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Abstract

The tumour stroma is an active participant during cancer progression. Stromal cells promote

tumour progression and metastasis through multiple mechanisms including enhancing tumour

invasiveness and angiogenesis, and suppressing immune surveillance. We report here that

miR-126/miR-126*, a microRNA pair derived from a single precursor, independently suppress the

sequential recruitment of mesenchymal stem cells and inflammatory monocytes into the tumour

stroma to inhibit lung metastasis by breast tumour cells in a mouse xenograft model. miR-126/

miR-126* directly inhibit stromal cell-derived factor-1 alpha (Sdf-1α) expression, and indirectly

suppress the expression of chemokine (C–C motif) ligand 2 (Ccl2) by cancer cells in an Sdf-1α-

dependent manner. miR-126/miR-126* expression is downregulated in cancer cells by promoter

methylation of their host gene Egfl7. These findings determine how this microRNA pair alters the

composition of the primary tumour microenvironment to favour breast cancer metastasis, and
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demonstrate a correlation between miR-126/126* downregulation and poor metastasis-free

survival of breast cancer patients.

Metastasis accounts for about 90% of the deaths of cancer patients1–3. Tumour-associated

stromal cells are thought to play a critical role in functionally defining the tumour

microenvironment that influences cancer progression, metastasis and recurrence following

treatment4,5. The metastatic abilities of cancer cells were shown to be enhanced by their

interactions with tumour-infiltrating stromal cells, such as endothelial progenitor cells

(EPCs) and mesenchymal stem cells6–8 (MSCs), demonstrating that the metastatic

phenotype develops not only due to cell-autonomous changes but also due to influences

exerted by non-malignant cells inside the tumour microenvironment5,9,10.

MicroRNAs, a class of 21–23-nucleotide non-coding RNAs that suppress the expression of

their target messenger RNAs (ref. 11), participate in many steps of cancer progression,

including metastasis12,13. In breast cancer, the expression profile of several microRNAs was

found to associate with metastasis and poor disease prognosis14–16. Among them, miR-126

was shown to inhibit angiogenesis and lung metastatic colonization by the human breast

cancer MDA-MB-231 cells17. Here we report that the miR-126/miR-126* microRNA pair

act through a different mechanism to promote cancer cell invasion and metastasis, as

downregulation of their expression leads to an increased level of production of Sdf-1α (also

known as Cxcl12) and Ccl2, two chemokines involved in the recruitment of two different

types of stromal cell to the primary tumour microenvironment.

RESULTS

miR-126/126* are metastasis suppressors in breast cancer

To investigate the role of microRNAs in the interactions between cancer cells and their

microenvironment, we performed an unbiased screen of 242 microRNAs using a series of

human breast cancer cell lines derived from the same breast epithelial cell line MCF10A and

identified 17 microRNAs that exhibited significant expression changes correlated with the

metastatic potential of these cells (Fig. 1a). Among the downregulated microRNAs,

miR-126 (miRBase accession no. MIMAT0000445) was previously shown to correlate with

poor overall metastasis-free survival in breast cancer patients16, and to suppress metastasis

through targeting several genes important for angiogenesis17. miR-126* (miRBase accession

no. MIMAT0000444), the partner to miR-126 that is derived from the same transcript, had a

similar expression pattern (Fig. 1a,b). Consistent with those previous reports16,17, analysis

of breast cancer patient clinical samples revealed that miR-126 is downregulated in

metastatic tissues compared with primary tumour specimens, with miR-126* exhibiting a

similar pattern (Fig. 1c). Although the miR-126/miR-126* detected in the clinical samples

could be of tumour and/or stromal cell origin, together the data indicate that these two

microRNAs are potential suppressors of the metastatic process. To gain further insight into

the biological function of miR-126/miR-126* in breast cancer progression, we used the

well-characterized 4T1 murine mammary tumour cells and their syngenic BALB/c mouse

host as the model system, because the behaviour of 4T1 cells highly resembles metastatic

breast cancer in humans and they express miR-126/miR-126* at similar levelps to the

metastatic M-IV cells (Fig. 1b).

Employing a retroviral delivery system, we generated 4T1 cell populations that harbour a

vector control (4T1-C) or ectopically produce pri-miR-126, which generates both miR-126

and miR-126* (4T1-M; Supplementary Fig. S1a,b). In contrast to previous reports that

miR-126 overexpression could affect cell proliferation or migration16,18, these two cell

populations exhibited little difference in proliferation and migration in vitro (Supplementary
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Fig. S1c,d). Following an established procedure19,20 (Fig. 1d), we implanted luciferase-

labelled 4T1-C or 4T1-M cells into the mammary fat pad of female BALB/c mice. At 10

days post-inoculation, primary tumours were surgically removed with no residual luciferase

signal detected in the animals (Fig. 1f). Consistent with their comparable in vitro

proliferation rates, these two cell populations formed primary tumours with a similar size

and weight (Fig. 1e). Immunostaining of tumour sections for the Ki-67 proliferation marker

revealed that ectopic expression of pri-miR-126 had little effect on tumour cell proliferation

in vivo (Supplementary Fig. S1e,f). In contrast, pri-miR-126 ectopic expression significantly

suppressed the formation of lung metastases at 7 and 14 days after the surgical removal of

the primary tumours (Fig. 1f,g). We next generated a 4T1-derived cell line stably expressing

microRNA sponges targeting both miR-126 and miR-126* (4T1-SP-both). Although the

expression levels of miR-126/126* are relatively low in 4T1 cells (Fig. 1b), suppressing

these microRNAs significantly increased the ability of these cells to metastasize to the lung

(Supplementary Fig. S2).

Sdf-1α∕Cxcl12 is a direct target of both miR-126 and miR-126*

To explore how these microRNAs suppress metastasis in our system, we inoculated 4T1-C

or 4T1-M cells into BALB/c mice through tail-vein injection and counted metastatic nodules

on the lungs two weeks later. No difference in the number or the size of tumour nodules was

observed between the two groups in this experimental setting (Fig. 2a,b), in sharp contrast to

the reported phenotype using the model of MDA-MB-231 cells and SCID mice17.

Examination of the expression levels of IGFBP2, PITPNC1 and MERTK, three miR-126

targets identified in the earlier report17, showed that they were affected differently in 4T1-C

and 4T1-M cells when compared with MDA-MB-231 cells (Supplementary Fig. S3). Thus,

in our model, pri-miR-126 may influence the metastatic process through a different

mechanism from the reported one, perhaps at the primary tumour site before cancer cells

intravasate into the circulation, and through targeting the expression of secreted proteins,

such as cytokines and chemokines. Considering the possibility that the production of

cytokines/chemokines may depend on the interactions among different cell types within the

tumour mass, we inoculated GFP-labelled 4T1-C or 4T1-M cells into the fat pad of BALB/c

mice and collected the primary tumours 10 days later to isolate GFP+ cancer cells. We then

analysed the expression profile of 95 cytokines/chemokines and their receptors at the mRNA

level (Fig. 2c) and identified five cytokine/chemokines to exhibit more than a twofold

change in expression level with a significant P value (P < 0.5; Fig. 2d). We also employed

several commonly used bioinformatic algorithms21,22 to identify potential targets of

miR-126/miR-126* among the 95 genes and found that only the 3′-UTR of Sdf-1α/Cxcl12

contained putative binding sites for both microRNAs (Fig. 2e). We cloned the human and

mouse Sdf-1α 3′-UTRs into a luciferase reporter plasmid and co-transfected either construct

with pri-miR-126 into HEK293T cells. As shown in Fig. 2e,f, only the wild-type version of

the reporters was significantly suppressed by pri-miR-126 in a dose-dependent manner,

implicating Sdf-1α as a direct target of miR-126 and/or miR-126* in both human and

mouse.

In most reported cases, only the strand with a weaker 5′-terminal thermo-stability, termed

the guiding strand of the microRNA duplex, can be incorporated into the RNA-induced

silencing complex (RISC) composed mainly of Ago proteins after pri-microRNAs are

processed by Drosha and Dicer to generate the microRNA duplex, whereas the star strand of

the duplex is degraded rapidly after strand-loading23. By determining the copy number of

miR-126 and miR-126* per cell by quantitative real-time PCR (rtPCR), we found both

microRNAs to be present in similar numbers in M-II and 4T1 cells (Fig. 3a,b), suggesting

no obvious strand bias between them during RISC loading and protection. We then

performed RNA chromatin immunoprecipitation analysis on 4T1-M cells (Fig. 3c,d) and
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determined the relative efficiency of RISC loading for several microRNA pairs through

quantitative rtPCR. For miR-21/miR-21★ and miR-9/miR-9★, which served as controls, only

the designated guiding strand was incorporated into RISC, indicating that 4T1 cells are not

exempt from the general rule of miRNA strand selection. In sharp contrast, miR-126* was

incorporated into RISC with a significantly higher efficiency when compared with the star

strand of the two control miRNAs (Fig. 3e and Supplementary Fig. S4a), suggesting that

both miR-126/miR-126* are protected by Ago proteins, allowing them to regulate their

target mRNAs. A similar result was observed in 4T1-C cells (Fig. 3f and Supplementary

Fig. S4b), indicating that the expression levels of miR-126/miR-126* do not determine their

ability to incorporate into RISC. Using reporter constructs containing the human Sdf-1α 3′-

UTR with the binding site for either miR-126 ormiR-126* mutated, we found miR-126 and

miR-126* RNA mimics to exhibit a strong specificity to their predicted binding site (Fig.

3g). This result is supported by the application of specific locked nucleic acid (LNA)

oligonucleotides complementary to either the miR-126 or miR-126* seed sequence24 to

inhibit their functions in cultured cells (Fig. 3h). Together these data suggest that miR-126/

miR-126* may act in synergy for maximal effect to suppress Sdf-1α production.

Suppression of MSC recruitment by miR-126/126* through Sdf-1α downregulation

Sdf-1α is known to induce endothelial cell recruitment and promote tumour angiogenesis25.

Therefore, we reasoned that pri-miR-126 overexpression might inhibit angiogenesis inside

the tumour microenvironment by downregulating Sdf-1α. However, flow cytometry analysis

of dissociated cells from primary tumours revealed that the tumours contained a similar

number of CD31+CD45− endothelial cells regardless of pri-miR-126 ectopic expression

(Fig. 4a,b). This result was further supported by CD31 immunostaining of those tumours,

which showed a similar microvascular density (Fig. 4c,d). The presence of Sdf-1α is also

known to correlate with the recruitment of several stem/progenitor cells that express

CXCR4, the receptor for Sdf-1α, including haematopoietic stem cells (HSCs), EPCs and

MSCs (refs 6,26–29), all of which may contribute to tumour progression and metastasis.

However, flow cytometric analysis of primary tumours showed no change in the infiltration

of EPCs or HSCs by altered pri-miR-126 expression (Fig. 4e–h).

MSCs were previously reported to promote breast cancer metastasis through the formation

of a paracrine loop with tumour cells by educating carcinoma cells to metastasize7. To

investigate this possibility, we examined whether pri-miR-126 could affect the migratory

activity of MSCs in vitro using a Transwell assay. Following a previously described

procedure30, MSCs were isolated from the bone marrow of BALB/c mice and seeded into

the upper wells of the Transwell chamber. The supernatant from either 4T1-C or 4T1-M

cells was added to the lower wells as a chemo-attractant. Consistent with our hypothesis, the

number of MSCs that migrated towards the supernatant of 4T1-C cells was significantly

greater than that of 4T1-M cells (Fig. 5a). Pre-treatment of MSCs with a CXCR4 antagonist

AMD3100, to disrupt the interaction between Sdf-1α and its receptor CXCR4 (ref. 31),

significantly impaired their ability to migrate towards the supernatant of 4T1-C cells,

suggesting that MSC migration in this system was predominantly regulated by the pri-

miR-126/Sdf-1α/CXCR4 axis (Fig. 5a). Consistent with the effect of miR-126/miR-126* on

Sdf-1α production, MSC migration was significantly increased when the function of this

pair of microRNAs was inhibited by LNA oligonucleotides (Fig. 5b), indicating

thatmiR-126/miR-126* may synergize to suppress MSC migration.

Next, we investigated whether endogenous MSC recruitment to the tumour region was

affected by changing pri-miR-126 expression in vivo. Although it remains unclear whether a

set of cell surface markers can specifically identify MSCs without staining other

mesenchymal cells inside tumour-associated stroma32, Sca-1+CD44+GFP−CD45−Lin− cells

are considered to represent mainly MSCs (refs 33,34). We found a significant difference in
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the percentage of these cells inside the tumour stroma between 4T1-C- and 4T1-M-initiated

tumours (Fig. 5c,d). We next sorted this cell population and cultured them in MSC-specific

media, which led to their differentiation into either adipocytes or osteocytes (Fig. 5e),

indicating that the tumour-derived Sca-1+CD44+GFP−CD45−Lin− cells are indeed

mesenchymal stem or progenitor cells. We further employed a previously established assay7

using measurement of colony formation, a hallmark of MSCs, to quantify their frequency

within the tumour mass. Specifically, we compared fibroblastoid colony-forming units

(CFU-F) generated by tumour-associated stromal cells between the primary tumours formed

by GFP-labelled 4T1-C or 4T1-M cells. GFP− stromal cells isolated from primary tumours

in the control group generated more CFU-F than those from tumours with pri-miR-126

overexpression (Fig. 5f). MSCs migrate to primary breast tumours and promote cancer cell

migration by releasing the chemokine Ccl5 (ref. 7). Comparison of Ccl5 mRNA levels in

tumours showed that the control group expressed more Ccl5 (Fig. 5g), consistent with the

notion that more MSCs were recruited to 4T1-C-initiated primary tumours. These results

strongly suggest that ectopic expression of miR-126/126* suppressed MSC recruitment to

the primary tumour site in vivo.

miR-126/126* indirectly suppress inflammatory monocyte recruitment in vivo by
downregulating Ccl2 in an Sdf-1α-dependent manner

Although our results identified Sdf-1α as a direct target of miR-126/126*, several other

cytokines/chemokines were also found to exhibit differences in their expression profiles

(Fig. 2d). Among them was the chemokine Ccl2, which was reported to recruit

inflammatory monocytes into the tumour microenvironment to facilitate breast cancer

metastasis35. Analysis of the levels of Gr-1+CD11b+CD115+GFP− inflammatory monocytes

in 4T1-C- and 4T1-M-initiated tumours revealed a significant difference between these two

groups (Fig. 6a,b), indicating that Ccl2 might influence the tumour microenvironment by

promoting the infiltration of inflammatory monocytes as the second wave of stromal cells

recruited following the arrival of MSCs. Interestingly, although inflammatory monocytes are

considered as macrophage precursors, no significant difference was observed in the

percentage of tumour-associated macrophages between 4T1-C- and 4T1-M-initiated

tumours (Supplementary Fig. S5), probably because tumour initiation in the mice for only

10–14 days is too short a time to detect the effect on macrophage accumulation.

In contrast to Sdf-1α, Ccl2 expression is unlikely to be regulated directly by miR-126/126*

as our bioinformatics analysis did not identify putative miR-126/miR126* binding sites in

the Ccl2 3′-UTR. Importantly, Ccl2 expression was altered only when 4T1 cells grew in

vivo as primary tumours in the mammary fat pad of BALB/c mice because there was no

difference in its mRNA levels in cultured cells (Fig. 6c versus e), in contrast to the

expression pattern of Sdf-1α. Moreover, in 4T1-M cells, higher mRNA levels of Sdf-1α but

not Ccl2 were loaded into the RISC compared with that in 4T1-C cells (Fig. 6d). These

results suggest that inside the tumour microenvironment, other cell types, such as the ones

recruited by Sdf-1α in vivo, may modulate Ccl2 expression in cancer cells. To investigate

this possibility, we administrated the CXCR4 antagonist AMD3100 to inhibit the activity of

Sdf-1α after inoculating 4T1-C or 4T1-M cancer cells into BALB/c mice. Although Sdf-1α
was still downregulated in tumours derived from 4T1-M cells, in the AMD3100-treated

group Ccl2 mRNA levels were no longer subject to the inhibitory effect of pri-miR-126

observed in the control group (Fig. 6e), indicating that suppression of Ccl2 production

occurs through an Sdf-1α-dependent process, probably through stromal cells, such as MSCs,

recruited by Sdf-1α in vivo. To explore the clinical relevance of a possible link between

Sdf-1α and Ccl2 expression in breast cancer, we analysed the GSE3494 microarray data sets

for 251 breast cancer patients and found that the expression levels of these two chemokines

are positively correlated (Fig. 6f).
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To further investigate the role of Sdf-1α in enhancing the metastatic activities of tumour

cells, we conducted further experiments. A derivative of the 4T1 cell line, 66cl4 (ref. 36)

was found to express a higher level of miR-126/126* than that of 4T1 cells (Supplementary

Fig. S6a). We introduced the sponge constructs that target both miR-126/126* into the 66cl4

cells and found that the level of Sdf-1α significantly increased (Supplementary Fig. S6b).

When both the 66cl4-sponge-both and 66cl4-control cells were introduced into the mice, a

pronounced difference in the survival of those two groups of animals was observed

(Supplementary Fig. S6c). In a separate experiment, a 4T1-M-derived cell population (4T1-

M-Sdf1) was generated in which pri-miR-126 and Sdf-1α complementary DNA without its

3′-UTR, and thus lacking the miR-126/miR-126*-targeting sequences, were co-expressed

(Supplementary Fig. S7a,b). The 4T1-M and 4T1-M-Sdf1 cells labelled with luciferase were

inoculated and the weight of primary tumours formed by the two types of cell showed no

difference (Supplementary Fig. S7c). However, compared with the pri-miR-126-

overexpressing group, the 4T1-M-Sdf1 group exhibited much higher luciferase signals for

lung metastases 7 or 14 days after surgical removal of primary tumours (Fig. 6g,h),

phenocopying the features of the 4T1-C cells shown in Fig. 1f,g. Together, these data

indicate that Sdf-1α is the most important target for pri-miR-126 to suppress the formation

of lung metastases by 4T1 cells.

Epigenetic regulation of miR-126 biogenesis through changes in the methylation status of
the host gene Egfl7 T2 promoter

Clinical data analyses have demonstrated a correlation between reduced expression of

miR-126/miR-126* and poor prognosis of breast cancer patients16, indicating that

expression of the miR-126 gene may undergo changes during disease progression. The

miR-126 gene is located in an intron of a protein-coding gene, Egfl7, and its expression was

previously reported to be closely correlated with the T-2 Egfl7 transcript as illustrated in

Fig. 7a (ref. 37). The T-2 promoter contains a large CpG island and miR-126 was previously

shown to be upregulated in cancer cell lines treated with inhibitors of DNA methylation and

histone deacetylation37, suggesting that epigenetic regulation of the host Egfl7 gene could

directly affect miR-126/126* expression. Our analyses of miR-126 expression and T-2 Egfl7

promoter methylation in breast cancer patient tissues showed that samples with highly

methylated T-2 promoter exhibited a low expression level of miR-126, whereas samples

with a low T-2 promoter methylation level expressed higher levels of miR-126 (Fig. 7b,c).

These results indicate that epigenetic changes of the Egfl7 T-2 promoter are closely

correlated with the alterations of miR-126 expression during breast cancer progression.

DISCUSSION

The tumour stromal microenvironment is believed to be critical for the acquisition and

maintenance of the metastatic ability of cancer cells, through promoting tumour-associated

vasculature formation or by exchanging contextual signals with cancer cells. MicroRNAs

have been shown to regulate multiple aspects of the metastatic process, mainly through

changes in cancer cell-autonomous characteristics12. Our work identified a signalling

pathway that regulates the composition of the tumour microenvironment through the action

of a pair of microRNAs, miR-126 and miR-126*, which modulate the sequential recruitment

of MSCs and inflammatory monocytes into the tumour stroma. The recruited MSCs could

form a paracrine loop with the tumour cells to enhance tumour cell invasion and metastasis7,

and possibly the subsequent recruitment of inflammatory monocytes that mainly promote

intravasation later in tumour progression35. The miR-126/miR-126* target, Sdf-1α, is a

multi-functional chemokine secreted by breast cancer cells and cancer-associated stromal

cells such as fibroblasts. Sdf-1α can promote tumour cell proliferation and migration

through the Sdf-1/CXCR4–Erk signalling pathway38 and also recruits EPCs, HSCs and
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MSCs into the tumour microenvironment from the bone marrow6,26–29. The 4T1 murine

mammary tumour cells express little CXCR4 (ref. 39) and thus exhibit limited cell-

autonomous responses to alterations in Sdf-1α expression (Supplementary Fig. S1). Only

the recruitment of MSCs was affected by changes in Sdf-1α production through

manipulation of pri-miR-126 in the 4T1-BALB/c model system, probably because of

redundant pathways regulating migration of EPCs and HSCs. In contrast to Sdf-1α, Ccl2

expression in cancer cells is indirectly induced by suppressing pri-miR-126, and is probably

mediated by other cell types recruited within the tumour mass by Sdf-1α. Ccl2 then recruits

inflammatory monocytes as the second wave of stromal cells to further modify the tumour

microenvironment. These results suggest that tumour microenvironment alterations could be

achieved by a series of events initiated by changes in pri-miR-126 expression. The kinetics

of infiltration of different cell types into the tumour stroma and the molecular mechanisms

regulating the order of those events will be interesting areas for future experiments.

During the course of this study, miR-126 was reported to suppress lung metastatic

colonization by the human breast cancer MDA-MB-231 cells in immune-deficient SCID

mice by simultaneously targeting three genes, IGFBP2, PITPNC1 and MERTK, to inhibit

endothelial cell recruitment17. However, we did not observe any significant differences in

lung metastatic nodule number or size when 4T1-C or 4T1-M cells were inoculated

intravenously into the BALB/c mice, the same route as that for the MDA-MB-231 cells (Fig.

2a,b). There are several plausible explanations for the different phenotype observed in these

two studies. First, we have employed the BALB/c mouse strain for our tumour xenograft

model, allowing us to examine the impact of miR-126 on the metastatic capability of tumour

cells established in the orthotopic mammary fat pad environment, resembling the primary

breast cancer site in humans. This immune-competent host environment provided the

biological context to explore the involvement of stromal cells involved in immune

regulation and allowed us to observe the sequential recruitment of two different cell types by

alterations in miR-126 levels. We have concluded that the predominant impact of miR-126

on breast cancer metastasis in this context is exerted at the primary tumour site, even though

we do not rule out that the impact of miR-126 overexpression on lung colonization could be

masked by its potent effects in the primary tumour site in our system.

Second, mRNA target selection by miR-126 seems to be context dependent, so that ectopic

expression of miR-126 in the two model systems affected different genes to different

degrees. As shown in Supplementary Fig. S3, ectopic expression of pri-miR-126 led to

significant differences in the expression pattern of four target genes among three cell lines,

indicating that their regulation by miR-126/126* is determined by the specific cellular

context. It is possible that MDA-MD-231 and 4T1 cells represent different breast cancer cell

populations with distinct expression profiles of potential miR-126/126* targets and/or RNA-

binding proteins that modulate the accessibility of the putative targets to these

microRNAs40,41. As a result, pri-miR-126 may suppress the metastatic process through

different mechanisms in different subsets of breast cancer patients. Nevertheless, the result

of our rescue experiment (Fig. 6g,h) demonstrated that Sdf-1α is a key target gene through

which miR-126/126* exert their tumour-suppressive effect within the primary tumour

microenvironment by inhibiting infiltration of MSCs and inflammatory monocytes.

Consequently, this study has provided a distinct mechanism to explain the clinical

correlation between reduced expression of miR-126 and poor metastasis-free survival of

breast cancer patients.

Zhang et al. Page 7

Nat Cell Biol. Author manuscript; available in PMC 2013 June 04.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



METHODS

Clinical samples

The tumour specimens and tissue samples used in this study were obtained with informed

consent from all subjects in accordance with the Local Ethics Committees of Istituto

Scientifico Romagnolo per lo Studio e la Cura dei Tumouri (I.R.S.T.) in Italy and Wenzhou

Medical College in China.

Cell culture

The MCF10 cell line series was a gift from L. M. Wakefield at the National Cancer Institute,

USA. MCF10 Ca1h and MCF10 Ca1a.c11 cell lines were maintained in DMEM/F-12

supplemented with 5% horse serum and 1% penicillin/streptomycin at 37 °C and 5% CO2.

MCF10 AT1k cells were cultured in a similar medium but additionally with 10 µg ml−1

insulin, 20 µg ml−1 EGF, 0.5 µg ml−1 hydrocortisone and 100 ng ml−1 cholera toxin. The

4T1 cells were obtained from ATCC and maintained in RPMI 1640 medium with 10% fetal

bovine serum and 1% penicillin/streptomycin. MSCs were isolated from 4- to 6-week-old

BALB/c mice according to a published protocol30 and maintained using the Mouse

MesenCult Proliferation Kit (StemCell Technologies).

Reagents and plasmids

AS-miR-126 (5′-TACTCACGGTACG-3′), AS-miR-126* (5′-AAAGTAATAATG-3′) and

scramble control LNA oligonucleotides were purchased from Exiqon. Mature miR-126

mimic, miR-126* mimic and control RNA duplexes were obtained from GenePharma.

Single-strand miR-126 and miR-126* RNA were purchased from Integrated DNA

Technologies. AMD3100 was purchased from Sigma-Aldrich. Pri-miR-126 was inserted

into a modified pMSCVpuro Vector (Clontech) together with GFP or the Sdf-1 open reading

frame. miR-126 and miR-126* sponge constructs containing ten repeats of anti-sense

miR-126 (5′-CGCATTATTAAGTCGGTACGA-3′) or anti-sense miR-126* (5′-

CGCGTACCATTCTAATAATG-3′) were designed following the principles previously

described42, synthesized by GenScript and then cloned into the pMSCVpuro Vector

(Clontech).

miRNAdetection

The total RNA of cells was isolated with the miRVana extraction kit (Ambion) according to

the manufacturer’s instructions. We used SYBR-based rtPCR to quantify mature miRNA

expression (Quantobio Technology). Escherichia coli polyA polymerase was employed to

add adenines at the 3′ end of RNA molecules lacking a polyA tail. Following oligo(dT)

annealing, a universal tag was attached to the 3′ end of cDNAs during the cDNA synthesis

using superscript III reverse transcriptase (Invitrogen). With this universal tag, quantitative

PCR was performed with miRNA-specific forward primers and a universal reverse primer

mix.

Animal studies

All research involving animals complied with protocols approved by the Duke University

Animal Care and Use Committee. For the mammary fat pad metastasis assay, the indicated

numbers of luciferase-labelled 4T1-C, 4T1-M or 4T1-SP-both tumour cells were inoculated

into the mammary fat pad of 6–8-week-old female BALB/c mice following an established

protocol19. After 10 days, the tumours were surgically removed and weighed. Metastatic

lung lesion formation was monitored by the appearance of luciferase activity using imaging

apparatus (IVIS systems). For the tail vein metastasis assay, 5×105 4T1-C or 4T1-M cells

were inoculated intravenously into 6–8-week-old female BALB/c mice as previously
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described43, and the lungs were removed two weeks later and fixed with Bouin’s solution.

For the AMD3100 treatment, GFP-labelled 4T1-C or 4T1-M cells were inoculated into the

mammary fat pad as previously described. AMD3100 (150 µg) was given subcutaneously to

the area surrounding the fat pad every other day, a slight modification of a published

procedure44, beginning after cancer cell inoculation and continuing until the tumours were

removed.

Luciferase reporter assay

The human SDF-1Α 3′-UTR or the mouse Sdf-1α 3′-UTR containing the predicted binding

sites for both miR-126 and miR- 126* was cloned into the pmiR-GLO dual luciferase

reporter plasmid (Promega) downstream of the firefly luciferase coding region.

Corresponding reporters containing mutations in the seed regions of both miR-126 and

miR-126* binding sites were generated using the QuikChange II Site-Directed Mutagenesis

Kit (Agilent Technologies) following the manufacturer’s instructions. The pri-miR-126Mut

construct was generated through synthesizing DNA sequences containing described

mutations (Integrated DNA Technologies), annealing and then cloning into the pMSCVpuro

vector (Clontech). HEK293T cells were co-transfected with the pmiR-GLO reporter and

MSCV–control, MSCV–Pri-miR-126 or MSCV–Pri-miR-126 Mut plasmids. Cells were

lysed 48 h after transfection and analysed for firefly and Renilla luciferase activities using

the Dual-Luciferase Assays (Promega) on a VICTOR3 multilabel reader (PerkinElmer).

Western blots

For protein quantification, total cell extracts or concentrated supernatants were fractionated

by electrophoresis on a gradient SDS polyacrylamide gel (Invitrogen) and transferred onto a

PVDF membrane. The final results were quantified using ImageJ software. Western blotting

was performed with the following primary antibodies: anti-Sdf1α from Abcam (catalogue

number ab25117, polyclonal, 1:1,000 dilution), anti--tubulin from Santa Cruz (catalogue

number sc-7396, polyclonal, 1:2,000 dilution), anti-pan Ago from Millipore (catalogue

number MABE56, monoclonal 2A8, 1:1,000 dilution) and anti-β-actin from Sigma

(catalogue number A5441, monoclonal AC-15, 1:5,000 dilution).

RNA immunoprecipitation

Following a previously published procedure45,46, 80% confluent 4T1-M cells were washed

with ice-cold PBS and irradiated in a Stratalinker, and then cells were collected and lysed in

1× PXL buffer (1 × PBS. 0.1%SDS, 0.5% deoxycholate and 0.5% NP-40) with a complete

EDTA-free proteinase inhibitor (Roche) and an RNase Inhibitor (Applied Biosystems) for

10 min on ice. Beads with bound antibody were prepared using protein-A DynaBeads

(Invitrogen). The beads were first incubated with a bridging rabbit anti-mouse antibody

(Jackson ImmunoResearch Laboratories) for 45 min at room temperature, then washed with

phosphate buffer and incubated with 10 µl of anti-pan Ago clone 2A8 (Millipore) or mouse

IgG (Jackson ImmunoResearch Laboratories) for 4 h at 4 °C. After 3 washes with 1× PXL

buffer, the beads were incubated with cell lysates for 2 h at 4 °C. They were subsequently

washed 3 times using 3× PXL buffer. Affiliated RNA was released by proteinase K

treatment for 40 min at 37 °C and then precipitated with ethanol. The RNA was either used

for miRNA detection as previously described or for mRNA analysis following reverse

transcription with random primers (Invitrogen).

Real-time PCR analysis

To detect mRNA expression levels, total RNA was isolated with Trizol (Sigma) according

to the manufacturer’s instructions. Total RNA or Ago-affiliated RNA was then processed for

rtPCR analysis for different genes using the following forward and reverse primers:
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mSdf-1α-left, 5′-CTGTGCCCTTCAGATTGTTG-3′, mSdf-1α-right, 5′-

TCAGCCTTCCTCGGGGGTCT-3′; mCcl2-left, 5′-

AAAATCATCCAAAAGATACTGAACAA-3′, mCcl2-right, 5′-

CTTTGGTTCTTCCGTTGAGG-3′; mIGFBP2-left, 5′-

GCGGGTACCTGTGAAAAGAG-3′, mIGFBP2-right, 5′-

CCTCAGAGTGGTCGTCATCA-3′; mPITPNC1-left, 5′-

ACCAACATAAAAGTTTGCAATCAG-3′, mPITPNC1-right, 5′-

CGCACTTCATCCATTGTCAT-3′; mMERTK-left, 5′-

GAGGACTGCTTGGATGAACTGTA-3′, mMERTK-right, 5′-

AGGTGGGTCGATCCAAGG-3′.

MSC migration assays

MSCs with or without AMD3100 treatment were layered in the upper well of a 24-well

Transwell chamber (Corning) and allowed to migrate towards cell-free media placed in the

bottom wells, derived from 4T1-C or 4T1-M cells. Membranes were processed following

standard protocols. Migrating cells were stained using 0.5% toluidine blue in 4% PFA and

counted using bright-field microscopy.

Flow cytometry and CFU-F studies

Tumour xenografts were implanted in 6–8-week-old BALB/c female mice and allowed to

grow as indicated. For flow cytometry, tumours were excised, treated with collagenase, and

cells were then strained and stained with fluorescence-conjugated antibodies and analysed

on a FACS Canto machine (Becton-Dickinson) according to the manufacturer’s instructions.

Antibodies included PE anti-mouse CD31 (PECAM-1; catalogue number 12-0311-81, clone

390, at 5 ng µl−1), PerCP-Cy5.5 anti-mouse CD45.2 (catalogue number 45-0454-82, clone

104, at 10 ng µl−1), PE anti-mouse CD117 (c-Kit; catalogue number 12-1171-82, clone 2B8,

at 1.25 ng µl−1), APC anti-mouse Ly-6A/E (Sca-1; catalogue number 17-5981-81, clone D7,

at 0.6 ng µl−1), PE anti-human/mouse CD44 (catalogue number 12-0441-81, clone IM7, at

1.25 ng µl−1), eFluor450 mouse haematopoietic lineage cocktail (including eFluor450 anti-

mouse CD3, CD45R, CD11b, TER-119 and Gr-1; catalogue number 88-7772-72, clone

17A2, RA3-6B2, M1/70, TER-119, RB6-8C5, dilution 1.5), eFluor450 anti-mouse Ly-6G

(Gr-1; catalogue number 48-5931-80, clone RB6-8C5, at 0.6 ng µl−1), PE anti-mouse

CD115 (catalogue number 12-1152-81, clone AFS98, at 0.6 ng µl−1), PerCP-Cy5.5 anti-

mouse CD11b (catalogue number 45-0112-80, clone M1/70, at 2.5 ng µl−1) and APC anti-

mouse F4/80 (catalogue number 17-4801-80, clone BM8, at 20 ng µl−1) obtained from

eBioscience. For CFU-F detection, tumours were excised, treated with collagenase, and the

GFP− tumour stromal cells were isolated from the GFP+ cancer cells using FACS. CFU-F

culture assays were performed on the sorted mouse stromal population as described

previously7. Colonies were stained 14 days later using the Giemsa stain and quantified under

light microscopy.

Tumour-derived MSC differentiation assay

Sca-1+CD44+CD45−Lin−GFP− cells were isolated from 4T1-C-initiated tumours and

cultured in MSC-specific medium (StemCell Technologies). Five days later, these cells were

seeded into 24-well plates at a density of 1×104 per well, and then induced to differentiate

into either adipocytes or osteocytes using the Mouse MSC Functional Identification Kit

from R&D systems following the manufacturer’s instruction. The medium was changed

twice a week for another 20 days. Adipocytes were visualized using red oil staining;

osteocytes were identified by using an antibody against osteopontin.

Zhang et al. Page 10

Nat Cell Biol. Author manuscript; available in PMC 2013 June 04.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Bisulphite modification and genomic sequencing

The methylation status of the CpG dinucleotides close to the Egfl7 T-2 promoter was

analysed. A bisulphite sequencing assay was performed on 1.0 mg of bisulphite-treated

genomic DNA from the clinical samples. Bisulphite conversion was performed using the

MethylDetector Bisulfite Modification Kit (Active Motif) according to the manufacturer’s

instructions. The fragments of interest were amplified using the following specific primer

pairs designed with the MethPrimer software47: forward, 5′-

TTGGGTTTTGTTATGTGGTTTTAG-3′; reverse, 5′-

AACCCTTTACTAACTTTCAAACCC-3′. PCR products were gel purified and cloned into

the pCR4-TOPO TA vectors (Invitrogen). Individual bacterial colonies were picked and

sequenced using the M13 Reverse primer (5′-GTTTTCCCAGTCACGAC-3′) to analyse

DNA methylation.

Statistical methods

For statistical analyses, mean values with standard deviation (s.d.) are shown in most graphs

that were generated from several repeats of biological experiments. P values were obtained

from t-tests with paired or unpaired samples, with significance set at P < 0.05.

Microarray data access

The miRNA profiling of MCF10-derived cell series and cytokine/chemokine array results of

tumour-derived 4T1-C and 4T1-M cells have been deposited in the NCBI Gene Expression

Omnibus and are accessible through GEO series accession numbers GSE42884 and

GSE42885 http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42884, http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42885.

The clinical data set used to analyse the relationship between CXCL12 and CCL2

expression is accessible through GEO series accession number GSE3494 http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3494.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Identification of miR-126 and miR-126* as potential suppressors of breast cancer

metastasis. (a) A partial list of microRNAs whose expression pattern correlates with

metastatic potential in M-II (MCF10 AT1k, benign), M-III (MCF10 Ca1h, low metastatic)

and M-IV (MCF10 Ca1a.c11, high metastatic) cells. A total of 242 microRNAs were tested

in a quantitative-rtPCR-based array as previously described20. Data were normalized using

U6 RNA. (b) miR-126 and miR-126* expression were inversely correlated with metastatic

potential. The relative expression levels of miR-126 and miR-126* were measured by

quantitative rtPCR and normalized to U6 RNA. The data presented are shown as mean±s.d.

collected from three independent experiments. (c) miR-126 and miR-126* are expressed at a

higher level in primary breast tumours than in metastatic tumour samples. The relative

expression levels of miR-126 and miR-126* in 9 primary and 13 metastatic tissues were

measured by quantitative rtPCR and normalized to U6 RNA. In the box-and-whisker plot,

each point represents one sample. The central box represents the values from the lower to

upper quartile. The middle line represents the median. The horizontal line extends from the

minimum to the maximum value excluding far-out values. (d) Schematic procedure of in

vivo tumour implantation and lung metastases measurement. (e) Pri-miR-126 ectopic

expression had little impact on primary tumour size or weight. Approximately 5×104 control

or ectopic pri-miR-126-expressing 4T1 cells harbouring a luciferase reporter were implanted

into the mammary fat pad of 6-week-old female BALB/c mice. After 10 days, tumours

grown at the primary site were surgically removed and weighed. The data presented are

shown as mean±s.d. collected from five independent experiments. (f) Pri-miR-126

suppressed the formation of lung metastases by 4T1 cells. Metastatic lung lesion formation
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was monitored by the appearance of luciferase activity using imaging apparatus 7 and 14

days after primary tumour removal, n = 5 in each group. (g) Quantification of the results

shown in f. The data are shown as mean±s.d. collected from five independent experiments.

**P < 0.01.
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Figure 2.
Identification of Sdf-1α as a target for miR-126/126*. (a) Representative lung images

showing the metastatic nodules formed two weeks after 4T1-C and 4T1-M cells were

intravenously inoculated into BALB/c mice through the tail vein. The lung tissues were

stained with Bouin’s solution. Arrows indicate metastatic nodules. (b) Quantification of he

number of metastatic nodules on the lungs formed by 4T1-C and 4T1-M cells. The data

presented are shown as mean±s.d. collected from five independent experiments. (c) List of

cytokines and chemokines or their receptors with a more than twofold expression difference

between carcinoma cells dissociated from 4T1-C and 4T1-M cell-derived tumours in vivo.
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Tumour samples from three mice for each cell type were used in the analysis as indicated.

(d) Five cytokines and chemokines with significantly altered expression (P < 0.05) from the

list in c were confirmed using quantitative rtPCR and normalized with β-actin. The data

presented are shown as mean±s.d. collected from three independent experiments. (e) The 3′-

UTR of the Sdf-1α gene contains binding sites for both miR-126 and miR-126* according

to bioinformatic analysis. Coloured underlined sequences show the point mutations used to

generate the pri-miR-126Mut construct. Black underlined sequences show the point

mutations used to generate human and mouse Sdf-1α 3′-UTR Mut constructs. (f) Pri-

miR-126 suppressed the expression of a luciferase reporter gene harbouring the 3′-UTR of

Sdf-1α. The pmiRGLO plasmid was modified by adding the human or mouse wild-type

Sdf-1α 3′-UTR or the 3′-UTRs with mutations in regions complementary to both the

miR-126 and miR-126* seed regions behind the firefly luciferase gene. HEK293T cells were

transiently co-transfected with negative control (mock) or pri-miR-126 together with the

indicated luciferase constructs, and luciferase activity was analysed 48 h later. Data are

presented as relative firefly luciferase activity normalized to Renilla luciferase activity from

the same construct. The data presented are shown as mean±s.d. collected from three

independent experiments. **P < 0.01.
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Figure 3.
miR-126 and miR-126* regulate Sdf-1α independently. (a) Correlation of RNA input to the

threshold of cycle (Ct) values for miR-126 and miR-126*. Single-strand miR-126 or

miR-126* RNA input ranged from 10−10 to 10−3 pmol per RT reaction. (b) Quantitative

rtPCR demonstrated similar miR-126 and miR-126* expression in M-II or 4T1 cells. The

data presented are shown as mean±s.d. collected from three independent experiments. The

standard curve generated in a was used to calculate the copy numbers. (c) The procedure for

anti-Ago RNA immunoprecipitation (IP). Cells (4T1-C or 4T1-M) were divided into two

parts for total RNA extraction (upper arrow) and anti-Ago immunoprecipitation followed by

RNA extraction (lower arrow). (d) Western blot shows the specificity and efficiency of anti-

Ago immunoprecipitation using 4T1-M cells; 2A8 is an anti-Ago antibody. (e) Both

miR-126 and miR-126* incorporate into RISC in 4T1-M cells. RISC-associated microRNAs

were examined by quantitative rtPCR in the immunoprecipitates generated using an anti-

Ago antibody from 4T1-M cells, and normalized by comparison with their expression levels

in whole-cell lysates. The data presented are shown as mean±s.d. collected from three

independent experiments. ND, undetectable. (f) Both miR-126 and miR-126* incorporate

into RISC in 4T1-C cells. The data presented are shown as mean±s.d. collected from 3

independent experiments. (g) miR-126 and miR-126* regulate SDF-1Α expression

Zhang et al. Page 18

Nat Cell Biol. Author manuscript; available in PMC 2013 June 04.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



independently. The pmiRGLO plasmid containing the 3′-UTR of mouse SDF-1Α was

modified into two plasmids containing the intact binding site for either miR-126 or

miR-126* alone (blue represents miR-126; red represents miR-126*). These two plasmids

were co-transfected with pri-miR-126, mimic miR-126 RNA duplex or mimic miR-126*

RNA duplex separately. The data presented are shown as mean±s.d. collected from three

independent experiments. (h) Western blotting was used to analyse the presence of Sdf-1α
in the concentrated supernatant from 4T1-C or 4T1-M cells treated with anti-miR-126 or

anti-miR-126* LNA oligonucleotides at the indicated concentrations. The whole-cell lysate

from each sample of cells from which the supernatant was collected was blotted with anti-

tubulin antibody as a loading control. The results were quantifed using ImageJ and

normalized results are shown under the blots. Uncropped images of blots are shown in

Supplementary Fig. S8.
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Figure 4.
miR-126/miR-126* do not suppress tumour angiogenesis or the recruitment of HSCs and

EPCs. (a) Fluorescence-activated cell sorting (FACS) analysis of tumours showing the

proportion of CD45−CD31+ endothelial cells inside the GFP− tumour-associated stroma. (b)

Quantification of the percentage of endothelial cells in 4T1-C and 4T1-M tumour stroma.

Error bars represent mean±s.d. collected from three independent experiments. P > 0.1 by

Student’s t-test, indicating no statistical significance. (c) Representative CD31

immunostaining of 4T1-C- and 4T1-M-initiated tumours. Scale bars, 200 µm (upper panels)

and 100 µm (lower panels). (d) Relative microvascular density (MVD) determined by CD31

staining. Five random fields in each tumour were counted for MVD. Error bars represent

mean±s.d. from three independent experiments. P > 0.1 by Student’s t-test, indicating no

statistical significance. (e) FACS analysis of tumours showing the proportion of

CD31+Sca-1+ EPCs inside the GFP− tumour-associated stroma. (f) Quantification of the

percentage of EPCs in 4T1-C and 4T1-M tumour stroma. Error bars represent mean±s.d.

collected from three independent experiments. P > 0.1 by Student’s t-test, indicating no

statistical significance. (g) FACS analysis of tumours showing the proportion of

CD45+Sca-1+c-Kit+ HSCs inside the GFP− tumour-associated stroma. (h) Quantification of

the percentage of HSCs in 4T1-C and 4T1-M tumours. Error bars represent mean±s.d.

collected from three independent experiments. P > 0.1 by Student’s t-test, indicating no

statistical significance.
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Figure 5.
miR-126/miR-126* suppress MSC migration through downregulating Sdf-1α in vitro and in

vivo. (a) Migrating capability of MSCs towards supernatants from 4T1-C or 4T1-M cells.

Approximately 5×104 mouse MSCs were used for each Transwell assay over a period of 18

h. For AMD3100 treatment, MSCs were cultured in the presence of AMD3100 at the

indicated concentration for 24 h before being plated into the upper chamber. Data are

presented as mean±s.d. from three independent experiments. In each experiment, five

random fields were counted to measure the migrating MSCs. (b) Results of a similar

experiment as in a except that the cancer cells were treated with anti-miR-126 or anti-

miR-126* LNA oligonucleotides for 24 h before the supernatant was collected. The

concentrations of LNA oligonucleotides are indicated. Data are presented as mean±s.d. from

three independent experiments. In each experiment, five random fields were counted to

measure the migrating MSCs. (c) FACS analysis of tumours showing the proportion of

Sca-1+CD44+CD45−Lin−GFP− MSCs inside the tumour-associated GFP− stroma. (d)

Quantification of the percentage of Sca-1+CD44+CD45−Lin−GFP− MSCs in 4T1-C- and

4T1-M-initiated tumour stroma. The data presented are shown as mean±s.d. collected from

three independent experiments. (e) The tumour-derived Sca-1+CD44+CD45−Lin−GFP−

population is able to differentiate into adipocytes and osteocytes.

Sca-1+CD44+CD45−Lin−GFP− cells were isolated and cultured in MSC-specific medium

(StemCell Technologies). These cells were then induced to differentiate into either
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adipocytes or osteocytes using the Mouse MSC Functional Identification Kit from R&D

systems. Adipocytes were visualized using red oil staining. Osteocytes were identified by

using an antibody against osteopontin. Scale bar, 50 µm. (f) Different MSC loads detected in

the tumours as demonstrated by the colony-formation assay. Primary tumours with or

without pri-miR-126 ectopic expression were collected 10 days after implantation. GFP−

tumour-associated stromal cells were purified using FACS. The stromal cells were counted

and plated in MesenCult (StemCell Technologies) for 14 days for the detection of mouse

MSCs. CFU-F colonies as shown in the figure inset were then counted, and normalized to

the total number of plated stromal cells. Data are presented as mean±s.d. from three

independent experiments. (g) Ccl5 mRNA expression is correlated with MSC presence in

the tumours. Ccl5 mRNA was measured by rtPCR and normalized to β-actin using RNA

isolated from GFP− stromal cells derived from 4T1-C- and 4T1-M-initiated tumours. The

data presented are shown as mean±s.d. collected from three independent experiments. **P <

0.01.

Zhang et al. Page 22

Nat Cell Biol. Author manuscript; available in PMC 2013 June 04.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6.
miR-126/miR-126* regulate inflammatory monocyte recruitment through indirectly

downregulating Ccl2 in vivo. (a) FACS analysis of tumours showing the proportion of

CD115+CD11b+Gr-1+ inflammatory monocytes inside the GFP− tumour-associated stroma.

(b) Quantification of the results shown in a for the percentage of CD115+CD11b+Gr-1+

inflammatory monocytes in 4T1-C- and 4T1-M-initiated tumour stroma. The data presented

are shown as mean±s.d. collected from three independent experiments. (c) Sdf-1α and Ccl2

mRNA levels were measured by rtPCR and normalized to β-actin using RNA samples

isolated from cultured 4T1-C and 4T1-M cells. The data presented are shown as mean±s.d.

collected from three independent experiments. (d) The relative loading efficiency of Sdf-1α
mRNA and Ccl2 mRNA into RISC in 4T1-M versus 4T1-C cells. RISC-affiliated mRNAs

were examined by quantitative rtPCR in the immunoprecipitates from 4T1-C or 4T1-M cells

generated using an anti-Ago antibody, and normalized to expression levels in whole-cell

lysates. The data presented are shown as mean±s.d. collected from three independent

experiments. (e) Expression levels of Sdf-1α and Ccl2 mRNA in GFP+ 4T1-C or 4T1-M

cells isolated from tumours were determined by rtPCR and normalized to β-actin as

indicated. The procedure for AMD3100 treatment is described in Methods. The data

presented are shown as mean±s.d. collected from three independent experiments. (f)
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Correlation analysis between SDF-1Α and CCL2 expression profiles in breast cancer

samples using the GSE3494 data set (n = 251). (g) Rescued Sdf-1α expression overcomes

the suppressive effects of pri-miR-126 on the formation of lung metastases by 4T1-M cells.

Approximately 5×104 4T1-M or 4T1-M-Sdf1 cells harbouring a luciferase reporter were

inoculated into the mammary fat pad of 6-week-old female BALB/c mice as previously

described. Primary tumours were surgically removed and metastatic lung lesion formation

was monitored by the appearance of luciferase activity using imaging apparatus 7 and 14

days after primary tumour removal, n = 5 in each group. (h) Quantification of the results

shown in g. The data presented are shown as mean±s.d. collected from five independent

experiments. *P < 0.05. **P < 0.01.
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Figure 7.
Epigenetic regulation of miR-126 biogenesis through changes in the methylation status of

the host gene Egfl7 T2 promoter. (a) Schematic illustration of the location of the miR-126

gene inside an intron of Egfl7. Blue arrows indicate the region used for bisulphite genomic

sequencing analysis. (b) Bisulphite genomic sequencing analysis of the CpG island of the

Egfl7 T-2 promoter in clinical breast tumour samples. Bisulphite sequencing PCR primers

were designed using MethPrimer software, and a 205-nucleotide region containing 12 CpG

islands was amplified after bisulphite conversion. The PCR products were then cloned into

pCRTM4 – TOPO TA vectors (Invitrogen). For each sample, six colonies were picked for

sequencing and the indicated methylation percentage was calculated on the basis of the

status of sequenced CpG islands. Black circles and open circles represent methylated and

unmethylated CpG dinucleotides, respectively. (c) The miR-126 expression profile

correlates with the methylation status of the Egfl7 T2 promoter. miR-126 expression was

determined by rtPCR and normalized to U6 RNA in these clinical samples. The methylation

percentage was calculated using the bisulphite genomic sequencing results from b.
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