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ASXL1 mutations reduced the expression of Clecba, which contributed to the differentiation of 32Dcl3 cells. {A) qRT-PCR for Clec5a in 32Dcl3

cells transduced with pMYs-IG (mock) or pMYs-FLAG-ASXL1-MT2-1G

(MT). Relative expression levels normalized by Gapdh mRNA were mea-

sured at the indicated time points after incubation with G-CSF (50 ng/m). (B) Surtace expression of Clecba in 32Dcl3 cells transduced with mock,
ASXLI-MT2 (MT), or ASXL1-WT after incubation with 50 ng/mi G-CSF. Cells were analyzed by flow cytometry at the indicated time points. MFis
are indicated. Filled histograms show control (IgG). (C) Leit: Overexpression of Clec5a promoted the differentiation of HL60 cells. Morphology
of HLGO cells expressing pMYs-IP (mock; top) and pMYs-Clec5a-IP (Clec5a; bottorn) after incubation with 10-¢ M ATRA for 3 days. Scale bars:
20 um. Right: Proportion of segmented cells. (D) 32DcI3 cells with or without shRNA for Clec5a wete incubated with 50 ng/mi G-CSF for 6 days.
Morphology (left) and proportion of differentiated 32Dcl3 cells (right) are shown. Scale bars: 20 um. *P < 0.05. Sh control, control scramble shBNA.

Supplemental Figure 3A), suggesting that Clec5a plays a direct
rolein the differentiation of myeloid cells.

To examine the direct involvement of Clec5a in G-CSF-induced
differentiation of 32Dcl3 cells, we designed 2 shRINAs (sh3 and sh4)
for ClecSa, which efficiently knocked down Clec5a expression
in 32Dcl3 cells (Supplemental Figure 3, B and C). Intriguingly,
G-CSF-induced differentiation of 32Dcl3 was significantly inhib-
ited by Clec5a knockdown (Figure 2D), suggesting that ASX-
L1-MT inhibits differentiation of 32Dcl3 cells, at least in part
through suppression of Clec5a. Importantly, ectopic expression
of Clec5a in ASXL1-MT-expressing 32Dcl3 cells restored the dif-
ferentiation ability of 32Dcl3, although this restoration was not
induced by a mutant ClecSa that harbors a K16A mutation in
the transmembrane domain, which disrupts the ability to asso-
ciate with DAP12 (data not shown), an activating adaptor for
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Clec5a that transmits the positive signal associating with Clec5a
(Figure 3, A and B, Supplemental Figure 3D, and ref. 20). Thus,
ASXL1-MT reduced the expression of Clec5a, which contributes
to granulocytic differentiation of 32Dcl3 cells, leading to the
disturbed differentiation of 32Dcl3 cells. Interestingly, expres-
sion of CLEC5A was reduced in the whole BM cells of the major-
ity of patients with MDS when compared with normal BM cells
(Figure 3C). However, the presence or absence of ASXLI muta-
tions did not correlate with CLECSA expression in BM cells of
MDS patients, suggesting that other MDS disease alleles can alter
CLECSA expression in patients with ASXLI-WT.

ASXL1-MT induced MDS-like disease in mice. Using a mouse BM
transplant (BMT) model, we next examined the in vivo effect
of ASXL1-MT expression. BM cells derived from S-fluoroura-
cil-treated LyS.2 mice were transduced with a retrovirus vector
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PMXs-FLAG-ASXL1-MT2-IG (IRES-GFP), and the transduced
cells were transplanted into sublethally irradiated LyS.1 mice. In
the transplanted mice, the percentage of the GFP-positive cells
gradually increased in the peripheral blood and reached 41%-100%
one year after transplantation, while it gradually decreased over
time in the mice transplanted with ASXL1-WT- or empty vector~
transduced BM cells (Figure 4A). GFP-positive cells in the BM of
ASXL1-MT-transduced mice 6 months after the transplantation
were mostly CD11b positive and included relarively few B220-
positive cells, while GFP-negative, nontransduced cells consisted
of equal numbers of CD11b-positive and B220-positive cells
(Figure 4B). All of the transplanted mice displayed more or less
morphological abnormalities 12 months or more after transplan-
tation, mainly in myeloid cells and red blood cells (Figure 4C),
including Pelger-Huet anomaly and hypersegmentation for mye-
loid cells and Howel-Jolly bodies, polychromasia, and anisopoiki-
locytosis for erythrocytes, consistent with multi-lineage dysplasia
of human MDS. Mice expressing ASXL1-MT died of MDS after
a long latency (median survival, 400.5 days), while most of the
mock-transduced mice survived nearly 2 years without developing
myeloid malignancies (Figure 4D). The GFP-positive BM cells that
increased in ASXL1-MT-transduced mice were positive for CD11b
and weakly positive for Gr1 and CD34. Expression of c-kit varied
from positive to negative. These data suggest that a GFP-positive
population contains immature and mature myeloid cells (Figure
4E). These mice developed severe anemia, leukopenia, and throm-
bocytopenia, while the BM was hypercellular and the spleen was
enlarged (Figure 4, F and G). Thus, ASXL1-MT-transduced MDS
mice developed pancytopenia with dysplasia in granulocytes and
erythroid cells and occasionally progressed to overt leukemia,
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shown. Images were obtained with
a BX51 microscope and an Olympus
DP12 camera with a UplanFl objec-
tive lens. Original magnification, x40;
scale bars: 20 pm. Data are repre-
sentative of 3 independent experi-
ments. (C) Relative expression levels
of CLEC5A were examined by qRT-
PCR in whole BM cells derived from
normal controls and from patients
with ASXL7-mutated MDS and ASX-
L1-WT MDS. The values were nor-
malized by GAPDH mRNA levels. All
data with error bars are presented as
mean = SEM of 2 independent exper-
iments. P values wete calculated
using the 2-tailed Student’s ¢ test or
the Cochran-Cox test.

displaying all the features of human MDS. Overexpression of
ASXL1-MT1 in the same BMT model revealed basically identical
results (Supplemental Figure 4).

Expression profiles of hemopoietic cells of the mice that developed MDS.
To elucidate the molecular mechanisms by which ASXL1-MT
induced MDS, we performed expression profiles of BM cells of
mice that developed MDS. We used CD3-B220-Ter119- BM cells
of mock-transduced mice as a control. Gene set enrichment anal-
ysis (GSEA) indicated that ASXL1-MT induced an expression pro-
file that inversely correlated with known PRC target genes (22),
suggesting that ASXL1-MT inhibited PRC (Figure 5A). We also
examined the expression of Hoxa genes and Clec5a in BM cells of
the mice that developed MDS or MDS/AML after transplantation
of ASXL1-MT-transduced BM cells; the expression of posterior
Hoxa genes was increased and that of ClecSa was decreased in BM
cells of MDS or MDS/AML mice when compared with BM cells of
mock-transduced mice (Figure 5B), We next performed ChIP of
the promoter regions of posterior Hoxz genes using H3K27me3
antibodies and found that H3K27me3 was greatly decreased
around the promoter regions of Hoxa5, Hoxa9, and Hoxa10 in the
MDS mice, correlating well with the upregulation of their mRNA
expression (Figure S, B and C). In addition, Western blot analysis
of purified histones in 32D¢l3 cells transduced with ASXL1-MT
indicated that H3K27me3 was reduced globally (Figure 5D).

Interestingly, HOXA9 expression was increased in whole BM
cells of most MDS patients harboring ASXLI mutations, while the
changes in HOXA9 expression was not significant in MDS patients
without ASXLI mutations (Figure SE).

ASXLI-MT collaborated with N-Ras-G12V in inducing lenkemia.
ASXL1 knockdown reduces the latency and increases the severity
4631

Number 11  November2013



Downloaded on February 26, 2014, The Journal of Clinical Investigation. More information at www.jcl.ong/ariicles/view/70739

research article ‘
A R Chimerism in PB (%) B
£ w0 AT T pof015 P=0.0028
22 s MiOT = 100 - g 100 -
= e ASKLI-WT o Py
o 59 = 80 - = 80 -
A o >}
® 50 g g
2 - £ 601 g 60
= o Q
g 20 2 40 - & 40 -
& 20 - o A
2 3 20 - ® 20
o 10 (o]
0 0 - 0
1 3 6 9 12{month) GFP{+) GFP(-) GFP{+) GFP(-)
s
—mc g Mock
£ e04
£
2 so-
k ASKLL-MT
€ 404
o
20+ bt
P=0.0162
0 00 200 300 403 50D
Duration of survival {days)
E o e X G =Z=pMock
@ o 35000 5 —E-ASKLI-MT
. = a0009
£ Kit o= 28000
¢ - O O 200
& 15000
10000
= 5000
. - 0 o ——
"'5 03Ty POt 3 6 12 (mnth}
T %
B
o 10
x 5
(s ——y
i 3 6 12 {month)
é: ;;3: 40 *
B220 g @
NN = az
o 1
T 5
o o, O ey
> GFP 3 6 12 {month)
F )
o wBC{/ul) Hb (g/dl) MCV (fl} PLT (x10°/pl) " BM (x107cells) Liver (mg) Spleen {mg)
i P=0005 | 17 A5 p<0aDl| gl Po002 {oasd oD peoodt | 4 peooor T | Pe03GE ¢ © 0 P<000S i
: ool : B o3 : : s :
scato? | s == i : r’l"t ! [ m*: X_L “0eo < T
? ;: | i ? 70-5 §-E i 354 }‘T"’ B}; ! E i
EO T H M . § — 4 Lot 24 - i
206001 b E o Lol LJ i e ? 64 ﬁ 20087 7 ,..“;
coo] b s nl L D e o N
10000+ ey a4 bl sge TET cid } 55 R MU gt
s Bl lmE B B 4= = O = T
ok ol . i sps H - 6 - - N - .
Mock ASXLI-MT Mock ASXLI-MT Mock ASKLI-MT tdock ASKLI-MAT Mock  ASXLI-MT Mock ASKLI-MT Mock  ASHLI-MT
4632 The Journal of Clinical Investigation  hurpy//www.jd.org  Volume 123  Number1l  November2013



Downloaded on February 26, 2014.  The Journal of Clinical investigation.

!

Figure 4

ASXL7 mutations induce MDS-like symptoms in a mouse BMT
model. (A) Percentage of chimerism of donor cells in peripheral blood
(PB). The chimerism of Ly5.1 donor—derived GFP-positive cells in
PB (mean + SEM) was examined after transplantation: mock, n = 6;
ASXL1-MT, n = 12; ASXL1+WT, n = 6. (B) Percentages of CD11b-
positive or B220-positive cells related to GFP positivity in the BM of the
transplanted mice determined by flow cytometric analyses. Samples
were obtained from mice with pMYs-FLAG-ASXL1-MT2-1G, sactificed
& months after transplantation (n = 5). (C) Dysplasias of hematopoistic
cells in mice receiving transplants of ASXL1 mutants were observed.
Scale bars: 10 um. (D) Kaplan-Mseier analysis for the survival of
mice that received transplants of BM cells transduced with pMYs-1G
(mock, 1 = 13, blue fine) and pMYs-FLAG-ASXL1-MT2-1G (ASXL1-MT,
n = 25, red line). P values were calculated using a log-rank test.
(E) Flow cytometric analyses of BM cells detived from mice with ASX-
L1-MT. (F) Mice transplanted with ASXL1-MT2 (ASXL1-MT, n = 11)
displayed progressive pancytopenia, macrocytosis, and hyperplastic
BM and increased splenomegaly compared with mice transplanted
with empty vector (mock, n = 5). BM cells were isolated from the femurs
and tibias of the sactiticed mice. (G) Blood count data, including white
blood cells (WBC), hemogiobin (Hb), and platelets (PLT), at 3, 6, or
12 months after transplantation are indicated (mean = SEM). Mock,
n=6;ASXL1-MT, n=12.*P < 0.05.

of myeloproliferation induced by N-Ras-G12D (11). We thus
examined whether stable expression of ASXL1-MT might sim-
ilarly collaborate with N-Ras-G12V in vivo. As reported, N-Ras-
G12V induced MPN-like diseases in the BMT model (23). In this
model, co-transduction of ASXL1-MT, but not ASXL1-WT, with
N-Ras-G12V significantly shortened latency when compared with
mice transplanted with BM cells transduced with N-Ras-G12V
alone (Figure 6A and data not shown) and increased the number
of immature blast cells (35% vs. 15%), indicating that the com-
bination of N-Ras-G12V and ASXL1-MT induced progression
to AML rather than MPN (Figure 6, B and C). It also enhanced
hepatosplenomegaly in the affected mice (Figure 6, D and E),
while hemoglobin concentrations and number of white blood
cells did not change significantly (Figure 6F). The expression of
Hoxa9 was increased in leukemic cells induced by ASXL1-MT and
N-Ras-G12V when compared with that in MPN cells induced by
N-Ras-G12V alone (Figure 6G), suggesting that ASXL1-MT inhib-
ited PRC2-driven repression of transcription. On the other hand,
expression of ClecSz was significantly decreased in leukemic cells
induced by ASXL1-MT and N-Ras-G12V (Figure 6G). Other sur-
face markers of MPN or AML cells induced by N-Ras-G12V or
N-Ras-G12V and ASXL1-MT, respectively, were similar, although
expression of CD11b and c-kit was slightly higher in N-Ras-G12V
and ASXL1-MT-induced AML compared with N-Ras-G12V-~
induced MPN (Figure 6H). Thus, ASXL1-MT accelerated the
onset of MPN induced by N-Ras-G12V and resulted in moderate
increase in immature blasts and leukemic transformation, with
increased expression of Hoxa9 and decreased expression of ClecSa.

miR-125a is vesponsible for the repression of Clec5a by ASXL1-MT. As
shown in Figure 5D, H3K27me3, a transcriptionally repressive
mark, was globally reduced by ASXL1-MT. In order to ascertain
whether a miRNA involved in myeloid transformation might be
upregulated with ASXL1 mutations, we performed microarray
analysis of miRNAs in ASXL1-MT-transduced BM cells and
mock-transduced BM cells of the BMT model. We identified
increased expression of several miRNAs in BM cells expressing
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ASXL1-MT, including miR-671, miR-125a, miR-714, miR-18b,
miR-129, and miR-3107 (Supplemental Table 1). Among these,
miR-125a is known to regulate hematopoietic stem cell numbers
and induce MPN in a mouse BMT model (4, 24). A closely related
miRNA, miR-125b, induces a variety of hematologic malignancies
in transgenic mice and BMT models (25-27). We confirmed that
expression of miR-125a was increased in 32Dcl3 cells expressing
ASXL1-MT when compared with those expressing ASXL1-WT
or the empty vector (Supplemental Figure 5). We next evaluated
whether Clec5a is a target gene of miR125a. We identified a rec-
ognition site of miR-125a in the 3’ untranslated region (3'UTR)
of mouse ClecSa and 2 recognition sites in the 3'UTR of human
CLECSA (Figure 7A). Therefore, we focused on Mus musculus
miR-125a (mmu-miR-125a) and further investigated the effects
of miR-125a expression.

First, to confirm that the 3'UTR of the murine ClecSa gene was
targeted by miR-125a, we generated an EFla promoter-driven
luciferase construct harboring the 3'UTR of the Clec5s gene
(Figure 7B) and performed a luciferase assay. As expected, the pres-
ence of the 3'UTR of the ClecSa gene reduced luciferase activity
(Figure 7C). This reduction was completely cancelled by mutat-
ing the miR-125a target sequence in the 3'UTR of the Clec5# gene
(Figure 7, B and C). miR-125b1 and miR-125b2 are genes distinct
from miR-125a, but their seed sequence is identical with that of
miR-125a. When miR-125a or miR-125b was expressed in 32Dcl3
cells, ClecSa expression was reduced both at mRNA levels and sur-
face expression levels (Figure 7, D and E) compared with 32Dcl3
cells transduced with empty vector. Moreover, these cells became
more resistant to G-CSF-induced differentiation (Figure 7F).
These results clearly demonstrate that miR-1253 targets ClecSa
expression, leading to the inhibition of differentiation.

We next examined H3K27me3 near the transcription start site
(TSS) of miR-125a in 32Dcl3 cells transduced with the empty vec-
tor, ASXL1-MT, or ASXL1-WT. This revealed profound reduction
of H3K27me3 near the TSS of miR-125ain 32Dcl3 cells expressing
ASXLI1-MT (Figure 8, A-C). Moreover, H3K27me3 near the TSS of
miR-125a was also reduced in BM cells of the mice that developed
MDS after the transplantation of the ASXL1-MT-transduced BM
cells, when compared with cells from mice engrafted with control
BM cells (Figure 8, A, D, and E). Intriguingly, EZH2 binding to
the miR-125a locus was reduced in ASXL1-MT-expressing 32Dcl3
cells or in ASXL1-MT~transduced BM cells from mice that devel-
oped MDS, while ASXL1-WT seemed to increase EZH2 bind-
ing to the miR-125a locus (Figure 8, B and D). Altogether, these
results indicated a scenario in which ASXL.1-MT hampered EZH2
binding to the miR-125a locus and suppressed EZH2-mediated
H3K27me3 near the TSS of the miR-125a gene, leading to dere-
pression of miR-125a. The increased miR-125a expression inhib-
ited the expression of ClecSa, contributing to the impaired differ-
entiation of mouse BM cells that developed MDS.

Discussion

We have established and characterized a2 mouse MDS model
induced by ASXL1 mutations. Although MDS patients frequently
harbor multiple somatic mutations, it is not clear whether combi-
nations of multiple mutations are required for the development of
MDS. In addition, the molecular mechanisms of MDS pathogen-
esis remain elusive, particularly for recently identified mutations
in epigenetic factors. Here we demonstrate that expression of the
ASXL1-MT alone induces MDS in the mouse BMT model aftera
4633
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ASXL1-MT inhibited EZH2 functions, leading to loss of H3K27me3 at the HoxA locus. (A) GSEA of microarray analysis of mice with ASXL1-MT
revealed a significant enrichment of genes found in a previously described gene expression signature of the PRC target, compared with that of
mice with empty vectors. (B) In the mouse BMT model, ASXL1-MT—induced MDS/AML resulted in increased Hoxa5s, Hoxa9, and Hoxa10 and
decreased Clec5a mRNA expression as shown by qRT-PCR analysis in BM cells from transplanted mice. (C) ChiP for H3K27me3 followed by
gPCR across the Hoxa5, Hoxa9, Hoxa10, and Clec5a locus in BM cells of mice that received transplants of BM cells transduced with pMYs-1G
(mock) or pMYs-FLAG-ASXL1-MT-IG (ASXL1-MT). (D) Acid-extracted histones were obtained from 32Dcl3 cells {ransduced with pMYs-IG,
pMYs-FLAG-ASXL1-MT-IG, and pMYs-FLAG-ASXL1-WTIG, and then analyzed by Western blotting using anti-H3K27me3 antibodies. Levels
of histone modifications were normalized to the amount of histone H3 and are indicated using ImagedJ. (E) Relative expression levels of HOXA9
were examined by gRT-PCR in whole BM cells derived from normal controls and from patients with ASXL7-mutant MDS and ASXL7-WT MDS.
The values were normalized by GAPDH mRNA levels.

long latency, indicating that ASXL1-MT is a driver mutation in
MDS development. Mutations in ASXLI have been reported in
patients with the entire spectrum of myeloid malignancies and are
recurrently associated with adverse overall survival, independent
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of conventional clinical predictors (8, 28); this highlights a critical
need to understand the precise mechanism of transformation by
ASXL1 mutations. Recently, it was indicated that a subset of ASXL1
mutations result in loss of stable expression of full-length ASXL1
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ASXL7T mutations caused upregulation of miR-125a, leading to the repression of Clec5a. (A) Schematic presentation of predicted miR-

125a-binding sites in the mouse Clec5a (lop) and human CLEC5A 3'UTR (bottom). (B) To confirm that Clec5a is a direct target gene of miR-125a,
the WT 3'UTR of Clec5a or the mutated 3'UTR was cloned to downstream of the Renilla luciferase (Rluc) open reading frame. Schematic diagrams
of predicted miR-125a-binding sites in the Clec5a-3'UTR and the alignment between miR-125a and sither Clec5a-3'UTR (fop) or a mutated 3'UTR
(bottom) are shown. Three bases in the 3'UTR, corresponding to seed sequences, were replaced with the indicated bases in the mutant form.
(C) 293T cells were cotransfected with an internal control vector (pGL3-control) plus sither pGL4.74[hRluc/TK]-Clec5a3'UTR-WT or
pGL4.74[hRluc/TK]-Clec5a3'UTR-MT plus either pMXs-EF1-miR-125a-Puro or mock (pMXs-EF1-Puro). Luciferase assays were per-
formed with a triplicate set. (D) Relative expression levels of Clec5a by gRT-PCR in 32DclI3 cells transduced with pMXs-EF 1-Puro {mock),
pMXs-EF1-miR-125a-Puro, and pMXs-EF1-miR-125b-Puro. (E) Positive rate of Clecba expression in 32Dcl3 cells transduced with mock,
miR-125a, or miR-125b after incubation with 1 ng IL-3 (0 hours) or 50 ng/ml G-CSF (12 hours) was analyzed by flow cytometry atindicated time points.
(F) The proportion of mature cells (left) and cytospin preparations (right} of the 32DcI3 cells expressing mock, miR-125a, or miR-125b cultured
in the presence of 50 ng/ml G-CSF for 6 days. Scale bars: 20 um. *P < 0.05.

and that depletion of ASXL1 promoted myeloid transformation  of H3K27me3, impaired myeloid differentiation and collaborated
through impaired PRC2-mediated H3K27 methylation (11). with co-occurring genetic alterations, as was seen with downregula-
ASXLI mutations mostly occur as heterozygous mutations, and  tion of ASXL1-WT. The observation that expression of ASXL1-MT
the mutations conspicuously occur as nonsense and frameshift  mirrors the effects of downregulation of ASXL1-WT strongly sug-
mutations in the last exon, prior to the PHD domain. This suggests ~ gests that in addition to known loss-of-function mutations, a sub-
that most ASXLI mutations result in a stable protein product that  set of ASXL1 mutations confer dominant-negative activity.
may have gain-of-function mutations. Here we identify that stable ~ Expression of ASXL1-MT as demonstrated here resulted in
expression of ASXLI1-MT, which results in global downregulaton impaired myeloid differentiation in vitro and in vivo. ASXL1
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ASXL1 mutations caused loss of H3K27me3 at the miR-125a locus. (&) Schematic diagram of the mmu-miR-125a and Ncrna00085 loci indicating
their genomic structures. Exons are indicated by black boxes. Regions amplified from the precipitated DNA by site-specific quantitative PCR are
indicated by arrows. (B—E) Quantitative ChiP analyses of 32Dcl3 cells transduced with pMYs-EZH2-1G and pMYs-IP (EZH2/mock), pMYs-EZH2-
IG and pMYs-FLAG-ASXL1-MT2-IP (EZH2/ASXL1-MT), or pMYs-EZH2-IG and pMYs-FLAG-ASXL1-WT-IP (EZH2/ASXL1-WT) (B and C) and BM
cells from the mice transplanted with BM cells transduced with pMYs-1G (Mock) or pMYs-FLAG-ASXL1-MT2 (ASXL1-MT) (D and E). Abs specific to
H3K27me3 or Ezh2 and primers for miR-125a-2 (B and D) and for miR-125a-1/3 (€ and E) were used for ChIP analyses. There were no detectable
orvery low levels of background signals with IgG isotype controls at all amplified regions. Percentages of input DNA are shown as the mean + SEM
for duplicate analyses. *P < 0.05. Data are representative of 3 independent experiments.

mutations are most frequent in patients with MDS, MDS/MPN
overlap syndromes, and AML with myelodysplasia-related changes,
highlighting a close relationship between impaired myeloid differ-
entiation and ASXL1 mutations (29). We identified that expression
of ASXL1-MT invivo results in the development of alethal disorder
characterized by morphologic dysplasia, leukopenia, and impaired
myeloid differentiation with subsequent transformation to AMLin
some cases, all hallmarks of human MDS. Moreover, co-expression
of mutant forms of ASXL1 with oncogenic N-RAS, a complex geno-
type common to patients with CMML (10), results in a lethal mye-
loid malignancy with shorter latency than that seen with oncogenic
N-RAS alone. Given the paucity of genetically accurate murine mod-
els of MDS, expression of ASXL1-MT as demonstrated here may be
quite valuable for further mechanistic and preclinical studies of
MDS and AMLwith myelodysplasia-related changes. Interestingly, it
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has been recently reported that disruption of the ASXL1-interacting
molecule BAP1 in mice induced CMML-like disease (30). BAP1
mutation was also identified in a patient with MDS, implicating the
BAP1-ASXL1 axis in suppressing MDS. The contribution of disrup-
tion of the ASXL1-BAP1 axis (PRC1 related), versus loss of H3K27
trimethylation (PRC2 related), in promoting myeloid transforma-
tion induced by ASXL1-MT requires further evaluation.

To understand the transcriptional events responsible for
the biological effects of ASXLI mutations in more detail, we
performed transcripromic studies in the presence of mutant
ASXL1 invitro and in vivo. In addition to identifying significant
upregulation of posterior Hoxa genes, we identified increased
expression of miR-125a due to locus-specific downregulation
of H3K27 methylation. Moreover, it has been reported that
miR-125ais upregulated after inhibition of EZH2 by knockdown
November 2013
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in DU145 prostate cancer cells (31), miR-125a was the only miR
upregulated in both our murine system and in primary human
MDS samples (32). miR-125a belongs to the miRNA family that
also includes miR-125b1 and miR-125b2, all of which have the
samme seed sequence and have been implicated in human leuke-
mia/lymphoma (33-35) as well as in MDS (32). Forced expres-
sion of these miRs has been previously shown to induce the
expansion of hemopoietic stem cells or hamper myeloid differ-
entiation (4, 24-26, 32, 35).

Although several proapoptotic genes have been implicated for
hematopoietic transformation as miR-125a targets (4, 26, 36),
here we identified direct repression of a novel target Clec5a2 by
miR-125a as a specific effector of the differentiation pheno-
type. The type II membrane protein CLECSA (20) belongs to
the lectin family and associates with the adaptor protein DAP12
to transmit positive signals, It was previously recognized that
ClecSa expression is correlated with myeloid differentiation, as
Clec5a is expressed in monocytes and neutrophils, and its expres-
sion is increased by granulocytic differentiation of 32Dcl3 cells
(21) and monocytic differentiation of U937 cells and primary
progeniror cells (37). Here we present clear evidence that Clec5s
supports myeloid differentiation. First, ASXL1-MT but not
ASXL1-WT reduced expression of ClecSa in 32Dcl3 cells and
impaired G-CSF-induced granulocytic differentiation. Second,
in 32D3 cells expressing ASXL1-MT, myeloid differentiation
was partly restored by the forced expression of ClecSa, but not
by a mutant Clec5a (Clec5a-K16A) that cannot associate with
DAP12. Third, knockdown of Clec5a impaired G-CSF-induced
differentiation of 32Dcl3 cells. In addition, Clec5a expres-
sion was downregulated in the ASXL1-MT-induced MDS
mice. These results indicate that downregulation of Clec5a by
ASXL1-MT impairs myeloid differentiation and is involved in
MDS development. Interestingly, while HOXA9 expression was
high in MDS patients with ASXLI mutations (Figure 5E), the
expression level of CLEC5A was generally low in MDS patients
compared with controls and did not correlate with the presence
of ASXLI mutations (Figure 3C). This suggests that CLECSA
expression is reduced in MDS by multiple causes including
ASXL1 mutations, and that reduction of CLEC54 might play
a general role in the pathogenesis of MDS. Prior data indicat-
ing downregulation of CLEC5A expression in acute leukemia
likewise support the possibility that CLECSA downregulation
may be important in the pathogenesis of multiple subtypes of
myeloid malignancies (38).

The data presented here indicate that ASXL1 mutations, which
result in a truncated protein product, may (a) inhibit PRC2 func-
tion in a dominant-negative fashion and (b) promote myeloid
transformation through impaired PRC2-mediated repression of
posterior HOXAs and miR-125a and subsequent miR-125a sup-
pression of CLECSA. Thus, although changes in expression of other
genes caused by ASXLI mutations may also be involved, it is doc-
umented that the derepression of HOXAs and miR-125a and the
suppression of CLECSA contribute to the development of MDS.
Given the clinical importance of ASXLI mutations, the identifica-
tion of gain-of-function ASXLI mutations is critical, as it provides
arationale for therapies aimed at targeting the expressed mutant
forms of ASXL1. Finally, the data here provide further basis for
the involvement of miR-125 in myeloid malignancy pathogenesis
and identify an important role for CLECSA in the pathogenesis of
multiple genetic subtypes of myeloid malignancies.
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Methods

Mice. C57BL/6 (Ly5.1) mice (Sankyo Labo Service Corporation) and
C57BL/6 (Ly5.2) mice (Charles River Laboratories Japan) were used for
BMT experiments.

Cell cudture. HEK293T cells were cultured in DMEM supplemented with
10% FBS. Human leukemia cell lines were cultured in RPMI-1640 supple-
mented with 10% FBS (HL60, U937, K562, KU812, T59;22, and MEG-01
cells), RPMI-1640 supplemented with 20% FBS (SET2, NOMOZ1, and Mono-
Mac-6 cells), RPMI-1640 medium supplemented with 10% FBS/1 pM
hydrocortisone/10% horse serum (UKE1 cells) or IMDM with 20% FBS
(KBMS cells). The murine myeloid cell lines 32Dcl3 and FDC-P1 were
grown in RPMI-1640 medium supplemented with 10% FBS, antibiotics,
1~glutamine, and 1 ng/ml IL-3. Before the assays for proliferation and
differentiation, the transduced 32Dcl3, HL60, or FDC-P1 cells were GFP
sorted or subjected to drug selection with 1 pg/ml puromycin and/or
10 pg/ml blasticidin, if necessary.

Vector construction. We used the retrovirus vectors pMYs-FLAG-ASX-
L1-WT-IG and pMYs-FLAG-ASXL1-MT-IG, in which ASXL1-WT or
ASXL1-MT (1934dupG;G646W£sX12 or 1900-1922del;E635RfsX15,
respectively), tagged with a FLAG epitope at the N terminus, was inserted
upstream of the IRES-EGFP cassette of pMYs-IG (39). Similarly, WT ClecSa
or Clec5a-K16A was inserted upstream of the IRES-puro to generate pMYs-
Clec5a-IP or pMYs-Clec5a-K16A-IP. ASXL1-MT was subcloned upstream
of the IRES-blasticidin cassette of pMYs-IB. Likewise, Myc-tagged EZH2
was subcloned into pMYs-IG to generate pMYs-Myc-tagged EZH2-IG. To
perform the mouse BMT model, we constructed pMYs-N-Ras-G12V-IG
and pMYs-ASXL1-MT-IRES-nerve growth factor receptor (pMYs-ASXL1-
MT-IRES-NGFR). For knockdown assays, shRNA expression fragments
were cloned into pMXs-U6-GFP or pMXs-U6-Puro, which were pMX-
s-based, self-inactivating retrovirus vectors expressing shRNA under a U6
promoter with a PGK promoter-driven GFP or puromycin-resistant gene
expression. An shRINA expression cassette was constructed in the oppo-
site direction from a GFP/Puro expression cassette. We also constructed
microRNA vectors as described previously (26). Briefly, miRNA expression
fragments were cloned into pMXs-EF1-Puro vector.

Transfection and retrovirus production. Retroviral production was done as
described previously (40). Briefly, retroviruses were generated by transient
transfection of Plat-E packaging cells with using the calcium-phosphate
coprecipitation method. Cell lines such as 32Dcl3 were infecred with the
retroviruses as previously described (39).

Mutation analysis of ASXL1. Somatic mutations of ASXLI genes were
searched by sequencing exons after PCR amplification of genomic DNA,
as described previously (6).

gRT-PCR. Total RNAs were treated with deoxyribonuclease I (Invitrogen)
and reverse transcribed by using High Capacity cDNA Reverse Transcrip-
tion Kits (Applied Biosystems) or miScript Reverse Transcription Kit
(QIAGEN). qRT-PCR was performed using a Rotor-Gene Q (QIAGEN).
For mRNA RT-PCR, a SYBR Premix EX Taq (Takara) was used as previ-
ously described (41). Mature miR-125a expression was measured usinga
miScript SYBR Green PCR kit (QIAGEN). cDNA was amplified with miR-
125a-specific primers (QIAGEN). Expression of RNA, U6 small nuclear 2
{RNUG6B) as an internal control was used for normalization of the results.
All data with error bars indicate the mean + SEM.

Mouse BMT. Mouse BMT was performed as described previously (40).
Briefly, BM mononuclear cells were isolated from the femurs and tibias
of C57BL/6 (Ly-5.1) donor mice 3 days after intraperitoneal administra-
tion of 150 mg/kg 5-fluorouracil. The cells were stimulated with 50 ng/ml
of mouse stem cell factor, mouse FLT3 ligand, mouse IL-6, and human
thrombopoietin (all cytokines were from R&D Systems). The prestim-
ulated cells were infected for 60 hours with the retroviruses harboring
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PMYs-IG, pMYs-FLAG-ASXLI-MT-IG, pMYs-FLAG-ASXL1-WT-IG, pMYs-
N-Ras-G12V-IG and pMYs-INGFER, or pMYs-N-Ras-G12V-IG and pMYs-
ASXL1-MT-IRES-NGFR, using 6-well dishes coated with RetroNectin
(Takara Bio). Then, 2 x 106 infected BM cells were injected into sublethally
y-irradiated C57BL/6 (Ly-5.2) recipient mice. Overall survival of trans-
planted mice was estimated using the Kaplan-Meier method. All animal
studies were approved by the Animal Care Committee of the Institute of
Medical Science at the University of Tokyo.

Flow cytometric analysis. Briefly, cells were stained with indicated phyco-
erythrin-conjugated antibodies (eBioscience). Flow cytometric analysis
of the stained cells was performed with FACSCalibur Flow (BD Biosci-
ences) equipped with FlowJo Version 7.2.4 software (TreeStar). All data
with error bars indicate the mean + SEM.

Analysis of cell growth. Cell growth was estimated by CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega). All data with error bars indicate
the mean + SEM.

TImmunostaining. Immunostaining of 293T cells transiently transfected
with retrovirus constructs was performed as described previously (42).
After fixation with 1.5% paraformaldehyde, cells were immunostained
with rabbit anti-Flag Ab. The cells were then stained with Alexa Fluor
546-conjugated goat anti-rabbit immunoglobulin G secondary Ab (Molec-
ular Probes). Nuclei were counterstained with DAPI (4,6-diamidino-2-
phenylindole dihydrochloride). Fluorescent images were analyzed on a
confocal microscope (FLUOVIEW FV300 scanning laser biological micro-
scope JX70 system; Olympus) equipped with a SenSys/0L cold charge-
coupled device camera (Olympus). An LCPlanFI x60/1.40 NA oil was used
as the objective lens. Data are representative of 3 independent experiments.

Western blot analysis. Cell lysates were subject to immunoblotting
using the following antibodies: ASXL1 (clone 2049C2a; Santa Cruz
Biotechnology catalog no. sc-81053; C-terminus directed), EZH2 (clone
AC22; Cell Signaling Technologies catalog no. 3147), FLAG (M2 FLAG;
Sigma-Aldrich catalog no. A2220), c-myc (clone 9E10; Roche catalog
no. 11 667 203 001), H3K27me3 (CMA323) (43), total histone H3 (44),and
tubulin (clone B-5-1-2; Santa Cruz Biotechnology catalog no. sc-23948).
Antibodies different from the above used for immunoprecipitation
include anti-EZH2 antibodies (Active Motif caralog no. 39901).
Immunoprecipitation was performed in an immunoprecipitation buf-
fer (150 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA, 1% Triton, 2 mM
sodium orthovanadate, 2 mM PMSF, 50 mM sodium fluoride). Western
blot analysis of purified histone was performed as described previously
(45). Data are representarive of 3 independent experiments. )

ChIP assay. ChIP assays were performed as described previously (43),
except for the process of cross-link and quenching reactive aldehydes. In
brief, 32¢l3 cells or sorted BM cells (2-5 x 108) were cross-linked with 1%
formaldehyde for 5 minutes at room temperature and then incubated
with 350 mM glycine for 5 minutes for quenching. These assays were
carried out using the following antibodies: EZH2 (Active motif catalog
no. 39901), H3K4me3 (CMA304), H3K9me3 (CMA318), H3K27me3
(CMA323) (43), and ubiquityl-histone H2AK119 (clone D27C4; Cell
Signaling Technologies catalog no. 8240). Quantitative PCR was per-
formed with a Rotor-Gene Q (QIAGEN) using SYBR Premix EX Taq
(Takara). All data with error bars indicate the mean + SEM. Data are rep-
resentative of 3 independent experiments.
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Differentiation assay. The 32Dcl3 cells were induced to differentiate to
granulocytes by removing IL-3, washing them twice in RPMI medium with-
out IL-3, and adding G-CSF (R & D Systems) to a final concentration of
50 ng/ml. Cells were cytocentrifuged (Cytospind; Thermo Shandon), and
cell morphologies were evaluated by Giemsa staining 3 or 6 days after G-CSF
addition (46). FDC-P1 cells were washed in RPMI medium and then incu-
bated in murine GM-CSF (10 ng/ml) for 6 days (47). HL60 cells were incu-
bated in the medium supplemented with 10-6 M ATRA for 3 days. Images
were obtained with a BX51 microscope and a DP12 camera (Olympus) with
an Olympus UplanFl objective lens. All data with error bars indicate the
mean + SEM. Data are representative of 3 independent experiments.

Luciferase assay. Luciferase assays to investigate whether miRNA binds to
the expected target sequence were performed as described previously (26).
All dara with error bars indicate the mean + SEM.

Microarray data. Microarray data have been deposited in Gene
Expression Omnibus (accession no. GSE49117 and GSE49118;
hetp/ /www.ncbinlm.nih.gov/geo/).

Statistics. Statistical significance was calculated using the indicated
tests for independent variables. All calculations were carried out using
the program JMP 8.0 (SAS Institute Inc.). P values of less than 0.05 were
considered significant using the 2-tailed Student’s # test, unless other-
wise noted. In box and whisker plots, the bottom and top of the box
indicate the first and third quartiles, and the band inside the box is the
second quartile (the median). The lowest or highest datum shows the
minimum or maximum of all of data within 1.5 interquartile range of
the lower or upper quartile.

Study approval. All animal studies were approved by the Animal Care
Committee of the Institute of Medical Science at the University of Tokyo.
MDS patients were diagnosed ar Hannover Medical School. Diagnosis was
based on the World Health Organization classification. Informed consent
was obtained in accordance with the Declaration of Helsinki, and the stud-
ies were approved by the institutional review board of Hannover Medical
School (ethical vote no. 5558) and by the ethics committees of the Univer-
sity of Tokyo (approval 20-10).
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Background: Contribution of exosomal microRNAs to cancer metastasis remains unknown.
Results: Exosomal angiogenic microRNAs secreted by metastatic cancer cells promote the metastasis through the activation of

endothelial cells.

Conclusion: Horizontal transfer of exosomal miRNAs from cancer cells can dictate the microenviromental niche for the benefit

of the cancer cell.

Significance: This is the first to connect cancer metastasis to the exosomal microRNA in vivo.

The release of humoral factors between cancer cells and the
microenvironmental cells is critical for metastasis; however, the
roles of secreted miRNAs in non-cell autonomous cancer pro-
gression against microenvironmental cells remain largely
unknown. Here, we demonstrate that the neutral sphyngomyeli-
nase 2 (nSMase2) regulates exosomal microRNA (miRNA) secre~
tion and promotes angiogenesis within the tumor microenvi-
ronment as well as metastasis. We demonstrate a requirement
for nSMase2-mediated cancer cell exosomal miRNAs in the reg-
ulation of metastasis through the induction of angiogenesis in
inoculated tumors, In addition, miR-210, released by metastatic
cancer cells, was shown to transport to endothelial cells and
suppress the expression of specific target genes, which resulted
in enhanced angiogenesis. These findings suggest that the hori-
zontal transfer of exosomal miRNAs from cancer cells can dic-
tate the microenviromental niche for the benefit of the cancer
cell, like “on demand system” for cancer cells.

The secretion of humoral factors from cancer cells to
microenvironmental cells is essential for metastasis during can-

*This work was supported In part by a grant-in-aid for the third term com-
prehensive 10-year strategy for cancer control, a grant-in-aid for scientific
research on priority areas cancer from the Ministry of Education, Culture,
Sports, Science, and Technology, and the Pragram for Promotion of Fun-
damental Studies in Health Sciences of the National Institute of Biomedical
Innovation (NiBio), and the Japan Society for the Promotion of Science

- through the Funding Program for world leading innovative R&D on sci-
ence and technology (FIRST Program) initiated by the Council for Science
and Technology Policy, and a grant-in-aid for Scientific Research on Inno-
vative Areas (functional machinery for non-coding RNAs) from the Japa-
nese Ministry of Education, Culture, Sports, Science, and Technology.
Author’s Choice—Final version full access.

ElThis article contains supplemental Figs. 1-9.

1 Aresearch fellow for the Japan Society for the Promotion of Science.

2To whom correspondence should be addressed: Div. of Molecular and Cel-
lular Medicine, National Cancer Center Research Inst., 1-1 Tsukiji, 5-chome,
Chuo-ku, Tokyo 104-0045, Japan. Tel.: 81-3-3542-2511 (ext. 4800); Fax:
81-3-5565-0727; E-mail: tochiya@ncc.gojp.

BS0B.

APRIL 12,2013°VOLUME 288-NUMBER 15

cer development (1). Although microRNAs (miRNAs)® are
known as tumor suppressors of cell autonomeous malignancy
phenotypes such as metastasis (2) and multidrug resistancy (3),
the roles of miRNAs in non-cell autonomous cancer progres-
sion against microenvironmental cells remain largely unknown.
The existence of secretory RNA has been known for many years
(4, 5), and recent reports have shown that miRNAs (6), which
regulate various types of biological phenomena through the
regulation of a variety of target genes, are secreted from cells via
the exosome (7, 8). These findings have raised the possibility
that RNAs, including miRNAs, may serve as novel humoral
factors in cell-cell communication (9). We recently demon-
strated that miRNAs are released through neutral sphingomy-
elinase 2 (nSMase2)-regulated secretory machinery and that
these secretory miRNAs are transferable and functional in
recipient cells (10). Furthermore, we also found that a tumor-
suppressive miRNA secreted from non-cancerous cells via this
pathway could be transported between cells and exert gene
silencing in the recipient cancer cells, thereby leading to an
inhibition of cancer cell growth (11). In the last few years, it has
become clear that exosomal miRNAs play critical roles in medi-
ating cell-cell communication, specifically between immune
cells, endothelial cells and cancer cells (12-17). These findings
provide evidence that exosomal miRNAs are required for cell-
cell communication in various physiological and pathological
conditions, although the contribution of extracellular miRNAs
to cancer metastasis remains largely unknown (9). Here, we first
demonstrated that horizontal transfer of exosomal miR-210
from metastatic cancer cells could dictate the microenviron-
mental endothelial cells to the benefit of the cancer cells, which
contributed to cancer metastasis. Preventing the expression of

2 The abbreviations used are: miRNA, microRNA; nSMase2, neutral sphingo-
myelinase 2; KD, knockdown; luc, luciferase; HUVEC, human urabilical cord
vein endothelial cell; nSMase2-OF, nSMase2-overexpressing cancer cells;
gRT-PCR, quantitative RT-PCR.
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nSMase2 in metastatic cancer cells abrogates the metastatic
ability of cancer cells to target lung tissues, whereas reconstitu-
tion via the administration of exosomes isolated from meta-
static cancer cells rescued this phenomenon. In this context,
the number of endothelial cells in inoculated tumors was pro-
portional to the expression level of nSMase2 in cancer cells. In
fact, exosomes derived from a metastatic cancer cell line
enhanced the capillary formation and migration of endothelial
cells in vitro. Interestingly, the expression profiles of exosomal
miRNAs obtained from metastatic cancer cells demonstrated
that a set of angiogenic miRNAs were highly concentrated in
these exosomes. One of them, miR-210, enhanced the angio-
genesis through the suppression of specific target gene, which
resulted in enhanced angiogenesis. These results revealed that
cancer cells provide nSMase2-regulated exosomal miRNAs to
endothelial cells to promote their metastatic initiation
efficiency.

EXPERIMENTAL PROCEDURES

Reagents—Goat polyclonal anti-Alix (Q-19; sc-49268) and
donkey anti-goat IgG (HRP; sc-2020) were purchased from
Santa Cruz Biotechnology. Mouse monoclonal anti-HSP70,
clone 7/HSP70 (610607), and mouse moneclonal ant-human
CD63 antibody (556019) were purchased from BD Biosciences.
Rabbit polyclonal anti-CD31 antibody (ab28364) was from
Abcam. Peroxidase-labeled anti-mouse antibodies were pur-
chased from GE Healthcare (NA931V). GW4869 was pur-
chased from Calbiochem (Darmstadt, Germany). Geneticin
and puromycin were purchased from Invitrogen.

Cell Culture—4T1 cells, a mouse breast cancer cell line,
MCF?7, non-metastatic breast cancer cells, and MCF10A, nor-
mal mammary epithelial cells, were obtained from the Ameri-
can Type Culture Collection (Manassas, VA). MDA-MB-231-
D3H1and MDA-MB-231-D3H2LN, a metastatic human breast
cancer cell line, were obtained from Xenogen, 4T1, MCF?7,
MDA-MB-231-D3H1, and MDA-MB-231-D3H2LN were cul-
tured in RPMI containing 10% heat-inactivated FBS and anti-
biotic-antimycotic (Invitrogen) at 37 °C in 5% CO,. Human
umbilical cord vein endothelial cells (HUVECs) were pur-
chased from Lonza and cultured in EBM-2 BulletKit (Lonza)
supplemented with 2% FBS.

Exosome Purification—Exosomes were purified by differen-
tial centrifugation as described previously (10). The exosome
fraction was measured for its protein content using the Micro
BCA protein assay kit (Thermo Scientific, Wilmington, DE).

Tube Formation Assay—HUVECs (100,000) cells were cul-
tured on 150 pl of Matrigel (Sigma) in culture medium for 16 h
in 24-well plate. The degree of tube formation was quantified by
measuring the number of branches in five randomly chosen
fields from each well using NIH Image] software. For rescue
experiments, HUVECs were transfected using Dharmafect rea-
gent (Dharmacon) according to the manufacturer’s recommen-
dations with anti-control or anti-miR-210 (Ambion). After
24 h of posttransfection, cells were seeded onto Matrigel as
described above with 1 ug of exosome.

Establishment of Stable Cell Lines—A stable 4T1 and MDA-
MB-231-D3H2LN nSMase2-modified cell lines that expressed
mouse nSMase2 shRNA, human nSMase2 shRNA, and pCT-
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CD63-GFP were generated by selection with puromycin. A sta-
ble 4T1 and MDA-MB-231-D3H2LN cell lines that overex-
presses human nSMase2 were generated by selection with
geneticin, 4T1 cells or MDA-MB-231-D3H2LN were trans-
fected with 0.5 ug of the vector at 90% confluency in 24-well
dishes using a Lipofectamine LTX reagent in accordance with
the manufacturer’s instructions.

Co-culture Experiments—Well inserts for 24-well plates with
a 0.4-um pore-sized filter were purchased from BD and used
following the manufacturer’s instructions. 4T1 control cells,
4T1-nSMase2-KD cells, 4T1-siLuc cells, or 4T1-CD63-GFP
cells (100, 000) were seeded into the well inserts. HUVECs (200,
000) were seeded into 24-well plates.

Confocal Microscopy—Confocal microscopy was done on an
Olympus laser scanning microscope FV10i (Olympus). Filters
used were 489510 nm (GFP and Alexa Fluor 488) and 577~
603 nm (Alexa Fluor 568).

Immunoblot Analysis—Exosomes were lysed in a 2% SDS
buffer, and equal amounts of protein were loaded onto an SDS-
PAGE gel. Anti-Alix (1:200), anti-HSP70 (1:1,000), and anti-
CD63 (1:200) were used as primary antibodies. The dilution
ratio of each antibody is indicated in parentheses. Two second-
ary antibodies (peroxidase-labeled anti-goat and anti-mouse
antibodies) were used at a dilution of 1:2000. Bound antibodies
were visualized by chemiluminescence using the ImmunoStar
LD (290-69904) (Wako), and luminescent images were ana-
lyzed by a Luminolmager (LAS-3000; Fujifilm, Inc.). Only gels
for CD63 (BD Biosciences) detection were run under non-re-
ducing conditions.

Plasmids—psiRNA-LucGL3 was purchased from InvivoGen.
Knockdown shRNA vector for human and mouse nSMase2 were
purchased from TaKaRa Bio. A full-length human nSMase2
c¢DNA was cloned into pIRES2-EGFP vector (Clontech). Primary
miR-210 were PCR-amplified from human genomic DNA and
cloned into the downstream of CMV promoter in pIREShyg3
(Takara Bio). The sensor vector for miR-210 was constructed
by introducing tandem binding sites with perfect complemen-
tarity to miR-210, separated by a four-nucleotide spacer into
the Xhol site of psiCHECK2 (Promega). The sequences of
the binding site are as follows: 5'-TTCTCGAGTTTCAGCCG-
CTGTCACACGCACAGTTACGCGTTTTCAGCCGCTGT-
CACACGCACAGTTCTCGAGTT-3’ (sense) and 5'-AACTC-
GAGAACTGTGCGTGTGACAGCGGCTGAAAACGCGT-
AACTGTGCGTGTGACAGCGGCTGAAACTCGAGAA-
3’ (antisense). The “seed” sequence of miR-210 is underlined. In
a mutated miR-210 sensor vector, the seed sequence,
ACACGCA, was displaced with TGTGCGT. All of the plas-
mids were verified by DNA sequencing.

Isolation of RNAs—Isolation of exosomal and cellular RNAs
was performed using the miRNeasy Mini Kit (Qiagen). Exo-
some or cell lysate was diluted with 1 ml of Qiazol solution,
Subsequent extraction and filter cartridge work were carried
out according to the manufacturer’s protocol.

MRNA and miRNA Expression Analysis—The method for
gRT-PCR has been described previously (10), PCR was carried
out in 96-well plates using the 7300 Real Time PCR system
(Applied Biosystems). All reactions were done in triplicate. All
TagqMan MicroRNA assays were purchased from Applied Bio-
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systems. RNU6 was used as an invariant control for the cells.
Gene expression was analyzed using Tagman gene expression
assays except primary miR-210 (Applied Biosystems). The
expression levels of primary miR-210 and $-actin were meas-
ured by qRT-PCR using a SYBR Green PCR Master Mix
(Invitrogen). Primer sequences are as follows (shown 5’ to 3'):
primary miRNA-210, GACTGGCCTTTGGAAGCTCC (for-
ward) and ACAGCCTTTCTCAGGTGCAG (reverse); B-actin,
GGCACCACCATGTACCCTG (forward) and CACGGAG-
TACTTGCGCTCAG (reverse).

Nanoparticle Tracking Analysis—Nanoparticle tracking
analysis was carried out using the Nanosight LM10-HS system
(NanoSight) on exosomes resuspended in PBS and were further
diluted for analysis. The results are presented as the average *
S.E. of three independent experiments.

Phase Contrast Electron Microscopy—A. drop of the sample
was put on a copper grid and coated with a carbon film with
holes in it. Most of the liquid was removed with blotting paper,
leaving a thin film stretched over the holes. The specimen was
instantly shock-frozen by plunging into liquid ethane, which
was cooled to 90 K by liquid nitrogen into a temperature-con-
trolled freezing unit (Zeiss, Oberkochen, Germany). The re-
maining ethane was removed with blotting paper, and the spec-
imen was transferred to the electron microscope. The phase
plate was prepared from amorphous carbon films. The films
were deposited by vacuum evaporation (JEOL JEE-400) on a
freshly cleaved mica surface. For observation at 300-kV accel-
eration voltage, the film thickness corresponding to the p/two-
phase plate was approximately 32 nm. At that thickness, the
transparency of 300-KV acceleration electrons was estimated to
be 70%. After preparation, the films were floated on the water’s
surface and then transferred to a molybdenum aperture with
several holes 50-Im in diameter, which resulted in a cut-off
frequency for special resolution of 0.5 nm. A hole approxi-
mately 0.5 Im in diameter in the center of the carbon film was
used by a focused ion beam machine (JEOL JFIB-2000).

PKH67-labeled Exosome Transfer—Purified exosomes derived
from 4T1 conditioned medium were labeled with a PKH67
green fluorescent labeling kit (Sigma-Aldrich). Exosomes were
incubated with 2 uM PKH67 for 5 min, washed four times using
100-kDa filter (Microcon YM-100, Millipore) to remove excess
dye, and incubated with HUVECs at 37 °C.

Microarray Analysis—To detect the miRNAs in exosomes
and cells derived from HEK293, MCF10A, MCF7, and MDA-
MB-231, 100 ng of total RNA was labeled and hybridized using
a human microRNA microarray kit (Agilent Technologies)
according to the manufacturer’s protocol (protocol for use with
Agilent MicroRNA microarrays, version 1.5). Hybridization
signals were detected using a DNA microarray scanner {Agilent
Technologies), and the scanned images were analyzed using
Agilent Feature Extraction software.

Mouse Studies—Animal experiments in this study were per-
formed in compliance with the guidelines of the Institute for
Laboratory Animal Research, National Cancer Center Research
Institute. Five- to seven-week-old female Balb/c athymic nude
mice (CLEA Japan, Shizuoka, Japan) or SCID Hairless Qutbred
mice (Charles River Laboratories, Kanagawa, Japan) were anes-
thetized by exposure to 3% isoflurane for injections and in vivo
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imaging. We injected 4T1- or MDA-MB-231-D3H2LN-
nSMase2-modified cells bilaterally into the subcutaneous (2 X
10° cells were injected in 100-ul volume PBS) or mammary fat
pad (2 X 10° cells were injected in 50-ul volume Matrigel
diluted with PBS) of anesthetized mice, We monitored mam-
mary tumor growth by regular measurements using a digital
caliper. After 3 to 4 weeks, we killed mice and determined
metastasis in lungs by ex vivo or in vive imaging. We carried out
lung colonization assays by injecting 1 X 10° 4T1-control or
4T1-nSMase2-KD cells (suspended in 100 ul of PBS) into the
lateral tail vein. Lung colonization was studied and determined
by in vive luminescence imaging. For rescue experiment, 4T1-
nSMase2-KD cells (2 X 10° cells suspended in 100 ul of PBS)
were subcutaneously injected. After 4 days of implantation, 1
pg of exosome was injected intratumoraly (100 wlin PBS) every
other day for up to 18 days. Metastasis occurrence was deter-
mined by in vive luminescence. For in vivo imaging, the mice
were administered p-luciferin (150 mg/kg, Promega) by intra-
peritoneal injection. Ten minutes later, photons from animal
whole bodies were counted using the IVIS imaging system
(Xenogen) according to the manufacturer’s instructions. Data
were analyzed using LIVINGIMAGE software (version 2.50,
Xenogen).

Statistics—Statistical analyses were performed using the Stu-
dent’s £ test.

RESULTS

nSMase2 Regulates Cancer Cell Metastasis—In a previous
study, we have described how miRNAs are released through
ceramide-dependent secretory machinery via the exosome
(10). Specifically, we demonstrated that blocking the activity of
nSMase2 resulted in reduced miRNA secretion and that
nSMase2 overexpression led to increased levels of extracellular
miRNAs (10, 11). In addition, we found that the expression level
of nSMase2 was higher in cancer cells than that in non-cancer
cells (Fig. 14, upper panel and supplemental Fig. 14). Further-
more, secretion level of exosome show correlation with the
expression level of nSMase2 (Fig. 14, lower panel, and supple-
mental Fig. 1B), suggesting that malignant cancer cells secrete
more exosomes than non-cancer cells through the regulation of
nSMase2. We confirmed that breast cancer cells secreted
around 100-nm size of vesicles with a consistent size and uni-
form expression of known exosome marker, CD63 and HP70
(supplemental Fig. 1C) (18). Purified exosomes has also been

shown by phase contrast electron microscopy and found that

their size observed tobe 90 * 11.7 nm in diameter (# = 13) (Fig.
1B). To determine the role of nSMase2 in cancer cell malig-
nancy, we employed 4T1 cells, which are mouse mammary
tumor cells with a high tumorigenic and metastatic ability. Both
stable nSMase2-knockdown and nSMase2-overexpressing 411
cells were generated (supplemental Figs. 1, D and E) and inoc-
ulated into mammary fat pad of the mice, and the tumors were
subsequently evaluated for their metastatic colonization capac-
ity in lung tissue. The expression of secretory miR-16 (supple-
mental Fig. 24), which is known to abundantly existed in
exosome, as well as exosome quantity, as determined by immuno-
blotting for exosome markers, HSP70 and Alix (supplemental Fig,
2B), protein concentration (supplemental Fig. 2C), and nanopar-
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FIGURE 1. nSMase2 regulates cancer cell metastasis. A, the expression level of nSMase2 protein in (upper panel) and secretion level of exosome from (Jower
panel) MCF10A and MDA-MB-231 cells. The same number of cells was seeded. Error bars are presented as the mean S.E. (n = 3). **, p < 0.005, as compared with
MCF10A cells. B, phase-contrast electron microscopy was used to image resuspend exosome pellets. Scale bar, 100 nm. C, bioluminescence quantification of
lung metastasis by 4T1~control cells, 4T1-nSMase2-KD cells or 4T1-nSMase2-OE cells. Each error bar is presented as the mean S.E. (n = 4). *¥, p < 0.005, as
compared with 4T1-control cells. D, luciferase activity in the lung, which was used to represent lung metastasis, was recorded for each mouse. Lung images
from different mice are shown. Each error bar is presented as the mean S.E. (n = 5). ¥, p < 0.005, as compared with 4T1-control cells. £, bioluminescence
quantification of metastasis by parental MDA-MB-231-D3H2LN (MM237-control) cells, MDA-MB-231-D3H2LN-nSMase2-OFE (MM231-nSMase2-OF) cells, or MDA-
MB-231-D3H2LN-nSMase2-KD (MN23 1-nShase2-KD) cells. Each error bar is presented as the mean =+ S.E. (n = 5).%, p < 0.05, as compared with MM231-control
cells.

ticle tracking analysis (supplemental Fig. 2D), decreased in cantly decreased lung metastatic colonization (Fig. 1C), and in
nSMase2-knockdown cancer cells (4T1-nSMase2-KD cells) vivo imaging and histological observation revealed a significant
but increased in nSMase2-overexpressing cancer cells (4T1- decreasein the total number of metastatic nodules in nSMase2-
nSMase2-OE cells). However, the expression of intracellular knockdown lung tumors (Fig. 1D and supplemental Fig. 44). In
miRNAs was not altered in either of these established celltypes  contrast, the overexpression of nSMase2 in 4T1 cells enhanced
(supplemental Figs. 24 and 3). After the orthotopicinoculation the metastatic capacity of these tumors (Fig. 1C). We also con-
of these cell lines into mammary fat pad, we found that firmed similar results using an orthotopic model of MDA-MB-
nSMase2 silencing in parental 4T1 breast cancer cells signifi- 231-D3H2LN cells, which are human breast cancer cells with a
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high metastatic ability, overexpressing or inhibiting nSMase2
(Fig. 1E), which suggests that the alteration in expression level
of nSMase2 leads to the change in metastatic ability of cancer
cells. Interestingly, nSMase2 inhibition or overexpression in
4T1 cells did not significantly enhance or inhibit cellular pro-
liferation, invasion, or migration ix vitro (supplemental Fig. 4B)
and did not increase the mammary tumor volume (supplemen-
tal Fig. 4, C and D). In addition, no significant differences were
found in expression profiles of cellular or miRNAs isolated
from these nSMase2-modified cell lines (supplemental Fig. 3).
Moreover, no significant reduction in metastatic potential was
observed in the lungs of animals intravenously injected with
parental 4T1 cells or 4T1-nSMase2-KD cells, which excludes the
possibility that nSMase2 disruption affected the recruitment
capacity of cancer cells to metastatic tissues (supplemental Fig.
5). These results indicate that the effect of nSMase2 on metas-
tasis was not simply due to its effect on the cancer cells
themselves.

Endothelial Activation Regulated by nSMase2-mediated Exo-
sormne Promotes Cancer Cell Metastasis—Consistent with a role
for nSMase2 in the initiation of metastasis, intratumor injec-
tion of exosomes isolated from parental 4T1 cells to non-met-
astatic 4T1-nSMase2-KD cells after orthotopical inoculation
into mammary fat pad significantly enhanced their metastatic
colonization (Fig. 24 and supplemental Fig. 64), whereas the
growth of the inoculated 4T1-nSMase2-KD tumor cells was
unaffected (supplemental Fig. 6B). These results indicated that
endogenous nSMase2 could act to enhance metastatic initia-
tion through the secretion of exosomes. When examining the
selective disadvantage provided by nSMase2 silencing in cancer
cells, we noticed that blood vessels were difficult to detect in
animals that received 4T1-nSMase2-KD cells (Fig. 2B, left
panel). As a result, we hypothesized that tumors inoculated
with nSMase2-knockdown cells would display reduced blood
vessel densities upon microscopic visualization of the primary
tumor after staining for the endothelial marker CD31. The
imaging analysis revealed that primary tumors derived from
4T1-nSMase2-KD cells had significantly lower endothelial cell
densities than did tumors derived from control cells (Fig. 2B,
right panel, and 2C). In contrast, tumors derived from 4T1-
nSMase2-OE cells displayed higher endothelial densities than
did tumors derived from control cells (Fig. 2B, right panel, and
2C). In addition, there were increased numbers of endothelial
cells in tumors derived from 4T1-nSMase2-KD cells that were
subsequently injected with parental 4T1 cell-derived exosomes
compared with control treatment (Fig. 2, D and E). Thus, these
observations indicate that release of nSMase2-mediated exo-
some enhances endothelial cell density, whereas the inhibition
of nSMase2 provides metastatic cells with a selective disadvan-
tage for endothelial interactions and angiogenic progression.

Exosomes Derived from Metastatic Cancer Cells Enhances
Activity of Endothelial Cells—We next sought to determine the
cellular basis for nSMase2-regulated exosome-dependent
angiogenesis. For this purpose, we first evaluated the effect of
exosome from parental 4T1 cells in HUVECs. As a result,
although cellular proliferation of HUVECs was slightly
increased by the addition of 4T1 exosome (supplemental Fig.
7A4), addition of purified exosomes derived from metastatic4T1

fC=VEN

APRIL 12,2013-VOLUME 288°NUMBER 15

Exosomal Angiogenic miRNAs from Cancer Cells

cells enhanced not only tube formation in HUVEC:, as assessed
by the quantification of branch points (Fig. 34), but also migra-
tion of HUVECs (Fig. 3B). Next, to determine whether exo-
somes secreted by metastatic breast cancer cells could be incor-
porated in a paracrine manner, we employed a co-culture
system for HUVECs and 4T1 cells, in which the cells are sepa-
rated by a membrane with a 0.4-um pore size to prevent direct
cell contact or the transfer of larger vesicles. In this experiment,
we used 4T1 cells that had been transduced with a CD63-GFP
fusion gene, and we analyzed GFP fluorescence present in
HUVEC:s after 3 days of co-culture by confocal microscopy.
These studies showed that exosomes could be transferred from
breast cancer cells to endothelial cells during co-culture (Fig.
3C, left panel). However, the transfer of exosomes from cancer
cells to endothelial cells was completely abolished by the addi-
tion of nSMase2 inhibitor, GW4869 that was reported to inhibit
the secretion of exosome from cells (10, 19), to the 4T1-CD63-
GFP cells (Fig. 3C: right panel). In addition, 4T1 exosomes
labeled with the fluorescent dye PKH67 were cultured with
HUVECs and were found to be internalized into endosome-like
structures by endothelial cells (supplemental Fig. 7B). To con-
firm whether the exosomes from inoculated cancer cells were
incorporated into endothelial cells iz vivo, an immunohisto-

chemical analysis was performed following the inoculation of

4T1-hCD63 cells in vivo (Fig. 3D). As shown in Fig. 3D, the
CD31-positive cells (green) was co-localized with CD63 (red)
signals in the tumor. These findings reveal that enhanced tube
formation in endothelial cells is a key feature of metastatic
breast cancer cell populations that is regulated in a humoral
fashion by exosomes released from metastatic cancer cells.
Exosomal Angiogenic miRNAs from Cancer Cells Regulate
Angiogenesis in Endothelial Cells—It is well known that angio-
genic miRNAs regulate multiple endothelial cell functions and
that nSMase2 is essential for miRNA secretion from cells (10,
20, 21). These reports, in addition to our findings described
above, prompted us to evaluate the hypothesis that exosomal
miRNAs from cancer cells are responsible for this phenome-
non. To prove this hypothesis, we used 4T1 cells that had been
transduced with aluciferase short hairpin RNA-overexpressing
vector (4T1-siLuc). This established cell line secretes luciferase
siRNA molecules with a nucleic acid sequence not present in
the mammalian genome (supplemental Fig. 84). To evaluate
whether the transfer of luciferase siRNA occurred in the form
of exosome transfer, we added GW4869 to co-cultured 4T1-
siLuc cells and assessed the transfer of luciferase siRNA to
HUVECs by qRT-PCR. Although we were able to measure
luciferase siRNA in control-treated HUVECs, this siRNA
sequence was minimally detected in HUVECs co-cultured with
GW4869 treated 4T 1-siLuc cells (Fig. 44), which indicates that
small RNAs, including not only siRNA but also miRNA, could
in fact be transferred from cancer cells to endothelial cells dur-
ing co-culture and that the transfer of small RNAs is mediated
by exosome release regulated by nSMase2. We next sought to
determine whether exosomal miRNAs could selectively regu-
late the angiogenesis of endothelial cells. To address this
hypothesis, we performed a miRNA microarray analysis of the
following four cell lines: metastatic breast cancer cells (MDA-
MB-231); non-metastatic cancer cells (MCF7); normal mam-
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FIGURE 2. Endothellal activation medlated by nSMase2 regulates cancer cell metastasls. A, bioluminescence imaging of lung metastasis by 4T1-
nSMase2-KD cells with or without the injection of exosomesisolated from parental 4T1 cells. Each error bar is presented as the mean = S.E. (n = 4).%*%,p < 0.005,
as compared with cantrol injection. B, H&E of primary tumors isolated from parental 4T1-control cells, 4T1-nSMase2-KD cells or 4T1-nSMase2-OF celis (left
panel). Scale bars, 100 um for H&E, The endothelial cells were also evaluated using CD31 staining to detect blood vessels in tumors composed of parental 4T1
cells, 4T1-nSMase2-KD cells or 4T1-nSMase2-OE cells (right panel); scale bars, 100 um. C, angiogenesis determined using CD31 staining which shownin Bto
detect blood vessels in tumors composed of parental 411 cells, 4T1-nSMase2-KD cells, or 4T1-nSMase2-OE cells, as above; n = 4 for each group. Each error bar
is presented as the mean = S.E. (n = 4). ¥, p < 0.05; *, p < 0.005, as compared with 4T1 control. D, H&E staining of primary tumors isolated from mice that
received PBS or aninjection of exosomes from parental 4T1 cells following the transplantation of 4T1-nSMase2-KD cells (left panel). Arrowheads show red blood
cells in vascular structure. Scale bars, 100 um for H&E. The endothelial cells were also evaluated using CD31 staining to detect blood vessels in tumors
composed of 4T 1-nSMase2-KD cells with or without exosome injection {right panel); scale bars, 200 um. E, angiogenesis determined using CD31 staining, which
was shown in D to detect blood vessels in tumors composed of 4T1-nSMase2-KD cells with or without exosome, as above; n = 4 for each group. Each error bar
is presented as the mean = S.E. (n = 4). ¥, p < 0.005, as compared with control injection.

poor prognosis in breast cancer (23, 24). Moreover, a recent
report showed that high expression levels of miR-210 in plasma
are associated with the presence of tumor in patients with

mary epithelial cells (MCF10A); and human embryonic kidney
cells (HEK293), The microarray analysis of miRNA populations
in exosomes isolated from these cell lines were performed using

a miRNA microarray (Fig. 4B). Interestingly, some of the exo-
somal miRNAs that were highly enriched in the metastatic can-
cer cell line are known to regulate angiogenesis in endothelial
cells (22). One of these miRNAs, miR-210, which is well known
as an angiogenic miRNA, and its expression was correlated with

10854 JOURNAL OF BIOLOGICAL CHEMISTRY

breast cancer and with trastuzumab resistance in patients with
HER2-positive breast cancer (25). In addition, the expression
level of miR-210 was significantly higher in breast cancer
patients with lymph node metastasis than in breast cancer
patients without lymph node metastasis (25). From our data
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FIGURE 3. Exosomes derlved from metastatic cancer cells enhances actlvity of endothellal cells. A, capillary tube formation in endothelial cells seeded
onto Matrigel following the addition of exosomes from parental 4T1 cells. A representative image at 16 h after plating is shown, including the quantification of
the average number of branches at 16 h after plating. The scale bar indicates 500 um. B, the effect of exosome on HUVEC migration was determined by
Transwell migration assay. A representative image at 48 h after plating Is shown, including the quantification of the average number of migrated HUVECs at
48 h after plating. The scale bar indicates 100 um. C, an in vitro co-culture system was used, whereby 4T1 cells were seeded in the top compartment and
separated from HUVECs in the bottom compartment by a porous membrane. 4T1 cells {top compartment) were transduced with a CD63-GFP vector and
co-cultured with HUVECs (bottom compartment). Scale bars, 100 um. D, immunostaining of CD31 (green) and CD63 (red) on 4T1-hCD63 inoculated tumor. The

scale barindicates 10 um. CD83 is co-localized with CD31-positive endothelial cells.

and previous reports, because the contribution of exosome
against cancer metastasis was mediator of endothelial activa-
tion, we postulated that exosomal miR-210 might be one of the
regulators in exosome for the angiogenesis around the cancer
cells. Indeed, miR-210 expression in exosome was higher in
malignant cancer cells than that in non-malignant cancer cell
or non-cancer cells (Fig, 4C). To confirm that exosomal miR-
210 were down-regulated in nSMase2-impaired cancer celis,
we performed a gRT-PCR analysis for these cells. As shown in
Fig. 4D, the expression of exosomal miR-210 was down-regu-
lated in nSMase2 knockdown cells when compared with con-
trol cells, although the cellular levels of the miRNAs were not
altered (supplemental Fig. 8B). Moreover, we performed a co-
culture experiment using 4T1-nSMase-KD cells or parental
4T1 cells with HUVECs and then measured the expression of

APRIL 12,2013-VOLUME 288+NUMBER 15

miR-210 in the HUVECs. Co-culture with parental 4T1 cells,
compared with 4T1-nSMase-KD cells, led to the higher detec-
tion of miR-210 in HUVEC:s (Fig. 4F), indicating that exosomal
miR-210 from metastatic cancer cells transfer to recipient
endothelial cells. Then, we employed this co-culture system to
study the effects of exosomes isolated from parental 4T1 cells
on the expression of the established miR-210 target gene, eph-
rin-A3 (26). The presence of parental 4T1 cells reduced the
expression level of ephrin-A3 in HUVECs compared with 4T1-
nSMase2-KD cells (Fig. 4F). To exclude the possibility that the
exosome from cancer cells itself induces the endogenous
expression of miR-210 in HUVECs, we quantified the expres-
sion of primary miR-210 in HUVECs co-cultured with parental
4T1 cells or 4T1-nSMase-KD cells. As shown in supplemental
Fig. 8C, we did not find any difference of primary miR-210
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FIGURE 4. Exosomal anglogenlc miRNAs from cancer cells regulate anglogenesis In endothelial cells. A, 4T1-siLuc cells were treated with 10 um GW4869
atthe start of the co-culture for a total of 48 h (p < 0.001). Each error bar is presented as the mean = S.E. (n = 3). ¥, p < 0.005, as compared with control. B, heat
map showing expression levels of the exosomal miRNAs isolated from HEK293, MCF10A, MCF7, and MDA-MB-231. Blue to red, color range gradient of mean
abundance. C, the expression level of miR-210 in exosome isolated from MCF10A, MCF7, MDA-MB-231-D3H1 (MM231-D3H1), or MDA-MB-231-D3H2LN
(MM231-D3H2) cells. Each error bar is presented as the mean * S.E. (n = 3). *, p < 0005, as compared with MCF10A. D, expression of exosomal miR-210 in
exosomes isolated from parental 4T1 cells or 4T1-nSMase2-KD cells. Each error bar is presented as the mean * S.E. (n = 4). ¥¥, p < 0.005, as compared with
4T1-control cells. £, HUVECs were co-cultured with parental 4T1 cells or 4T1-nSMase2-KD cells for 48 h. RNAwas isolated from the HUVECs at 48 h after the start
of co-culture, and the expression of exosomal miR-210 in the HUVECs was analyzed by qRT-PCR. Each error bar is presented asthemean = SE.(n=3). %, p <
0.05, as compared with 4T1 control cells. F, parental 4T1 cells or 4T1-nSMase2-KD cells were co~cultured with HUVECs for 48 h, and the expression levels of
ephrin-A3 (target of miR-210) were analyzed by qRT-PCR. Each error bar is presented as the mean = S.E.(n = 3).%,p < 0.05, as compared with 4T1-control cells.

expression level between HUVECs co-cultured with parental cancer cellsis due to the presence of angiogenic miRNAs within
4T1 cells or 4T1-nSMase-KD cells, although the expression of the exosomes.

primary miR-210 levels was induced 20-fold above basal levels ‘Exosomal miR-210 Enhanced Angiogenic Activity in Endothe-
by desferrioxamine, which is an iron chelator and known to  ligl Cells in Vitro—To show the direct evidence that exosomal
induce the expression of hypoxia inducible factor-la (27), miR-210released from cancer cells contributed to the enhance-
treatment compared with untreated cells (supplemental Fig. ment of endothelial function in HUVECs, we collected miR-210
8D). Taken together, these results suggest that the enhanced enriched exosome, which was isolated from miR-210 tran-
angiogenesis mediated by exosomes isolated from metastatic  siently transfected 4T1 cells. After the transfection of miR-210
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were used as redipient cells. The reciplent cells were incubated in an miR-210-enriched exosome, control exosome, or PBS. After a 1-day incubation, a luciferase
reporter assay was performed. The values on they axis are depicted relative to the normalized luciferase activity of control PBS-treated cells, whichis defined as 1. Each
error baris presented as the mean = S.E. (i = 5). %, p < 0.05;*, p < 0.005, as compared with control. C, exosome did not reduce the luciferase activity of the mutated
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luciferase activity of control cells, which is defined as 1. Each error bar is presented as the mean = S.E. (n = 4). ns. represents not significant. D, the transfection of
anti-miR-210 to HUVECs inhibited the induction of capillary formation by exosomes derived from 4T1 cells. Following transfection with 3 nu of the miR-210 inhibitory
molecule (anti-miR-210) or a control molecule (anti-NC), the HUVECs were incubated for 1 day, and these cells were then assessed using the migration assay with
miR-210-enriched exosomes, control exosomes, or PBS. A representative image at48 h after plating is shown, incdluding the quantification of the average number of
migrated HUVECs at 48 h after plating. Each error baris presented as the mean =+ S.E.(n = 3). % p < 0.05;*, p < 0.005 as compared with PBS treatment. The scale bar
indicates 100 um. £, capillary tube formation in endothelial cells seeded onto Matrigel following the addition of miR-210-enriched exosomes, control exosomes, or
PBS. A representative image at 16 h after plating is shown, including the quantification of the average number of branches at 16 h after plating. Each error bar is
presented asthe mean + SE (n = 3). % p < 0.05; %%, p < 0.005 as compared with PBS treatment. The error bar indicates 500 um.

expression vector to 4T1 cells, its expression was increased not 210 are functional in the recipient HUVECs or not, we per-

only in the cells (Fig. 54, left panel) but also in the exosomes formed an miRNA-responsive reporter assay. We implemented
(Fig. 54, right panel). To confirm whether the transferred miR-  luciferase analyses using a sensor vector harboring Renilla
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