem repeats of p-glucuronic acid and N-acety-D-
glucosamine. HA is abundant in the umbilical cord, articular
joints, cartilage, and vitreous humor (14). It has been implicated
in various physiological functions, including lubrication, water
homeostasis, filtering effects, regulation of plasma protein dis-
tribution, angiogenesis, wound healing, and chondrogenesis (15).
Signal transduction and functions of HA differ depending on
molecular size; for example, high molecular weight HA sup-
presses angiogenesis, whereas HA fragments stimulate angio-
genesis (16).

HA interacts with various cell surface receptors, including
CD44, Lyve-1, TLRs, RHAMM, and Stab2 (17, 18). CD44, the
most extensively characterized of these receptors, is expressed
at varying levels in most immune cells and is involved in their
rolling and extravasation via HA displayed on endothelial cells
(ECs) (19). CD44 is also implicated in tumorigenesis and a
marker for cancer stem cells (reviewed in ref. 20). Lyve-1 is
structurally related to CD44 and is expressed in lymphatic ves-
sels as well as in HSECs (21). TLR2 and TLR4 bind to HA or a
complex of HA and HA-binding protein (18, 22); however, none
of the mice deficient for CD44, Lyve-1, or TLRs have been
shown to affect circulating HA levels in vivo. Although Stab1 and
Stab2 are structurally related scavenger receptors with the HA-
binding link domain, only Stab2 binds HA, and thus it has been
considered the primary scanvenger receptor for HA (2, 3, 5).

HA, HA synthases (HAS), hyaluronidases, and HA receptors
have been implicated in various tumors, including carcinomas,
lymphomas, and melanocytic and neuronal tumors (23, 24).
Overexpression and knockdown of HAS and hyaluronidases
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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 A-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. S1H). 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

O

&
N

o
)

s

+/+ s

Intensity / cell (a.u.)
o
E-S

o

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).

4264 | www.pnas.org/cgi/doi/10.1073/pnas. 1117560109

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
FITC-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 A 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 i.v. We administered B16F10 cells i.v. in
littermates of Stab2*'* and Stab2™'~ mice. After 14 d, numerous
black nodules had formed on the lung 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. BI6F10 cells were stably transfected
with the firefly luciferase gene to generate B16F10-luc-G5 cells,
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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. (B) Numbers of nodules formed on the lungs were counted manuaily
(**, n=9; ", n=6; **P < 0.01). (C) Size of tumors formed by s.c. inoculated
melanoma cells at day 21 [***, n = 8; 7=, n = 6; *P > 0.05 (not significant)]. (D)
Metastasis of i.v. injected B16F10-luc-G5 cells measured by luminescence
using IVIS in vivo imaging at day 7. (F) Quantification of photon counts in C
("™, n =6; 7", 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 Antibody Increases Serum HA Levels and
Prevents Tumor 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 i.p. 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 A 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 mAb or control rat IgG, followed 2 d later by i.v. 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. (A)
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 1IgG (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
IgG 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). o-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
mAb 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-E).

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, IL~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 iv. 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 i.v. After 6 h,
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 i.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-G5 cells.
At 6 h after B16F10-luc-GS5 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 control IgG (3 mg/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 IgG i.p. every 3 d, for a total of seven
injections. Luminescence of primary tumors was measured by VIS at day 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). a-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 microfluidic 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 pug/mL, similar to Stab2*/*
tethering assays using a VenaEC 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. (A) 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; ™=, 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). (E) 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 pM CMTPX (red) and 10 pM 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/mL) and high (33 pg/mL) HA concentrations are shown (Movies S1 and S2). 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 rolling/ 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.) a-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 r

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. S3B). 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
mADb (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 4 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 1.v. 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 BI6F10 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
anti-Stab2 mAD 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, asdescribed in 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 FITC-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-
231-luc-D3H2LN cells (4 x 105 were injected into the mammary gland of SCID
mice, and metastasis was analyzed using the VIS 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 cells 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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Stilbene derivatives promote
Ago2-dependent tumour-suppressive
microRNA activity
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It is well known that natural products are a rich source of compounds for applications in medicine,
pharmacy, and biology. However, the exact molecular mechanisms of natural agents in human health have
not been clearly defined. Here, we demonstrate for the first time that the polyphenolic phytoalexin
resveratrol promotes expression and activity of Argonaute2 (Ago2), a central RNA interference (RNAi)
component, which thereby inhibits breast cancer stem-like cell characteristics by increasing the expression
of a number of tumour-suppressive miRNAs, including miR-16, -141, -143, and -200c. Most importantly,
resveratrol-induced Ago2 resulted in a long-term gene silencing response. We also found that pterostilbene,
which is a natural dimethylated resveratrol analogue, is capable of mediating Ago2-dependent anti-cancer
activity in a manner mechanistically similar to that of resveratrol. These findings suggest that the dietary
intake of natural products contributes to the prevention and treatment of diseases by regulating the RNAi
pathway.

';;% i atural products are a rich source of valuable medicinal agents. More than half of the currently available
i q% | drugs are natural or related compounds. In the case of cancer, the percentage of natural compounds
% N exceeds 60%. Research on natural products as potential anti-cancer agents dates back to at least the
Egyptian Ebers Papyrus of 1550 B.C. However, more recent scientific investigations began with the studies of
Hartwell and co-workers on the application of podophyllotoxin and its derivatives as anti-cancer agents'. A large
number of plant, marine, and microbial sources have been tested, and hundreds of active compounds have been
isolated. Despite these advances, the underlying mechanisms of natural products in human health are not fully
understood. ' ’

Resveratrol, which is a multi-functional polyphenolic compound, is a phytoalexin present in a wide variety of
plant species, including grapes, mulberries, and peanuts® Since its discovery, resveratrol has been shown to
exhibit a plethora of physiological properties that may be useful in human medicine. More interest was focused
on resveratrol at the beginning of the 1990s when it was first shown to be present in red wine’. Experimental
studies have shown that resveratrol inhibits the growth of various cancer cells and induces apoptotic cell death®®.
Recently, a phase I/1I clinical trial in patients with colon cancer was conducted to examine the effects of resveratrol
treatment on colon cancer progression and colonic mucosa in patients with colon cancer and its effects in
modulating the Wnt signalling pathway?. Although these data provide evidence of multiple anti-tumour effects
induced by resveratrol, the exact mechanism is not clearly understood.

MicroRNAs (miRNAs) have emerged as key post-transcriptional regulators of gene expression that are
involved in diverse physiological and pathological processes®. The inhibition of the miRNA biogenesis pathway
results in severe developmental defects and lethality in many organisms’. It has been suggested that a considerable
number of miRNAs have roles in cancer cells. Indeed, an increasing number of experimental studies have shown
that the knock-down or the re-expression of specific miRNAs could induce drug sensitivity, inhibit the prolif-
eration of cancer cells, and suppress cancer cell invasion and metastasis®'’. Recent studies have shown that
natural products, including curcumin, isoflavone, 13C, DIM, and EGCG, could alter the expression of specific
miRNAs, which may lead to the increased sensitivity of cancer cells to conventional anti-cancer agents and,
therefore, tumour growth inhibition'"**. However, the exact molecular mechanism of miRNA induction and the
biological significance of resveratrol-induced miRNAs have not been reported.
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Diet is one of the most important modifiable cancer risk determi-
nants®, Dietary components have been implicated in many pathways
involved in carcinogenesis. In addition, carcinogenic processes are
associated with the altered expression of several miRNAs. Recent
~ studies have reported that a widespread down-regulation of
miRNAs is commonly observed during human cancer-cell initiation
and progression'®". In this study, we hypothesised that the dietary
intake of natural products maintains tumour-suppressive miRNA
expression in cancer cells, leading to the prevention of carcinogen-
esis. We demonstrated that resveratrol suppresses cancer cell malig-
nancy in vitro and in vivo through the transcriptional activation of
tumour-suppressive miRNAs and Argonaute2 (Ago2). Furthermore,
we provided evidence that Ago2 over-expression enhances the RNA
interference (RNAi) activity. These findings suggest that the dietary
intake of natural products safely reduces a wide range of negative
consequences with an overall improvement in human health and
survival by modulating miRNA biogenesis.

Results

Resveratrol reduces the cancer stem-like cells population by up-
regulating miR-141 and miR-200c. To identify the potential anti-
cancer activity of resveratrol, we investigated the effects of this
compound on tumour formation in vivo. We orthotopically
inoculated female SCID hairless outbred mice with MDA-MB-231-
luc-D3H2LN cells (200 cells), which were then treated with
resveratrol (25 mg/kg/day) or ethanol (control) via intraperitoneal
injection every day for one week. Tumour growth was then
monitored using an IVIS imaging system. The weight of the mice
did not significantly change between the groups during the course of
the experiment, suggesting that resveratrol did not have notable
adverse effects on mice (Supplementary Fig. la). The results
demonstrated that the resveratrol administration into the mice
significantly suppressed tumour formation, while obvious tumours
were observed in vehicle-treated mice, indicating that resveratrol is
capable of inhibiting the survival and growth of cancer cells in vivo
(Fig. 1a). A recent report has shown that solid tumours contain a
distinct population of cells with the ability to form tumours in mice;
these cells are known as tumour-initiating or cancer stem-like cells
(CSCs) and display increased drug resistance and metastatic ability
because they consistently form tumours, whereas other cancer cell
populations were depleted of cells capable of tumour formation'®*.
To identify the effects of resveratrol on the CSC phenotype, breast
cancer cells were examined for changes in the CSC population, which
is a highly tumourigenic CD44*/CD24~ subpopulation with stem
cell-like self-renewal properties and the ability to produce
differentiated progeny after resveratrol treatment'®. Compared to
vehicle-treated control cells, cells treated with 50 UM resveratrol
demonstrated a significant 6-fold decrease in the CD44%/CD24~
population in MDA-MB-231-luc-D3H2LN cells (Fig. 1b). In
addition, mammosphere formation, which has been widely used
for breast CSC enrichment, of the CD44"/CD24" fraction from
MDA-MB-231-luc-D3H2LN cells was suppressed after resveratrol
treatment (Supplementary Fig. 1b). We also assessed apoptosis using
TUNEL staining and a caspase assay and found that resveratrol did
not induce apoptosis (Supplementary Figs. Icand 1d). Human breast
cancers are driven by a CSC component that may contribute to
tumour metastasis and therapeutic resistance®. Indeed, we found
that the combination of resveratrol with low therapeutic doses of
docetaxel elicits significantly greater cancer cell growth inhibition
in vitro and in vivo (Supplementary Figs. le-g). These findings
strongly suggest that resveratrol demonstrates multiple anti-cancer
effects through the reduction of the CSC population.

To examine whether resveratrol could influence the breast cancer
cell metastasis ability, the highly invasive breast cancer cell line
MDA-MB-231-luc-D3H2LN was used in in vitro invasion assays.
As shown in Fig. 1c, the invasion of MDA-MB-231-luc-D3H2LN

cells was suppressed by resveratrol treatment. Previous studies have
documented aberrant miRNA expression in cancer, and our obser-
vations prompted us to hypothesise that the anti-cancer resveratrol
effects were mediated by miRNAs, particularly by a group of tumour-
suppressive miRNAs?.. A recent study has demonstrated that miR-
141 and miR-200c strongly inhibit breast cancer invasion ability*.
We found that resveratrol exposure increases miR-141 and miR-
200c expression in MDA-MB-231-luc-D3H2LN cells (Fig. 1d).
These findings suggest that resveratrol exhibits multiple anti-cancer
effects through the inhibition of CSC phenotypes by activating miR-
141 and miR-200c. In addition, to determine whether the up-regu-
lation of miR-141 and miR-200c is mediated at the transcriptional
level, we measured the expression levels of the primary miRNAs of
miR-141 and miR-200c and found that these miRNAs are up-regu-
lated at the primary transcript level (Supplementary Fig. 1h). Taken
together, these results indicate that resveratrol increases the express-
ion of tumour-suppressive miRNAs via the induction of miRNA
transcription. Similar results were obtained in two other human
breast cancer cell lines (MCF7 and MCF7-ADR) and MCF10A, an
immortalised, non-transformed epithelial cell line (Supplementary
Figs. 2-4).

Resveratrol up-regulates the expression of tumour-suppressive
miRNAs. We demonstrated that resveratrol specifically reduced the
CSC fraction (Fig. 1b). In addition, we also observed that miR-141 and
miR-200c, which are known to suppress the CSC phenotype, are both
induced by resveratrol treatment (Fig. 1d). These observations suggest
that a part of the anti-cancer effects of resveratrol is mediated by
miRNAs, particularly tumour-suppressive miRNAs. Indeed, a morpho-
logical change is observed after resveratrol treatment (Fig. 2a), sug-
gesting that resveratrol induces a variety of miRNAs in cancer cells.
To confirm whether miRNAs are globally up-regulated in the multi-
ple anti-cancer effects induced by resveratrol in MDA-MB-231-luc-
D3H2LN cells, we performed a comprehensive miRNA profiling of
untreated MDA-MB-231-luc-D3H2LN cells and compared the re-
sults to those obtained in resveratrol-treated cells. As shown in
Fig. 2b, we found that a subset of tumour-suppressive miRNAs is
transcriptionally up-regulated by resveratrol (Table 1). To validate the
microarray results, we performed qRT-PCR. A set of mature tumour-
suppressive miRNAs, including miR-16 and miR-143, are significantly
up-regulated in a variety of breast cancer cell lines, including MDA-
MB-231-luc-D3H2LN, MCF7, MCF7-ADR, and MCF10A (Supple-
mentary Figs. 2-5). These results indicated that resveratrol globally
up-regulates tumour-suppressive miRNAs in human breast normal
epithelial and cancer cells.

Resveratrol enhances the Ago2 RNAI potency. Although our data
provide evidence that resveratrol globally up-regulates tumour-
suppressive miRNAs and one of the mechanisms that is mediated
by primary miRNA up-regulation, we also hypothesised that chan-
ges at other levels of the RNAi pathway may play a role in enhancing
the resveratrol-mediated miRNA activity in cells in addition to tran-
scriptional alterations. It is known that miRNA generation occurs in a
multi-step process™**. If one of the components associated with the
miRNA pathway is under-expressed or qualitatively impaired, the
pathway as a whole is destabilised. To examine the effect of re-
sveratrol on the miRNA machinery, we measured the expression
levels of a selected group of miRNA machinery-related genes, in-
cluding Dicerl, Drosha, TARBP2, DGCRS, and Ago2, after the re-
sveratrol treatment of MDA-MB-231-luc-D3H2LN cells. We found
that resveratrol exposure significantly increased Ago2 expression in
MDA-MB-231-luc-D3H2LN cells (Fig. 2c and Supplementary Fig.
6a). To elucidate the resveratrol-mediated Ago2 up-regulation
mechanism, we assessed the Ago2 promoter activity and the Ago2
mRNA and protein half-lives after resveratrol treatment. As shown in
supplementary Fig. 6b, the Ago2 protein half-lives were unchanged
after resveratrol treatment. In contrast, the Ago2 mRINA was slightly
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