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Ninety percent of cancer-related mortality is caused by metastases 
formed by disseminated primary tumor cells at distant anatomic 
sites1. Although surgery, radiation therapy and chemotherapy can 
control many primary tumors effectively, these treatments have 
limited utility in curbing the metastatic spread of cancer cells and 
resulting metastasis formation2. Critical regulators of the metastatic 
process, including proteins and miRNAs, are under intensive inves-
tigation2–4. Understanding the actions of these regulatory molecules 
provides the basis for molecularly targeted therapeutics. Candidate 
antimetastasis therapeutic approaches that target tyrosine kinase path-
ways, the transforming growth factor–β pathway, tumor angiogenesis 
and the tumor microenvironment have shown efficacy in preclini-
cal studies5. Some have been tested in clinical trials: the monoclonal 
anti-HER2 antibody trastuzumab (Herceptin), when combined with 
adjuvant chemotherapy, improved metastasis-free survival in women 
with surgically resected HER2-positive breast cancer6,7; bevacizumab 
(Avastin), a neutralizing antibody against vascular endothelial growth 
factor, showed measureable but limited benefit in prolonging the time 
to disease progression in patients with metastatic renal-cell cancer8 
or metastatic colorectal cancer9. However, current treatment options 
rarely cure metastatic cancer. Similarly, there is a lack of prophylactic 
therapies that are capable of blocking dissemination from primary 
tumors and preventing future metastasis formation.

Emerging evidence suggests that cancer initiation and progression 
involve miRNAs—noncoding RNA molecules that act as negative reg-
ulators of gene expression. These small cellular RNAs bind to partially 
complementary sequences at the 3′ untranslated region (UTR) of  
specific target mRNA molecules, leading to the degradation of the 
target mRNAs or to the inhibition of their translation, or both10,11.

Recently, several miRNAs have been found to regulate metastasis12–17.  
For example, we reported that miR-10b is highly expressed in meta-
static cancer cells propagated as cell lines as well as in metastatic breast 
tumors from patients12. Its expression is induced by Twist, a trans
cription factor that orchestrates epithelial-mesenchymal transitions 
and imparts multiple traits of high-grade malignancy to carcinoma 
cells18,19. miR-10b inhibits translation of the mRNA encoding the 
homeobox D10 (HOXD10) protein, leading to an increased expres-
sion of RHOC, a well-characterized pro-metastatic gene12. Others 
reported that ectopic expression of the BRMS1 (breast cancer meta
stasis suppressor-1) gene, a negative regulator of Twist expression, 
leads to decreased expression of miR-10b and RHOC, as well as 
increased expression of HOXD10 in highly metastatic breast cancer 
cells20. Notably, overexpression of miR-10b in otherwise nonmeta-
static breast cancer cells confers invasive and metastatic abilities on 
these cells when they are growing as xenografts in vivo12.

miR-10b expression levels in unfractionated bulk populations of 
early-stage tumors removed from breast cancer patients do not predict 
future metastatic relapse21. However, such miRNA expression analyses 
were carried out on the heterogeneous cell populations present within 
early primary tumors, in which the invasive and metastatic cells may 
constitute only a rare subpopulation of the total tumor mass. Activation 
of Twist and the resulting induction of miR-10b expression may often 
occur at relatively late stages of primary tumor progression.

miR-10b has indeed been found to be positively associated with 
high-grade malignancy. This association held true for various cancer 
types22. miR-10b is one of the most significantly upregulated miRNAs 
in human pancreatic adenocarcinomas23 and glioblastomas24, two 
types of highly metastatic and/or invasive cancers. miR-10b is also 
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upregulated in metastatic hepatocellular carcinomas relative to those 
that are not metastatic25. In human gliomas, miR-10b levels corre-
late with tumor grade and invasiveness as well as levels of RHOC26. 
This indicates that overexpressed miR-10b may play a causal role in 
inducing metastatic behavior, but it is unclear whether this miRNA 
is required for metastasis formation by cancer cells that are naturally 
highly malignant and, if so, whether it represents a target for the 
development of antimetastasis therapies—topics that are addressed 
in the present report.

The development of agents that are directed against miRNAs 
and are efficacious in vivo requires the delivery of these molecules 
at pharmacologically effective levels. Inhibition of miRNAs can be 
achieved by antisense oligonucleotides. In vivo, the pharmacokinetics 
and pharmacodynamics of such agents can be improved by chemical 
modifications designed to enhance their stability and specificity27. 
Several types of antisense-based miRNA inhibitors, including anta
gomirs, locked nucleic acid oligonucleotides and various types of  
2′-O-modifed oligonucleotides have proven to be successful for 
silencing a liver-specific miRNA, miR-122, both in mice28,29 and in 
nonhuman primates30. However, effective systemic delivery of miRNA 
antagonists to the neoplastic cells within tumors has not been docu-
mented and thus has remained an attractive but untested approach 
to the development of anticancer agents. Accordingly, we synthesized 
antagomirs to examine the effects of miR-10b silencing in a 4T1 
mouse mammary carcinoma metastasis model19,31.

RESULTS
Antagomir-mediated silencing of miR-10b in cultured tumor cells
Antagomirs are chemically engineered antisense RNA oligonucleotides 
against cognate miRNAs28. They differ from normal RNAs because of 2′-
O-methylation of their ribose moieties, partial replacement of phospho
diester bonds by phosphorothioate linkages, and a cholesterol moiety 
conjugated to the 3′ end27,28. Intravenous injection of such antagomirs 
markedly reduces corresponding miRNA levels in most normal murine 
tissues except the brain, and the silencing effect can last for over 3 weeks 
following systemic administration28. Whereas the miRNA inhibition by 
other types of antisense miRNA antagonists reflects either miRNA degra
dation or competitive inhibition of miRNA detection32, the decrease in 
miRNA level after antagomir treatment is likely to reflect miRNA degra-
dation, based on both northern blot analysis under stringent denaturing 
conditions and successful detection of the degradation products28.

We first evaluated the ability of the miR-10b antagomir (anta
gomir-10b) to silence its target miRNA in cultured 4T1 mouse mam-
mary tumor cells, which exhibit high expression levels of both Twist 
and miR-10b12,19. This cell line was isolated as a subpopulation of 
cells from a mouse mammary tumor with high tumorigenic and meta
static ability, whereas its three isogenic relatives (67NR, 168FARN 
and 4TO7) are tumorigenic, but are either poorly metastatic 
 or nonmetastatic19,31.

We treated cultured 4T1 cells with 50 µg/ml antagomir-10b, equiva-
lent to the concentrations used in previous in vitro investigations 
of other antagomirs33. Because of the antagomir-induced degrada-
tion of its cognate miRNA27,28, we measured mature miR-10b levels 
in cellular extracts using a TaqMan RT-qPCR assay, which has been 
shown to be able to distinguish between similar miRNAs that differ by 
only a single nucleotide (http://www3.appliedbiosystems.com/cms/
groups/mcb_marketing/documents/generaldocuments/cms_042142.
pdf). When compared with the vehicle control, cells cultured in the 
presence of antagomir-10b consistently displayed an ~75% reduc-
tion in miR-10b levels (Fig. 1a). This coincided with a pronounced 
induction of the Hoxd10 protein (Fig. 1b), whose mRNA is targeted 
by miR-10b12. Hence, antagomir-10b could be readily delivered to 
cultured cells and could silence miR-10b without use of special trans-
fection procedures.

We performed Transwell migration and Matrigel invasion assays 
and found that 4T1 cells treated with antagomir-10b displayed a 65–
70% decrease in both motility and invasiveness in vitro (Fig. 1c). In 
contrast, their in vitro proliferation was not affected by this treatment 
(Fig. 1d). In addition, we used a small interfering RNA (siRNA) to 
knockdown Hoxd10, which reduced Hoxd10 mRNA levels by ~60% 
(Fig. 1e). We then treated 4T1 cells transfected with either control 
siRNA or Hoxd10 siRNA with either PBS buffer or antagomir-10b and 
found that knockdown of Hoxd10 sufficed to reverse the loss of motil-
ity and invasiveness observed in antagomir-10b–treated cells (Fig. 1f). 
Hence, derepressed Hoxd10 expression could explain the reduced cell 
motility and invasiveness after antagomir-10b treatment.

Pharmacological delivery and specificity of antagomir-10b
Next, we tested the therapeutic efficacy of the miR-10b antagomir 
when delivered systematically in a tumor metastasis model. To do so, 
we implanted the 4T1 cells into the orthotopic site—the mammary 
fat pad—of immunocompetent, syngeneic BALB/c hosts. Consistent 
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Figure 1  Antagomir-10b can be directly 
delivered to tumor cells in vitro and can inhibit 
cell motility and invasiveness. (a) Real-time RT-
PCR of miR-10b in cultured 4T1 cells treated 
with PBS or antagomir-10b. (b) Immunoblotting 
of Hoxd10 in 4T1 cells treated with PBS or 
antagomir-10b. Full-length blots and molecular 
weight markers are presented in Supplementary 
Figure 6. (c) Transwell migration assay and 
Matrigel invasion assay of 4T1 cells treated with 
PBS or antagomir-10b. (d) Growth curves of 4T1 
cells treated with PBS or antagomir-10b.  
(e) Real-time RT-PCR of Hoxd10 in cultured 4T1 
cells transfected with Hoxd10 siRNA or control 
oligonucleotides. (f) Transwell migration assay 
and Matrigel invasion assay of control siRNA- or 
Hoxd10 siRNA-transfected 4T1 cells that are 
treated with either antagomir-10b or the vehicle 
(PBS). A representative experiment is shown in 
triplicate along with s.e.m. in a, and c–f.
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with previous reports19,31, these cells formed primary breast tumors 
and metastasized to the lungs rapidly. Four weeks after tumor cell 
implantation, all recipients developed large primary tumors, and 
multiple visible metastatic nodules could be detected in the lungs 
with 100% incidence.

In light of the aggressiveness of these 4T1 cells, we began the antag-
omir treatment 2 d after cancer cell implantation, with the hope of 
blocking the early steps of the metastatic process, specifically invasion 
and intravasation. To determine the effective dosage, we referred to 
the previous in vivo testing of multiple antagomir species27,28,34,35 
and applied the following regimen (Supplementary Fig. 1a): twice-
weekly intravenous doses of 50 mg/kg antagomir for 3 weeks, starting 
2 d after tumor cell implantation. At day 28, we euthanized all mice 
for further analyses.

As gauged by real-time RT-PCR, miR-10b levels were markedly 
reduced in tissue samples from antagomir-10b–treated mice com-
pared with those from PBS-treated mice: in the liver, which is known 
to be an organ most accessible to systemically introduced, small 
RNA-based agents, we observed a 71% reduction (P = 3 × 10−7) of 
the average miR-10b levels, whereas the average levels of miR-10b 
were reduced by 65% in the primary breast tumors (P = 9.9 × 10−5) 
(Supplementary Fig. 1b).

To exclude the possibility of nonspecific effects, we synthesized 
a mutant miR-10b antagomir (termed antagomir-10b_mm) that  
harbors 12 mismatches within the complementary sequence to miR-10b  
and does not match any sequence in the mouse genome. Relative to 
the effect of this mismatch control, the mice injected with antagomir-
10b exhibited a 75% reduction of miR-10b levels in primary breast 
tumors (P = 6 × 10−4) and a 79% reduction of miR-10b levels in their 
liver (P = 3 × 10−4) (Fig. 2a).

Importantly, the levels of the Hoxd10 protein expressed in the 
primary tumors were markedly increased by antagomir-10b treat-
ment. Unlike antagomir-10b–treated mice, which showed abundant, 
derepressed Hoxd10 protein expression in primary tumors (Fig. 2b 

and Supplementary Fig. 1c), mice treated with antagomir-10b_mm 
showed low to undetectable Hoxd10 expression in their primary 
tumors (Fig. 2b)—levels comparable to those observed in PBS-treated 
mice (Supplementary Fig. 1c). These results indicated that the miR-
10b antagomir, which was readily taken up by the cells in rapidly 
growing tumors, acts in a sequence-specific manner.

Antagomirs have been shown to be able to discriminate between 
single-nucleotide mismatches of the targeted miRNA27. Accordingly, 
we examined the levels of other miRNAs in the antagomir-exposed 
tumors. These analyses indicated that the actions of antagomir-10b 
are highly specific. Antagomir-10b treatment did not affect the levels 
of the closely related miR-10a or two unrelated miRNAs, miR-9 and 
miR-21 (Supplementary Fig. 2), both of which are upregulated in 
clinical breast cancers36. Because miR-10a differs from miR-10b by 
only one nucleotide and is not affected by antagomir-10b treatment, 
it is highly unlikely that antagomir-10b has a direct effect on any other 
miRNAs beyond miR-10b. We cannot, however, exclude the possibility 
that antagomir-10b, by reducing levels of miR-10b, modulates other 
miRNAs through indirect mechanisms.

Effects on metastasis of systemic antagomir-10b delivery
Reflecting the in vitro results (Fig. 1d) and our previous observation 
that miR-10b does not affect tumor cell proliferation12, we observed no 
significant difference in primary tumor size between mice treated with 
PBS or antagomir-10b (Supplementary Fig. 1d). In contrast, an 86% 
decrease in the number of macroscopically visible pulmonary metastases 
was achieved by antagomir-10b treatment (P = 5 × 10−5). Examination 
of the lungs revealed an average of 28.6 ± 3.78 visible lesions in mice 
injected with PBS (Supplementary Fig. 1e,f), whereas mice treated 
with antagomir-10b exhibited an average of 4.1 ± 1.6 macroscopic lung 
metastases (Supplementary Fig. 1e,f). Presented differently, antagomir-
10b–treated mice exhibited an 84% lower (P = 1 × 10−4) metastasis 
index (metastasis number divided by primary tumor weight, 1.36 ± 
0.45) in comparison to the PBS group (8.65 ± 1.25) (Supplementary 
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Figure 2  The metastasis-suppressing effect of antagomir-10b is sequence-specific. (a) Real-time RT-PCR of miR-10b in primary breast tumors (left 
panel) and livers (right panel) of 4T1 tumor-bearing mice treated with antagomir-10b or antagomir-10b_mm. Data are presented as mean ± s.e.m.  
(n = 6 mice in each group; each data point represents the mean expression value of triplicates of the sample from one mouse). (b) Immunoblotting of 
Hoxd10 in primary breast tumors of 4T1 tumor-bearing mice treated with antagomir-10b or antagomir-10b_mm. SE: short exposure; LE: long exposure. 
Full-length blots and molecular weight markers are presented in Supplementary Figure 6. (c) Primary tumor weight of 4T1 tumor-bearing mice treated 
with antagomir-10b or antagomir-10b_mm, at 4 weeks after orthotopic implantation. (d,e) Brightfield imaging (d, scale bars, 800 µm) and H&E staining 
(e, scale bars, 200 µm) of the lungs from 4T1 tumor-bearing mice treated with antagomir-10b or antagomir-10b_mm, at 4 weeks after orthotopic 
implantation. Arrows indicate lung metastases. (f,g) Number of visible lung metastases (f) and metastasis index ( = metastasis number divided by 
primary tumor weight, g) in 4T1 tumor-bearing mice treated with antagomir-10b or antagomir-10b_mm, at 4 weeks after orthotopic implantation.  
Data in c, f and g are presented as mean ± s.e.m. (n = 9 mice per group).
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Fig. 1g). We anticipate that metastatic cells are the main target of the 
miR-10b antagomir, because miR-10b is expressed at high levels in these 
cells, whereas it is present at low levels in normal adult tissues. For 
example, its expression level in the 4T1 mammary tumor was ~15-fold 
higher than observed in the normal liver (Supplementary Fig. 3).

We also plotted the number of lung metastases versus the miR-10b 
level expressed in the primary breast tumor in individual recipients 
(Supplementary Fig. 1h). This analysis revealed that levels of this 
miRNA in primary tumors correlated significantly with pulmonary 
metastasis numbers in both PBS-treated and antagomir-10b–treated 
groups of mice (R = 0.94; Supplementary Fig. 1h), providing further 
support for the association of miR-10b with high-grade malignancy.

When using the mismatched antagomir as the control, we 
observed a moderate 19.7% decrease (P = 0.03) in primary tumor 
size in the antagomir-10b_mm group relative to the antagomir-10b 
group (Fig. 2c). In contrast, both the number and size of lung metas-
tases were remarkably reduced in the antagomir-10b–treated mice  
(Fig. 2d,e). Mice exposed to antagomir-10b or antagomir-10b_mm 
bore an average of 8.3 and 42.6 lung metastases, respectively (81% 
reduction, P = 4 × 10−5; Fig. 2f); this corresponded to metastasis 
indices of 1.85 and 12.4, respectively (85% reduction, P = 1 × 10−5; 
Fig. 2g). Taken together, systemic delivery of antagomir-10b has a 
potent and specific metastasis-suppressing effect on these mouse 
breast cancer cells without having a notable effect on their ability 
to grow as primary tumors.

Sponge-mediated miR-10b silencing in tumor cells
To further substantiate the idea that the miR-10b antagomir prevents 
metastasis largely by targeting the tumor cells, rather than by target-
ing the host microenvironment, we used an alternative strategy to 
silence miR-10b in 4T1 cells—a retroviral ‘miRNA sponge’17,37. This 
construct encodes a gfp mRNA that contains in its 3′UTR multiple 
tandem binding sites for miR-10b37. We observed a 62% reduction in 
miR-10b levels after sponge expression (Fig. 3a), which represented 
either miRNA degradation or competitive inhibition of detection by 
sustained expression of the miR-10b sponge (or a combination of 
both mechanisms). However, even in the latter case, the continued 
presence of the sponge allows it to absorb miR-10b, thereby interfer-
ing with binding of miR-10b to its natural target mRNAs.

This knockdown did not affect the size of the primary mammary 
tumor formed by sponge-infected cells (Fig. 3b). It did, however,  

dramatically reduce the number of lung metastases (>90% reduction,  
P = 4 × 10−5; Fig. 3c,d), suggesting that silencing of miR-10b in  
primary tumor cells is sufficient to inhibit metastasis.

Effects of miR-10b antagomir on late metastatic stages 
To determine whether antagomir-10b has any effect on tumor cells 
that have already disseminated, we performed tail vein injection of 
4T1 cells. This route of transplantation circumvents the initial steps 
of the invasion-metastasis cascade by introducing cancer cells directly 
into the lung microvasculature. We then treated the recipient mice with 
antagomir-10b until they became moribund due to lung metastases 
(Fig. 4a). In this setting, despite expected reduction of miR-10b levels in 
mouse tissues (66% reduction, P = 5 × 10−5; Fig. 4b), both the PBS and 
antagomir group of mice developed similar numbers of lung metastases 
(P = 0.7; Fig. 4c,d), suggesting that antagomir-10b does not affect late 
stages of the metastatic process, specifically the steps after extravasation 
of disseminated cells into the foreign tissue parenchyma.

Toxicity assessment of the miR-10b antagomir
To assess potential toxicity of antagomir-10b treatment, we exposed 
normal mice to the antagomir using the same dosing regimen as 
described in the metastasis study (Supplementary Fig. 1a). As anti
cipated, intravenous delivery of antagomir-10b reduced miR-10b 
levels in liver tissues by 72%, whereas antagomir-10b_mm did not 
modulate miR-10b levels relative to PBS (Fig. 5a).

All three groups of mice tolerated the procedure well and exhib-
ited normal behaviors, as determined by activity level and grooming 
behaviors throughout the study. Body weights as well as lung and 
heart weights were unaffected by antagomir-10b treatment (Fig. 5b 
and Supplementary Fig. 4a,b). Histopathological examination of the 
livers revealed no steatosis, portal or lobular inflammation, necrosis, 
fibrosis, or biliary change in any of the three groups (Fig. 5c). The only 
notable liver change was increased Kupffer cell macrophages in the 
antagomir-10b_mm group; however, for unknown reasons this effect 
was much milder in the antagomir-10b group (Fig. 5c). The numbers 
of white blood cells and lymphocytes in the antagomir-10b group of 
mice showed a slight decrease and were just below the normal range, 
when compared to both the PBS group and the mismatched anta
gomir group (Fig. 5d,e).

Both compounds, antagomir-10b and antagomir-10b_mm, 
caused a 8–9% increase in liver and spleen size compared to PBS 
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(Supplementary Fig. 4c,d). Serum chemistry panels revealed 
unchanged albumin levels (Supplementary Fig. 5a). A slight change 
in several serum proteins and metabolites was observed in both 
compound groups, but all of them remained in the normal range. 
Serum levels of the alanine aminotransferase and aspartate amino
transferase liver enzymes were slightly elevated (Supplementary 
Fig. 5b,c), and cholesterol and blood urea nitrogen were slightly 
decreased (Supplementary Fig. 5d,e). Total bilirubin was the only 
parameter that showed a marked change, being increased by 2.3-
fold upon antagomir-10b treatment (Supplementary Fig. 5f), but 
it nevertheless still remained in the normal range (0–0.9 mg/dl). All 
these effects were present in both wild-type and mutant antagomir 
groups (Supplementary Fig. 5b–f) and are therefore not specific to 
miR-10b silencing.

Taken together, when administered at the same dose and frequency 
as used in the metastasis study, the miR-10b antagomir showed 

minimal toxic effects in normal animals. The modest effects on liver 
and spleen size and the levels of several serum proteins and metabo-
lites appear to be related to the chemistry of antagomirs rather than 
silencing of miR-10b.

DISCUSSION
Our findings demonstrate that targeting of a Twist-induced, metastasis- 
inducing miRNA is a viable antimetastasis strategy. The metastasis- 
suppressing effect of antagomir-10b on 4T1 tumor cells in vivo  
phenocopies that of a Twist siRNA expressed constitutively in the 
4T1 cells19, suggesting that miR-10b is a functionally important Twist 
target. Because Twist acts pleiotropically, it is possible that other Twist 
targets are also essential to the pro-metastatic functions of this tran-
scription factor and that silencing them will also inhibit metastasis.

The actions of antagomir-10b are highly specific, leading to 
reduction of miR-10b, but not miR-10a or other miRNAs exam-

ined. Although systemic administration of 
the miR-10b antagomir leads to silencing of 
miR-10b in both metastatic tumor tissues 
and normal tissues, we reason that meta-
static cells are the main target of this agent, 
because: (i) metastatic tumor tissues express 
far higher levels of miR-10b than normal  
tissues; (ii) when administered at the same 
dose and frequency as used in the metastasis 
study, the miR-10b antagomir has minimal  
effects in normal animals ; (iii) specific silencing  
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of miR-10b in tumor cells is sufficient to phenocopy the antimeta
stasis effect of systemic antagomir-10b administration.

miR-10a shares the same ‘seed’ sequence as miR-10b and functions 
as a pro-metastatic miRNA in pancreatic cancer cells38. However, 
miR-10a expression is not modulated by antagomir-10b treatment 
and does not compensate functionally for miR-10b loss. The genes 
of these two miRNAs are located on different chromosomes and 
their transcription is regulated independently. There is evidence that 
miR-10a and miR-10b have differential expression patterns, at least in 
breast cancer cells. For instance, miR-10b is one of the most signifi-
cantly upregulated miRNAs in the 4T1 metastatic cell line compared 
to its nonmetastatic or poorly metastatic isogenic relatives (67NR, 
168FARN and 4TO7)39; in contrast, miR-10a is downregulated in 4T1 
and 4TO7 cells compared to 67NR and 168FARN cells39.

Unmodified antisense oligonucleotides are degraded quickly after 
systemic administration and have little effect on the miRNA being 
targeted28. This illustrates the need for chemical modifications of 
oligonucleotides to improve their stability, resistance to RNase and 
pharmacologic properties. In the present study, the analyses of levels 
of miR-10b and Hoxd10 suggested that the antagomir effect was still 
sustained 7 d after the last treatment. This is noteworthy because, 
unlike normal tissues, these 4T1 tumor cells are actively dividing cells. 
Because the tissue half-life of antagomirs is 3–3.5 weeks (unpublished 
observations of J.S., B.B. and E.M.) and because we intravenously 
administered a relatively high dose of antagomirs repeatedly, it 
appears that by the time dosing is stopped, the tissue concentration 
of antagomirs has accumulated to a level well above what is neces-
sary for pharmacological activity. In addition, the antagomir levels 
achieved in the general circulation could be more than sufficient to 
titer the targeted miRNA, even in the face of increasing numbers of 
tumor cells.

Taken together, the actions of the miR-10b antagomir provide a 
proof-of-principle that antagomirs can be efficiently delivered to 
rapidly growing tumor cells in vivo and can prevent metastasis for-
mation by these highly malignant cells. It remains unclear precisely 
when cells that are capable of dissemination first arise within primary 
tumors. Cells with metastatic abilities may already exist at early stages 
of tumorigenesis40,41. Perhaps more commonly, they arise later in the 
course of multi-step tumor progression42. In either case, the clinical 
utility of inhibiting metastatic dissemination by such cells is limited 
at present, as dissemination may have already occurred when cancer 
is detected using current diagnostic methods.

With these reservations in mind, the miR-10b antagomir appears 
to represent a promising antimetastasis agent that does not act in a 
cytotoxic fashion on primary tumor cells but instead blocks their 
ability to launch metastases. We envision that the miR-10b antagomir 
is a starting point for the development of miRNA-based prophylactic 
therapies against future metastasis formation. Extensive analyses will 
be required to determine the long-term efficacy and safety of such 
agents in various experimental models.

Finally, the functions of miR-10b and the effects of antagomir-10b 
in other cancer types should be evaluated carefully. Because a single 
miRNA can potentially target many mRNAs and miRNA-targeted 
genes themselves may exert differential or even opposing effects in 
different cellular contexts, the functions of a particular miRNA are 
often tissue specific, being dependent on the expression pattern of its 
target mRNAs in a given cell type. In fact, several miRNAs have been 
reported to be capable of both promoting and suppressing tumori
genesis in a tissue type–dependent fashion43–46. For this reason, 
it remains unclear at present whether agents such as the presently 
described antagomir will have widespread utility in cancer treatment, 

or whether such agents will prove to be useful in only a limited set of 
the tumors encountered in the oncology clinic.

Methods
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturebiotechnology/.

Note: Supplementary information is available on the Nature Biotechnology website.

Acknowledgments
We thank C.L. Daige at Regulus for technical assistance, M. Ebert, P. Sharp and 
S. Valastyan for advice on miRNA sponge design, the Histology Core Labs at 
Massachusetts Institute of Technology (MIT) and Memorial Sloan-Kettering 
Cancer Center for assistance with histology, B. Bierie and other members of the 
Weinberg Lab for useful discussions. L.M. is a recipient of a Life Sciences Research 
Foundation Fellowship, a Margaret and Herman Sokol Award and a National 
Institutes of Health (NIH) Pathway to Independence Award (K99/R00). R.A.W. 
is an American Cancer Society Research Professor and a D.K. Ludwig Cancer 
Research Professor. This research is supported by an NIH grant to R.A.W. and the 
Ludwig Center for Molecular Oncology at MIT.

AUTHOR CONTRIBUTIONS
R.A.W. supervised research. L.M., J.S. and E.G.M. designed experiments. J.S., B.B.  
and E.G.M. provided antagomirs and conditions. L.M., F.R. and E.P. performed  
most of the experiments. E.G.M. led toxicity assessment at Regulus. J.T.-F. 
performed pathological analysis. G.W.B. contributed to graphics and statistical 
analysis. L.M. and R.A.W. wrote the manuscript.

COMPETING FINANCIAL INTERESTS
The authors declare competing financial interests: details accompany the full-text 
HTML version of the paper at http://www.nature.com/naturebiotechnology/. 

Published online at http://www.nature.com/naturebiotechnology/. 	  
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions/.

1.	 Fidler, I.J. The pathogenesis of cancer metastasis: the ‘seed and soil’ hypothesis 
revisited. Nat. Rev. Cancer 3, 453–458 (2003).

2.	 Steeg, P.S. Tumor metastasis: mechanistic insights and clinical challenges. Nat. 
Med. 12, 895–904 (2006).

3.	 Ma, L. & Weinberg, R.A. Micromanagers of malignancy: role of microRNAs in 
regulating metastasis. Trends Genet. 24, 448–456 (2008).

4.	 Nicoloso, M.S., Spizzo, R., Shimizu, M., Rossi, S. & Calin, G.A. MicroRNAs—the 
micro steering wheel of tumour metastases. Nat. Rev. Cancer 9, 293–302  
(2009).

5.	 Steeg, P.S. & Theodorescu, D. Metastasis: a therapeutic target for cancer. Nat. Clin. 
Pract. Oncol. 5, 206–219 (2008).

6.	 Romond, E.H. et al. Trastuzumab plus adjuvant chemotherapy for operable HER2-
positive breast cancer. N. Engl. J. Med. 353, 1673–1684 (2005).

7.	 Piccart-Gebhart, M.J. et al. Trastuzumab after adjuvant chemotherapy in HER2-
positive breast cancer. N. Engl. J. Med. 353, 1659–1672 (2005).

8.	 Yang, J.C. et al. A randomized trial of bevacizumab, an anti-vascular endothelial 
growth factor antibody, for metastatic renal cancer. N. Engl. J. Med. 349, 427–434 
(2003).

9.	 Hurwitz, H. et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for 
metastatic colorectal cancer. N. Engl. J. Med. 350, 2335–2342 (2004).

10.	Bartel, D.P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 
281–297 (2004).

11.	He, L. & Hannon, G.J. MicroRNAs: small RNAs with a big role in gene regulation. 
Nat. Rev. Genet. 5, 522–531 (2004).

12.	Ma, L., Teruya-Feldstein, J. & Weinberg, R.A. Tumour invasion and metastasis 
initiated by microRNA-10b in breast cancer. Nature 449, 682–688 (2007).

13.	Huang, Q. et al. The microRNAs miR-373 and miR-520c promote tumour invasion 
and metastasis. Nat. Cell Biol. 10, 202–210 (2008).

14.	Tavazoie, S.F. et al. Endogenous human microRNAs that suppress breast cancer 
metastasis. Nature 451, 147–152 (2008).

15.	Asangani, I.A. et al. MicroRNA-21 (miR-21) post-transcriptionally downregulates 
tumor suppressor Pdcd4 and stimulates invasion, intravasation and metastasis in 
colorectal cancer. Oncogene 27, 2128–2136 (2008).

16.	Zhu, S. et al. MicroRNA-21 targets tumor suppressor genes in invasion and 
metastasis. Cell Res. 18, 350–359 (2008).

17.	Valastyan, S. et al. A pleiotropically acting microRNA, miR-31, inhibits breast 
cancer metastasis. Cell 137, 1032–1046 (2009).

18.	Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. 
Cancer 2, 442–454 (2002).

19.	Yang, J. et al. Twist, a master regulator of morphogenesis, plays an essential role 
in tumor metastasis. Cell 117, 927–939 (2004).

©
 2

01
0 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

http://www.nature.com/naturebiotechnology/
http://www.nature.com/naturebiotechnology/


nature biotechnology  VOLUME 28  NUMBER 4  APRIL 2010	 347

A rt i c l e s

20.	Edmonds, M.D. et al. Breast cancer metastasis suppressor 1 coordinately regulates 
metastasis-associated microRNA expression. Int. J. Cancer 125, 1778–1785 
(2009).

21.	Gee, H.E. et al. MicroRNA-10b and breast cancer metastasis. Nature 455, E8–E9; 
author reply, 455, E9 (2008).

22.	Baffa, R. et al. MicroRNA expression profiling of human metastatic cancers identifies 
cancer gene targets. J. Pathol. 219, 214–221 (2009).

23.	Bloomston, M. et al. MicroRNA expression patterns to differentiate pancreatic 
adenocarcinoma from normal pancreas and chronic pancreatitis. J. Am. Med. Assoc. 
297, 1901–1908 (2007).

24.	Ciafre, S.A. et al. Extensive modulation of a set of microRNAs in primary 
glioblastoma. Biochem. Biophys. Res. Commun. 334, 1351–1358 (2005).

25.	Hao-Xiang, T. et al. MicroRNA-9 reduces cell invasion and E-cadherin secretion in 
SK-Hep-1 cell. Med. Oncol. published online, doi:10.1007/s12032-009-9264-2 
(2 July 2009).

26.	Sasayama, T., Nishihara, M., Kondoh, T., Hosoda, K. & Kohmura, E. MicroRNA-10b 
is overexpressed in malignant glioma and associated with tumor invasive factors, 
uPAR and RhoC. Int. J. Cancer 125, 1407–1413 (2009).

27.	Krutzfeldt, J. et al. Specificity, duplex degradation and subcellular localization of 
antagomirs. Nucleic Acids Res. 35, 2885–2892 (2007).

28.	Krutzfeldt, J. et al. Silencing of microRNAs in vivo with ‘antagomirs’. Nature 438, 
685–689 (2005).

29.	Esau, C. et al. miR-122 regulation of lipid metabolism revealed by in vivo antisense 
targeting. Cell Metab. 3, 87–98 (2006).

30.	Elmen, J. et al. LNA-mediated microRNA silencing in non-human primates. Nature 
452, 896–899 (2008).

31.	Aslakson, C.J. & Miller, F.R. Selective events in the metastatic process defined by 
analysis of the sequential dissemination of subpopulations of a mouse mammary 
tumor. Cancer Res. 52, 1399–1405 (1992).

32.	Davis, S. et al. Potent inhibition of microRNA in vivo without degradation. Nucleic 
Acids Res. 37, 70–77 (2009).

33.	Li, Q.J. et al. miR-181a is an intrinsic modulator of T cell sensitivity and selection. 
Cell 129, 147–161 (2007).

34.	Wurdinger, T. et al. miR-296 regulates growth factor receptor overexpression in 
angiogenic endothelial cells. Cancer Cell 14, 382–393 (2008).

35.	Yi, R., Poy, M.N., Stoffel, M. & Fuchs, E. A skin microRNA promotes differentiation 
by repressing ‘stemness’. Nature 452, 225–229 (2008).

36.	Iorio, M.V. et al. MicroRNA gene expression deregulation in human breast cancer. 
Cancer Res. 65, 7065–7070 (2005).

37.	Ebert, M.S., Neilson, J.R. & Sharp, P.A. MicroRNA sponges: competitive inhibitors 
of small RNAs in mammalian cells. Nat. Methods 4, 721–726 (2007).

38.	Weiss, F.U. et al. Retinoic acid receptor antagonists inhibit miR-10a expression 
and block metastatic behavior of pancreatic cancer. Gastroenterology 137,  
2136–2145 (2009).

39.	Dykxhoorn, D.M. et al. miR-200 enhances mouse breast cancer cell colonization 
to form distant metastases. PLoS ONE 4, e7181 (2009).

40.	Bernards, R. & Weinberg, R.A. A progression puzzle. Nature 418, 823 (2002).
41.	Talmadge, J.E. Clonal selection of metastasis within the life history of a tumor. 

Cancer Res. 67, 11471–11475 (2007).
42.	Scheel, C., Onder, T., Karnoub, A. & Weinberg, R.A. Adaptation versus selection: 

the origins of metastatic behavior. Cancer Res. 67, 11476–11479; discussion, 67, 
11479–11480 (2007).

43.	Krichevsky, A.M. & Gabriely, G. miR-21: a small multi-faceted RNA. J. Cell. Mol. 
Med. 13, 39–53 (2009).

44.	Wang, P. et al. microRNA-21 negatively regulates Cdc25A and cell cycle progression 
in colon cancer cells. Cancer Res. 69, 8157–8165 (2009).

45.	Park, J.K., Lee, E.J., Esau, C. & Schmittgen, T.D. Antisense inhibition of microRNA-
21 or -221 arrests cell cycle, induces apoptosis, and sensitizes the effects of 
gemcitabine in pancreatic adenocarcinoma. Pancreas 38, e190–e199  
(2009).

46.	Huse, J.T. & Holland, E.C. Yin and yang: cancer-implicated miRNAs that have it 
both ways. Cell Cycle 8, 3611–3612 (2009).

©
 2

01
0 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.



nature biotechnology doi:10.1038/nbt.1618

ONLINE METHODS
Antagomir synthesis. Antagomirs were designed and synthesized as described 
previously28.

The antagomir-10b sequence was:
5′-oCsoAsoCoAoAoAoUoUoCoGoGoUoUoCoUoAoCoAoGoGsoGso 

UsoAs-Chol-3′.
The antagomir-10b_mm sequence was:
5′-oAsoCsoGoAoUoAoAoAoCoGoGoUoUoGoUoCoUoAoCoGsoUso 

CsoAs-Chol-3′.
All nucleotides used in synthesis were 2′-O-Me-modified (lower case ‘o’).  

Lower case ‘s’ represents a phosphorothioate linkage. ‘Chol’ represents  
cholesterol linked through a hydroxyprolinol linkage.

Cell line. The 4T1 cell line was purchased from American Type Culture 
Collecction and cultured in RPMI medium supplemented with 10% FBS and 
1% penicillin/streptomycin. For antagomir treatment, 4T1 cells were incubated 
with 50 µg/ml antagomir-10b.

RNA interference. SMARTpool Hoxd10 (Dharmacon) represents four pooled 
SMART-selected siRNA duplexes that target mouse Hoxd10. 4T1 Cells were 
transfected with 200 nM of the Hoxd10 siRNA or control oligonucleotides 
using the Oligofectamine reagent (Invitrogen).

miRNA sponge. The miR-10b sponge was constructed using a method 
modified from previous reports17,37: annealed oligonucleotides for tandem  
miR-10b binding sites were ligated into the pcDNA5-CMV-d2eGFP  
vector (Invitrogen) digested with XhoI and ApaI. The gfp mRNA along with 
the miR-10b sponge sequence in the 3′UTR was then subcloned into the 
pBabe-puro vector digested with BamHI and SalI. The control sponge was 
described previously17,37.

RNA isolation and miRNA quantification. Total RNA, inclusive of the small 
RNA fraction, was extracted from cultured cells or homogenized mouse tis-
sues using the mirVana miRNA Isolation Kit (Ambion). Quantification of the 
mature form of miRNAs was performed using the TaqMan MicroRNA Assay 
Kit, according to the manufacturer’s instructions (Applied Biosystems). The 
U6 small nuclear RNA was used as an internal control.

Real-time RT-PCR of mRNAs. Total RNA was reverse transcribed with an 
iScript cDNA synthesis kit (Bio-Rad). The resulting cDNA was used for PCR 
using the SYBR-Green Master PCR Mix (Applied Biosystems) in triplicates. 
PCR and data collection were performed on iCycler (Bio-Rad). The expression 
levels of samples were determined using the standard curve method. Data 
were normalized to an internal control Gapdh. Primer sequences for mouse 
Hoxd10 are: forward—AACAGATCTTGTCGAATAGAGCAAC; reverse—
GGGCTGTTATTGTACTCTTGGGTTT. Primer sequences for Gapdh were 
described previously19.

Immunoblotting. Western blot analysis was performed as described previ-
ously12, using antibodies against Hoxd10 (1:200, Santa Cruz) and Hsp90 
(1:3000, BD Biosciences).

In vitro growth curves. Growth curves were determined as described previously12.

In vitro migration and invasion assays. Transwell migration assays and 
Matrigel invasion assays were performed as described previously12.

Metastasis studies. Animal experiments were performed in accordance with 
a protocol approved by the MIT committee on Animal Care. Surgery (mam-
mary fat pad implantation), necropsy and histological analysis were performed 
essentially as described12. Six- to eight-week-old female BALB/c mice (from 
Jackson Laboratory) were used for implantation of 4T1 cells (one million cells per 
mouse). The antagomir treatment started 2 d after orthotopic tumor cell implan-
tation: PBS, antagomir-10b, or antagomir-10b_mm (50 mg/kg) was injected via 
tail vein, twice weekly for 3 weeks. All mice were euthanized 4 weeks after tumor 
cell implantation due to large primary tumor burdens. The mammary tumors 
were removed and weighed. Lung metastases were examined and counted under 
a dissecting microscope equipped with brightfield imaging. Tissue samples were 
fixed in 10% buffered formalin overnight, washed with PBS, transferred to 70% 
ethanol and then embedded in paraffin, sectioned and stained with hematoxylin 
& eosin. To assess the antagomir-10b effect on late stages of the metastatic pro
cess, we implanted BALB/c female mice with 5 × 105 4T1 cells via tail vein and 
started antagomir-10b treatment on day 6 post tumor cell transplantation, with 
the same dose and frequency as used in the orthotopic experiments; mice were 
moribund on day 19 owing to lung metastases and were euthanized.

Toxicity assessment. BALB/c mice, five animals per group, were dosed intra
venously with PBS or 50 mg/kg of antagomir-10b or antagomir-10b_mm twice 
a week for 3 weeks (6 doses). Body weight was determined twice a week during 
the study. Animals were euthanized 24 h after the last dose and tissues were 
harvested. Blood was collected by retro-orbital bleeding just before euthanasia. 
An aliquot of whole blood was sent to Molecular Diagnostic Services, Inc., 
Rabbit & Rodent Diagnostic Associates (RRDA). The remainder was collected 
in EDTA-treated tubes. Plasma was obtained by removing blood cells through 
centrifugation and was run on an Olympus Bioanalyzer to determine blood 
chemistry values. Liver sections were examined by a pathologist (J.T.-F.) for 
all possible pathological conditions.

Statistical analysis. Data are presented as mean ± s.e.m. Student’s t test (two-
tailed) was used to compare two groups for independent samples, assuming 
equal variances on all experimental data sets. Spearman’s rank correlation test 
was used to test correlation between a sequence of pairs of values; R stands for 
the correlation coefficient (a measure of the strength of the correlation) that 
varies from −1 (perfect inverse correlation) through 0 (no correlation) to +1 
(perfect positive correlation).
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