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Tumor and Stem Cell Biology

MicroRNAs Regulate Tumor Angiogenesis Modulated by
Endothelial Progenitor Cells

Prue N. Plummer1, Ruth Freeman1, Ryan J. Taft2, Jelena Vider1, Michael Sax1, Brittany A. Umer1,
Dingcheng Gao7, Christopher Johns8, John S. Mattick2, Stephen D. Wilton4, Vito Ferro3,
Nigel A.J. McMillan1, Alexander Swarbrick5,6, Vivek Mittal7, and Albert S. Mellick1

Abstract
Bone marrow–derived endothelial progenitor cells (EPC) contribute to the angiogenesis-dependent growth of

tumors inmice and humans. EPCs regulate the angiogenic switch via paracrine secretion of proangiogenic growth
factors and by direct luminal incorporation into sprouting nascent vessels. miRNAs have emerged as key
regulators of several cellular processes including angiogenesis; however, whether miRNAs contribute to bone
marrow–mediated angiogenesis has remained unknown. Here, we show that genetic ablation of miRNA-
processing enzyme Dicer, specifically in the bone marrow, decreased the number of circulating EPCs, resulting
in angiogenesis suppression and impaired tumor growth. Furthermore, genome-wide deep sequencing of small
RNAs revealed tumor EPC-intrinsic miRNAs including miR-10b and miR-196b, which have been previously
identified as key regulators of HOX signaling and adult stem cell differentiation. Notably, we found that bothmiR-
10b andmiR-196b are responsive to vascular endothelial growth factor stimulation and show elevated expression
in human high-grade breast tumor vasculature. Strikingly, targeting miR-10b and miR-196b led to significant
defects in angiogenesis-mediated tumor growth inmice. Targeting thesemiRNAsmay constitute a novel strategy
for inhibiting tumor angiogenesis. Cancer Res; 73(1); 341–52. !2012 AACR.

Introduction
For a solid tumor to grow and spread it must recruit blood

vessels in a process referred to as the angiogenic switch (1).
Bone marrow–derived endothelial progenitor cells (EPC) are
important mediators of the angiogenic switch through the
production of paracrine factors and by directly incorporating
into the lumen of tumor neovasculature. Suppression of EPCs
leads to a delayed angiogenic switch, which is associated with
impaired tumor growth and spread (2–4). Tumor EPCs are

phenotypically distinct from tumor vasculature, and other
bone marrow–derived cells in the tumor microenvironment.
Therefore, targeting EPC-intrinsic factors provides a therapeu-
tic approach, likely to be devoid of undesired side effects
associated with current antiangiogenic therapies (4–7). How-
ever, mechanisms of EPC-mediated tumor angiogenesis need
further investigation.

miRNAs (miRNA/miR) are small noncoding RNAs (18–23 bp
in size) generated by the consecutive activity of 2 RNAseIII
enzymes, Drosha and Dicer (8). They regulate gene activity by
sequence-specific binding to mRNA, triggering either transla-
tional repression or RNA degradation. It has been predicted
that mammalian miRNAs regulate approx. 30% of all protein-
coding genes (9). miRNAs have emerged as key regulators of
several cellular processes, including angiogenesis (10). Amajor
indicator that miRNAs may contribute to angiogenesis came
from the observation that suppression of Dicer and Drosha
in vitro resulted in impaired angiogenesis (11–13). It has also
been shown that tissue-specific inactivation of Dicer leads to
impaired vascular development in the embryo (14). However,
miRNAs have not been directly implicated in EPC-mediated
tumor angiogenesis in vivo.

Previously, we have shown that the proximal promoter of
the inhibitor of DNA binding 1 (Id1), in a retroviral context, can
be used to genetically modify and deliver transgenes to EPCs
in vivo (4). We also showed that Id1-marked EPCs could be
tracked from the bonemarrow compartment to the tumor bed,
where theywere eventually incorporated into the tumor vascu-
lature. Using a similar strategy, we delivered Cre-recombinase
to specifically excise floxed Dicer, the key miRNA-processing
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enzyme in EPCs, which resulted in global miRNA loss and
impaired EPC-mediated tumor angiogenesis. To identify can-
didate miRNAs, we conducted a genome-wide small RNA
sequencing of tumor EPCs, revealing a miRNA profile that
was more similar to vasculature from normal tissues and
tumors, than either bone marrow–derived myeloid and/or
lineage-depleted (Lin!) cells. Notably, we identified several
miRNAs, in particular miR-10b and miR-196b (15–17), which
were upregulated in tumor EPCs and tumor vasculature,
compared with EPCs from wild-type animals and normal
vasculature, respectively. We also showed that miR-10b and
miR-196b are regulated by tumor-conditioned media and
VEGF in endothelial cells, and that suppression of both
miRNAs led to significant endothelial cell defects in vitro, as
well as EPC-mediated impaired tumor growth in vivo. Taken
together, these results underscore the importance of miRNAs
in EPC-mediated tumor angiogenesis and provide novel tar-
gets for future antiangiogenic strategies.

Materials and Methods
Mice

The method for obtaining transgenic mice with the floxed
Dicer allele (18) and Cre-recombinase, as well as the Id1
reporter mice (19) is outlined in the Supplementary Methods.
Female C57BL/6 mice, BALB/c mice, and immunocompro-
mised BALB/c nu/nu (nude) mice were obtained from the
Animal Resources Centre (Canning Vale, Western Australia).
All procedures involving mice were conducted in accordance
with protocols reviewed and approved by institutional animal
care, and ethics committees.

Human biopsies
Formalin-fixed breast cancer biopsies cryopreserved in OCT

were provided by the Breast Cancer Tissue Bank (www.abctb.
org.au). Biopsies were collected by Westmead Hospital,
Australia, under protocols reviewed and approved by the
institutional human ethics committees. In this study, biopsies
representing the most common type of invasive breast cancer,
infiltrating ductal carcinoma (IDC), and the most common
type of noninvasive breast cancer ductal carcinoma in situ
(DCIS; ref. 20) were prepared as 10-mm-thick transverse sec-
tions before in situ hybridization (ISH) analysis.

Cell lines and cell culture conditions
Murine Lewis lung carcinoma cells (LLC)/D12 were

obtained from the American Type Culture Collection
(ATCC) and were provided by Eisenbach (Wiesman Institute
of Science, Rehovot, Israel), and maintained in RPMI and
10% fetal calf serum (FCS; Invitrogen). An LLC cell line
expressing the monomeric form of the red fluorescent
protein mCherry (21) was created through the stable trans-
duction of a retroviral construct containing mCherry, driven
by a 500 bp region of the murine phosphoglycerate kinase
promoter (3). LLC–mCherry clones were selected for in vivo
studies based on similarity in growth and pathology to the
parental line. The murine 4T1 and human MDA-MB-231
mammary carcinoma cell lines were obtained from the

ATCC and maintained in Dulbecco's Modified Eagle's Medi-
um (DMEM) with 10% FCS.

Human embryonic kidney (HEK) 293T cells were obtained
from ATCC and grown in DMEM, with 10% FCS and sodium
pyruvate (1 mmol/L). ROSA26-Lox-Stop-Lox-b-lactomase
(LacZ) 3T3 fibroblasts containing LacZ, under the control of
a floxed transcriptional termination sequence (obtained from
the Lowe Lab; ref. 22), weremaintained inDMEMand 10%FCS.
Human umbilical vein endothelial cells were obtained from
ATCC, grown on 0.1% gelatin (Sigma-Aldrich), andmaintained
in EGM-2MV BulletKit Media (Lonza), supplemented with
VEGF and fibroblast growth factor. Murine endothelial cells
were provided by J. Cook-Mills (University of Cincinnati,
Cincinnati, OH; ref. 23) and maintained in DMEM with 10%
FCS. Cell authentication was conducted at ATCC by short
tandem repeat profiling, cell morphology monitoring, karyo-
typing, and the ATCC cytochrome c oxidase. All cultures
obtained were resuscitated from stocks frozen at low passage
within 6 months of receipt.

Bone marrow transplant and tumor growth studies
Bone marrow transplant (BMT) was conducted using pre-

viously published protocols (ref. 4; see also Supplementary Fig.
S1A). Once fully reconstituted (8 weeks), BMT mice were then
treatedwith 4-hydroxytamoxifen (4-OHT) in sesame oil (200mg
per animal; Sigma Aldrich), by intraperitoneal injection every 2
days: beginning 4 days before tumor implantation (see also
Supplementary Fig. S1A). For tumor growth studies, animals
were inoculated with: (i) 5 " 106 LLC cells (intradermally in
C57BL/6 mice); (ii) 5 " 104 4T1 breast cancer cells (orthoto-
pically in themammary fat pad of BALB/cmice); or (iii) 1" 106

MDA-MB-231 cells (orthotopically in the mammary fat pad of
nude mice). For all experiments, tumor volume was measured
using standard methods (4, 24).

Generation of Cre-recombinase lentiviral constructs
To deliver Cre-ERT2, under the control of the Id1 proximal

promoter (Id1pr/p), Cre-ERT2 was inserted into a NotI site
upstream of GFP in the lentiviral (LV) pWPT-Id1pr/p-GFP
construct, as previously described (4). An internal ribosome
entry site (IRES) was inserted between GFP and Cre-ERT2 to
create LV-Id1pr/p-GFP-IRES-CreERT2 (Id1pr/p-CreERT2). A con-
stitutive Cre-ERT2 expressing control construct was created by
replacing the Id1pr/p element with an 800 bp region of the
elongation factor (EF) 1a1 promoter to generate LV-pWPT-
EFlong-GFP-IRES-Cre

ERT2 (EFlong-Cre
ERT2). In this study, LV

production was conducted using a three vector packaging sys-
tem, with the HIV gag-pol-encoding psPAX.2 (pMDLg/pRRE
and REV) and pMD2.G (VSVG; Addgene), cotransfected into
the 293T packaging cell line (25). Viral titer was determined by
p24 ELISA (Perkin-Elmer), and/or fluorescence-activated
cell sorting (FACS) analysis of GFP signal in LV-pWPT-GFP
infected 293T cells. Finally, the "Cre-ERT2 activity" of infected
cells was assessed by (i) gene activation, following infection
of ROSA26-Stop-Lox-Stop-LacZ 3T3 fibroblasts; and (ii) self-
inactivation of GFP, following 4-OHT induction of LV Cre-
recombinase transduced 293T cells. LV transduction of bone
marrow and analysis of transduction efficiency (integration
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events/genome) before (and after) BMT were conducted as
described (4).

Fluorescent immunohistochemicalmicroscopic analysis
of tissues
Unless otherwise stated, all tissues were stained with Alexa

Fluor (Invitrogen) or phycoerythrin (PE) conjugated primary
antibodies and with the nuclear counter stain, 40,6-diamidino-
2-phenylindole (DAPI). Rat antimouse primary antibodies:
CD31/PECAM-1 (clone MEC13.3), VE-cadherin/CD144 (clone
11D4.1), CD11b (cloneM1/70), VEGFR2/Flk1 (clone avas12a1),
and PE-conjugated c-kit/CD117 (clone 2B8), were obtained
from BD Pharmingen. Primary mouse antihuman monoclonal
antibody CD31 (clone WM59) was obtained from BD Bio-
sciences. Polyclonal rabbit anti-CRE recombinase (ab40011)
from Abcam, polyclonal goat anti-HOXD10 (catalog no. 33005)
from Santa Cruz; and rabbit anti-Dicer polyclonal antibody
(kindly provided by G. Hannon, CSHL, NY) were detected with
Alexa Fluor conjugated anti-rabbit (Invitrogen)/or anti-goat
(Santa Cruz) secondary antibody, using established protocols
(2–4). GFP and mCherry were detected by their own fluores-
cence signal (4, 19, 21). Imageswere obtained using theZeiss Z1
fluorescent microscope (Software Axiovision Version 4.8; Carl
Zeiss) with a resolution of 0.275 to 0.35 mm, as described (2–4).

Locked nucleic acid in situ hybridization analysis of
tissues
Cell-specific small RNAs were detected by fluorescence

microscopy using modification of previously published
methods (26, 27). After OCT removal, the slides were sub-
jected to another round of fixation in 4% PFA (5–10 min-
utes). The tissues were blocked (50 " Denhardt's, 10 mg/mL
Yeast tRNA, 10 mg/mL Salmon Sperm DNA, formamide,
20 " SSC pH7, 50#C, 10–20 minutes). To detect miRNAs,
2 pmol of 50-Digoxigenin (DIG) labeled LNA RNA oligonu-
cleotide probe (miRCURY Exiqon) was added and slides
were incubated: 30 minutes for adherent cells or 80 minutes
for tissue sections (50#C). All experiments were conducted
with negative (scrambled: 50-DIGN/GTGTAACACGTCTATA-
CGCCA-30) and positive (U6: 50-DIGN/CACGAATTTGCGT-
GTCATCCTT-30) control probes. The following locked nu-
cleic acid (LNA) probes were used in this study: miR-10b
(50-DIGN/CACAAATTCGGTTCTACAGGTA-30), miR-196b (50-
DIGN/CCCAACAACAGGAAACTACCTA-30), miR-451 (50-DIGN/
AACTCAGTAATGGTAAGGTTT-30), miR-132 (50-DIGN/CGAC-
CATGGCTGTAGACTGTTA-30), miR-151-3p (50-DIGN/CCT-
CAAGGAGCCTCAGTCTAG-30), and miR-152 (50-DIGN/CC-
AAGTTCTGTCATGCACTGA-30). The slides were then washed
with: (i) 0.1 " SSC, 10 minutes, 54#C three times; (ii) 2 " SSC,
5 minutes, room temperature once; and (iii) TN buffer (0.1
mol/L Tris-HCL with 0.15 mol/L NaCl) pH 7.5, 3 minutes,
room temperature 3 times. The slides were then blocked,
2 hours room temperature with blocking buffer (0.1 mol/L
Tris-HCl, pH 7, 0.15 mol/L NaCl, 0.3% TritonX-100, 10% FCS,
0.5% blocking reagent; Roche Applied Science). To detect
DIG-labeled hybridized probe and cell-specific antigens, anti-
DIG-fluorescein isothiocyanate (FITC) or anti-DIG-rhoda-
mine (RHOD, in the case where FITC may overlap with GFP

signal) conjugated, Fab Antibody Fragments (Roche Applied
Science), and Alexa Fluor (Invitrogen)-conjugated primary
antibodies were added to the blocking buffer (1:400) and
incubated for adhered cells (2 hours, room temperature) and
for tissue slides (overnight, 4#C). To validate the cytoplasmic
compartmentalization of identified miRNAs, fluorescence
detection by TRITC-conjugated phalloidin (#R415; Invitro-
gen), which selectively binds to F-actin was conducted
(0.1 U/slide, overnight). After washing in TN buffer, supple-
mented with Tritron X-100 (1%), the tissue slides were stained
with DAPI.

Isolation of mouse cells by FACS
FACS was used to analyze and isolate cell populations.

Single-cell suspensions were obtained from bone marrow and
PB, as described earlier, whereas fresh tumor and lung tissues
were collagenase treated (Collagenase H&D; Roche Diagnos-
tics, 37#C, 40 minutes). In each instance, single-cell suspen-
sions were filtered (70 mm), preblocked with Fc block CD16/
CD32 (BD Pharmingen), and incubated with primary Alexa
Fluor conjugatedmonoclonal antibodies as described earlier. A
rat monoclonal antimouse TER-119 (clone TER-119) antibody
(BD Biosciences) was used as an erythroid marker (2–4). FACS
was done with isotype, fluorescence-minus-one, and unstain-
ed controls for determining appropriate gates, voltages, and
compensation (28), using the LSRII flow cytometer. Multivar-
iate FACS analysis was done using FACS Diva software (BD
Biosciences). Cells were stained and sorted into PBS, supple-
mented with 1% FCS, using the BD FACS Aria flow cytometer
(BD Biosciences). mCherry LLC tumor cells, labeled with
mCherry, were excluded from the host-derived vasculature,
using the MoFlow (Beckman Coulter) high-speed cell sorter,
with the Sapphire laser (561 nm Excitation; Coherent Inc.).

Small RNA analysis of FACS isolated mouse cells
Total RNA was obtained (TRIzol; Invitrogen), and salts were

removed using the Amicon-Ultra 0.5 mL 3K columns (Milli-
pore). RNA quality was assessed using the Nanodrop1000
(ThermoScientific) before analysis. Library preparation and
sequencing was conducted by R. King (GeneWorks), using the
Illumina alternative v1.5 protocol for small RNA sequencing on
the Illumina Genome Analyzer (Illumina). Two 'Spike-in' 50-P
and 30-OH RNA oligonucleotides at 1 pmol/10 mg were used as
internal normalisation controls: Spike02 (50-P-AGUAACU-
CUAGCGGCUUAGUC-OH-30) and Spike06 (50-P-AUACGUC-
GACACGGUUCA-OH-30; ref. 29).

Bioinformatic analysis was conducted on a high perfor-
mance computing station (University of Queensland, St. Lucia,
Queensland, Australia) that houses a local mirror of the UCSC
Genome Browser20 (9), the Galaxy toolset (30), and a suite of
publicly available and in-house programs. Library adaptors
were removed using the FASTX-toolkit (http://hannonlab.cshl.
edu/fastx_toolkit/). Sequences were mapped using Bowtie
(31) and were required to map uniquely to the genome with-
out mismatches. miRNA expression was computed using an
in-house Galaxy pipeline that takes all small RNA sequences
that map to miRBase Release 16 pre-miRNA and mature
miRNA annotations (32). Relative expression differences were
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calculated for each feature using the spike control normalized
values. Those sequences that showed less than 300 normalized
reads were excluded from further analysis.

To validate the representation of miRNAs identified in each
library, real-time quantitative reverse transcriptase PCR was
conducted using miScript SYBR Green Kit (Qiagen). Amplifi-
cation products were detected using the iCycler iQ (Bio-Rad).
Relative-fold differences in expression were determined using
comparative analysis of mean control and test cycle threshold
(DDCT) at linearity with respect to 1 of 2 internal reference
small RNAs: U5a or U6 (Qiagen; DCT; ref. 33).

Results
Conditional ablation of Dicer in bone marrow EPCs
results in angiogenesis inhibition and impaired tumor
growth

To determine whether miRNA biogenesis is required for
bone marrow–mediated tumor growth and angiogenesis, total
bone marrow from the Dicerflox/flox/CreERT2/! mice was trans-
planted into irradiated syngeneic C57BL/6 wild-type recipi-
ent mice (Supplementary Fig. S1A). Following 8 weeks of
stable bone marrow engraftment, administration of 4-OHT to
Dicerflox/flox/CreERT2/! BMT animals significantly impaired
growth of LLC tumors compared with controls ($50% by day
14; Supplementary Fig. S1B). Impaired growth of these tumors
was associated with >2-fold reduction in vessel density (Sup-
plementary Fig. S1C). Further analysis showed that adminis-
tration of 4-OHT ablatedDicer protein in VE-cadherinþ cells in
the bone marrow (Fig. 1A). These results suggested that bone
marrowDicer ablation-mediated suppression of tumor growth
and angiogenesis may be because of global miRNA loss.

After having observed a tumor phenotype after global Dicer
ablation in the bonemarrow,we used amore focused approach
to determine the contribution of miRNAs in EPC-mediated
tumor angiogenesis. To accomplish this, we exploited our
previously established selectivity of the Id1 proximal promoter
(Id1pr/p) for EPCs (4). We used the Id1pr/p to express Cre-
ERT2 in lineage negative (Lin!) bone marrow–derived cells
harvested fromDicerflox/floxmice, so thatDicer ablation in EPCs
could be accomplished. The Lin! Dicerflox/flox bone marrow
cells transduced with lentivirus LV-Id1pr/p-GFP-IRES-CreERT2

(Supplementary Fig. S2A–S2C) were transplanted into irradi-
ated C57BL/6 recipients to generate Dicerflox:flox:Id1pr/
p-CreERT2 BMT mice (Supplementary Fig. S3A). After 8 weeks
of bone marrow engraftment, flow cytometry analysis of bone
marrow from these reconstituted mice showed that as
expected approx. 5% of the bone marrow cells express GFP,
and that the GFP/CREERT2 expression was confined to c-kitþ

bone marrow cells (Supplementary Fig. S3B). Analysis of LLC
tumors in Dicerflox:flox:Id1pr/p-CreERT2 BMT mice showed that
the GFP/CREERT2 expression was restricted to the VE-
cadherinþ EPCs in the tumor–stroma (Supplementary Fig.
S3C). Treatment of Dicerflox:flox:Id1pr/p-CreERT2 BMT animals
with 4-OHT resulted in reduced tumor growth and vessel
density, phenocopying conditional Dicer ablation in the whole
bone marrow (Fig. 1B). To evaluate this phenotype further, we
examined c-kitþ peripheral blood mononuclear cells (PBMC,

day 8) and bone marrow mononuclear cells (BMMNC). Nota-
bly, a significant reduction in both circulating EPCs (CEP, P¼
0.0022) and bone marrow EPCs (P ¼ 0.0286) was observed in
Dicerflox/flox:Id1pr/p-CreERT2 BMT animals treated with 4-OHT
(Fig. 1C and D). Importantly, CD11bþ myeloid progenitors
remained unchanged, which is consistent with exquisite spec-
ificity of Id1pr/p for EPCs (Fig. 1C and D; see also Supplemen-
tary Fig. S4A and S4B). As expected, Dicer expression was
retained in other BMMNCs cells, and not in VE-cadherinþ

EPCs of 4-OHT treated Dicerflox/flox:Id1pr/p-CreERT2 BMT ani-
mals (Supplementary Fig. S3D). Taken together, these findings
suggest that functional Dicer is required for bone marrow–
mediated tumor angiogenesis and that EPC-mediated tumor
angiogenesis may be dependent on miRNAs generated by
Dicer.

miR-10b and miR-196b are upregulated in EPCs in the
bone marrow, peripheral blood, and in the tumor bed

To identify candidate miRNAs that contribute to EPC-
mediated tumor angiogenesis, we conducted genome-wide
small RNA 'deep' sequencing on flow cytometry sorted EPCs
from LLC tumors. Reference data from tumor associated
myeloid progenitor cells and Lin! bone marrow–derived
cells was also generated (Fig. 2A; Supplementary Tables S1
and S2). miRNAs that were specifically upregulated in EPCs,
compared with other bone marrow–derived lineages, and
that have been previously implicated in cancer or stem cell
biology were selected for further validation by quantitative
PCR (qPCR) (Fig. 2B and C; Supplementary Table S3).
Among the qPCR validated miRNAs, we selected for further
analysis miR-132, which was previously implicated in tumor
angiogenesis (34); and miR-10b and miR-196b, which are
regulators of the HOX developmental pathway, and have
also been implicated in cancer metastasis and angiogenesis
(15–17, 35, 36).

Next, ISH with LNA probes confirmed the results of qPCR
by showing that miR-10b and miR-196b are expressed in
EPCs in BMMNCs, PBMCs, and LLC tumor bed (Fig. 2D and
E; Supplementary Fig. S5A–S5C). To accurately evaluate
EPCs in the tumor bed, we used Id1þ/GFP BMT animals in
which EPCs are genetically marked with GFP transgene in
the bone marrow compartment (4, 19). In these mice, GFPþ

EPCs recruited in the LLC tumor showed distinct miR-10b
and miR-196b expression (Supplementary Fig. S5D). We also
evaluated whether EPCs in other tumor models expressed
miR-10b and miR-196b. Consistent with the LLC model,
EPCs in orthotopic 4T1 mammary tumors (Supplementary
Fig. S5E) and MDA-MB-231 human breast tumors (Supple-
mentary Fig. S5F) showed miR-10b and miR-196b expression
by ISH. Notably, levels of miR-10b was found to be reduced in
the tumors of 4-OHT–treated Dicerflox/flox:Id1pr/p-CreERT2

BMT animals, whereas its downstream target HOXD10
(36) was found to be upregulated in tumor-associated EPCs
(Supplementary Fig. S6A–S6C). Similarly, miR-196b was also
reduced in the tumors of 4-OHT treated Dicerflox/flox:Id1pr/
p-CreERT2 BMT animals (data not shown). Taken together,
these findings indicate that tumor EPCs exhibit a unique
miRNA profile compared with other bone marrow–derived
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lineages, and that the tumor EPC expression of miR-10b and
miR-196b may play a functional role in tumor biology in situ.

EPC-specific miRNAs are differentially expressed in
tumor endothelial cells
To determine if miRNAs, including miR-10b and miR-196b,

identified in EPCs were also differentially expressed in tumor
endothelial cells, we carried out deep sequencing of small RNAs
isolated from the vasculature of tumor and normal tissues
(lung and dermis). Comparison of tumor vasculature to normal
vasculature showed that several miRNAs were upregulated in
the tumor vasculature including miR-10b and miR-196b, and
several miRNAs were downregulated in tumor vasculature
includingmiR-451, miR-128, andmiR-486 (Fig. 3A; Supplemen-
tary Tables S4 and S5A). Furthermore, validation by qPCR
showed a remarkable concordance inmiRNA expression levels

with that of deep sequencing analysis. Moreover, this concor-
dance was preserved in various tumor types examined (Fig. 3B;
Supplementary Table S5B). miR-132, previously shown to be
associated with tumor endothelial cells (34), was also signif-
icantly upregulated in tumor vasculature. To exclude the
possibility that contaminating tumor cells may have artificially
contributed to the miRNA expression level detected in tumor
vasculature, we generated LLC tumors expressing mCherry.
From these mCherryþ LLC tumors, tumor cells were excluded
and endothelial cells purified using FACS. Importantly, analysis
of purified tumor endothelial cells by qPCR and ISH showed
expression of candidate miRNAs including miR-10b and miR-
196b consistent with previous analysis (Supplementary
Fig. S7A and B and Table S5C).

ISH analysis of LLC, 4T1, and MDA-MB-231 tumors showed
preferential expression of miR-10b (Fig. 3C; Supplementary
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Fig. S8A and S8B), miR-196b, and miR-132 (data not shown) in
tumor vasculature, compared with vasculature from normal
tissues (Supplementary Fig. S8C and S8D). Cytoplasmic expres-
sion of miR-10b in tumor endothelium was confirmed by
counterstaining with F-actin stain, phalloidin (Supplementary
Fig. S9A). Although, in contrast, miR-451was downregulated in
tumor vasculature and was expressed at a relatively high level
in normal, nontumor vasculature (Supplementary Fig. S9B).

To obtain insights into whether the candidate miRNAs,
identified earlier, were upregulated in the tumor vasculature
in response to paracrine activity of the tumor cells, we treated
murine endothelial cells with tumor-conditioned medium and
observed differential regulation of miR-10b, miR-196b, and
miR-132 (Fig. 3D; Supplementary Table S6A). Given that
tumor-secreted VEGF has been known asmajor proangiogenic

cytokine that activates endothelial cells, we hypothesized that
VEGF may induce miRNA expression in endothelial cells.
Indeed, treatment of endothelial cells with VEGF resulted in
upregulation ofmiR-10b (Fig. 3E; Supplementary Table S6B), as
well as miR-132 (Supplementary Table S6B). These results
show that certain miRNAs such as miR-10b and miR-196 are
upregulated in tumor endothelial cells in response to tumor
produced growth factors, including VEGF.

miR-10b andmiR-196 are expressed in the vasculature of
human tumors

To compare our observations in murine tumors to human
tumors, we next determined if miR-10b and miR-196b are also
involved in humanbreast cancer.We examined the vasculature
of invasive infiltrating ductal carcinoma (IDC) grade III
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tumors, which showed sentinel lymph node involvement, and
localized ductal carcinoma in situ (DCIS) that did not present
lymph node involvement (20). mir-10b and miR-196b were
found to be highly expressed in the vasculature of IDC grade III
tumors (Fig. 4A; Supplementary Fig S10A and S10B), with little
or no endothelial expression in DCIS tumors (Fig. 4B). Con-
sequently, the number of miR-10b- and miR-196b–expressing
tumor vessels was higher in IDC tumors compared with DCIS
(Supplementary Fig. S10C and S10D and Table S7A). In agree-
ment with the previous observation, treatment of human
endothelial cells with either tumor conditionedmedia or VEGF
resulted in the upregulation of miR-10b and miR-196b (Fig. 4C
and D; Supplementary Fig. S10E and Tables S7B and S7C).
These results show that miR-10b and miR-196 are preferen-
tially expressed in the vasculature of more invasive human
breast tumors, and that they are upregulated by tumor pro-
duced growth factors in human endothelial cells.

Suppression of miR-10b and miR-196b decreases
endothelial cell migration and tubule formation in vitro

It has previously been shown that the downstream target of
miR-10b, HOXD10 inhibits endothelial cell migration and
angiogenesis (36, 37). In this study, we found that HoxD10 is
upregulated in EPCs impaired for miRNA biogenesis (Supple-
mentary Fig. S6); therefore, to determine whether miRNA
regulation of Hox signaling plays a role in angiogenesis, we
used anti-miRs to inhibit either miR-10b or miR-196b and
examined the effect on HOXD10 levels and endothelial cell
function in human and murine endothelial cells in vitro (37).
We used Cy3-conjugated anti-miRs to confirm efficient trans-
fection ofmurine and human endothelial cells (Supplementary
Fig. S11A and S11B). Notably, suppression of both miR10b and
miR-196b lead to significantly reduced endothelial cell tube
number and tube length compared with controls ($20–30%
reduction; Fig. 5A and B; Supplementary Fig. S11C and Table
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S8–S8D),; as well as impaired migration of human and murine
endothelial cells in wound healing assays (Supplementary Fig.
S11D and Table S8E–S8H). Furthermore, suppression of miR-
10b led to an increase inHOXD10, whichwas further confirmed
by assessing its downstream targetmiR-7 thatwas upregulated
in human andmouse endothelial cells (Fig. 5C; Supplementary
Fig. S11E and Supplementary Methods; ref. 38). Notably, sup-
pression of miR-196b also led to increased HOXD10, a finding
that has not been previously reported, whereas levels ofHOXA9
(39) remained unchanged (Fig. 5C).

Administration of anti-miR-10b and anti-miR-196b
results in EPC-mediated impaired tumor growth in vivo

After having established that suppression of miR-10b and
miR-196b leads to endothelial cell dysfunction, we next deter-
mined the effects of miR-10b and miR-196b suppression on

angiogenesis-mediated tumor growth in vivo.We administered
anti-miRs using RGD incorporated "stealth liposomes" (34,40)
intravenously to target the tumor vasculature in mice bearing
4T1 tumors. The RGD-peptide, which recognizes interginavb3,
expressed by tumor vasculature, was conjugated to cholesterol,
separated by a polyethylene glycol (2xPEG) linker, and incor-
porated into liposomes with FITC-labeled anti-miRs, using the
hydration of freeze dried matrix method (ref. 40; Supplemen-
tary Methods and Fig. S12A). Notably, anti-miR-10b treated
mice showed significantly reduced tumor volume and weight
(Fig. 5D). Two days after last treatment, significant FITC signal
was detected in mononuclear cells from the bone marrow
($5% of BMMNCs), peripheral blood ($0.08% of PBMCs;
Supplementary Fig. S12B), and tumor vasculature (Supplemen-
tary Fig. S12C). Thiswas associatedwith a significant reduction
in the number of CEPs, but no change in myeloid cells in either
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anti-miR-10b or anti-miR-196b treatedmice was found (Fig. 5E
and Supplementary Fig. S12D). Notably, tumors fromanti-miR-
10b treated mice showed a significantly reduced number of
tumor endothelial cells; aswell as phenotypic changes in tumor
vasculature (Fig. 5F). Taken as a whole these data suggests that
targeting miR-10b leads to significant EPC defects as well as a
reduction in tumor growth.

Discussion
Although the contribution ofmiRNAs to tumor angiogenesis

has been reported (7, 13, 34), the challenge of delivering
transgenes to specific cell types in the bone marrow–compart-
ment of tumor–stroma has precluded study of the biological

function of EPC miRNAs and has impaired attempts to obtain
a deeper understanding of their clinical significance. Further-
more, although EPC-associated miRNAs have been reported
through in vitro studies (e.g., miR-34a; ref. 41), there has, as yet,
been no direct link made between their expression by EPCs,
and their significance to tumor vascular biology in vivo.

It is known that Dicer-regulated miRNA biogenesis is a key
factor in normal cell function, embryological development, and
stem cell biology (17). In this study, we have used Dicerfloxed

mice and exploited the selectivity of the Id1 proximal promot-
er-LV reporter (4) to mark EPCs to show for the first time that
Dicer is required for EPC-mediated tumor angiogenesis (Fig. 1).
This result concurs with a related finding that Dicer is required
for vascular integrity during embryogenesis (14).

Figure 5. miR-10b and miR-196b are required for endothelial cell function. A, tube formation assay after suppression of miR-10b, showing reduced tube
number in anti-miR–treated murine (left) and human (right) endothelial cells compared with transfection reagent treated (TC) and scrambled (SC) controls.
B, tube formation assay after suppression of miR-196b showing impaired tube number in anti-miR–treated murine (left) and human (right) endothelial
cells compared with TC and SC. For A and B, data are mean tube number ' SEM and analyzed by unpaired t test (a ¼ 0.05, (, P < 0.05, ((, P < 0.01).
C, Western blot analysis of human endothelial cells showing an increase in levels of HOXD10 protein (40 kDa) after suppression of miR-10b and miR-196b.
Upper right, levels of HOXA9 (35 kDa) remained unchanged. Below, normalized relative quantitative differences in HOX levels. Data are relative pixel density,
compared with background ' SEM, compared with SC, and analyzed by unpaired t test (a ¼ 0.05, (, P < 0.05). D, RGD directed delivery of liposomes
carrying anti-miR10b and anti-miR196b via tail vein injection on orthotopic 4T1 tumor growth. Left, significantly impaired tumor volume; right, significantly
impaired tumor weight in anti-miR-10b treated animals. Data are box plots with medium tumor volume indicated and analyzed by Mann–Whitney U test
(a ¼ 0.05, (, P < 0.05, ((, P < 0.01). Representative images of tumors from each category are shown at the right. Scale bar, 10 mm. E, FACS analysis
of peripheral blood showing a significant decrease in the number of c-kitþVEGFR2þ CEPs compared with c-kitþCD11bþ myeloid progenitors. F, left, FACS
analysis of tumors showing a significant decrease in the number of CD31þCD11b! endothelial cells. Right, fluorescent microscopy images showing vessel
density in 4T1 tumors in mice treated with anti-miR–treated and scrambled. Scale bar, 100 mm.
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To identify which miRNAs may be required for EPC-medi-
ated tumor angiogenesis, we conducted small RNA deep
sequencing analysis of EPCs, bone marrow–derived myeloid
cells, and undifferentiated c-kitþ cells (Fig. 2A and B). These
experiments revealed for the first time, an EPC-intrinsic
miRNA signature that phenotypically distinguishes tumor
EPCs frommyeloid cells and Lin! bone marrow–derived cells.
Of more than 100 miRNAs that were identified as differentially
regulated in tumor-EPCs, several have been linked previously
to endothelial cell function, including miR-221, that is believed
tomediate release of EPCs from the bonemarrowby regulating
c-kit (7, 13, 14). Other miRNAs, such as miR-152, have not yet
been linked to vascular biology but have been shown to have
functions such as regulation of DNAmethylation (42). miR-10b
and miR-196b were also upregulated in EPCs from the blood,
bone marrow, and the tumor–stroma in syngeneic and human
xenograft tumor mouse models (Fig. 2D and E). Both of these
miRNAs have previously been implicated in development and
cancer biology (15–17, 36). Notably, miR-126-3p and 5p, which
inhibit proliferation (43), were significantly downregulated in
EPCs that are known to expand and mobilize into the periph-
eral blood in response to tumor cytokines (2).

To identify how closely the EPCmiRNA signature resembles
that of tumor vasculature, a second round of deep sequencing
and qPCR analysis was conducted on mature endothelial
cells, isolated from tumor vasculature (Fig. 3). In agreement
with our findings in EPCs, both miR-10b and miR-196b were
significantly upregulated (8- to 100-fold) in tumor vasculature,
whereas miR-451, an important tumor suppressor in lung
cancer (44, 45), was significantly downregulated in tumor
vasculature. Notably, both miR-10b and miR-196b were found
to be positively regulated by tumor-conditioned medium; and
miR-10b, like miR-132 was regulated by VEGF, in murine
endothelial cells in vitro. Human endothelial cells in culture
also showed increased levels of miR-10b and miR-196b, in
response to tumor-conditioned medium and miR-10b levels
were increased in response to VEGF (Fig. 4). These results are
supported by recent observations, which show that: (i) HoxD10
(coexpressed with miR-10b) is coregulated with VEGF in
cancer (46); and (ii) that HoxA9 (coexpressed with miR-
196b) is a downstream target of VEGFR2 signaling (47). This
data strongly indicate that miR-10b and miR-196b may also
have a significant role in both EPC function and tumor
angiogenesis. In fact, suppression of miR-10b and miR-196b
led to significant defects in tube number, length, and mobi-
lization in human and murine endothelial cells (Fig. 5) in
agreement with a recent observation showing that miR-10b
regulates HOXD10 in microvessels (35). HOXD10 has been
showed to suppress angiogenesis (37). Here we show that the
levels of HOXD10, and its target miR-7, were increased follow-
ing suppression of miR-10b or miR-196b (Fig. 5C and Supple-
mentary Fig. S11E). The regulation ofHOXD10 bymiR-196b has
not previously reported. However, as there are no predicted
binding sites for miR-196b in HOXD10 (not shown), regulation
of HOXD10 by miR-196b is likely to be indirect. Taken as a
whole these findings show that miR-10b and miR-196b are
involved in EPC function and tumor angiogenesis through
modulation of the Hox pathway.

Recently, the role of metastasis-linked miRNAs has been
controversial. Although there is a strong link between miR-
10b, the epithelial-to-mesenchymal transition (EMT), and
tumorigenesis (36, 48), authors such as Gee and colleagues
(49) did not find a correlation between miR-10b levels and
node involvement, and no direct link with patient outcome.
Furthermore, in 2010, Ma and colleagues (50) showed
reduced metastasis in the mouse 4T1 breast tumor model
following suppression of miR-10b by systemic delivery of an
antagomir/anti-miR. They concluded that rare malignant
tumor cells that had undergone an EMT were the main
target of "anti-miR-10b," and that these are difficult to detect
in patient samples. In this paper, we have showed for the
first time that vasculature from invasive IDC grade III
tumors showed consistently higher levels of miR-10b and
miR-196b expression compared with endothelial cells that
were detected in less malignant DCIS biopsies (Fig. 4; ref. 20),
suggesting that vascular expression of miR-10b and miR-
196b may be indicative of metastatic progression and
patient outcome in breast cancer. Furthermore, as EPCs
are required for the growth of primary tumors and metas-
tases (2–6), reduced metastasis following inhibition of miR-
10b, observed by Ma and colleagues (50) could also be a
result of impaired EPC-mediated angiogenesis. Indeed, we
have now showed that RGD-directed liposomal delivery of
anti-miR-10b results in breast tumor growth impairment, as
well as reduced levels of CEPs (Fig. 5).

In conclusion, by localizing the expression of miRNAs to
EPCs and vasculature, we have showed that miR-10b and miR-
196b are key players in EPC biology and tumor angiogenesis.
Anticancer therapies targeting either of thesemiRNAsmay, not
only prevent malignant progression mediated by the EMT, but
may also significantly delay tumor growth by inhibiting the
angiogenic switch in primary tumors and metastases.
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