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miRMNA 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 (Dunoyer etal., 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.
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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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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
types 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 miRINAs
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might be a humoral factor that exerts its influence in distant
organs, similarly to hormones. Clarifying the species, mechanisms
and roles of secretory miRNA, and other secretory ncRNAs in
both pathological and physiological conditions would unveil the
mystery of “secretory miRNAs-mediated disease” (Figure 1).
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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

cavenger 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.orglcgi/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 D-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 Stabl 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
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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 () littermates (n = 3; **P <
0.01). () 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
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 (HASI, 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 i.v. We administered B16F10 cells iv. 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 StabZ.

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-GS5 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 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 IVIS in vivo imaging at day 7. (E) 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-Stah2 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 mADb 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. (4)
HSECs were incubated with anti-Stab2 mAb or rat IgG, and the cell in-
ternalization of FITC-HA was analyzed by flow cytometry. (8) Anti-Stab2
mAb or rat I1gG (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-5tab2 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). «-5tab2 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.
S§1J), 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-a, 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 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-G5 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 iv. 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. SC). 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-5tab2 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 mg/kg), and serum HA levels were measured at 7 d after the injection (n =5; *P < 0.05). (8) 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 VIS 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 IVIS 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 bicliminescence 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 + 5D (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-5tab2 denotes anti-Stab2 maAb.

‘WT mice were cultured on VenaEC substrates and connected to
a microfluidic device. Rolling/tethering between pulmonary cells
and B16 melanoma cells under share stress was observed (Fig.
5F). At a low HA concentration (0.55 pg/mL, similar to Stab2™/*
serum levels), B16 melanoma cells were tethered to pulmonary

HA level remained elevated in those mice pretreated with HA
(Fig. 5D and E).

Finally, to prove that increased HA level decreases the arrest
of tumor cells in lung capillaries, we performed in vitro rolling/
tethering assays using a VenaEC system. Pulmonary ECs from
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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; 7=, 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 & 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). (F) 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 pM CMFDA (green)
and 10 uM 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 51 and 52). 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

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 Stab1 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 Stab1. 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. 83 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 fail 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 i.v. 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 iwv. injected HA is rapidly removed from the cir-
culation, we found that the i.v. 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
anti-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, 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 FITCG-HA, and labeled cells
were analyzed with a FACSCalibur flow cytometer (BD Biosciences). B16F10 cells
[5 % 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 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 5CID mice.
Rolling and/or tethering of B16 melanoma cells onto cultured pulmonary ECs
was analyzed under flow conditions at 0.7 dynes/em?® 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 5/ Materials and Methods.
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Background: The regulatory mechanisms of iron homeostasis in cancer cells are not yet fully understood.
Results: MicroRNA-210 suppresses two essential molecules for iron homeostasis, TfR and ISCU.
Conclusion: Precise regulation of microRNA-210 expression level is vital for maintaining the iron homeostasis, leading to the

survival of cancer cells.

Significance: This study reveals the linkages among hypoxia, iron homeostasis, and cancer.

Iron is fundamental for sustaining life for living organisms, and
the iron metabolism is finely regulated at different levels. In cancer
cells, deregulation of the iron metabolism induces oxidative stress
and drives tumor progression and metastasis; however, the molec-
ular mechanisms of iron homeostasis are not fully understood.
Here we found that iron deficiency as well as hypoxia promoted
microRNA-210 (miR-210) expression. A central mediator of miR-
210 transcriptional activation is the hypoxia-inducible factor
(HIF)-1«, and the hypoxia-response element in the miR-210 pro-
moter is confirmed experimentally. This is in agreement with the
data from in vivo studies that have demonstrated the presence of
miR-210-expressing cells at the chronic hypoxic regions of xeno-
grafted tumors. Furthermore we found two essential molecules for
iron homeostasis, iron-sulfur cluster scaffold protein (ISCU) and
transferrin receptor 1 (TfR), are a direct target of miR-210. Trans-
fection of miR-210 decreases the uptake of transferrin by inhibiting
the expression of TfR. In addition, inhibition of miR-210 by anti-
miR-210 up-regulates ISCU expression. These findings suggest
that miR-210 works as an iron sensor and is involved in the main-
tenance of iron homeostasis by sustaining the TfR expression level
to stimulate cell proliferation and promote cell survival in the
hypoxic region within tumors.
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During the evolutionary processes, life has made use of iron
in a variety of biochemical processes. For instance, iron is an
essential cofactor for nonheme enzymes, such as ribonucle-
otide reductase, which is essential for DNA synthesis and is also
a vital component of the heme in the oxygen-binding protein,
hemoglobin (1-3). Iron needs to be tightly regulated, as excess
iron is toxic and causes the generation of free radicals (4),
whereas iron insufficiency induces hypoferric anemia in mam-
mals (5) coupled to hypoxia in tissues (6, 7). Given the links
between iron metabolism and oxygen transport, the associa-
tions between the control of the iron concentration and the
physiology of the hypoxic response are important (8). Many
responses to altered oxygen levels are coordinated by a
hypoxia-inducible factor (HIF)® (9, 10).

The association between iron and cancer has been shown in
animal models and epidemiologic studies in several human
cancers. For instance, the oldest reported experiment of iron-
induced carcinogenesis is that of mice exposed to iron-oxide
dust, which caused pulmonary tumors (11). In addition, various
studies have also shown higher levels of expression of the trans-
ferrin receptor 1 (TfR), which is an essential protein involved in
iron uptake and the regulation of cell growth, in cancer cells
than in their normal counterparts (12). TfR could be attributed
to the increased need for iron as a cofactor of ribonucleotide
reductase involved in the DNA synthesis of rapidly dividing
cells. These reports suggest that iron homeostasis is important
in cancer initiation and progression. However, the regulatory
mechanisms of iron homeostasis in cancer cells are not yet fully
understood.

MicroRNAs (miRNAs) have emerged as a new class of non-
coding genes involved in regulating a wide variety of biological
processes (13, 14), and their mis-expression has been shown to
contribute to tumorigenesis (15). Therefore, miRNAs act as

3 The abbreviations used are: HIF, hypoxia-inducible factor; Tf, transferrin; TfR,
transferrin receptor 1; miRNA, microRNA; miRNA-210, microRNA-210;
ISCU, iron-sulfur cluster scaffold protein; DFO, desferrioxamine; gRT-PCR,
quantitative real-time RT-PCR; IRP1, iron regulatory protein 1; NC, negative
control.
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tuners of gene expression and maintain homeostasis. For
instance, miR-144/451 knockout mice display a cell autono-
mous impairment of late erythroblast maturation, resulting in
erythroid hyperplasia, splenomegaly, and mild anemia (16).

In a previous report, we demonstrated that miR-210 is highly
expressed in human and murine erythroid cells and in the
spleen of mice with hemolytic anemia (17). Erythrocytes
require iron to perform their duty as oxygen carriers. Recent
reports have shown that the expression of miR-210 is induced
by hypoxic conditions (18). Therefore, miR-210 might play an
important role in the connection of iron and oxygen. It was
already reported that the expression of miR-210 was tightly
associated with poor prognosis of breast cancer (18); however,
contradictory data exist concerning the regulation and roles of
miR-210 during cancer progression. In this study, we clarified
that miR-210 regulates iron homeostasis in cancer cells. The
expression of miR-210 was induced not only in hypoxic condi-
tions but also in iron deficiency. In addition, we found that the
targets of miR-210 are two essential molecules for iron homeo-
stasis, TfR and the iron-sulfur cluster scaffold protein (ISCU).
Furthermore, we showed that the distribution of miR-210-ex-
pressing cells in inoculated tumor cells could be observed in the
chronic hypoxic regions. These results indicated that iron-de-
ficiency-inducible miR-210 controls the expression of two iron
regulatory proteins to optimize the survival and proliferation
rate of cancer cells located in the chronic hypoxic regions.

EXPERIMENTAL PROCEDURES

Reagents—Rabbit polyclonal anti-ISCU (FL-142) (sc-28860)
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse monoclonal anti-TfR (13-6800) was purchased
from Invitrogen. Mouse monoclonal anti-actin, clone C4
(MAB1501), was purchased from Millipore (Billerica, MA).
Mouse monoclonal anti-HIF-1a (610959) was purchased from
BD Biosciences. Rabbit monoclonal anti-ferritin (EPR3004Y)
was purchased from Epitomics (Burlingame, CA). Rabbit poly-
clonal anti-ACO1/iron regulatory protein 1 (IRP1) was pur-
chased from Medical & Biological Laboratories Co., Ltd. Rabbit
polyclonal anti-red fluorescent protein (ab34771) was pur-
chased from Abcam (Cambridge, MA). Peroxidase-labeled
anti-mouse and anti-rabbit antibodies were included in the
Amersham Biosciences ECL Plus Western blotting reagents
pack (RPN2124) (GE Healthcare). Synthetic hsa-miR-210 (pre-
miR-210) and antisense miR-210 oligonucleotide (anti-miR-
210) were purchased from Ambion (Austin, TX). The duplexes
of each small interfering RNA (siRNA) targeting human
HIF-1ao mRNA (s30925; target sequences of 5'-GGAGGU-
GUUUGACAAGCGAATAT-3' and 5'-UCGCUUGUCAAA-
CACCUCCtg-3"), an siRNA-specific for human IRP1 (ACO1)
mRNA (target sequences of 5'-GCUCGCUACUUAACUAA-
CAtt-3' and 5'-UGUUAGUUAAGUAGCGAGCag-3') and
negative control 1 (NC1) were purchased from Applied Biosys-
tems. An siRNA-specific for human TfR mRNA (target
sequences of 5-GAACCUGGAUAAUGAUGAAdTAT-3" and
5'-UUCAUCAUUAUCCAGGUUCATAT-3') was purchased
from Sigma-Genosys. Desferrioxamine (DFO) was purchased
from Calbiochem. Geneticin was purchased from Invitrogen.

ACEVEN

OCTOBER 5,2012+VOLUME 287 NUMBER 41

Regulation of Iron Homeostasis by miR-210

Cell Culture—MCF7 cells and MD-MB-231-luc-D3H2LN
cells (Xenogen), a human breast cancer cell line, were cultured
in RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum (FBS) and an antibiotic-antimycotic (Invitrogen)
at 37 °Cin 5% CO,.

Exposure to Hypoxia—Cells were exposed for 24 h or 48 h
either to standard nonhypoxic cell culture conditions (20% O,,
5% CO, at 37 °C) or to hypoxia (1% O,, 5% CO, with N, balance
at 37 °C) in either a modular hypoxia chamber (Wakenyaku) or
a tissue culture incubator.

RNA Extraction—RNA was isolated using TRIzol (Invitro-
gen) and processed according to the manufacturer’s
instructions.

Quantitative Real-time RT-PCR (gRT-PCR)—Hsa-miR-210
and endogenous control RNU6B TagMan qRT-PCR kits and
human-ISCU, human-TfR, and human-3-actin TagMan Gene
Expression Assays were purchased from Applied Biosystems
(Foster City, CA). The reverse transcription and TagMan quan-
titative PCR were performed according to the manufacturer’s
instructions. PCR was carried out in 96-well plates using the
7300 Real-Time PCR System (Applied Biosystems). All reac-
tions were done in triplicate.

The expression levels of pri-miR-210 and B-actin were mea-
sured by qRT-PCR using a SYBR Green PCR Master Mix (Invit-
rogen). Primer sequences are as follows (shown 5' to 3'):
pri-miRNA-210_F, GACTGGCCTTTGGAAGCTCC and R,
ACAGCCTTTCTCAGGTGCAG; B-actin_F, GGCACCAC-
CATGTACCCTG and R, CACGGAGTACTTGCGCTCAG.

In Silico MicroRNA Target Prediction—Bioinformatic pre-
diction of target genes and miRNA-binding sites was per-
formed using three programs: TargetScan (version 5.0) (19),
Sanger miRBase (version 5) (20), and MirTarget2 (21).

3'-UTR Assay Plasmid Constructs—A 297-bp fragment from
the 3'-UTR of ISCU containing the predicted target sequence
of miR-210 (located at positions 102-109 of the ISCU1/2
3'-UTR) and a 385-bp fragment from the 3'-UTR of TfR con-
taining the predicted target sequence of miR-210 (located at
positions 229-235 of this fragment) were PCR-cloned from
MCF7-isolated total RNA. Three prime A-overhang was added
to the PCR products after 15 min of regular Tag polymerase
treatment at 72 °C. The PCR products were cloned into a
pGEM-T Easy Vector (Promega; Madison, WI). A pair of prim-
ers including Xhol and Notl restriction sites was designed to
amplify the 3’-UTR of ISCU and TfR insert. The amplified
products were ligated into the Xhol and Notl sites of the
3’-UTR of the Renilla luciferase gene in the psi-check-2 plas-
mid (Promega) to generate psi-ISCU and psi-TfR. Primer
sequences are as follows (shown 5’ to 3'): ISCU_F, GCTCGA-
GTAACTCCGTTACTTCCAGCAGGC and ISCU_R, GCGG-
CCGCTAATATGCACTTCACGGGCTATC; TfR_F, GCTC-
GAGTAATCAGCTGTTTGTCATAGGGC and TfR_R, GCG-
GCCGCTAGGTCATGCACGATTGTCCGA.  Site-directed
mutagenesis or deletion mutant was performed in the seed
sequences of ISCU and TfR. PrimeStar Max DNA Polymerase
(Takara; Kyoto, Japan) was used for PCR amplification. For-
ward primer and reverse primer sequences are as follows
(shown 5" to 3'): ISCU_mut_F, AGATGTATGTGGTACTTG-
CTGTTCACGTTA and ISCU_mut_R, GTACCACATACAT-
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CTCATAGCTCTTCGGT; ISCU_del_F, ATGAGATTACTT-
GCTGTTCACGTTA and ISCU_del_R, GCAAGTAATCTC-
ATAGCTCTTCGGT; TfR_mut_F, TGTTGCACGCGCGTA-
CTTAAATGAAAGCA and TfR_mut_R, TACGCGCGTGCA-
ACACCCGAACCAGGAAT; TfR_del F, CGGGTGTTCGT-
ACTTAAATGAAAGCA and TfR_del R, AAGTACGAACA-
CCCGAACCAGGAAT.

Immunoblot Analysis—SDS-PAGE gels were calibrated with
Precision Plus Protein standards (161-0375) (Bio-Rad), and
anti-HIF-1a (1:500), anti-ISCU (1:200), anti-TfR (1:500), and
anti-actin (1:1000) were used as primary antibodies. The dilu-
tion ratio of each antibody is indicated in parentheses. Two
secondary antibodies (peroxidase-labeled anti-mouse and anti-
rabbit antibodies) were each used at a dilution of 1:10,000.
Bound antibodies were visualized by chemiluminescence using
the ECL Plus Western blotting detection system (RPN2132)
(GE Healthcare), and luminescent images were analyzed with a
Luminolmager (LAS-3000; Fuji Film Inc.).

Flow Cytometric Analysis—MCF7 cells and MDA-MB-231-
luc-D3H2LN cells were transfected with pre-miR-210 or
pre-NC. After culturing for 48 h, transfected cells were serum-
starved for 30 min and then incubated for 45 min in a serum-
free medium containing 50 pg of transferrin/ml conjugated
with Alexa Fluor 594 (Invitrogen). Transfected cells were sus-
pended in their culture medium and subjected to a FACSAria Il
cell sorter (BD Biosciences). At least one million cells were pel-
leted by centrifugation at 180 x g for 5 min at 4 °C, resuspended
in a 20 pl of a monoclonal mouse anti-human CD71-FITC anti-
body (BD Biosciences, clone M-A712), and incubated for 30
min at 4 °C. Three independent experiments were performed.

Transferrin-uptake Analysis—Transferrin-uptake experi-
ments were performed 48 h after transfection with pre-miR-
210 or pre-NC. Transfected cells were serum-starved for 30
min and then incubated for 45 min in a serum-free medium
containing 50 pg of transferrin/ml conjugated with Alexa Fluor
594. Cells were then washed and fixed in 4% paraformaldehyde
for 15 min at room temperature. After washing with PBS, they
were incubated with mouse anti-TfR antibody diluted 1:100 in
Dako REAL Antibody Diluent (Dako; Carpinteria, CA) for 1 h.
They were then incubated with Alexa Fluor 488 goat anti-
mouse 1gG diluted 1:1000 in Dako REAL Antibody Diluent for
45 min. Finally, the cells were stained with the fluorescent
DNA-binding dye Hoechst 33342 (Invitrogen) for 5 min.

Establishment of Stable Cell Lines—Stable knockdown of
ISCU MCEF?7 cell lines was generated by selection with 4 pg/ml
blasticidine (Invitrogen). MCEF?7 cells were transfected with 0.5
mg of an siISCU1/2 vector or a negative control vector at 90%
confluence in 24-well dishes using a Lipofectamine LTX rea-
gent in accordance with the manufacturer’s instructions. After
24 h, the cells were replated in a 10-cm dish followed by 3-week
selection with 4 pg/ml blasticidine.

Immunohistochemical Staining—Between all consecutive
steps of the staining procedure, the sections were rinsed three
times for 5 min in PBS. The sections were first fixed in 10%
formalin for 4 h. After re-hydration of the tissue sectionsin PBS
for 1 h, they were incubated with mouse anti-HIF-1a diluted
1:500 and rabbit anti-red fluorescent protein diluted 1:100 in
Dako REAL Antibody Diluent for 1 h. Sections were then incu-
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bated with Alexa Fluor 488 goat anti-mouse IgG and Alexa
Fluor 594 goat anti-rabbit IgG (Molecular Probes; Leiden, The
Netherlands) diluted 1:1000 in Dako REAL Antibody Diluent
for 45 min. Finally, sections were mounted on ProLong Gold
antifade reagent with DAPI (Invitrogen).

In Vivo miR-210-monitoring Assay—The pDsRed-Ex-
press-DR vector (Clontech Laboratories), which is a promoter-
less vector that encodes DsRed-Express-DR, was purchased
from Takara Bio. This protein is a destabilized variant of the red
fluorescent protein. For miR-210 promoter-driven fluorescent-
based reporter assays, pmiR-210-DsRed was constructed by
inserting a miR-210 promoter region into a multi-cloning site
of pDsRed-Express-DR vector at HindIII and Xhol sites. A sen-
sor vector for miR-210 was constructed by introducing tandem
binding sites with a perfect complementarity sequence to miR-
210, separated by a four-nucleotide spacer into the NotlI site of
pDsRed-Express-DR vector, which already introduced the
CMYV promoter into the multi-cloning site. The sequences of
the binding site are as follows: 5'-AGTGATTCAGCCGCTG-
TCACACGCACAGACGCGTTCAGCCGCTGTCACACGC-
ACAGATCGAA-3' (sense) and 5'-TTCGATCTGTGCGTG-
TGACAGCGGCTGAACGCGTCTGTGCGTGTGACAGC-
GGCTGAATCACT-3’ (antisense). The seed sequence of miR-
210 is indicated in bold italics. All plasmids were verified by
DNA sequencing.

Statistical Analysis—Data presented as bar graphs are the
means *=S.E. of at least three independent experiments. Statis-
tical analysis was performed using Student’s ¢ test.

RESULTS

Iron Deficiency Indusces the Expression of miR-210 through the
HIF-1a, and miR-210 Directly Suppresses ISCU—To try to
determine the possible contribution of miR-210 in the regula-
tion of iron homeostasis, we first measured the expression of
miR-210 in breast cancer cells, MCF7 and MDA-MB-231
(MM231) cells, and human breast epithelial cells, MCF10A,
after treatment with an iron chelator, DFO. The expression
level of miR-210 was increased 3—5-fold above basal levels by
the 48 h of DFO treatment compared with untreated cells (Fig.
14). In addition, excess amounts of iron by addition of 500 mm
ferric ammonium citrate had no effect on the induction or sup-
pression of the expression of miR-210. To further analyze
whether the biogenesis of miR-210 during iron depletion is reg-
ulated by a transcriptional mechanism or processing machinery
of miRNA biogenesis, we quantified the expression of primary
miR-210 (pri-miR-210) in MCF?7 cells. The expression of pri-
miR-210 levels was induced 1.5-3.5-fold above basal levels by
the DFO treatment compared with untreated cells (Fig. 1B).
This result indicated that the induction of miR-210 is because
of transcriptional regulation. As shown previously, the tran-
scription of miR-210 was regulated by iron-deficient-induced
HIF-1a« through the binding of hypoxia-responsible elements
that are located upstream of the miR-210 gene (22) (supple-
mental Fig. $1, A-D). Indeed, suppression of HIF-1a by siRNA
(supplemental Fig. S1E) leads to a significant reduction of miR-
210 expression after treatment with DFO (Fig. 1C).

Recent reports showed that miRNAs play a role in feedback
and feed-forward transcriptional regulation (23, 24). Previ-
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FIGURE 1. Expression of miR-210 is induced by iron deficiency, and target gene of miR-210 is ISCU. A, miR-210 expression was detected by qRT-PCR after
treatment with various concentrations of DFO or exposure to 1% O, for 48 h, RNU6B was used as a control. B, primary miR-210 expression was detected by
qRT-PCR after treatment with DFO for 48 h, 5-Actin was used as a control. C, MCF7 cells were transfected with HIF-1a siRNA or control siRNA and treatment with
DFQ 50 um or exposure to 1% O, for 24 h. miR-210 expression was detected by gRT-PCR. RMUGB was used as a control. *, p < 0.05 compared with control siRNA
groups. D, MCF7 cells were co-transfected with pre-miR-210 or pre-NC and psi-ISCU or with its mutant or deletion vector. After 48 h, luciferase activities were
measured. * p < 0.05 compared with pre-NC. n.s., not significant. £, MCF7 cells were transfected with pre-miR-210 or pre-NC. After 48 h, ISCU expression was
detected by immunoblotting. Actin was used as a loading control. F, MCF7 cells were transfected with anti-miR-210 or anti-NC and exposed to 1% O,. After 48 h,
ISCU expression was detected by immunoblotting. Actin was used as a loading control. G, ISCU expression was detected by gRT-PCR after treatment with DFO

100 pm for 48 h. *, p < 0.05 compared with untreated cells. B-Actin was used as a control.

ously, we reported that miR-210 is involved in the production of
erythrocytes, which consume 70% of body iron in humans and
are the major carriers of oxygen (17, 25). Based on those reports
and our finding that the expression of miR-210 was regulated by
the iron concentration through the activation of HIF-1« in this
study (Fig. 1, A-C, and supplemental Fig. 51), we hypothesized
that miR-210 regulates genes that are associated with a potent
iron homeostasis and a hypoxic cellular response. According to
these criteria, ISCU was predicted as a miR-210 target by
miRNA target prediction algorithm programs (supplemental
Fig. 524). ISCU is an essential factor of the mitochondria elec-
tron transport chain, and loss of function of ISCU can disrupt
iron homeostasis (26). Although ISCU was known to be regu-
lated by miR-210 in hypoxic condition (27, 28), the precise
mechanism of miR-210 on iron homeostasis in cancer cells has
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not been clarified yet. As shown in Fig. 1D, miR-210 recognized
the 3'-UTR of ISCU. On the contrary, miR-210 seed sequence
in the 3’-UTR of ISCU was mutated or deleted, miR-210 could
not bind to the 3'-UTR of ISCU (Fig. 1D). In addition, overex-
pression or knockdown of miR-210 in MCF7 cells down-regu-
lated or up-regulated the expression of ISCU assessed by qRT-
PCR (supplemental Fig. $2, C and D) and immunoblotting (Fig.
1, E and F). These results are consistent with previous findings
that ISCU was a direct target of miR-210. To understand the
contribution of miR-210 and ISCU on iron homeostasis in
breast cancer cells, we checked the expression of ISCU under
the condition of iron depletion in breast cancer cells. As shown
in Fig. 1G, the expression of ISCU was down-regulated after the
treatment with DFO, suggesting that the expression of ISCU
was controlled by iron-deficient-induced miR-210 in breast
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cancer cells. These results prompted us with the idea that iron-
ISCU pathway might regulate the iron homeostasis in breast
cancer cells.

miR-210 Suppresses the Major Iron-uptake Protein TfR—In
mammalian cells, knockdown of ISCU markedly reduces mito-
chondrial aconitase activity and then promotes the activity of
IRP1. Activation of IRP1 accelerates the binding to multiple
iron-responsive elements in the 3'-UTR of the mRNA, such as
TfR involved in iron acquisition, then leading to increased
mRNA stability (26). When IRP1 binds to the 3'-UTR of TfR
mRNA, which is an iron-uptake protein, the transcript is pro-
tected from degradation. Therefore, we hypothesized that over-
expression of miR-210 stabilizes mRNA of TfR via the activa-
tion of IRP1. To prove this hypothesis, we measured the
expression of mRNA and the protein level of TfR after transfec-
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tion of the miR-210 mimic (pre-miR-210) in MCF7 and
MM231 cells. Surprisingly, the expression of TfR was down-
regulated after the transfection of pre-miR-210 (Fig. 2, A and B,
and supplemental Fig. S4A4). This is an unexpected result
because the expression of TfR was increased in ISCU stably
knockdown cells (Fig. 2C and supplemental Fig. S2E). Those
results led us to consider that miR-210 directly suppressed the
expression of TfR by binding to the 3'-UTR of TfR. To check
whether or not TfR is a direct target gene of miR-210, we once
again used in silico algorithms and found that there was an
miR-210-binding site at 3'-UTR of TfR (Fig. 2D). To prove that
miR-210 directly recognizes the identical predicted target site
in the 3'-UTR of TfR, MCF7 cells were transfected with psi-
TfR, which was fused to 3'-UTR of TfR and the luciferase open
reading frame, or a control vector. In addition, we also prepared
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after treatment with anti-miR-210. After the transfection of anti-miR-210, the expression of TfR was indirectly decreased via the up-regulation of ISCU. On the
other hand, the expression of TfR was directly increased through the down-regulation of miR-210. The expression of TfR then seemed to be unchanged after
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psi-TfR_mut, which has a mutated sequence of a putative miR-  presses not only ISCU but also TfR. TfR plays a major role in
210-binding site or psi-TfR_del, which has deleted a putative cellular iron uptake through binding to and internalizing a car-
miR-210-binding site. Co-transfection of pre-miR-210 down- rier protein transferrin (Tf). Therefore, to examine whether
regulated Renilla luciferase activity significantly more than in  reduction of TfR by transfected pre-miR-210 functionally
pre-NC in the presence of psi-TfR. In contrast, Renilla lucifer- inhibited the uptake of Tf or not, Alexa Fluor 594-labeled Tf
ase activity was not altered in the presence of psi-TfR_del or was used to monitor the uptake of Tf by immunostaining and
psi-TfR_mut (Fig. 2E). We confirmed that miR-210 targets the FACS analysis. As shown in Fig. 2, F and G, uptake of Tf was
3'-UTR of TfR mRNA, showing that miR-210 directly sup- lower in pre-miR-210-transfected cells than in control cells,
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indicating a direct correlation between TfR reduction and the
decreased uptake of Tf in miR-210-overexpressing cells (Fig. 2,
F and G). We also confirmed similar results using an MM231
cells (supplemental Fig. S4, B and C). Consequently, these
observations indicated that overexpression of miR-210
decreases the concentration of intracellular iron by inhibiting
the Tf-TfR-dependent iron-uptake system.

miR-210 Is a Member of Iron Homeostatic Networks—As
shown in Fig. 2, overexpression of miR-210 inhibited the uptake
of Tf via the suppression of TfR. However, because overexpres-
sion of miR-210 by miR-210 mimics transduces an extremely
high amount of miRNA in the cells (supplemental Fig. S3A4), it is
necessary to examine the function of miR-210 in iron homeo-
stasis under physiological conditions. To evaluate the physio-
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logical relationship among miR-210, ISCU, and TfR expression,
we transfected antisense miR-210 oligonucleotide (anti-miR-
210), which suppresses the expression of miR-210 (supplemen-
tal Fig. S3B) and control oligonucleotide (anti-NC) into MCF7
cells under a hypoxic condition. We observed the induction of
ISCU expression level after the transfection of anti-miR-210
(Fig. 1F and supplemental Fig. S2D); however, the expression of
TfR was not affected (Fig. 34 and supplemental Fig. S54). The
knockdown of ISCU has been known to increase the expression
of TfR by activating IRP1 activity (Fig. 2C) (26). From these
observations, we assumed that unchanged TfR expression after
the transfection of anti-miR-210 was caused by the up-regula-
tion of the ISCU expression level by anti-miR-210 (Fig. 3B),
leading to the inhibition of IRP1 activity without affecting the
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IRP1 expression level. To confirm the change of IRP1 activity by
miR-210 expression level in our experiment, we transfected
anti-miR-210 or pre-miR-210 into MCF7 cells and analyzed the
expression level of ferritin protein, which is the iron storage
protein, by immunoblotting. Because the 5'-UTR of ferritin
mRNA contains a single iron-responsive element that affects
translation initiation, inhibition of IRP1 activity led to the
up-regulation of ferritin expression (29). Indeed, the expres-
sion level of ferritin was increased in anti-miR-210-trans-
fected cells compared with that in anti-NC-transfected cells
(Fig. 3C). On the other hand, overexpression of miR-210 by
pre-miR-210 suppressed the expression of ferritin in MCF7
cells, indicating that the activity of IRP1 was modulated by
miR-210 through ISCU pathway (supplemental Fig. S5B). To
eliminate the effect of ISCU on TfR expression in this assay
system, we established stable ISCU knockdown cell lines
using the MCF?7 cell. In ISCU knockdown cells, the expres-
sion of TfR was higher than that in control cells by activated
IRP1 (Fig. 2C and supplemental Fig. S2E). We carried out the
same experiment as shown in Fig. 34 using ISCU knockdown
cell lines and observed that anti-miR-210 increased TfR
mRNA and protein level in ISCU knockdown cell lines but
not in control cell lines (Fig. 3D). This result indicated that
the expression of TfR was up-regulated by not only the
down-regulation of miR-210 that directly target the TfR but
also the activated IRP1, which is usually inactivated by ISCU.
Furthermore, MCF7 cells were transfected with siRNA
against IRP1 (or siNC) and anti-miR-210 (or anti-NC) under
hypoxic condition, and these cells were analyzed for the
expression of IRP1 and TfR by immunoblotting. As a result,
because the IRP1 is known to stabilize the TfR mRNA,
knockdown of IRP1 by siRNA caused a decrease in the
expression of TfR (Fig. 3E; compare /anes I and 2). Impor-
tantly, co-transfection of anti-miR-210 and IRP1 siRNA
induced the expression of TfR, indicating that miR-210
directly targets the TfR in cancer cells (Fig. 3E; compare
lanes 2 and 4). Taken together, these data suggest that miR-
210 regulates TfR expression through direct and indirect
translational regulatory mechanisms to fine-tune the iron
homeostasis (Fig. 3B).
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The Distribution of miR-210-expressing Cells Is Associated
with Chronic Hypoxia—Most tumors have lower median O,
partial pressures than their tissue of origin and are deprived of
nutrients, including iron (30). Significant variations in these
relevant parameters must be expected between different loca-
tions within the same tumor at the same location at different
times and between individual tumors of the same grading and
staging. Previous results have shown that the expression of
miR-210 is modulated by the cellular iron concentration and
oxygen tension; however, what kinds of cells in vivo expressed
miR-210 have not been clarified yet. For this reason, we postu-
lated that clarifying the distribution of miR-210-expressing
cells in the tumor leads to the understanding of cancer metab-
olism regulated by iron concentration. To answer this, we
investigated the distribution of miR-210-expressing cells in an
in vivo breast tumor xenograft model. In this experiment, we
prepared the cell line, called MDA-MB-231-miR-210-sensor,
to trace the expression of miRNA-210 in vivo. Because this cell
was established by DsRed harboring a complementary
sequence of miR-210, the fluorescence of DsRed was dimin-
ished when the expression of miR-210 was induced (Fig. 44 and
supplemental Fig. S64). We injected 5 X 10° MDA-MB-231-
miR-210-sensor cells into nude mice. Prior to the excision of
tumors, the mice were administered pimonidazole, a com-
pound that binds irreversibly to hypoxic cells (31). Serial
sections of the tumors were subsequently stained for
pimonidazole, HIF-1a, and DsRed. A correlation between
HIF-1a-positive cells and DsRed-negative cells, indicative of
diminishment of DsRed expression by miR-210, was
observed at the hypoxic rim around necrotic regions of the
tumor, a location typically associated with chronic hypoxia
(Fig. 4B). We also observed that pimonidazole-positive cells
and DsRed-negative cells overlapped. On the other hand,
fluorescence of control-miR-210-sensor cells, whose miR-
210-binding site was inserted inversely with the miR-210-
sensor vector, was not changed in inoculated tumor cells.
Furthermore, we also established a cell line that enabled us
to trace the expression of miR-210 by its promoter-driven
DsRed (Fig. S6B) and obtained similar results with the MDA-
MB-231-miR-210-sensor (Fig. S6C). Together, these obser-
vations indicated that the expression of miR-210 was
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increased in the severely hypoxic region of the tumor.
Namely, miR-210 regulates the iron homeostasis in cancer
cells under the chronic hypoxic condition in tumors.

DISCUSSION

Iron is indispensable for the function of many prosthetic
groups, whereas excess free iron can oxidize and damage the
protein, nucleic acid, and lipid contents of cells. Thus, animals
evolved complex mechanisms to control the favorable concen-
trations of intracellular iron. In this study, we revealed that
miR-210 is involved in a novel iron homeostasis mechanism
through the association of ISCU and T1R in cancer cells (Fig. 5).
miR-210 down-regulates ISCU and the Fe-S cluster to mediate
the energy metabolic shift from aerobic oxidative phosphory-
lation to anaerobic glycolysis (32). Concurrently, reduction of
the Fe-S cluster activates IRP1, and, subsequently, the expres-
sion of TfR is increased, resulting in the elevated uptake of the
iron ion. However, several reports show that the excessiron can
be toxic (4). To reduce the cellular iron concentration, miR-210
directly suppresses the expression of TfR. Thus, miR-210 reg-
ulates iron homeostasis and avoids intracellular iron toxicity.

Compared with normal cells, cancer cells require a large
amount of iron; thus, they generally proliferate at a larger rate
than their normal counterparts. Hence, iron chelators exert
their anti-proliferative effects on tumors (12). Moreover, a pre-
vious report showed that down-regulation of TfR decreased
cellular proliferation and altered expression of genes involved
in cell cycle control (33). Thus, as summarized in Fig. 5, it is
postulated that miR-210 has two pathways for the regulation of
TiR expression. One is the TR up-regulation pathway via sup-
pression of ISCU (indirect pathway), and the other one is the
TR down-regulation pathway by direct binding to TfR mRNA.
Reduction of ISCU only increases the binding activity of IRP1,
but its level of expression does not change. Thus, the effect of
up-regulation of TfR by reduced ISCU depends on the amount
of IRP1 protein. There are limitations to the up-regulation of
TfR by the indirect pathway. Then, in the case of a further
increase of miR-210, direct suppression of TR is superior to its
up-regulation by the indirect pathway. In other words, because
the forced expression of miR-210 overwhelms the indirect
pathway, the direct pathway is superior to the indirect one.
Therefore, exogenous transfection of miR-210 causes TR sup-
pression (Fig. 2), thereby reducing cellular proliferation (sup-
plemental Fig. 57) (34, 35). Moreover, we confirmed the overlap
of chronic hypoxic regions and miR-210-expressing cells in
inoculated cancer cells in vivo. These observations suggest that
precise regulation of miR-210 expression level is vital for main-
taining the iron homeostasis, leading to the survival and proper
cellular proliferation of cancer cells.

HIFs and IRPs are key mediators of cellular iron homeostasis
and oxygen, respectively. Because iron and oxygen are often
intimately connected in their metabolism, it is not surprising
that their levels are coordinately regulated in cells. Such cross-
talk is achieved in part by cellular regulatory factors that sense
and respond to both iron and oxygen, and it is reinforced by the
overlap in the gene targets regulated by each pathway. For
instance, binding of IRPs protects TfR mRNA from degrada-
tion, and HIF-1« activates TfR gene transcription (36, 37). In
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addition, in this study, we identified that hypoxia-inducible
miR-210 was a key component of this pathway.

Asnoted above, we have clearly shown that iron homeostasis
is micromanaged by miRNAs. Therefore, miRNAs could be
essential for maintaining other metal homeostasis in mammals;
for example, copper, zinc, and cadmium. In agreement with our
observations, the current view on the molecular understanding
of miRNA-guided regulation of plant heavy metal adaption was
reported (38, 39). Dysregulation of metal homeostasis-related
miRNAs may contribute to various diseases including cancers,
nephropathy, and autoimmune disease. Further analyses are
required on how these miRNAs can be affected by genetic and
epigenetic mechanisms in the physiological and pathological
microenvironments.
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