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Poly(ADP-ribose) polymerase (PARP)-1 promotes base excision
repair and DNA strand break repair. Inhibitors of PARP enhance
the cytotoxic effects of y-irradiation and X-irradiation. We investi-
gated the impact of PARP inhibition on the responses to vy-irradia-
tion (low liner energy transfer [LET] radiation) and carbon-ion
irradiation (high LET radiation) in the human pancreatic cancer
cell line MIA PaCa-2. Cell survival was assessed by colony forma-
tion assay after combination treatment with the PARP inhibitor
AZD2281 and single fraction y-irradiation and carbon-ion irradia-
tion (13 and 70 keV/pm [LET 13 and LET 70]). The DNA damage
response (DDR) was assessed by pulse field gel electrophoresis,
western blotting and flow cytometry. Treatment with a PARP
inhibitor enhanced the cytotoxic effect of y-irradiation and LET
13 and LET 70 carbon-ion irradiation. Moreover, the radiosensiti-
zation effect was greater for LET 70 than for LET 13 irradiation.
Prolonged and increased levels of y-H2AX were observed both
after y-irradiation and carbon-ion irradiation in the presence of
the PARP inhibitor. Enhanced level of phosphorylated-p53
(Ser-15) was observed after y-irradiation but not after carbon-ion
irradiation. PARP inhibitor treatment induced S phase arrest and
enhanced subsequent G2/M arrest both after y-irradiation and
carbon-ion irradiation. These results suggest that the induction
of S phase arrest through an enhanced DDR and a local delay in
DNA double strand break processing by PARP inhibition caused
sensitization to y-irradiation and carbon-ion irradiation. Taken
together, PARP inhibitors might be applicable to a wide thera-
peutic range of LET radiation through their effects on the DDR.
(Cancer Sci, doi: 10.1111/].1349-7006.2012.02268.x, 2012)

A definite cell-killing effect with minimal adverse events
during the lifetime of patients is among the main goals
of radiotherapy for cancer treatment. To achieve this goal, both
the improvement of dose distribution and the development of
efficient radiosensitizers are important.

In addition to conventional photons, such as X-rays and
v-rays, other types of radiation, such as high liner energy
transfer (LET) charged particles and protons, are being used in
cancer therapy w1th good clinical outcomes( ) Carbon -ion
radiation has sggmﬁcant biological advantages compared with
photon beams,” and radiosensitizers should result in farther
improvement of the effectiveness of carbon-ion radiation ther-
apy. However, effective radiosensitizers for high LET radiation
are not currently available.

In the search for chemotherapeutic agents, recent interest
has focused on DNA repair pathways as potential targets for
novel cancer treatments.®) The poly(ADP-ribose) polymerase
(PARP) superfamily consists of 17 members, which are multi-
functional enzymes, and PARP-1 is the most abundant. PARP-
1 detects the presence of DNA single and double strand breaks
(SSB and DSB) and binds to the sites of damage, promoting
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DNA repair by modifying key proteins.> PARP-1 is upregu-
lated in various cancers, presumably to compensate for geno-
mic mstablhtyfs) making this enzyme a target of cancer
therapy. PARP inhibitors cause synthetic lethality in cells with
mutations in BRCAI or BRCA2, which encode important pro-
teins for homologous recombination (HR)® or in HR-deficient
cancer cells. In fact, clinical studies suggest that PARP inhibi-
tors are effective as mono-therapy against BRCA-mutated can-
cers, showing few adverse effects compared with conventional
chemotherapy, and PARP inhibitor treatment in combination
with conventional chemotherapy improves survival of cancer
patients without increasing toxic effects.® PARP inhibitors
also enhance the cytotoxicity of ionizing radiation in various
cancer cells and animal models.*®'? Because PARP 1 is an
important enzyme for base excision repair BER)™ and radia-
tion-induced SSB are mainly repaired by BER, the radiosensi-
tization effect of PARP inhibitors is thought to occur through
a block in the BER pathway, leading to an increase of col-
lapsed replication forks %eneratmg perswtent DSB, which are
potentially lethal lesions."* Dungey ez al."? demonstrate that
the radiosensitizing effects of PARP inhibitors on photon
beams are S phase-dependent.

Because biological enhancement of high LET radiation
might contribute to the development of more effective cancer
therapies, we investigated the effect of PARP inhibition on
the responses to y-irradiation (low LET radiation) as well as
carbon-ion irradiation (high LET radiation).

Materials and Methods

Chemicals and antibodies. AZD2281 (Olaparib) was obtained
from Selleck Chemicals (Houston, TX, USA) and dissolved in
DMSO. Anti-y-H2AX (Ser-139) antibody was purchased from
Millipore (Billerica, MA, USA). Anti-phosphorylated p53
(Ser-15), and anti-histone H3 antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA). Anti-
phosphorylated histone H3 (Ser-10) antibody was purchased
from Abcam (Cambridge, UK). Anti-B-actin was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture. The human pancreatic cancer cell line MIA
PaCa-2 was obtained from the American Type Culture Collec-
tion (Rockville, MD, USA) and maintained in DMEM supple-
mented with 10% FBS and 1% penicillin/streptomycin at 37°C
in a humidified atmosphere containing 5% CO, and 95% air.

Irradiation. Exponentially growing cells were irradiated with
y-rays and carbon-ion beams. For y-irradiation, ®Co vy-irradia-
tor (Gammacell 220, Nordion, Canada) was used at 0.29 Gy/sec
at the National Cancer Center Research Institute. Carbon-ion
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beams (290 MeV/n, 13 and 70 keV/um) were generated by a
heavy ion medical accelerator at the National Institute of Radio-
logical Sciences (NIRS). LET 13 and LET 70 carbon-ion mono-
beams were used because they are the representative LET at the
entrance region to which normal tissues adjacent to tumors are
exposed and near at the Bragg peak to target tumor volume,
respectively. Cells in flasks were placed in a specially designed
rack for correct positioning. Irradiation was conducted using
horizontal carbon-ion beams with a dose rate of approximately
1.2 Gy/min. The energy at the irradiation site was obtained by
comparing the calculated and measured depth—dose distribution.
The LET values (dose averaged LET) at the sample position
were compensated with Lucite absorbers.

Clonogenic survival assays. Cells were seeded in triplicate in
six-well tissue culture dishes with 3 mL of culture medium and
in 25-cm” flasks with 5 mL of culture medium 10-14 h before
Y-irradiation and carbon-ion beam (LET 13 and 70 keV/pm)
irradiation, respectively. This 4-h interval was the time needed
for seeding and irradiation. AZD2281 at 1 uM, 5 uM or 0.1%
of DMSO (solvent control) were added to the medium 2-3 h
before irradiation. Following irradiation, the cells were incu-
batedrat 37°C in a CO, incubator. After 5-6 days, surviving
colonies were fixed with 4% formalin solution and stained with
0.02% crystal violet solution. In the literature, for colony for-
mation assay, approxnnatelg 5 Gy is the usual maximum dose
for carbon-ion irradiation.*>'® Therefore, the cell survival and
the sensitization effect of the chemicals were evaluated with 1—
5 Gy of carbon-ion irradiation. Colonies composed of more
than approximately 50 cells were counted. Cell survival was
calculated by dividing the number of colonies of irradiated cells
by the number of inoculated cells and plating efficiencies of the
control cells in each condition. The result of y-ray irradiation
was calculated from the average of at least three independent
experiments performed in triplicate. The average of nine data
points was used to generate a survival curve. Standard devia-
tion was calculated and statistical analysis was carried out. For
carbon-ion irradiation, expenments were performed three times,
and the representative result is shown. The plating efficiency of
MIA PaCa-2 was 0.55 + 0.15. To evaluate the radio- sensmzmg
‘effects of AZD2281, the ratio of radiation doses to give 10%
cell survival for radiation alone and radiation plus AZD2281
was calculated.

Pulse ﬁeld gel electrophoresis. Cells were trypsinized and
1.5 x 10° cells were embedded in 1% agarose (Bio-Rad,
Hercules, CA, USA) and digested in a proteinase K buffer
(0.5 M EDTA; 1% sodium N-lauroylsarcosine, 0.5 mg/mL
proteinase K) at 50°C for 20 h, followed by washing in
50 mM EDTA (pH 8.0). Electrophoresis was performed for
20 h at 14°C in 1% pulse field-certified agarose (Bio-Rad) gels
containing 0.5 x Tris-borate/EDTA buffer and adapted to a
CHEF Mapper Pulse Field Electrophoresis System (Bio-Rad).
Markers of A phage DNA digested with Hind III were loaded.
Gels were stained with ethidium bromide and analyzed with
LAS 3000 (Fuji Film, Tokyo, Japan).

A modification of a Southern blot hybridization method that
uses total human genonnc DNA as a probe was used. Briefly,
total human genomic DNA was labeled with [0->?P] dCTP
using the Megaprime DNA labeling System (GE Healthcare,
‘Waukesha, WI, USA) and hybridization was carried out as
described elsewhere’” and analyzed by BAS 2500 (Fuji Film).

Western blot analysis. MIA PaCa-2 cells were extracted with
Laemmli buffer, sonicated as previously described, electropho-
resed on SDS-polyacrylamide gels, and transferred to Sequi-Blot
PVDF membranes (Bio-Rad). Western blotting was performed
with anti-y H2AX (Ser-139), anti-p53, anti-phosphorylated p53
(Ser-15), anti-histone H3 and anti-phosphorylated histone H3
(Ser-10), and anti-f-actin at the indicated dilutions. Blots were
incubated in a horseradish peroxidase-linked secondary antibody

and the immune complex was detected using an enhanced
chemiluminescence reaction kit (Millipore).

Flow cytometry. MIA PaCa-2 cells irradiated in the presence
or absence of AZD2281 were trypsinized, fixed with 70% eth-
anol, treated with RNase A, stained with propidium iodide (PI)
and analyzed by FACS Calibur (Beckton and Dickinson,
Franklin Lakes, NJ, USA).

Statistical analysis. Statistical analysis was conducted using
PASW Statistics 18 software (SPSS, Chicago, IL, USA).
Levine’s test was used to check the equality of variance. If the
significance based on Levine’s test was 0.05 or below, then
probability was automatically calculated with Welch’s #-test.
Otherwise, the probability was calculated by Student’s z-test.
When the P-value was <0.05, the difference was considered
statistically significant.

Results

Sensitization effect on vy-irradiation and carbon-ion irradia-
tion. Figure 1 shows the dose-response curves of MIA PaCa-2
cells irradiated with y-ray and carbon-ion beams with two differ-
ent LET values (13 and 70 keV/pm) in the presence of the
PARP inhibitor AZD2281. AZD2281-treated cells showed
decreased survival both after y-irradiation and carbon-ion irradi-
ation compared to the controls. The enhancement ratios of
AZD2281 at 1 and 5 pM are shown in Table 1. Isoeffective
doses of y-ray, LET13 carbon-ion and LET 70 carbon-ion irra-
diation that resulted in 10% cell survival were 5, 3.5 and
2.6 Gy, respectively. Therefore, cells were irradiated with 5 and
3 Gy doses of y-ray and carbon-ion (LET 13 and 70) irradiation,
respectively, for western blot analysis and flow cytometry.

Effect on double strand break levels. To analyze the effect of
the PARP inhibitor on DSB, we used pulse field gel electropho-
resis (PFGE) under neutral conditions. A 2-h exposure to
AZD?2281 induced an increase of DSB when the gel was ana-
lyzed after Southern blot hybridization. These induced DSB
were diminished 12 h after incubation (Fig. 2A). Increase of
DSB after 5 Gy of y-irradiation was not detected in the absence
or presence of AZD2281 between 5 and 24 h (data not shown).

Figure 2(B,C) shows the results of PFGE with ethidium bro-
mide staining of DNA from cells at 18 h after carbon-ion irra-
diation. As described later, western blot analysis of cells
irradiated with LET 13 and LET 70 carbon-ions showed a pro-
longed increase in the level of y-H2AX, a DSB marker, when
the cells were incubated for 10-24 h in the presence of PARP
inhibitor. In the control cells, the repair occurred earlier, at
10 h. Therefore, we chose to analyze DSB in cells at 18 h by
PFGE to demonstrate the increase in the level of persistent
DSB caused by delayed repair in the presence of PARP inhibi-
tor. LET 13 carbon-ion irradiation did not cause DSB with
increasing radiation doses 18 h after irradiation in the presence
of AZD2281 (Fig. 2B). By contrast, LET 70 carbon-ion irradi-
ation increased the DSB level in a dose-dependent manner
only in the presence of AZD2281 (Fig. 2C). A similar increase
of DSB in the presence of PARP inhibitor was observed 24 h
after LET 70 carbon-ion irradiation (data not shown).

Effect on DNA damage response. To further analyze the effect
of PARP inhibition on DSB processing, the level of phosphory-
lated H2AX (y-H2AX), which is a marker for DSB, was exam-
ined by western blot analysis. As shown in Figure 3(A,B)
prolonged and increased levels of y-H2AX were observed both
after y-irradiation and carbon-ion irradiation in the presence of
the PARP inhibitor. The increase in the levels of y-H2AX
peaked 10 h after LET 13 irradiation alone. By contrast, the
peak in y-H2AX levels was shortened to 1-h post-irradiation in
the presence of the PARP inhibitor. The persistent presence of
v-H2AX (arrow) and the 25-kDa form of y-H2AX (marked
with an asterisk), which is a mono-ubiquitinated form, was
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Fig. 1. (A) Clonogenic survival of MIA PaCa-2 cells treated with
y-irradiation alone and in combination with AZD2281. Surviving colo-
nies (defined as > 50 cells) were counted after 5-6 days. The error
bars indicate standard deviation calculated from three independent
experiments. Asterisks and brackets indicate significant differences in
response to y-irradiation alone at P < 0.05. (A,B) Clonogenic survival
of MIA PaCa-2 cells treated with liner energy transfer (LET) 13 keV/um
(B) and LET 70 keV/um (C) carbon-ion irradiation alone and in combi-
nation with AZD2281. The cells were exposed to the indicated concen-
trations of AzD2281 for 2 h and irradiation was then performed.
Experiments were carried out three times, and a representative result
is shown. The error bars indicate standard deviation. Asterisks and
brackets indicate significant differences in response to carbon-ion (LET
13 and 70 keV/um) irradiation alone at P < 0.05.

Table 1. Enhancement ratios of radiosensitivity by AZD2281 at 10%
survival
Carbon-ion beam
y-ray
LET 13 keV/um LET 70 keV/pm
AZD2281 1 uM 1.4 1.2 1.4
AZD2281 5 uM 1.7 1.5 2.5

LET, liner energy transfer.

observed after LET 70 irradiation in the presence of AZD2281.
Enhanced levels of p-p53 (Ser-15) were detected after y-irradi-
ation, but not after carbon-ion irradiation (Fig. 3B). In
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Fig. 2. The effect of double strand breaks (DSB) analyzed by neutral
pulse field gel electrophoresis (PFGE). (A) The result of Southern blot
analysis 2 and 12 h after addition of either AZD2281 or DMSO (con-
trol). (B,C) Ethidium bromide staining result of neutral PFGE 18 h
after carbon-ion (liner energy transfer (LET) 13 keV/pm (B) and
70 keV/um (Q)) irradiation in the presence or absence of AZD2281.
The positions of DSB and the bands associated with necrosis (N) are
shown in brackets.

addition, decreased levels of phosphorylated histone H3, which
is a G2/M marker, were observed after y-irradiation and
carbon-ion irradiation in the presence of AZD2281 compared
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to its absence (Fig. 3A,B). Analysis of cell cycle progression
using flow cytometry (Fig. 4) revealed that PARP inhibition
induced S phase arrest and enhanced subsequent G2/M arrest both
after y-irradiation and LET 13 and 70 carbon-ion irradiation.

Discussion

which leads to increased S phase arrest and a subsequent arrest
at the G2/M phase (Figs 3,4). Western blot analysis showed
that this effect occurred independently of p53 phosphorylation
status after carbon-ion irradiation. We speculate that these
delays in DDR might be due to both the increase in persisting
DSB generated by collapsed replication forks®® and the effect

of PARP inhibition on DSB repair pathways. Because MIA
PaCa-2 cells did not show a subG1 apoptotic population either
in the presence or absence of the PARP inhibitor (Fig. 4), but
showed enhanced G2/M arrest, cell death through mitotic
catastrophe or necrosis could be the glausible cell death
pathways enhanced by the PARP inhibitor."®

In the present study, we have demonstrated that PARP inhibi-
tion is an effective radiosensitizer for carbon-ion irradiation.
The underlying mechanism of radiosensitization by PARP
inhibitors to both fy-irradiation and carbon-ion irradiation is
suggested to be caused by a delay in DDR and DSB processing,

A Control Control
(A) {0.4% DMSO} AZD S M (B) {0.1% DMSO) AZD 5 M
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H 10 30
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Fig. 3. The level of y-H2AX, phosphorylated p53, p53, phosphorylated histone H3, histone H3 and B-actin, analyzed by western blotting after
v-irradiation at 5 Gy (A) or carbon-ion (liner energy transfer [LET] 13 and 70) irradiation at 3 Gy (B) in the presence or absence of AZD2281 at
5 1. The arrow indicates y-H2AX and an asterisk indicates mono-ubiquitinated y-H2AX.
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Fig. 4. Flow cytometry analysis with propidium iodide staining after y-irradiation and carbon-ion irradiation. Percent distributions of cells in dif-
ferent phases of cell cycle are shown in each histogram. The black arrows indicate S phase arrest and the outlined arrows indicate G2/M arrest.
The poly(ADP-ribose) polymerase (PARP) inhibitor AZD2281 induced S phase arrest and subsequent G2/M arrest both after y-irradiation and
carbon-ion irradiation.
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DNA damage induced by high LET heavy ion radiation is
more complex than that caused by photons, and complex clus-
tered DNA damage can be categorized into two major groups;
namely, DSB and non-DSB oxidative clustered DNA lesions
(OCDL).“”O) OCDL are defined as two or more closely asso-
ciated DNA lesions existin% on both strands, usually within
one or two helical turns."® Yields of clustered damage
increase depending on the LET value.*" OCDL include oxi-
dized bases, apurinic-apyrimidinic sites and SSB, and these
lesions are repaired mainly by BER, in which PARP plays a
significant role.

‘We speculate that the sensitization effect of PARP inhibitors
on carbon-ion irradiation may be mediated by the conversion
of sub-lethal OCDL to lethal damage caused by blocking the
BER pathway. Consistent with these premises, the survival
curve parameters and the effects of the PARP inhibitor were
quite different dependent on what type of irradiation was used;
v-ray resulted in a distinct shoulder on the survival curve,
which was not present with LET 13, and was small with LET
70 at the higher dose range close to log-linear. This difference
in the survival curve parameters could result in differences in
the enhancement ratios, as shown in Table 1. In the presence
of 5 yM PARP inhibitor, the enhancement ratio at 10%
survival was higher for LET 70 carbon-ion irradiation than for
v-ray and LET 13 (ERy(:1.7 for y-ray, 1.5 for LET 13 and 2.5
for LET 70).

At the lower doses that gave more than 10% survival, PARP
inhibitor could affect cell death on OCDL induced by LET 70
carbon-ion irradiation. At the higher dose that gave lower than
10% survival, namely, at 5 Gy of LET 70 carbon-ion irradia-
tion, the amount of clustered lethal DSB may increase and be
a main cause of cell death. Thus, the effects of AZD on OCDL
or SSB may not contribute much to cell death. This could be
the reason why we could not detect the sensitization effect of
the PARP inhibitor in the present study at 5 Gy of LET 70
carbon-ion irradiation. In contrast, for y-irradiation and LET
13 carbon-ion irradiation, the ratio of clustered lethal DSB is
low and the amount of SSB and OCDL, which are repaired by
the BER pathway, increases dose-dependently so that
AZD2281 could sensitize more at higher doses of irradiation.
Therefore, the PARP inhibitor enhanced the effect of LET 70
carbon-ion irradiation at a lower dose than 5 Gy and enhanced
the effects of y-irradiation and LET 13 carbon-ion irradiation
at all doses.

Conversion of OCDL to lethal DSB by binding of the PARP
inhibitor to PARP at strand break ends may be more effective
with OCDL produced by LET 70 carbon-ion irradiation com-
pared to those produced by vy-irradiation and LET 13 carbon-
ion irradiation. This could be the reason why we observed a
higher enhancement ratio by the PARP inhibitor for LET 70
carbon-ion irradiation at low doses.
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Therefore, the effect of PARP inhibition on clustered dam-
age should be analyzed further. However, our results suggest
that inhibition of PARP sensitizes cells to various forms of
radiation by affecting the repair of OCDL, which leads to a
delay of the DDR. The effect of PARP inhibition on DSB
repair pathways is also thought to be an important mechanism
for sensitization to carbon-ion irradiation. These results imply
that the PARP inhibitor might sensitize cells at low doses (i.e.
3 Gy or less) of carbon-ion irradiation at the Bragg peak more
than at the entrance region. Therefore, doses lower than 5 Gy
of LET 70 carbon-ion irradiation could be the appropriate
range of radiosensitization with a blockade of DNA repair by
PARP inhibitor.

As the sensitization effect of PARP inhibitors combined with
photon beams is well characterized in vitro and in vivo, it is
important to compare the sensitizing effect of PARP inhibitors
for proton and other types of radiation with clinical applica-
tions. Furthermore, radiosensitizers for charged particle radia-
tion therapy evaluated using animal models should show a
lower cell-killing effect on normal cells at the entrance region
and a pronounced definite effect on cancer cells at spread-out
Bragg peaks.®?

Few factors are known to induce sensitization to charged
particle radiation, and we have demonstrated that PARP inhibi-
tion is a radiosensitizer for carbon-ion irradiation. The present
results show that the inhibition of PARP enhances radiosensi-
tivity to y-ray and carbon-ion irradiation by disturbing DDR,
possibly by increasing the conversion of non-DSB lesions to
lethal DNA damage, and suggest that functional inhibition of
PARP should be useful for sensitizing to both low and high
LET radiation therapies.
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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.

atural products are a rich source of valuable medicinal agents. More than half of the currently available
drugs are natural or related compounds. In the case of cancer, the percentage of natural compounds
¢ exceeds 60%. Research on natural products as potential anti-cancer agents dates back to at least the
Egyptxan 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®. Expefimental
studies have shown that resveratrol inhibits the growth of various cancer cells and induces apoptotic cell death®*.
Recently, a phase I/II 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, I3C, 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-
Iuc-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. 1a). 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. la). 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. 1c and 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 tumouz-
suppressive miRINAs?'. 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 gRT-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 MCFI0A (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 mRNA was slightly

SCIENTIFIC REPORTS | 2:314 | DOL 10.1038/srep00314

2



c Resveratrol 5 uM

\G

Lt ‘??.é; e
57 PASH
N R

LR S

P SRR Q‘%

R Resveratrol 50 uM
g TR
g

(99s/uojoyd 91x)

- 5
£} g
£ 309 E
= X
2 209 °
z ¥ 0 5 25 50
Z 10 1 d Resveratrol (uM)
E 3.0
Vehicle Resveratrol i g ’
b 2 Z 2.0
Resveratrol (uM) § &%
oy . 0 .5 25 50 210
2 e BB B .
e 2 & 0 25 50
8 ézééi 2 Resveratrol (uM)
: CD44-FITC
& 80 ]
8 5520 . Rk
% 60 . £215 o
2 5
8 40 s E‘é 1.0
© o 0.5
g 20 ' o 9 0
=3 E R
5 0 | 0 25 50
£ 0 5 25 50 = Resveratrol (uWM)
& Resveratrol (uM)

Figure 1 | Multiple anti-cancer effects of resveratrol through the activation of miR-141 and miR-200c. (a) MDA-MB231-luc-D3H2LN cells (200 cells)
were injected into the mammary fat pad of six-week-old female SCID hairless outbred mice (n = 5). They were then treated with resveratrol (25 mg/kg/
day) by intraperitoneal injection every day for 8 days. Tumour growth was monitored by injecting luciferin in the mice followed by measuring
bioluminescence using an IVIS imaging system. Representative mouse images at day 8 (upper panel) and quantified bioluminescence images at day 8
(lower panel) are shown. (b) MDA-MB231-luc-D3H2LN cells were treated with resveratrol or DMSO (control) at the specified doses for 3 days. The
percentage of CD44%/CD24~ cells after compound treatment in independent experiments with MDA-MB231-luc-D3H2LN cell populations is shown.
The CD44%/CD24~ denoting the CSC-enriched fraction. (c¢) MDA-MB231-luc-D3H2LN cells were grown, treated with resveratrol or DMSO (control)
for 1 day, and then subjected to an invasion assay. Representative photographs (upper panel) and quantification (lower panel) are shown. Scale bar: 100
pm. (d) The miR-141 and miR-200c expression levels in MDA-MB231-luc-D3H2LN cells. The expression levels of the indicated miRNAs were examined
in MDA-MB231-luc-D3H2LN cells after 48 hour resveratrol treatment (all data are shown as the mean * s.e.m., *P<0.05, **P<0.01, ***P<0.001).

increased after resveratrol treatment (Supplementary Fig. 6c). In
addition, resveratrol induced the luciferase activity of a plasmid
containing the Ago2 promoter upstream of the luciferase gene,
suggesting that resveratrol transcriptionally induced the expression of
Ago2 (Supplementary Fig. 6d). The Ago2 protein is a key regulator of
miRNA homeostasis and, upon recognition, it can either cleave or
remain tethered to an mRNA to repress its translation and/or
regulate its stability”. To reveal the relationship between Ago2 and
miRNAs, we first quantified the miRNA expression in MDA-MB-
231-luc-D3H2LN cells transfected with the Ago2 expression vector.
The induction of Ago2 expression by the Ago2 expression vector
was confirmed by qRT-PCR (Fig. 2d). After transfection of the Ago2
expression vector, a subset of miRNAs including miR-16, miR-141,
miR-143, and miR-200c was higher than in the control cells (Fig. 2e

and Supplementary Fig. 6¢). To further study the relationship between
resveratrol-induced Ago2 and RNAi activity, MDA-MB-231-luc-
D3H2LN cells were transfected with luciferase siRNA in the
presence of resveratrol treatment and subjected to an in vitro firefly
luciferase assay. If the induction of Ago2 expression leads to the
enhancement of RNAI activity in cells, the luciferase siRNA silencing
effect of the luciferase gene in MDA-MB-231-luc-D3H2LN cells may
be enhanced after Ago2 over-expression even in the presence of a low
siRNA dose and a prolonged period after siRNA transfection. As
shown in Fig. 2f, the resveratrol-induced Ago2 resulted in a long-
term gene-silencing response in MDA-MB-231-luc-D3H2LN cells.
In addition, Ago2 over-expression in HEK293 cells demonstrated a
long-term gene-silencing response that was similar to resveratrol-
treated MDA-MB-231-luc-D3H2LN cells (Supplementary Fig. 6f).
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Figure 2 | Association between resveratrol and Ago2. (a) Characteristic microscopic images of MDA-MB231-luc-D3H2LN cells in the presence of
DMSO (control) or resveratrol. Scale bar: 100 pim. (b) The effects of resveratrol treatment on miRNA expression in MDA-MB231-luc-D3H2LN cells by
miRNA microarray analysis. The proportions of miRINAs at different fold change levels are shown in the lower panel. (¢) MDA-MB231-luc-D3H2LN cells
were treated with resveratrol or DMSO (control). After 2 days of culture, the cell extract was subjected to real-time mRNA gRT-PCR. (d), (e) MDA-
MB231-luc-D3H2LN cells were grown and transiently transfected with Ago2 or EGFP-IRES vector (control). After 2 days of culture, the cell extract was
subjected to real-time mRNA (d) and miRNA (e) gqRT-PCR. The values on the y-axisare depicted relative to the expression level of the EGFP-IRES control
vector, which is defined as 1. (f) MDA-MB231-luc-D3H2LN cells were grown and transiently transfected with luciferase siRNA or AllStars negative
control siRNA (0.1 nM) under resveratrol treatment. After 1, 3, or 5 days of culture, the cells were subjected to a luciferase reporter assay. The values on
the y-axis are depicted relative to the luciferase activity of the AllStars Negative Control siRNA, which is defined as 1. (g) MDA-MB231-luc-D3H2LN cells
were grown and transiently transfected with luciferase siRNA or AllStars Negative Control siRNA and Ago2 siRNA or AllStars Negative Control siRNA.
After 3 days of culture, the cells were subjected to a luciferase reporter assay. The values on the y-axis are depicted relative to the luciferase activity of the
negative control siRNA, which is defined as 1 (all data are shown as the mean = s.e.m., *P<<0.05, **P<0.01, ***P<0.001).

Moreover, we performed an RNAIi experiment to target Ago2 after
resveratrol treatment and then assessed the RNAi activity
demonstrated by the luciferase siRNA directed against the luciferase
gene. The reduction in Ago2 expression by Ago2 siRNA was confirmed
by qRT-PCR (Supplementary Fig. 6g). As shown in Fig. 2g, Ago2
siRNA-mediated silencing inhibited the RNAi activity in MDA-MB-
231-luc-D3H2LN cells. Taken together, these results indicate that the
resveratrol anti-cancer activities were mediated by not only tumour

suppressive miRNA upregulation but also by the enhancement of the
RINAI activity regulated by Ago2.

Resveratrol-induced miRNA exert an anti-cancer effect. It has
been reported that miR-141 inhibits the epithelial-mesenchymal
transition and cancer cell migration in breast cancer cells. In
addition, we found that resveratrol induced the expression of miR-
141 and miR-200c in MDA-MB-231-luc-D3H2LN cells (Fig. 1d). In
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Table 1 | Alistof miRNAs which were up-regulated more than 2.0-
fold by resveratrol i in MDA MB 231- lue-D3H2IN ceHs compcred
with control - '

miRNA Fold change
Tumor-suppressive miRINA

hsa-miR-141 4.48
hsa-miR-26a 2.33
hsa-miR-195 3.38
hsa-miR-126 2.41
hsa-miR-185 2.75
hsa-miR-340 11.07
hsa-miR-128 2.13
hsa-miR-34a 2.65
hsa-miR-193b 2.58
hsa-miR-335 2.42
hsa-miR-200c 3.47
hsa-miR-196a 2.67
hsa-miR-497 4.60
hsa-miR-125a-3p 3.00
Onco- miRNA

hsa-miR-378* 4.81
hsa-miR-10b 51
hsa-miR-132 7.23
hsa-miR-222 2.40

contrast, the CSC population was decreased (Fig. 1b). To show direct
evidence of whether multiple phenotypes induced by resveratrol were
regulated by tumour-suppressive miRNAs,  MDA-MB-231-luc-
D3H2LN cells were transfected with an antisense oligonucleotide
targeting miR-141 (i.e, a miR-141 inhibitor) in the presence of
resveratrol treatment. MiR-141 repression by the miR-141
inhibitor was confirmed by qRT-PCR (supplementary Fig. 7a). As
shown in Fig. 3a, the miR-141-induced inhibition of invasion was
abrogated by the addition of the miR-141 inhibitor, and the MDA-
MB-231-luc-D3H2LN cell invasiveness was increased. To confirm
the link between resveratrol and miRNA expression, we investigated
the growth of breast cancer cells in the presence or absence of a miR-
143 inhibitor”. In the presence of resveratrol, miR-143-induced
inhibition significantly increased the survival of MDA-MB-231-
luc-D3H2LN cells relative to the control (Fig. 3b). It has been
shown that miR-200c up-regulation in breast cancer cells inhibits
Zebl expression, resulting in E-cadherin induction in breast cancer
cell lines®, As shown in Fig. 1d, we found miR-200c up-regulation
after resveratrol treatment, suggesting that resveratrol treatment
activates this pathway and demonstrating its anti-cancer activity.
Indeed, resveratrol addition significantly suppressed Zebl
expression in the breast cancer cell lines (Fig. 3c) and induced E-
cadherin expression in those cells (supplementary Fig. 7b).
Furthermore, to show the direct effects of resveratrol on the
miRNA machinery, we performed a Zebl 3'UTR assay and
demonstrated that resveratrol treatment significantly down-
regulated the luciferase activity of a plasmid containing the Zebl
3'UTR (Fig. 3d). Taken together, these results suggested that
resveratrol plays an important role in breast cancer prevention by
up-regulating tumour-suppressive miRNAs.

The stilbene family regulates miRNA biogenesis. The naturally
occurring dimethylether resveratrol analogue pterostilbene is a
stilbene family member that is generated by plants. Pterostilbene
has also been reported to possess chemopreventive activity in
cancer and other resveratrol-like health benefits®*. To determine
whether pterostilbene induced the expression of tumour-suppressive
miRNAs in a similar manner as resveratrol, we assessed the effect of
pterostilbene on miRNA expression. As shown in Fig. 4a,
pterostilbene treatment suppressed cell growth more significantly
than resveratrol treatment in MDA-MB-231-luc-D3H2LN cells. In

addition, the expression of tumour suppressive miRNAs (i.e., miR-
143 and miR-200c) and Ago2 was significantly higher in
pterostilbene-treated MDA-MB-231-luc-D3H2LN cells than in
resveratrol-treated cells (Figs. 4b-d and Supplementary Fig. 8).
Taken together, these results suggest that resveratrol-induced
tumour-suppressive miRNA expression and its anti-cancer activity
are conserved among stilbene family members (Fig. 4e).

Discussion

Resveratrol exhibits strong anti-oxidant activity and is capable of
inducing apoptosis in cancer cells. Therefore, resveratrol is believed
to be efficacious at multiple carcinogenesis stages®. However, the
underlying molecular mechanism of its anti-tumour activity has
yet to be defined. In this study, we demonstrated that resveratrol
up-regulated tumour-suppressive miRNAs, resulting in the induc-
tion of an anti-cancer effect against the CSC phenotype in cancer
cells. We also demonstrated that resveratrol inhibited the invasive-
ness of breast cancer cells as one of the CSC phenotypes by activating
miR-141 and miR-200c. However, the reason why resveratrol
reduces the CSC population remains elusive. Recent studies have
provided evidence that miR-200c strongly inhibits the ability of
breast CSCs to form tumours in vivo®. These findings suggest that
resveratrol shows multiple anti-cancer effects by reducing the CSC
population through miR-200c activation.

Argonaute proteins are widely expressed and are involved in post-
transcriptional gene silencing. Using microarrays to compare control
and Ago2™'" cells, recent studies have demonstrated that Ago2 loss
results in the global reduction of mature miRNAs in erythroblasts,
fibroblasts, and hepatocytes®™. However, it has not been determined
whether Ago2 alterations can contribute to miRNA expression and
the RNAj response. In this study, we show that Ago2 up-regulation
by resveratrol leads to an increase in tumour-suppressive miRNAs
and the enhancement of RNAj activity.

Pterostilbene has anti-diabetic properties and has been shown to
be cytotoxic to a number of cancer cell lines in vitro®®*. Although
pterostilbene and resveratrol have similar pharmacological prop-
erties, pterostilbene contains two methoxy groups and one hydroxyl
group, while resveratrol has three hydroxyl groups (Supplementary
Fig. 9). A recent study demonstrated that pterostilbene shows 95%
bioavailability when orally administered, while resveratrol only has
20% bioavailability*>. Furthermore, pterostilbene is a more powerful
chemopreventive agent than resveratrol in colon cancer®, showing
that pterostilbene has several key advantages over resveratrol. In this
study, we demonstrate that pterostilbene is more reliable than resver-
atrol in mediating the anti-cancer effect by inducing tumour-sup-
pressive miRNAs and Ago2 expression. The reason for the difference
in the anti-cancer activity of pterostilbene and resveratrol in cancer
cells may be due to the expressed miRNAs.

It has been demonstrated that most tumours are characterised by
globally diminished miRNA expression'®'”**. Thus, the delivery of
tumour suppressive miRNAs may allow for the therapeutic restitu-
tion of physiological regulation programs lost in cancer and other
disease states. However, miRNA therapy shares many of the disad-
vantages of other treatment approaches including delivery limita-
tions and instability. Therefore, novel methods are required to
resolve these issues. Based on this study, we hypothesise that the
down-regulation of miRNAs in cancer cells is compensated by
resveratrol, which induces the derepression of tumour suppressive
miRNAs. Down-regulation of oncogenic miRNAs and up-regulation
of tumour-suppressive miRNAs by resveratrol in prostate cancer
cells has been reported®; however, the connection between resvera-
trol and the miRNA biogenesis machinery has not been investigated
in detail. In this report, we demonstrated that resveratrol leads to a
reduction in malignancy by not only activating tumour-suppressive
miRNA transcription (Figs. 1d and 2b) but also enhancing the RNAi
activity mediated by Ago2 induction (Figs. 2d, e, f and g). Our
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Figure 3 | Multiple anti-cancer effects of tumour-suppressive miRNAs induced by resveratrol. (a) MDA-MB231-luc-D3H2LN cells were grown and
transiently transfected with anti-miR-141 or anti-miR-NC (control). After 4 hours, the cells were treated with resveratrol or DMSO (control) for 1 day
and subjected to an invasion assay. Representative photographs (upper panel) and quantification (lower panel) are shown. Scale bar: 100 pm. (b) MDA-
MB231-luc-D3H2LN cells were cultured and transiently transfected with anti-miR-143 or anti-miR-NC (control). After 4 hours, the cells were treated
with resveratrol or DMSO (control) for 72 hours, and the cell viability was measured by the MTS assay. (c) MDA-MB231 cells were treated with

resveratrol or DMSO (control). After 2 days of culture, the cell extract was subjected to real-time mRNA gqRT-PCR. (d) MDA-MB231 cells were grown
and transiently transfected with a ZEB-1 3'UTR or psiCheck2 vector (control) under resveratrol treatment. After 1 day of culture, the cells were subjected
to a luciferase reporter assay. The values on the y-axis are depicted relative to the luciferase activity of cells treated with DMSO, which is defined as I (all

data are shown as the mean * s.e.m., *P<0.05).

demonstration that resveratrol potently suppresses even a severe and
multifocal carcinogenesis model in the absence of measurable tox-
icity provides proof of the principle that miRNA replacement by
resveratrol may be a clinically viable anti-cancer therapeutic strategy.

In conclusion, this study shows that an orally available small
molecule can safely reduce many of the negative consequences at
doses acceptable in humans with an overall improvement in health
and survival. Our results raise the possibility that the regulation of
tumour-suppressive miRNAs by natural agents could be a novel
strategy in the design of combinational approaches using conven-
tional therapies for tumour recurrence prevention and in achieving
successful treatment outcomes in patients with cancer.

Methods

Reagents. Trans-resveratrol (98% purity) was purchased from Cayman Chemical,
pterostilbene (98% purity) from Tokyo Chemical Industry, cycloheximide solution
and 5, 6-dichlorobenzimidazole riboside from sigma, and docetaxel from Sanofi-
Aventis. The antibiotic solution (containing 10,000 U/mL penicillin and 10 mg/mL
streptomycin), the trypsin-EDTA mixture (containing 0.05% trypsin and EDTA),
and FBS (fetal bovine serum) were obtained from Invitrogen. The FITC-conjugated
anti-CD44 (clone L178) antibody was obtained from Becton Dickinson, and the
APC- conjugated anti-CD24 (clone ML5) antibody, from Biolegend. The duplexes of
each small interfering RNA (siRNA), targeting human Ago2 mRNA (siAgo2-1,

GCACGGAAGUCCAUCUGAAUU, UUCAGAUGGACUUCCGUGCUU; siAgo2-
2, GCAGGACAAAGAUGUAUUAUU, UAAUACAUCUUUGUCCUGCUU;
siAgo2-3, GGGUCUGUGGUGAUAAAUAUU, UAUUUAUCACCACAGACCC-
UU; siAgo2-4, GUAUGAGAACCCAAUGUCAUU, UGACAUUGGGUUCUCAU-
ACUU) and negative control 1 were purchased from Applied Biosystems®.

Plasmids. The primary-miR-143 expression vector was purchased from TaKaRa
BIO. The full-length human Ago2 cDNA was cloned into pIRES2-EGFP vector
(Clontech). We amplified the upstream of human Ago2 gene (—1,770/—1 relative to
the TSS) by PCR using human genomic DNA as template, and we cloned it into the
pGL3-Basic vector. For the 3'UTR reporter plasmids, the nucleotides +3,399 to
+3,953 of human ZEB1 cDNA were amplified and cloned downstream of the
luciferase gene in the psiCHECK?2 vector (Promega). For cloning the following
primers were used for PCR: Ago2 promoter: 5'-ACGCGTATAGGGGATATGT-
GAAGGAGACA-3' (forward) and 5'-CTCGAGATA CGCGCGCGCCACGGG-
CCCCG-3' (reverse); ZEB1 3"UTR Fragment: 5'-ATAATACGCGTTAAAGGA-
AGCTGATTAATTAGATATGC-3' (forward) and 5'-ATAATAAGCTTTTTGTA-
GTGCAGAAGTTCTCACATTTT-3' (reverse)®.

Cell culture. HEK293 cells (American Type Culture Collection) were cultured in
Dulbecco’s Modified Eagle’s Medium containing 10% heat-inactivated FBS and an
antibiotic-antimycotic (Invitrogen) at 37°C in 5% CO,. MDA-MB-231 cells
(American Type Culture Collection) and MDA-MB-231-luc-D3H2LN cells
(Xenogen) were cultured in RPMI containing 10% heat-inactivated FBS and
antibiotic-antimycotic at 37°C in 5% CO,. Human mammary carcinoma cell lines,
MCF7 cells and multidrug-resistant MCF7-ADR cells were provided by Shien-Lab,
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Figure 4 | Effects of pterostilbene on human breast cancer cells. (a) MDA-MB231-luc-D3H2LN cells were cultured in the presence or absence of
resveratrol or pterostilbene at the indicated concentrations for 72 hours. Cell viability was measured using the MTS assay. The control wells were treated
with DMSO. (b), (c) Expression levels of miR-143, miR-200¢ (b), and Ago2 (c) in MDA-MB231-luc-D3H2LN cells. The expression levels of the indicated
miRNAs were examined in MDA-MB231-luc-D3H2LN cells 48 hours after treatment with pterostilbene. (d) MDA-MB231-luc-D3H2LN cells were
treated with stilbenes for 72 hours, and Ago2 expression was detected by immunoblotting. Actin was used as aloading control. (e) Model of the regulation
of tumour-suppressive miRNAs and Ago2 expression in the stilbene family (all data are shown as the mean * s.e.m., *P<0.05, **¥P<0.01, ***P<0,001).

Medical Oncology, National Cancer Center Hospital of Japan. These cells were
maintained in RPMI supplemented with 10% heat-inactivated FBS and antibjotic-
antimycotic at 37°C in 5% CO,. MCF10A cells, which were a spontaneously
immaortalized nontumorigenic epithelial cell line, (American Type Culture
Collection) were maintained in an MEBM medium with 1% GA-1000, 50 pg/mi
hydrocortisone, 1 pg/ml hEGF, 500 pg/ml insulin, and 4% BPE (Lonza) at 37°Cin 5%
CO,.

Cell proliferation assay (MTS assay). Five thousand cells per well were seeded in 96-
well plates. The following day, the cells were treated with resveratrol. After 3 days of
culture, cell viability was measured using the Tetra Color One assay kit (Seikagaku
Kohgyo) according to the instructions of the manufacturer. The absorbance at

450 nm was measured using Envision (Wallac).

Transwell invasion assay. Breast cancer cell invasion was assayed in 24-well Biocoat
Matrigel invasion chambers (8 pm; Becton Dickinson) according to the
manufacturer’s protocol. Briefly, the cells were treated with resveratrol, and on the

following day, 20,000 cells were plated in the upper chamber. The upper chamber
contained resveratrol and the bottom chamber contained 10% FBS as a
chemoattractant. Twenty-two hours later, the non-invasive cells were removed with a
cotton swab, The cells that migrated through the membrane and stuck to the lower
surface of the membrane were fixed with methanol and stained with Diff Quick
staining. For quantification, the cells were counted under a microscope in four
random fields. All assays were performed in triplicate. The data are expressed as the
invasion percentage through the Matrigel matrix and membrane relative to migration
through the control membrane according to the manufacturer’s instructions.

Cell growth inhibition by cytotoxic agents and resveratrol. Breast cancer cells were
plated as described above and allowed to attach overnight. The cultures were
replenished with fresh medium containing 25 uM resveratrol for 24 hours and then
exposed to 2.5 nM of the chemotherapeutic agent docetaxel for an additional

48 hours. Thus, for a single-agent treatment, the cells were exposed to resveratrol or
docetaxel for 72 hours. The effect of resveratrol pretreatment on cell viability was
examined by the MTS assay method.
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Cell sorting and flow cytometric analysis. MDA-MB-231-luc-D3H2LN cells were
treated with resveratrol. After culturing for 3 days, MDA-MB-231-luc-D3H2LN cells
were suspended in their culture medium and subjected to a JSAN cell sorter (Bay
Bioscience). At least one million cells were pelleted by centrifugation at 180 x g for 5
minutes at 4°C, resuspended in a 5-uL mixture of a monoclonal mouse anti-human
CD44-FITC antibody (Becton Dickinson, clone L178) and a monoclonal mouse anti-
human CD24-APC antibody (Biolegend, clone MLS5), and incubated for 30 minutes at
4°C. Three independent experiments were performed.

Mammosphere assay. The CD44-+/CD24— fraction from MDA-MB-231-luc-
D3H2LN cells were resuspended in 1:1 DMEM/F12 (Invitrogen) basal medium
freshly supplemented with 20 ng/mL human basic fibroblast growth factor
(Invitrogen), 20 ng/mL epidermal growth factor (Invitrogen), 10 pg/mL heparin
(Sigma-Aldrich), and 1:50 B27 supplement without vitamin A (Sigma-Aldrich) and
seeded in 10-cm Ultra-Low Attachment Surface plates (Corning) at a density of 5000
cells. Ten days later, the plates were analysed for mammosphere formation.

Tumourigenicity assays in SCID hairless outbred mice. Six-week-old female SCID
hairless outbred (SHO) mice were subcutaneously injected with 200 MDA-MB231-luc-
D3H2LN cells in 25 pL of PBS and 25 pL of matrigel (n = 5). The mice were then treated
with resveratrol (25 mg/kg/day) or ethanol (control) by intraperitoneal injection every
day for 8 days. The tumour growth was monitored by injecting luciferin in the mice
followed by measuring bioluminescence using an IVIS imaging system. The data were
analysed using the LIVINGIMAGE 2.50 software (Xenogen). Six-week-old female SCID
Hairless Outbred (SHO) mice were subcutaneously injected with 2000 MDA-MB231-
Tuc-D3H2LN cells in 25 pL of PBS and 25 pL of Matrigel (n = 5). The mice were then
treated with resveratrol (25 mg/kg) by intraperitoneal injection (IP) every day for 2 weeks
and then with docetaxel (20 mg/kg) by intraperitoneal injection {IP) once per week for 2
weeks. The normalised fold changes (day 22 or day 29/day 15) of bioluminescence
emitted from the whole body of the mice are shown. All experimental protocols involving
animals were approved by the the Institute for Laboratory Animal Research, National
Cancer Center Research Institute.

Isolation of microRNAs. Total RNAs were extracted from cultured cells using the
QIAzol and miRNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol.

Quantitative Real-Time PCR (qQRT-PCR). The gRT-PCR method has been
previously described®. PCR was performed in 96-well plates using the 7300 Real-
Time PCR System (Applied Biosystems). All reactions were performed in triplicate.
All of the TagMan microRNA assays were purchased from Applied Biosystems.
hRNUS6 was used as an invariant control. SYBR Green I qRT-PCR was performed,
and the B-actin housekeeping gene was used to normalise the variation in the cDNA
levels. The following pairs of primers were used for gene amplification: for pri-miR-
16, 5'-GCAATTACAGTATTTTAAGAGATGAT-3’ (forward) and 5'- CAT-
ACTCTACAGTTGTGTTTTAATGT-3' (reverse); for pri-miR-141-200c, 5'-
TGAGCTTGGGACTGCAGAG-3' (forward) and 5'-CTGAGCCACCTTCCCC-
TAC-3' (reverse); for pri-miR-143, 5'-CAAGGTTTGGTCCTGGGTGCTCAAA-3’
(forward) and 5'-TGGTGGCCTGTGGCGGGACTCCAA-3’ (reverse); for ZEB1,5'-
AAGAATTCACAGTGGAGAGAAGCCA-3’ (forward) and 5'-CGTTTCTTGC-
AGTTTGGGCATT-3' (reverse); for E-cadherin, 5'-GTCCTGGGCAG-
ACTGAATTT-3' (forward) and 5'-GACCAAGAAATGGATCTGTGG-3' (reverse);
and for B-actin, 5'-GGCACCACCATGTACCCTG-3' (forward) and 5'-CACGG-
AGTACTTGCGCTCAG-3’ (reverse)®.

Quantification of the Ago2 mRNA half-life. MDA-MB231-luc-D3H2LN cells were
incubated with 5,6-dichlorobenzimidazole riboside (50 pM), which is an inhibitor of
mRNA synthesis. The cells were then treated with 50 1M resveratrol and harvested at
the indicated time points. Total cellular RNA was isolated using the RNeasy Mini kit
(Qiagen). qRT-PCR analysis of Ago2 mRNA at each time point was performed as
described above. The fold-change in the Ago2 mRNA abundance at each time point
was determined by the following equation:
Fold change = 2747, where ACT = (CT, Ago2) target - (CT, Ago2) 0 h.

Transient transfection assays. The plasmid transfections were performed using
Lipofectamine LTX (Invitrogen). The cell numbers and amount of plasmids for each
transfection were determined according to the manufacturer’s protocol. The
transfection of siRNA and miRNA inhibitors was accomplished using the
DharmaFECT transfection reagent (Thermo Scientific) according to the
manufacturer’s protocol.

Luciferase reporter assay. Cells were seeded in 96-well plates at 3000 cells per well the
day before transfection. A total of 500 ng of Ago2 vector, 10 nM siRNA against
luciferase and the AllStars negative control were added to each well. The cells were
collected 1, 3, or 5 days after transfection and analysed using the Bright-Glo Luciferase
Reporter Assay System (Promega).

Immunoblot analysis. SDS-PAGE gels were calibrated using Precision Plus protein
standards (161-0375) (Bio-Rad), and anti-Ago2 (1:200) and anti-actin (1 :1,000)

were used as the primary antibodies. The dilution ratio of each antibody is indicated
in parentheses. A peroxidase-labelled anti-mouse secondary antibody was used at a
dilution of 1:10,000. Bound antibodies were visualised by chemiluminescence using

the ECL Plus Western blotting detection system (RPN2132) (GE HealthCare), and
luminescent images were analysed using a LuminoImager (LAS-3000; Fuji Film Inc.).

Quantification of Ago2 protein half-life. MDA-MB-231-luc-D3H2LN cells at 80%
confluency were treated with 30 pg/ml cycloheximide (Sigma-Aldrich). The cells
were then treated with 50 uM resveratrol and harvested at the indicated time points.
The effect of resveratrol on Ago2 stability was examined by immunoblotting as
reported above.

Statistical analysis. The data presented in bar graphs are the means * s.e.m. of atleast
three independent experiments. Statistical analyses were performed using the
Student’s t-test.
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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
(BECs) (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 IHA 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 metastass,

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 4-C). The lack of Stab2
expression in KO mice was confirmed by RT-PCR and immu-
nostaining (Figs. S1 D and H and $2D), 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 (7~) littermates (n = 3; **P <
0.01). (B) Internalization of FITC-HA in Percoll-purified HSECs from Stab2*/*
and Stab2™" littermates. (Upper) Fluorescence of FITC-HA incorporated into
cells. (Lower) Hoechst 33342 staining. (C) Quantification of FITC fluorescence
intensity (n = 4; *P < 0.05).
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the molecular size of serum HA by electrophoresis using Stains-
All (which stains negatively charged molecules), and estimated it
as ~40 kDa (Fig. S17). 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 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 Stab2.

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

Hirose et al.



!
v

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 mAbD, 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 mAD 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 FITCG-HA was analyzed by flow cytometry. (B) Anti-Stab2
mADb or rat IgG (3 mg/kg body weight) was administered i.p. to C57BL/6 mice
on days 0, 3, and 17, and serum HA levels were measured (n = 5; **P < 0.01).
(C) At 2 d after the i.p. administration of anti-Stab2 mAb or control IgG, 5 x
10% B16F10 cells were injected i.v. via the tail vein. Anti-Stab2 mAb or control
1gG was administered every 3 d. The lungs at 14 d are shown. Arrowheads
indicate nodules of B16F10 cells. (D) The number of nodules formed on the
lungs were counted manually (n = 10; **P < 0.01). a-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 £~L), anti-Stab2
mAD 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, I1-6 1L-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 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. 5C). Thus, we injected HA at
a dose of 20 mg/kg body weight every 8 h for 24 h to increase the
plasma HA level, and then transplanted B16F10-luc-GS5 cells.
At 6 h after BI16F10-luc-G5 cell transplantation, luciferase ac-
tivity in the lungs was significantly reduced, whereas the serum
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Fig. 4. Anti-Stab2 antibody prevents spontaneous metastasis of human and mouse mammary tumor cells in SCID mice. (A) 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 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 8. (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 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. 5 D 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 pg/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 B16F 10 cells. (4) B16F10-luc-G5 cells (1.5 x 10°) were injected into the tail vein of Stab2** and Stab2™'~ mice, and 6 h later,
the mice were perfused with PBS via the portal vein to remove blood cells from tissues. The B16F10-luc-G5 cells remaining in the lungs were detected by
luciferase analysis (***, n = 6; ™, n = 7; *P < 0.05). (8) 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 asin A (rat igG, n = 5; 7=, n=6; **P < 0.01). (C) HA
at doses of 1, 5, 10, and 20 mg/kg was injected i.v., and serum HA levels were measured serially (n = 4). (D) HA at 20 mg/kg or an equal volume of PBS was
injected i.v. every 8 h. At 24 h after the first HA injection, B16F10-luc-G5 cells (1.5 x 10°) were injected into the tail vein with 20 mg/kg of HA. After 6 h, serum
samples were collected, and plasma HA levels were analyzed at the end of experiment (n = 8; **P < 0.01). (£) Cells remaining in the lungs were detected based
on luciferase activity at D as in A (n = 8; **P < 0.01). (F) Schematic diagram of the VenaEC system (Cellix). (G) Rolling and/or tethering of B16 melanoma cells
onto pulmonary ECs using the VenaEC system. Pulmonary ECs from 6-d-old WT (C57BL/6) mice were isolated, cultured, and stained with 5 pM CMFDA (green)
and 10 uM Hoechst 33342 (blue). B16F10 cells were stained with 5 M CMTPX (red) and 10 uM Hoechst (blue). The pulmonary cell chamber was connected to
a microfluidic device, and perfusion for 5 min with VL medium containing stained B16F10 cells at 0.7 dynes/cm? was performed during confocal observation of
cell kinetics. Representative images of B16 melanoma cells with low (0.55 pg/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 um.) o-Stab2 denotes anti-Stab2 mAb.
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