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regarded as a potential target for cancer therapy. Sup-
pression of nSMase?2 expression in cancer cells by RNAi
technology or using a specific chemical inhibitor, such as
GW4869, may provide therapeutic benefit. However, we
should be careful about the possible side effects because
nSMase? is involved in a wide range of physiological
events, and its deficiency may lead to diseases (Stoffel
et al., 2005; Tabatadze et al., 2010; Poirier et al., 2012).
In addition to secretory mechanisms, elucidation of the
exosomal miRNA-sorting mechanisms will also benefit
cancer therapy. If specific molecules recruit oncogenic
miRNAs into tumor cell-derived exosomes, such mol-
ecules will be a novel target for cancer therapy. Further-
more, several groups have reported that miRNAs can
exist in the extracellular space without exosome encap-
sulation (Kosaka et al., 2013b). In these cases, miRNAs
are secreted in association with the RISC effector Ago2
(Arroyo et al., 2011, Turchinovich et al., 2011) or high-/
low-density lipoprotein (Vickers et al., 2011). Interest-
ingly, a latest study has reported that EBV-derived miR-
BART17 is co-purified with a protein-rich fraction but
not with exosomes, whereas miRNA-16 originated from
cells is mainly co-purified with the exosome fraction
(Gourzones et al., 2013). These exosome-free extracellular
miRNAs may also be therapeutic targets, although their
biological significance has not yet been documented. In
summary, this research field holds great promise for the
development of cancer therapies, but extensive further
studies are required, especially to elucidate the basic
mechanisms underlying the biosynthesis, sorting, and
secretion of exosomal miRNAs.

The other possibility for clinical application of this
research field is to utilize exosomal miRNAs as drugs.
The findings that exosomal miRNAs secreted from MSCs
promote tissue repair indicate their potential application
for cell-free regenerative medicine. The feasibility of this
approach is further supported by the fact that MSCs can
be isolated from patients without immunological rejec-
tion, and they can be readily expanded many-fold in
vitro. However, we still must be careful about the safety
issues because exosomes contain a wide range of mol-
ecules, and it is hard to predict the overall outcome of
MSC-derived exosome administration. In particular, we
caution that exosomes with tissue-repair effects may
serve as an oncogenic factor when non-specifically deliv-
ered to uninjured tissue. Thus, it is essential to develop
technologies to deliver therapeutic exosomes specifi-
cally to target tissue. If surface molecules expressed
on the target tissue are known, surface modification
of the exosomes will improve the efficiency of specific
delivery (Alvarez-Erviti et al., 2011; Ohno et al., 2013).
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Another potential strategy is the utilization of MSCs
as a vehicle for the delivery of exosomal miRNAs. This
concept is based on the mouse study by Pan et al., in
which it was shown that intrasplenically transplanted
Huh?7 cells transduced with CD81 shRNA can efficiently
deliver functional CD8&1 siRNA to recipient hepatocytes
via exosome transfer (Pan et al., 2011). Because MSCs can
be directed and engrafted to injured sites (Chamberlain
et al., 2007), the systemic administration of MSCs that
have been genetically modified to overexpress thera-
peutic miRNAs might enable more efficient delivery of
exosomal miRNAs than direct exosome administration.
Furthermore, if the understanding of exosome secretion
mechanisms in MSCs becomes clear, genetic modifica-
tion of MSCs to increase exosome secretion may enhance
the therapeutic feasibility.

In conclusion, research on exosomal miRNAs is
now unveiling a variety of biological phenomena whose
mechanisms are not yet clear. Furthermore, this research
field holds great promise for therapeutic applications,
including cancer therapy and regenerative medicine.
However, to realize the clinical application, it is neces-
sary to elucidate the fundamental biology of this field,
including the mechanisms underlying biogenesis,
sorting, and secretion of exosomal miRNAs. Further-
more, we must always be careful about safety issues
before clinical applications.
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CANCER

Exosomes from bone marrow mesenchymal stem
cells contain a microRNA that promotes dormancy
in metastatic breast cancer cells

Makiko Ono,' Nobuyoshi Kosaka,' Naoomi Tominaga,' Yusuke Yoshioka,’
Fumitaka Takeshita,’ Ryou-u Takahashi,' Masayuki Yoshida,? Hitoshi Tsuda,?
Kenji Tamura,* Takahiro Ochiya'*

Breast cancer patients often develop metastatic disease years after resection of the primary tumor. The
patients are asymptomatic because the disseminated cells appear to become dormant and are unde-
tectable. Because the proliferation of these cells is slowed, dormant cells are often unresponsive to tra-
ditional chemotherapies that exploit the rapid cell cycling of most cancer cells. We generated a bone
marrow-metastatic human breast cancer cell line (BM2) by tracking and isolating fluorescent-labeled
MDA-MB-231 cells that disseminated to the bone marrow in mice. Coculturing BM2 cells with bone marrow
mesenchymal stem cells (BM-MSCs) isolated from human donors revealed that BM-MSCs suppressed
the proliferation of BM2 cells, decreased the abundance of stem cell-like surface markers, inhibited
their invasion through Matrigel Transwells, and decreased their sensitivity to docetaxel, a common
chemotherapy agent. Acquisition of these dormant phenotypes in BM2 ceils was also observed by
culturing the cells in BM-MSC-conditioned medium or with exosomes isolated from BM-MSC culiures,
which were taken up by BM2 cells. Among various microRNAs (miRNAs) increased in BM-MSC—
derived exosomes compared with those from adult fibroblasts, overexpression of miR-23b in BM2
cells induced dormant phenotypes through the suppression of a target gene, MARCKS, which en-
codes a protein that promotes cell cycling and motility. Metastatic breast cancer cells in patient bone
marrow had increased miR-23b and decreased MARCKS expression. Together, these findings suggest
that exosomal transfer of miRNAs from the bone marrow may promote breast cancer cell dormancy in

a metastatic niche.

INTRODUCTION

Breast cancer is the most common cancer; about 70,000 cases were newly
diagnosed in 2010, with more than 12,000 deaths reported in 2012 in Japan
(1). Although breast cancer mortality in Western countries is decreasing be-
cause of early detection and effective systemic adjuvant therapy, breast
cancer recurrence often oceurs, typically within 5 years but even up to
10 to 20 years after surgery (2). Because recurrence is often more aggres-
sive and untreatable, it is important to identify the mechanisms that enable
therapeutic subversion and regrowth. This phenomenon indicates that
breast cancer cells survive for a long time somewhere in the body in a
state of cancer dormancy, in which cells cease dividing but survive in a
quiescent state while waiting for appropriate environmental conditions to
begin proliferation again. Clinical reports show that disseminated breast
cancer cells can be detected in the bone marrow (BM) at early stages of
breast cancer and is a strong prognostic factor (3). Bone marrow is a com-
mon homing tissue for disseminated tumor cells, many of which have sur-
face abundance of CD44 but not CD24 (CD44" and CD247), a characteristic
common to breast cancer stem cells (CSCs) (4). It is thought that micro-
metastases form in the bone marrow and then recirculate to invade other,
distant organs (5).

"Division of Molecular and Cellular Medicine, National Cancer Center Research
Institute, Tokyo 104-0045, Japan. 2Depariment of Pathology and Clinical Lab-
oratories, National Cancer Center Hospital, Tokyo 104-0045, Japan. ®Depart-
ment of Pathology, National Defense Medical College, Saitama 359-0042,
Japan. “Breast and Medical Oncology Division, National Cancer Center Hospi-
tal, Tokyo 104-0045, Japan.

*Corresponding author. E-mail: tochiya@ncc.go.jp

By contrast, hematopoietic stem cells, which have the properties of
self-renewal and pluripotency, are thought to be regulated by signals
derived from the bone marrow microenvironment, called the bone marrow
niche.

Hematopoietic stem cell niches are composed of several cell types, in-
cluding endothelial cells (6), osteoblasts (7--9), chemokine ligand 12—
abundant reticular cells (/0), nonmyelinating Schwann cells (/7), and bone
marrow mesenchymal stem cells (BM-MSCs) (12). These cells appear to
control the self-renewal, differentiation, hibernation, and mobilization of
hematopoietic stem cells. It is thought that CSCs may form a niche similar
to that of hematopoietic stem cells; indeed, some reports have demonstrated
the existence of niche-regulating CSCs (73, 74). Furthermore, because
BM-MSCs have been found to be associated with breast cancer metastases
(15), we hypothesized that breast CSCs, similar to hematopoietic stem
cells, have a niche composed of BM-MSCs.

Exosomes, which are small intraluminal vesicles of multivesicular bodies
released upon exocytic fusion with plasma membranes, are secreted from
numerous types of cells and function in intercellular communication by
transporting intracellular contents, such as protein, mRNA, and microRNAs
(miRNAS) (16, 17). Exosomes secreted by cancer cells may play an impor-
tant role in cancer progression by promoting angiogenesis (/8), neutrophil
infiltration (79), and the education of bone marrow~derived cells (20). In
turn, exosomes secreted by stromal cells in the tumor microenvironment
may contribute to cancer progression through the transmission of their
cargo to cancer cells (21, 22). Therefore, we hypothesized that exosomes
secreted by BM-MSCs could influence the dormant state of metastatic
breast CSCs and investigated the molecular cargo that enabled this
switch.

www. SCIENCESIGNALING.org 1 July 2014 Vol 7 Issue 332 ra63 1

—222—

$107 ‘97 Arenue( uo /310 Sewoousios oxis//: A1y WOIJ papeojusmo(]



RESEARCH ARTICLE

RESULTS

Establishment of a metastatic breast cancer cell line that
exhibits homing to bone marrow

We established a breast cancer cell line that exhibited metastatic homing to
bone marrow by injecting C.B-17/lcr-scid/scidlcl mice with MDA-MB-
231 cells expressing luciferase and green fluorescent protein (GFP), mon-
itoring metastasis with bioluminescence, and analyzing the bone marrow
for metastatic cells (fig. S1A). The resulting clone from the bone marrow
was confirmed to be GFP-positive, indicating that these cells originated
from the parental cell line (fig. S1B), and was named MDA-MB-231-
BM2 (or BM2, for short). Whereas about half the population of the pa-
rental MDA-MB-231-luc-D3H2LN-GFP cells exhibited surface abundance
of CD24, the bulk of the BM2 clone did not (fig. S1C), indicating that the
bulk of the BM2 clone had a characteristic of breast CSCs. In addition, the
expression of many genes was similar in BM2 cells and parental cells; how-
ever, the expression of genes related to the cell cycle was decreased in
BM2 cells compared with the parental cells (fig. S2, A and B).

Coculture of breast cancer cells with BM-MSCs

to induce dormancy

The microenvironment plays an important role in tumor development, pro-
gression, and metastatic seeding, To determine the effects of BM-MSCs
on BM2 cells, we cocultured BM2 cells with BM-MSCs derived fiom each of
four human donors (table S1). We first confirmed that the BM-MSCs were
positive for CD73, CD90, and CD103, surface markers of BM-MSCs (fig. S3).
BM2 cells were labeled with the lipophilic dye PKH26, which is retained
in dormant or slow-cycling cells in culture (23). PKH26-labeled BM2 cells
were cocultured with BM-MSCs from different donors at ratio of 1 to 1.
As a control, a culture of BM2 cells was incubated alone. We confirmed
that almost all of the BM2 cells in either culture were positive for PKH26
on day 0 after labeling (fig. S4). Through microscopic analysis 72 hours
later, we observed that BM2 cells cocultured with BM-MSCs retained
PKH?26 labeling more so than did BM2 cells cultured alone (Fig. 1A).
Simultaneously, through flow cytometric analysis, we found that the
positive-to-negative ratio of PKH26-labeled cells was greater in BM2 cells
cocultured with BM-MSCs compared with those cultured in isolation
(Fig. 1B). Additionally, we confirmed a change toward a dormant state
in BM2 cells cocultured with BM-MSCs with cell cycle analysis, in which
trends for the number of cells in the G, phase decreased and the number
of cells in the Go/G, phase increased in BM2 cells cocultured with BM-MSC
compared with BM2 cells cultured alone (Fig. 1C). These findings indi-
cated that a proportion of BM2 cells acquired dormancy after coculture
with BM-MSCs.

From among several BM-MSC cultures, we selected a relatively potent
line, R14. Using the R14 cell line, we examined the surface abundance of
CD44 and CD24 on cocultured BM2 cells to investigate whether CSC char-
acteristics were changed by coculture with BM-MSCs. We found that the
number of CD44-negative (CD44") cells in cocultures markedly increased
compared with that in lone BM2 cultures (Fig. 1D), although CD24 surface
abundance was not different between the two (Fig. 1E). In addition, CD44~
cells sorted from the cocultured BM2 cells became CD44" after several
weeks of monoculture (Fig. 1F). These findings show that CD44 abundance
as a CSC marker on BM2 cells was decreased by coculture with BM-MSCs,
suggesting that cell proliferation and migration of BM2 cells might be
affected as well as the change of surface abundance of CSC marker.

Different properties of CD44~ cells and CD44" celis
To investigate whether decreased surface abundance of CD44 after cocul-
ture with BM-MSCs was correlated with the finding that the BM2 cell
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Fig. 1. Acquisition of dormancy in breast CSCs cocultured with BM-MSCs.
(A and B) Microscopy (A) and flow cytometry (B) for PKH26 retention in
PKH26-labeled BM2 cells cocultured with BM-MSCs for 72 hours com-
pared with BM2 cells cultured alone. Scale bars, 100 um. Data are repre-
sentative of three experiments. (C) Cell cycle analyses using Hoechst
33342 in BM2 cells cultured alone or cocultured with R14 BM-MSCs. Data
are means * SE (n = 3; P = 0.20, Student’s t test). (D) Flow cytometric
analyses of CD44 abundance in BM2 cells cultured alone or cocultured
with R14 BM-MSCs (upper panel). Data are means + SE of three ex-
periments; *P < 0.05, Student’s f test. (E) Flow cytometric analyses of
CD24 abundance in BM2 cells cultured alone or cocultured with R14
BM-MSCs. (F) CD44~ cells were sorted from BM2 and R14 BM-MSC co-
culture and BM2 cells cultured alone for up to 5 weeks; flow cytometric
analysis of CD44 abundance was performed at 3 or 5 weeks. Data in (E)
and (F) are means = SE of three experiments; (E) P = 0.10, (F) *P < 0.05,
Student’s ¢ test.
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line acquired dormancy, we compared the characteristics of CD44™ cells
and CD44" cells. We sorted BM2 cells cocultured with BM-MSCs into
CD44” and CD44" populations and confirmed the CD44 expression status
in each using immunocytochemistry and quantitative real-time polymerase
chain reaction (QRT-PCR) (fig. S5, A and B). We then examined each pop-
ulation for proliferation, invasive capacity, and drug sensitivity, CD44™ cells
had significantly decreased proliferation (Fig. 2A) and a significantly de-
creased invasion capacity compared with CD44” cells (Fig. 2B). Further-
more, CD44™ cells were less sensitive to docetaxel, a common breast cancer
therapeutic, than CD44™ cells (Fig. 2C). Finally, we confirmed that the
global gene expression patterns of the CD44" and CD44™ BM2 cells were
similar, although some genes that encode proteins that influence breast
cancer cell dormancy, such as SRC (24) and ERBB2 (25), were increased
and decreased, respectively, in the CD44™ population (fig. S6, A and B).
These findings provided evidence that the increased proportion of CD44™
cells in BM2 cultures induced by BM-MSCs was associated with the ac-
quisition of dormancy.

Contribution of BM-MSC—derived exosomes to the
acquisition of dormancy in BM2 cells

Next, we investigated how BM-MSCs promoted a dormant phenotype in
BM2 cell cultures. We found that culturing BM2 cells in a BM-MSC~
conditioned medium increased the number of CD44™ BM2 cells (Fig. 3A),
suggesting that a factor secreted by BM-MSCs was responsible for the
dormant state of BM2 cells. Therefore, we investigated the role of exo-
somes derived from BM-MSCs in the dormancy of BM2 cells. We isolated
exosomes from R14 BM-MSC-conditioned medium uvsing standard ultra-
centrifugation. Using phase-contrast electron microscopy and nanoparticle
tracking analysis (NTA), we determined that BM-MSC-derived exosomes
were about 100 to 200 nm in width, similar to the size of extracellular
vesicles (fig. S7A), and physically homogeneous, with most exosomes ex-
hibiting a size of 120 to 160 nm (fig. S7B). Through immunoblotting, we
confirmed that the exosomes were positive for the known exosome markers
CD9 and CD81 (fig. S7C). Furthermore, using SYTO64 dye, we detected
the migration of secreted nucleic acids from BM-MSCs into cocultured
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Fig. 2. Phenotypic differences between CD44* and CD44™ cells. The char-
acteristics of CD44* and CD44~ cells sorted from BM2 cells by flow cytom-
etry were compared. (A) Cell proliferation normalized to that in CD44~ cells
at 24 hours. Fach bar represents the mean = SE (n = 3; *P < 0.05). (B) Cell
invasion by CD44* and CD44" cells normalized to that in CD44” cells. Data
are means + SE (n = 3; **P < 0.001 versus CD44" cells, Student's t test).
Scale bar, 100 um. (C) Cell proliferation after docetaxel treatment (n = 3;
*P < 0.05, Student’s t test).

BM2 cells (Fig. 3B and fig. S8), and PKH26-labeled exosomes derived
from BM-MSCs were taken up by BM2 cells (Fig. 3C and fig. S9). To test
whether BM-MSC~derived exosomes could induce dormancy in BM2
cells, we treated PKH26-labeled BM2 cells with exosomes derived from
BM-MSCs. After 3 days of incubation, we performed flow cytometry and
found that the exosome treatment maintained higher levels of PKH26
abundance on BM2 cells, meaning induction of dormancy in a portion of
BM2 cells treated with BM-MSC-derived exosome (Fig. 3D and fig. S10A).
In addition, CD44 surface abundance was decreased in BM2 cells treated
with BM-MSC~derived exosomes (Fig. 3F and fig. S10B).
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Fig. 3. Induction of a dormant state in BM2 cells by BM-MSC~derived
exosomes. (A) Flow cytometric analysis of CD44 abundance in BM2
cells cultured with conditioned medium (CM) derived from R14 BM-MSCs.
Each bar represents the mean + SE (n = 3; *P < 0.05, Student’s  test). (B)
BM2 cells were cocultured with SYTO64-labeled R14 BM-MSCs, and
images were obtained after 24 hours of coculture. Scale bars, 50 pm.
The migration of secreted nucleic acids from BM-MSCs into cocultured
BM2 cells was detected (white arrow). (C) PKH26-labeled exosomes
derived from R14 BM-MSCs were added to BM2 cells. After incubation
for 24 hours, images were obtained. Scale bars, 100 um. (D) PKH26-
labeled BM2 cells were treated with exosomes derived from R14 BM-MSCs
or phosphate-buffered saline (PBS). After incubation for 72 hours, PKH26
abundance was analyzed by flow cytometry. Data are means + SE (n=3;
P =0.07, Student's ttest). (E) R14 BM-MSC-derived exosomes or PBS was
added to BM2 cells. After incubation for 1 week, flow cytometry was per-
formed to assess CD44 abundance. Data are means = SE (n = 3; *P <
0.05, Student’s  test).
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Common characterisiics between BM2 cells treated with
BM-MSC—derived exosomes and CD44~ BM2 cells

To investigate the characteristics exhibited by BM2 cells treated with BM-
MSC—derived exosomes, we treated the CD44™ fraction of BM2 cells with
BM-MSC—derived exosomes or PBS as a control and performed several
experiments. First, we examined cell proliferation in CD44" BM2 cells
treated with or without BM-MSC—derived exosomes and found that the
CD44" cells treated with exosomes had significantly decreased cell pro-
liferation (Fig. 4A and fig. S11A) and cell invasion (Fig. 4B and fig. S11B)
compared with those cultured alone, although invasion exhibited by cells
cultured with R37-dervied exosomes was not significantly decreased. These
findings were validated using exosomes derived from BM-MSCs isolated
from other volunteers (fig. S11, A and B). To confirm that BM-MSC—
derived exosomes could also affect the characteristics of BM2 cells in vivo,
BM-MSC-derived exosomes or the same volume of PBS was added to
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were compared. BM2 cells
not cocultured with exosomes were treated with PBS. (A) Cell proliferation
in CD44* BM2 cells cultured with exosomes normalized to that in cells
cultured in the absence of exosomes at 24 hours. Data are means + SE
(n = 3; *P < 0.01, Student's t test). (B) Cell invasion by CD44* BM2 cells
cultured with or without exosomes, normalized to the invasion index of cells
cultured without exosomes. Data are means = SE (n = 3; *P < 0.05 versus
cells without exosomes, Student’s t test). Scale bar, 100 um. (C) Bio-
juminescence quantification in an orthotopic xenograft mouse model of tu-
mors derived from CD44% BM2 cells cultured in the presence or absence
of exosomes. Data are means = SE (17 = 5 mice; P = 0.42, Student’s t test)
compared with CD44* BM2 cells treated without exosormes at day 20. (D)
Proliferation of CD44* BM2 cells treated with docetaxel alone or in the pres-
ence of exosomes (n = 3; *P < 0.01, Student’s  test).

cultures of BM2 cells at days 1 and 4 and incubated for 7 days before
being injected into the mammary fat pads of severe combined immuno-
deficient (SCID) mice. Twenty days after injection, the luciferase activity
in tumors resulting from BM2 cell proliferation was lower in the mice
implanted with BM-MSC—derived exosome-treated cells than that in con-
trols (Fig. 4C), indicating that the exosomes slowed tumor growth (or tu-
mor formation) by BM2 cells. Additionally, exosome-treated CD44™ BM?2
cells exhibited somewhat greater drug resistance compared with cultures
lacking exosomes (Fig. 4D and fig. S11C), although the effect of R37-
derived exosomes was not statistically significant. These findings suggested
that the characteristics of the exosome-treated CD44 ™ cells were shared by
the CD44™ cells in dormant BM2 cells by decreasing surface abundance
of CD44 in BM2 cell population.

Dormancy in BM2 cultures from exosomal miRNAs
derived from BM-MSCs

We next explored which aspects of BM-MSC-derived exosomes promoted
dormancy in BM2 cells. Because exosomes contain a large number of
miRNAs that diversely influence on cells, we hypothesized that miRNAs
in the BM-MSC-derived exosomes contributed to the dormant state of
BM2 cells through exosome-mediated transfer. We analyzed the miRNA
abundance signature in BM-MSC—derived exosomes compared with that
in adult fibroblasts as a control and identified 44 miRNAs with a more than
twofold increase in expression in R14 BM-MSC-derived exosomes (table
S2). Of these, we selected miR-23b on the basis of previous reports showing
that miR-23b suppresses cell invasion and migration or that it contributes
to cell cycle arrest and the inhibition of cell proliferation (26, 27). Using
qRT-PCR, we confirmed that the abundance of miR-23b was more than
twofold greater in R14 BM-MSC-derived exosomes compared with that
in the adult fibroblasts (fig. S12).

To investigate whether miR-23b affected the dormant state of BM2
cells, PKH26-labeled BM2 cells were transfected with ectopic miR-23b
or an empty expression vector as a negative control. Overexpression of
miR-23b was confirmed by gRT-PCR (fig. S13). Three days after trans-
fection, we found that BM2 cells transfected with miR-23b had a some-
what greater proportion of PKH26-positive cells than those transfected
with the control (Fig. SA). In addition, we investigated whether the over-
expression of miR-23b modulated the surface abundance of CD44 in BM2
cell cultures. CD44™ BM2 cells were transfected with miR-23b or the neg-
ative control vector. We found that the CD44™ proportion of the cell pop-
ulation increased by 10% upon overexpression of miR-23b (Fig. 5B). These
findings indicated that exosomal miR-23b was responsible for the induction
of dormancy in BM2 cells. We also found that the CD44™ BM2 cells with
miR-23b overexpression had decreased cell proliferation (fig. S14A) and
relatively decreased cell invasion compared with the control, although the
latter was not statistically significant (fig. S14B). Additionally, we per-
formed an orthotopic injection of miR-23b-transfected BM2 cells into
the mammary fat pads of SCID mice. Twelve days later, we found that
the luciferase activity in tumors resulting from miR-23b-transfected
BM2 cells was somewhat, but not significantly, decreased compared with
that in tumors from control cells (Fig. 5C), indicating that miR-23b may
decrease cell proliferation in vivo. Together, these results suggested that
bone marrow-secreted miR-23b may contribute to the induction of dor-
mancy in disseminated breast cancer cells.

Targets of exosomal miR-23b in BM2 cells

To identify the target of miR-23b that mediated dormancy induction in BM2
cells, we used in silico information (TargetScan and miRanda) to deter-
mine that miR-23b targets genes and identified several cell cycle—related
genes, including CCNG1, CDC40, CDC23, CDC6, E2F6, HDAC7, and
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Fig. 5. Suppression of MARCKS by miR-23b. (A) Flow cytometric analysis
of the PKH26 retention in PKH26-labeled BM2 cells transfected with miR-
23b (miR-23b OE) or a negative control vector (control), Data are means +
SE (n=3; P=0.08, Student's ttest). (B) Flow cytometric analysis of CD44
abundance in CD44" BM2 cells transfected with miR-23b (miR-23b OE) or
negative control (control). Data are means = SE (n=3; *F < 0.05, Student's
ttest). (C) Bioluminescence quantification in an orthotopic xenograft mouse
model of tumors derived from miR-23b-overexpressing BM2 cells (miR-23b)
(n = 5 tumors) or negative control-ransfected cells (NC) (n = 4 tumors).

Data are means + SE (P = 0.60, Student's { test). (D) Expression of -

MARCKS in BM2 cells transfected with miR-23b or a negative control
vector (control) was analyzed by qRT-PCR. Data are means + SE (n = 3;
*P < 0.05, Student's ¢ test). (E) Immunoblot analysis of MARCKS against
B-actin derived from BM2 cells transfected with miR-23b or control vector.
Equal amounts of protein concentration were analyzed by immunoblotting.
Data are means + SE (n = 3; P = 0.04, Student's ttest). (F) 3UTR reporter
assay using HEK293 cells. HEK293 cells were cotransfected with hsa-miR-
23b or negative control (control) and MARCKS 3'UTR vector or with its con-
trol vector. After 48 hours, luciferase activity was measured (n = 8; *FP <
0.004, Student’s f test). (G and H) PKH26-labeled BM2 cells were trans-
fected with MARCKS siRNA or a control siRNA (control), PKH26 retention
(G) and CD44 abundance (H) were analyzed by flow cytometry 72 hours
later. Data are means = SE (n = 3; *P < 0.05, Student's ¢ test).

YWHAG (table S3). In particular, miR-23b targeted MARCKS, which en-
codes myristoylated alanine-rich C kinase substrate. MARCKS promotes
cell motility and cycling and is implicated in the pathogenesis of meta-
static cancers (28). Using qRT-PCR, we found that MARCKS expression
in BM2 cells transfected with miR-23b was significantly decreased com-
pared with cells transfected with a negative control (Fig. 5D). In addition,
we confirmed that the abundance of MARCKS was decreased in miR-23b~—
transfected BM2 cells compared with controls (Fig. 5E), and that miR-23b
bound directly to the 3/ untranslated region (3'UTR) of MARCKS and sup-
pressed its transcription in human embryonic kidney (HEK) 293 cells (Fig.
SF). Furthermore, we analyzed the expression of miR-23b in BM2 cells
treated with BM-MSC~derived exosomes and found that the expression
of miR-23b was significantly increased and MARCKS expression signifi-
cantly decreased in BM2 cells treated with exosomes compared with un-
treated cells (fig. S15). Finally, we performed a flow cytometric analysis of
BM2 cells transfected with a small interfering RNA (siRNA) against MARCKS
or a negative control siRNA. We found that the MARCKS knockdown in
BM2 cells (fig. S16) induced dormancy as inferred from an increase in the
proportion of PKH26-positive BM2 cells and decreased the surface abun-
dance of CD44 compared with those transfected with the control (Fig. 5,
G and H). Additionally, CD44" BM2 cells transfected with MARCKS
siRNA had decreased cell proliferation and invasion (fig. S17, A and B)
compared with those transfected with the control. Together, these findings
demonstrated that exosomal transfer of miR-23b from BM-MSCs decreased
MARCKS expression in BM2 cells, promoting the acquisition of dormancy.

BM-MSCs adjacent to breast cancer cells in the bone
marrow of breast cancer patients

To corroborate our findings in humans, we examined clinical samples
from breast cancer patients in whom cancer cells had metastasized to bone
marrow. We performed immunohistochemical analysis of bone marrow
specimens from three patients with breast cancer metastases to bone mar-
row to examine the relationship between breast cancer cells and BM-MSCs.
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In the bone marrow, BM-MSCs were observed among or adjacent to
clusters of breast cancer cells (Fig. 6A), confirming that BM-MSCs coex-
isted with breast cancer cells in bone marrow in breast cancer patients.
Using laser capture microdissection, we isolated cancer cells from both
bone marrow and primary breast tissue from 10 patients who presented
with breast cancer metastasis to the bone marrow. We found that the ex-
pression of miR-23b trended higher and that of MARCKS trended lower in
the cancer cells isolated from bone marrow compared with those from
primary breast tissue (Fig. 6B), although neither was statistically signifi-
cant. The patient data generally support our findings in cells and mice, and
suggest that this mechanism may contribute to the dormant phenotype of
disseminated breast cancer cells in the bone marrow.
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Fig. 6. Analysis of clinical samples from patients with breast cancer metasta-
sis to bone marrow. (A) Immunohistochemical analyses of bone marrow from
three patients (numbered 1, 2, and 3) with breast cancer that metastasized to
bone marrow were performed. CD105 (brown) and cytokeratin (purple) stain-
ings indicate BM-MSCs and breast cancer cells, respeciively. (B) miR-23b
and MARCKS expression in breast cancer cells in primary lesions and in bone
marrow (n = 10; miR-23b, P = 0.13; MARCKS, P = 0.87; Wilcoxon test).

DISCUSSION

The microenvironment contains many factors and cell types, such as immune
cells, stromal cells, and endothelial cells, that influence cancer progression
(29). Cancer cells and surrounding noncancerous cells interact by secreting
exosomes. It has been demonstrated that exosomes derived from noncancer-
ous cells influence cancer progression and metastasis. Fibroblast-secreted
exosomes promote breast cancer cell migration by activating autocrine
Wnt-PCP (planar cell polarity) signaling in breast cancer cells (27), and
BM-MSC-derived exosomes facilitate the progression of multiple myelomas
through the transfer of miR-15a (22). Moreover, several studies have reported
that cancer cell-derived exosomes contribute to cancer progression by in-
ducing changes in surrounding noncancerous cells. For example, melanoma-
secreted exosomes enable bone marrow progenitor cells to travel to secondary
organs (20), and Kosaka et al. (18) showed that exosomes secreted from breast
cancer cells drove endothelial cells to promote angiogenesis, enabling cancer
metastasis. Furthermore, neutrophil infiltration, which promotes tumor forma-
tion and metastasis, was found to be promoted by cancer cell-derived exosomes
(19). Thus, there are increasing reports about the role of exosomes in cancer
biology. Here, we demonstrated that BM-MSCs play an important role in
inducing dormancy in CD44"/CD24” breast CSCs in bone marrow through
the transfer of a cell cycle inhibitory miRNA, indicating that breast CSCs
are maintained by surrounding noncancerous BM-MSCs.

Some reports indicated that a vascular niche composed of endothelial
cells maintains CSC “stemness” in skin tumors (/3) and brain tumors
(14). Ghajar et al. (30) also determined that a stable microvasculature
formed a niche for cancer cell dormancy, although they did not refer to
CSCs. These findings suggested that CSCs are maintained by a microenvi-
ronment similar to those of normal stem cells, such as hematopoietic stem

cells and neural stem cells (6, 37). Here, we identified BM-MSCs, which
constitute niche-regulating hematopoietic stem cells, promote breast CSC
dormancy. Although it is believed that bone marrow functions as a reservoir
for disseminated tumor cells and that metastasis to secondary organs occurs
because of the recirculation of disseminated tumor cells from bone marrow, the
precise mechanisms remain unclear. It was reported that periostin, a component
of the extracellular matrix derived from stromal cells, was required for the
colonization of breast CSCs after their metastasis to secondary organs (32).
Our study demonstrated mechanisms of maintaining breast CSCs in a dor-
mant state in bone marrow that may occur before their metastatic growth
there or in target organs. In addition, we found that the surface abundance of
CD44, a characteristic marker of breast CSCs, was decreased in BM?2 cultures
that acquired dormant phenotypes. It is reported that CD447/CD24" cells
are breast CSCs, defined largely by their tumorigenicity in mouse studies.
However, although tumorigenicity is considered a feature of CSCs (33), it
does not indicate dormancy in stem cells. It is possible that changes in CD44
surface abundance are reversible and that cells regain tumorigenicity with
time or in response to conditions in the microenvironment.

In addition, we discovered that the effects of BM-MSCs on breast CSCs
were attributable to the transfer of miRNAs from BM-MSCs to breast CSCs
through exosomes. We revealed that exosomal miR-23b promoted dorman-
cy and decreased CD44 surface abundance in breast cancer cells. In agree-
ment with our study, miR-23b induces cell cycle arrest in glioma CSCs and
suppresses glioma cell migration and invasion (26, 27). We identified
MARCKS as a target gene of miR-23b through in silico analysis. MARCKS
expression is associated with the pathogenesis of metastatic cancers, and
the inhibition of MARCKS expression reduces cell invasion and induces cell
cycle arrest in colon cancer (28). Using gRT-PCR and immunoblotting, we
confirmed that the MARCKS expression in BM2 cells transfected with
miR-23b was significantly decreased compared with the control. Exosomal
miR-23b was transferred to BM2 cells, where it suppressed the MARCKS
expression. However, in our study, whereas xenografts derived from exosome-
treated BM2 cells exhibited substantially decreased tumor growth, xenografts
derived fiom BM2 cells overexpressing miR-23b did not exhibit the same
degree of proliferative inhibition, suggesting that factors additional
to miR-23b contribute to this effect. Therefore, we conclude that exosomal
transfer of miR-23b and its suppression of MARCKS is one of the mechanisms
contributing to cell cycle suppression and dormancy in breast CSCs.

Here, we focused on how cancer cells maintain a dormant state before
cancer recurrence, and our findings provide new insights into that issue.
From this viewpoint, it is feasible that the mechanism by which cancer
cells switch from a dormant state to a proliferative state should function
when cancer recurs; however, we did not address this point in this study.
Further research is needed to clarify that mechanism. Because exosomes
include not only miRNAs but also many types of mRNAs, proteins, and
cytokines (16, 17), it is possible that certain proteins function additively. In
addition, in this study, the induction of dormancy occurred in only about
10% of cancer cells, suggesting that although miR-23b-mediated suppres-
sion of MARCKS contributes, there are likely multiple mechanisms that
cooperate to promote dormancy in breast CSCs. Nonetheless, our findings
suggest that targeting molecules secreted through exosomes from meta-
static niches may prevent or delay cancer recurrence.

MATERIALS AND METHODS

Cell culture and establishment of a bone
marrow—metastatic breast cancer cell line

Donor information for the human BM-MSC lines R14, R36, R37 (RIKEN),
and 4F0218 (Cambrex) is provided in table S1. BM-MSCs were routinely
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cultured in MesenPRO RS medium (Invitrogen) containing 2% serum
and supplemented with 2 mM GlutaMAX and an antibiotic-antimycotic
[penicillin (100 U/ml), streptomycin (100 pg/ml), and amphotericin B
(0.25 pg/ml)] (Invitrogen) at 37°C in 5% CO,. All BM-MSCs were used
by the 10th passage. For the coculture of breast cancer cells with BM-MSCs,
equal proportions of BM2 cells and BM-MSCs were cocultured in MesenPRO
RS medium as described for BM-MSCs. To obtain BM-MSC-conditioned
medium, the medium was collected after 2 to 3 days of incubation with
the relevant BM-MSC line and centrifuged at 2000g for 10 min at 4°C.
Supernatant was filtered through a 0.22-um filter unit (Millipore) to thor-
oughly remove the cellular debris. Conditioned medium was then ultracen-
trifuged at 110,000g for 70 min at 4°C. Pellets were washed with 11 ml of
PBS, ultracentrifuged again, and resuspended in PBS. The protein content
of the exosome fraction was measured using the Micro BCA Protein As-
say Kit (Thermo Scientific). To track metastasis and establish a bone marrow—
metastatic cell line, lentiviral infection of MDA-MB-231-luc-D3H2LN
cells (Xenogen) was performed with the pGreenPuro Scramble Hairpin
Control (construct MZIPO00O-PA-1, System Biosciences) to establish breast
cancer cells that stably expressed both firefly luciferase and a GFP cloned
from copepod Pentellina plumata (cop-GFP, also known as ppluGFP2).
These cells, which we called MDA-MB-231-luc-D3H2LN-GFP, were
cultured in RPMI 1640 containing 10% heat-inactivated fetal bovine serum
(FBS) and the antibiotic-antimycotic (above) at 37°C in 5% CO,. The left
heart ventricle of 8-week-old female C.B-17/Icr-scid/scidlcl mice (Crea
Japan) was injected with 1 x 10° MDA-MB-231-luc-D3H2LN-GFP cells
suspended in 100 ul of PBS. The subsequent development of metastasis
was monitored by injecting luciferin into the mice and measuring bio-
luminescence using an IVIS imaging system and Living Image 2.50 anal-
ysis software (Xenogen). On day 10, bioluminescence was detected in the
bilateral legs of a mouse that had received an intracardiac injection. The
mouse was sactificed, and bone marrow was extracted from the legs, cul-
tured in RPMI 1640 as described for the parental MDA-MB-231-luc-D3H2LN-
GFP cell line above, and microscopically analyzed for GFP-positive cells.
An MDA-MB-231-luc-D3H2LN-GFP cell was cultured under Zeocin se-
lection to establish clones, which we called BM2 cells, cultured in RPMI
1640 as described above for the parental line.

Patient samples

Human bone marrow tissue samples were derived from breast cancer pa-
tients treated at the National Cancer Center Hospital. Samples were fixed
in formalin, embedded in paraffin, and sectioned for use in microscopic
analysis and laser capture microdissection. This study was approved by the
Institutional Review Board.

Cell proliferation assay

Cells (3000) were seeded into each well of a 96-well plate and either un-
treated or treated as indicated in the figures. To assess the effects of exo-
somal transfer on docetaxel sensitivity, cells were treated with docetaxel
for 2 days. Cell viability as a measure of relative proliferation in an MTS
[3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2~(4-sulfopheny!)-2 H-tetrazolium] assay was determined on the indicated
days using the Cell Counting Kit-8 (Dojindo) according to the manufac-
turer’s instructions, and the absorbance at 450 nm was measured using an
EnVision Multilabel Plate Reader (PerkinElmer, Wallac Oy). CD44™ BM2
cells were used for the exosome experiments, and 1 pg of exosomes or
PBS at equal volume was added to each well daily.

Transwell invasion assay
The invasion capacity of BM2 cells was assayed in 24-well BioCoat
Matrigel 8-um invasion chambers according to the manufacturer’s protocol

(Becton Dickinson). Briefly, 1 x 10° cells in serum-free RPMI 1640 me-
dium were plated in the upper chamber. The bottom chamber contained
10% FBS as a chemoattractant. Noninvasive cells were removed with a
cotton swab 22 hours later. The cells that migrated through the membrane
and adhered to the lower surface of the membrane were fixed with meth-
anol and stained with Diff-Quick Staining Kit. For quantification, the cells
were counted under a microscope in four random fields. All assays were
performed in triplicate. The data are presented as the percentage invasion
through the Matrigel matrix and membrane relative to the migration through
the control membrane. In the examination of exosomes, after CD44" cells
were plated in the upper chamber, [ pg of exosomes derived from BM-
MSCs was added to each chamber.

Cell cycle analyses

BM2 cells and BM-MSCs were either cocultured or cultured separately
for 72 howrs, then fixed with 4% formaldehyde (Sigma-Aldrich) and
washed twice in PBS. The cell nuclei were stained with Hoechst 33342
(1:2000, Invitrogen), and the cells were incubated for 15 min. Images were
acquired using a 10> water immersion objective and the nonconfocal ultra-
violet channel on an Opera high-content screening system (PerkinElmer).

Cell sorting and flow cytometric analyses

BM2 cells were labeled with a PKH26 Red Fluorescent Labeling Kit
(Sigma-Aldrich) according to the manufacturer’s protocol and cocultured
with BM-MSCs. After 72 hours of coculture, the cells were suspended in
their culture medium and subjected to flow cytometric analyses using a
JSAN cell sorter (Bay Bioscience). At least 1 million cells were pelleted
by centrifugation at 180g for 5 min at 4°C. BM2 cells were cocultured with
BM-MSCs transfected with miR-23b, treated with BM-MSC-conditioned
medium, or 3 pg of exosomes. After 7 days in culture (or 3 days for the
transfection of miRNAS), the cells were suspended as described above with
5 ul of a monoclonal mouse antibody against human CD44~allophycocyanin
(APC) (clone G44-26, BD Pharmingen) or 10 pl of a monoclonal mouse
antibody against human CD24-APC (clone MLS5, BioLegend) and incu-
bated for 30 min at 4°C.

Isolation of miRNAs

Total RNA was extracted from cultured cells using the QlAzol reagent and
the miRNeasy Mini Kit (Qiagen), and total RNA was extracted from clin-
ical specimens using the RecoverAll Total Nucleic Acid Isolation Kit
(Ambion) according to the manufacturer’s protocols.

Quantitative real-time polymerase chain reaction
gRT-PCR was performed as previously described (34). miRNA expression
was quantified using TaqMan miRNA assays (Applied Biosystems). PCR
was performed in 96-well plates using the 7300 Real-Time PCR System
(Applied Biosystems). All reactions were performed in triplicate. ARNUG
was used as an invariant control for assessing the expression of cellular
miRNAs. The TagMan probes for Asa-miR-23b (miR-23b) and hRNUG6
were purchased from Applied Biosystems.

Microarrays

Raw and normalized microarray data are available in the Gene Expression
Omnibus (GEO) database (accession numbers GSE57921 and GSE58027).
Total RNA was extracted from cultured cells using the QIAzol reagent and
the miRNeasy Mini Kit (Qiagen). RNA quantity and quality were deter-
mined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific Inc.) and an Agilent Bioanalyzer (Agilent Technologies), as rec-
ommended. Total RNA was amplified and labeled with cyanine 3 (Cy3)
using Low Input Quick Amp Labeling Kit, one-color (Agilent Technologies)
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following the manufacturer’s instructions. Briefly, 100 ng of total RNA was
reversed-transcribed to double-strand complementary DNA (cDNA) using
a poly dT-T7 promoter primer. Primer, template RNA, and quality-control
transcripts of known concentration and quality were first denatured at
65°C for 10 min and incubated for 2 hours at 40°C with 5x first strand
buffer, 0.1 M dithiothreitol, 10 mM deoxynucleotide triphosphate mix, and
AffinityScript RNase Block Mix. The AffinityScript enzyme was inactivated
at 70°C for 15 min. cDNA products were then used as templates for in vitro
transcription to generate fluorescent complementary RNA (cRNA). ¢cDNA
products were mixed with a transcription master mix in the presence of
T7 RNA polymerase and Cy3-labeled CTP (cytidine 5'-triphosphate) and
incubated at 40°C for 2 hours. Labeled cRNA was purified using RNeasy
Mini Spin Columns (Qiagen) and eluted in 30 ul of nuclease-free water. After
amplification and labeling, cRNA quantity and cyanine incorporation were
determined using a NanoDrop ND-1000 spectrophotometer and an Agilent
Bioanalyzer. For each hybridization, 0.60 pg of Cy3-labeled cRNA was frag-
mented and hybridized at 65°C for 17 hours to an Agilent SurePrint G3 Hu-
man GE v2 8x60K Microarray (design ID: 039494). After washing, microarrays
were scanned using an Agilent DNA microarray scanner. Intensity values of
each scanned feature were quantified using Agilent Feature Extraction software
version 10.7.3.1, which performs background subtractions. We only used
features that were flagged as no errors (present flags) and excluded features
that were not positive, not significant, not uniform, not above background,
saturated, and population outliers (marginal and absent flags). Normaliza-
tion was performed with Agilent GeneSpring GX version 12.6.1 (per chip:
normalization to 75th percentile shift; per gene: normalization to median of
all samples). There are a total of 50,599 probes on Agilent SurePrint G3 Hu-
man GE v2 8x60K Microarray (design ID: 039494) without control probes.
The altered transcripts were quantified using the comparative method. We
applied 21.2-fold change in signal intensity to identify the significant differ-
ences of gene expression in this study.

Transient miRNA transfection

Synthetic hsa-miR-23b was obtained from Bonac. The AllStars Negative
Control siRNA was purchased from Qiagen. The transfection of miRNA
and siRNA was accomplished using the DharmaFECT 1 transfection reagent
(Thermo Fisher Scientific) according to the manufacturer’s protocol. The
hsa-miR-23b sequences were (5’ to 3') UGGGUUCCUGGCAUGCU-
GAUUU (sense) and AUCACAUUGCCAGGGAUUAC (antisense).

Immunohistochemistry

Specimens were formalin-fixed and paraffin-embedded, and 4-um-thick
sections were prepared for immunohistochemistry, performed with antibodies
against the BM-MSC marker CD105 (clone SN6, Abcam) and an epithelial
marker cytokeratin (clone AE1/AE3, Dako). The sections were deparaffin-
ized and incubated first with the CD105 antibody at room temperature for
1 hour, incubated with a peroxidase-conjugated secondary antibody, and
visualized with diaminobenzidine tetrahydrochloride and hydrogen perox-
ide (CSA 11, Dako). Sections were subjected to antigen retrieval by being
autoclaved in sodium citrate buffer (pH 6.0) for 10 min at 121°C and al-
lowed to cool to room temperature. Slides were then incubated with a cyto-
keratin antibody at room temperature for 1 hour, and then incubated with
a dextran polymer reagent combined with secondary antibodies and per-
oxidase (EnVision Plus, Dako) for 2 hours at room temperature. Specific
antigen-antibody reactions were visualized using the Vector VIP peroxidase
(HRP) Substrate kit.

Immunoblot analysis
Exosomes were lysed in a 2% SDS buffer, and equal amounts of protein were
loaded onto an SDS-polyacrylamide gel and transferred onto polyvinylidine

difluoride membranes (Bio-Rad Laboratories). Antibodies against CD9
(1:200, Santa Cruz Biotechnology), CD81 (1:200, Santa Cruz Biotech-
nology), MARCKS (1:5000, Abcam), and B-actin (1:1000, Millipore) were used
as primary antibodies. CD9 and CD81 abundance was assessed in nonreduc-
ing conditions. As secondary antibodies, HRP (horseradish peroxidase)—
linked antibodies against mouse and rabbit immunoglobulin G (GE Health-
care) were used at a dilution of 1:5000. Bound antibodies were visualized
by chemiluminescence, and images were analyzed using a LuminoImager
(LAS-3000, Fujifilm Inc.).

Nanoparticle tracking analysis

NTA of exosomes resuspended in PBS and further diluted for analysis was
performed with the NanoSight LM10-HS system per manufacturer’s
protocol.

Confocal microscopy

Confocal microscopy was performed with an Olympus FV10i laser scan-
ning microscope. The filters used were 489 to 510 nm (for GFP), 551 to
567 nm (for PKH26), and 599 to 619 nm (for SYTO64).

Phase-contrast transmission electron microscopy
BM-MSC—derived exosomes were visualized using phase-contrast trans-
mission electron microscopy performed by Terabase Inc.

SYTO64-labeled miRNA transfer

BM-MSCs were incubated at 37°C for 7 hours in the presence of 1 uM
SYTO64-labeled conditioned medium, the medium was discarded, and the
BM-MSCs were washed twice with PBS to remove excess dye. BM2 cells
were added to the dish in which BM-MSCs were seeded, and the cells were
incubated at 37°C for 24 hours.

PKH26-labeled exosome transfer

Purified exosomes derived from BM-MSCs were labeled with the PKH26
Red Fluorescent Labeling Kit (Sigma). Exosomes were incubated with
2 uM PKH26 for 5 min, washed four times through a 100-kD filter (Microcon
YM-100, Millipore) to remove excess dye, and incubated with BM2 cells
at 37°C.

Establishment of stable cell lines

Stable BM2 cell lines expressing miR-23b were generated by selection with
puromyein (2 pug/ml). BM2 cells at 90% confluency were transfected with an
hsa-miR-23b expression vector in 24-well dishes using the Lipofectamine
LTX Reagent in accordance with the manufacturer’s instructions (Life Tech-
nologies). Cells were replated in a 10-cm dish 12 hours after transfection,
followed by selection with puromycin for 3 weeks. Ten surviving single
colonies were picked from each transfectant and cultured for an additional
2 weeks. The cells expressing the largest amount of miR-23b among the trans-
fectants were considered to stably express miR-23b.

3'UTR reporter assay plasmid construcis

A 729-base pair fragment from the 3'UTR of MARCKS, which contained
the predicted target sequences of miR-23b (located at positions 1210 to
1216 and 1654 to 1660 of the MARCKS 3'UTR), was cloned by PCR from
total RNA isolated from MDA-MB-231 cells. A 3/ polyadenylate overhang
was added to the PCR products after 15 min of regular Taq polymerase treat-
ment at 72°C. The PCR products were cloned into a pGEM-T Easy vector
(Promega) and ligated into the Not I site of the 3'UTR of the Rennila luciferase
gene in the psiCHECK-2 plasmid (Promega). The miR-23b primer sequences
were (5 to 3") TGGAGAAGCTTTGACCAATTT (forward) and AAGGCC-
CATGAACTGACATC (reverse). HEK293 cells were cultured overnight
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in 96-well tissue culture plates at densities of 1 % 10* cells per well, respec-
tively, and each construct was cotransfected with hsa-miR-23b using the
DharmFECT Duo Transfection Reagent (Thermo Fisher Scientific). The
cells were harvested 48 hours after transfection, and the Rennila luciferase
activity was measured and normalized to the firefly luciferase activity. All
assays were performed in triplicate and were repeated at least three times;
representative results are shown,

Tumorigenicity assay in SCID mice

BM2 cells (20,000) were seeded into six-well plates, and 3 ug of BM-MSC-~
derived exosomes or the same amount of PBS was added to each well on
days 1 and 4. Five-week-old female C.B-17/Icr-scid/scidic] mice (Crea
Japan) received mammary fat pad 100-ul injections of PBS containing
1 x10° BM2 cells that had been cultured with R14 BM-MSC-derived
exosomes or PBS for 7 days. Tumor growth was monitored by injecting
mice with luciferin and measuring the bioluminescence using an IVIS im-
aging system (Xenogen). The data were analyzed using Living Image 2.50
software (Xenogen). All experimental protocols involving animals were
approved by the Institute for Laboratory Animal Research, National Can-
cer Center Research Institute.

Statistical analyses

The data presented in bar graphs are means + SE of at least three indepen-
dent experiments. The statistical analyses were performed with Student’s ¢
test or Wilcoxon test. £ < 0.05 was considered to be statistically significant.

SUPPLEMENTARY MATERIALS
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Abstract Drug-induced liver and cardiovascular injuries
are important aspects of safety evaluations of numerous
drugs in development. Therefore, reliable and predictive
biomarkers to allow detection of early signs of drug-
induced liver and cardiovascular injuries are required in
clinical and preclinical pharmaceutical evaluation. Mi-
croRNAs (miRNAs) are reported to be present in body
fluids (blood, urine, etc.), and these ‘circulating miRNAs’
have been proposed as toxicological biomarkers of drug-
induced tissue injury in preclinical and clinical practice. To
be used as biomarkers of drug toxicity, such miRNAs need
to show rapid and injured-tissue—specific upregulation in
body fluids after injury, be more sensitive than existing
protein markers such as alanine aminotransferase (ALT)
and troponins, and be able to identify the toxicants
responsible, if possible. In this article, we focus on the
current knowledge of circulating miRNAs, which have
potential for use in assessment of drug-induced liver and
cardiovascular injuries. In addition, we discuss an impor-
tant question regarding normalization of the expression
levels of certain circulating miRNAs in body fluids.
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1 Introduction

MicroRNAs (miRNAs) are endogenous non-coding RNAs
of ~22 bp in length, which suppress gene expression in a
sequence-specific manner and play important roles in a
wide range of physiological and pathological processes [1,
2]. miRNA was first identified in Caenorhabditis elegans
as RNA molecules that were complementary to the
3’ untranslated regions of the target transcript, such as the
lin-4 and let-7 genes [3, 4]. On the basis of miRBase
release 20.0, more than 1,800 human miRNAs have been
registered [5], with a large number being evolutionarily
conserved [6, 7]. It has been reported that miRNAs are
expressed in all animal cells and have fundamental roles in
cellular activities such as development, cellular differenti-
ation, proliferation, cell-cycle control, apoptosis, metabo-
lism, and cancer [7]. miRNAs can downregulate gene
expression by affecting mRNA stability and influencing
protein synthesis in a sequence-specific manner [8]. Simi-
larly to mRNA, some miRNAs are produced in a cell- or
tissue-specific manner [9, 10]. Those specific miRNAs
would be released to ouside of these cells followed by cell
injury. Thus, it is strongly suggested that injured cells or
tissues could be identified by detecting such miRNAs cir-
culating in body fluids.

Recent studies have suggested that miRNAs are not only
localized within the cell (cellular miRNA) but are also
present in extracellular spaces such as body fluids [11-16].
Interestingly, these circulating miRNAs are resistant
against RNase- and repetitive freezing and thawing cycle-
mediated degradation, owing to the formation of com-
plexes with high-density lipoproteins [17] or Argonaute 2
[18], or envelopment in microvesicles [19, 20], exosomes
[21, 22], or apoptotic bodies [23, 24]. miRNAs are
detectable and highly stable in circulation [25, 26], making
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them attractive for biomarker discovery. On the basis of
these findings, the profile of circulating miRNAs in a wide
range of body fluids, including urine, blood, cerebrospinal
fluid, bronchial lavage, and breast milk, has been exploited
as a biomarker in various diseases, including cancer [27],
drug-induced tissue injury [9], and inflammation [28]. In
oncology, many studies have demonstrated that circulating
miRNAs are a potential diagnostic biomarker of chronic
lymphocytic leukemia [29], non-small-cell lung cancer
[30], colorectal cancer [31], and many other cancers [12,
32]. These data consistently show that circulating miRNAs
are potentially useful biomarkers for cancer diagnosis and
prognosis. Recently, several studies have reported that the
levels of specific circulating miRNAs have been used to
detect and monitor tissue injury induced by drugs, although
the number of such studies is relatively small.

In this article, we discuss recent findings regarding the
potential of circulating miRNAs as biomarkers of liver and
cardiovascular toxicity.

2 Use of Circulating miRNAs as Biomarkers of Liver
Injury

Drug-induced liver injury is an adverse event that fre-
quently leads to cessation of drug testing in clinical trials,
restrictions on drug use, and removal of drugs from the
market [33-35]. Assessment of liver injury induced by
drugs is a major safety issue during drug development.
Existing biomarkers of liver injury—for example, serum
alanine aminotransferase (ALT), aspartate aminotransfer-
ase (AST), and bilirubin—provide reasonable indicators of
damage or altered function [36]; however, serum ALT and
AST activities are known to be increased in other organ
injuries [37, 38]. A number of exploratory biomarkers are
currently under investigation, including high-mobility
group box 1, cytokeratin 18, glutamate dehydrogenase,
sorbitol dehydrogenase, albumin mRNA, o-glutathione
S-transferase, and F-protein [39, 40]. Although several of
these exhibit a high degree of sensitivity for early liver
injury and varying degrees of cell-type specificity, they do
not discriminate between drug and non-drug etiologies.
Therefore, reliable new biomarkers of liver injury are
urgently required for clinical use and for preclinical phar-
maceutical evaluation. In recent years, several studies have
demonstrated the possibility of evaluating drug-induced
liver injury by measuring circulating miRNA levels (see
Table 1).

The first study of a circulating miRNA profile in liver
injury was conducted by Wang et al. [9]. The authors
reported that two liver-enriched miRNAs (miR-122 and
miR-192) were observed to be reliable serum biomarkers
of acetaminophen-induced acute liver injury in mouse
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plasma in a dose-dependent and exposure duration-depen-
dent manner, which paralleled that of ALT and caused
histopathological changes in the liver. Moreover, these
miRNAs were detected earlier than ALT and at lower
doses, indicating greater sensitivity, and this change was
more specific for viral-, alcohol-, and chemical-induced
liver injury than for other organ damage, and was a more
stable and reliable biomarker [41]. ALT and AST have also
been shown to be increased in extrahepatic injury such as
muscle damage or cardiac injury [38, 42]. Both of these
parameters were increased in plasma samples from rats that
had been treated with 2,3,5,6-tetramethyl-p-phenylenedi-
amine (a skeletal muscle toxicant), although no hepato-
cellular degeneration or necrosis was observed. In the same
plasma samples, levels of miR-133a, but not miR-122,
were significantly elevated (more than 500-fold) when
compared with levels in plasma samples from control rats
[43]. In contrast, an approximately 6,000-fold increase in
miR-122 and only a minimal increase in miR-133a
(approximately 10-fold) was observed in rats treated with
the liver toxicant trichlorobromomethane, indicating that
miR-122 and miR-133a in plasma could be injured-tissue—
distinguishable markers and clearly relative to ALT and
AST. Interestingly, the specificity of serum miR-122 for
acetaminophen-induced acute liver injury in humans was
also examined in a heterogeneous group of patients with
liver injury relative to comparator cohorts of healthy vol-
unteers and patients with chronic proteinuric kidney dis-
ease [44]. That study showed that miR-122 levels in serum
were raised and correlated with an existing biomarker of
drug-induced liver injury, indicating that circulating miR-
122 could be a novel and valuable diagnostic biomarker of
human liver injury. In addition to drug-induced liver injury,
several studies have reported that serum levels of miR-122
were increased in HBV- or HCV-induced liver injury [41,
45-47]. These data suggest that elevated circulating levels
of miR-122 reflect liver injury independent of the cause of
the injury. Therefore, pathogen-specific biomarkers are
needed to identify the cause of human liver injury.
Yamamura et al. [48] reported that plasma miRNA
profiles exhibited different patterns depending on the dif-
ferentiating pathogenesis of acute and chronic liver injury,
as well as hepatocellular injury, cholestasis, steatosis, ste-
atohepatitis, and fibrosis in rat models, thus suggesting that
plasma miRNA profiling could be useful for distinguishing
the different types of liver injury when compared with
conventional biomarkers, such as ALT and alkaline phos-
phatase (ALP). Interestingly, the state of circulating miR-
NAs in serum/plasma differed depending on the type of
liver injury. Circulating miRNAs including miR-122 and
miR-155 were predominantly associated with the exosome-
rich fraction in alcoholic liver disease, whereas these
miRNAs were present in the protein-rich fraction in drug-
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Table 1 Tissue injury- - - R . s
associated microRIJ\Ilg ig:g:d Toxicants/diseases Upregulated miRNAs Body fluid Species References
(miRNAs) in blood or urine
Liver Acetaminophen miR-122, -192 Plasma Mouse  [9]
Liver Acetaminophen miR-122, 146a, -155 Plasma Mouse  [49]
(protein-
rich fraction)
Liver Cytidine-phosphate- miR-122, 146a, -155 Plasma Mouse  [49]
guanosine, (exosome-
lipopolysaccharide rich fraction)
Liver Ethanol miR-122, -155 Plasma Mouse  [49]
(exosome-
rich fraction)
Liver Trichlorobromomethane  miR-122 Plasma Rat [43]
Liver Acetaminophen miR-122 Plasma Human [44]
Liver Acetaminophen miR-20b-3p, -34c*, -185,  Urine Rat [50]
: -291a-5p, -296, 330%,
-433, -434, -484, -664
Liver Hepatitis B, hepatitis C ~ miR-122 Plasma Human [41, 45—
47]
Heart Isoproterenol miR-208 Plasma Rat [55]
Heart Ischemic miR-1 Plasma Rat [56]
preconditioning,
ischemia/reperfusion
Heart Acute myocardial miR-1 Urine Rat 571
infarction®
) Heart Acute myocardial miR-133a/b Plasma Human [58-61]
* Acute myocardial infarction infarction
g‘duceg,by left anteno; Heart Acute myocardial miR-499 Plasma Human [59, 60,
li?aiie:n ing coronary arery infarction 62]
. b
b Combination use of the three Heart Acute coronary miR-1/-21/-499 Plasma Human [63]

MiRNAs syndrome

induced liver injury [49]. These data indicated that extra-
cellular distribution of miRNAs is distinct under different
pathological conditions—for example, severe and rapid
damage or mild and slower damage—in the liver.

Use of urine samples to detect miRNA as a biomarker
could also be useful. Yang et al. [50] reported that specific
miRNA profiles in urine were identified in acetaminophen-
or carbon tetrachloride-induced liver injury rats. Ten
miRNAs (miR-20b-3p, -34c*, -185, -291a-5p, -296, -330%,
-433, -434, -484, and -664) were commonly increased by
treatment with both acetaminophen and carbon tetrachlo-
ride in this model. Interestingly, the alteration pattern in
urine reflected that in the liver, indicating that patterns of
urinary miRNA hold promise as a good biomarker of he-
patotoxicant-induced liver injury.

3 Use of Circulating miRNAs as Biomarkers of Safety
for Assessment of Cardiovascular Toxicity

Cardiac safety biomarkers that translate from drug dis-
covery through preclinical to clinical development and into

the market are also necessary. Like hepatotoxicity, car-
diotoxicity is an important cause of compound attrition in
preclinical and clinical development. Cardiovascular tox-
icity accounted for 9% of withdrawals of prescription drugs
from the worldwide pharmaceutical market from 1960 to
1999 [51]. In the cardiac field, biomarkers such as cardiac
myoglobin, creatine kinase-MB isoenzymes, and troponins
are now routinely used for assessment of myocardial injury
[52]. Unfortunately, many of these markers have reduced
sensitivity or less specificity, or do not allow timely diag-
nosis. Therefore, a multiple biomarker strategy may cir-
cumvent these limitations by adding accuracy and
predictive power.

A recent report has suggested that serum levels of car-
diac-expressed miRNAs react to cardiac injury in a manner
similar to that of cardiac enzymes (Table 1). Most previous
studies have focused on four miRNAs (miR-1, miR-133a/b,
miR-208, and miR-499) as biomarkers of cardiac injury. Of
these, miR-208 is expressed exclusively in the heart; the
other miRNAs are expressed in both heart and skeletal
muscle in humans and rats [53]. The first study of circu-
lating miRNA in plasma in myocardial injury was
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