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Several microRNAs (miRNAs) have recently been described as
crucial regulators of epithelial-to-mesenchymal transition (EMT)
and metastasis. By comparing the expression profiles of miRNAs,
we found upregulation of miR-29a in mesenchymal, metastatic
RasXT cells relative to epithelial EpRas cells. Overexpression of
miR-29a suppressed the expression of tristetraprolin (TTP), a
protein involved in the degradation of messenger RNAs with
AU-rich 30-untranslated regions, and led to EMT and metastasis
in cooperation with oncogenic Ras signalling. We also observed
enhanced miR-29a and reduced TTP levels in breast cancer
patient samples, indicating relevance for human disease.
Previously, miR-29 family members were shown to have
tumour-suppressive effects in haematopoietic, cholangiocytic
and lung tumours. Therefore, miRNAs can act as either
oncogenes or tumour suppressors, depending on the context.
Keywords: breast cancer; metastasis; miR-29a; miRNA;
tristetraprolin
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INTRODUCTION
Cancer is the second most frequent cause of death in the Western
world, and tumours of epithelial origin—carcinomas—constitute
more than 80% of all cases. Mortality is caused mainly by
metastatic spread to secondary sites concomitant with organ
failure. A characteristic of metastasizing cells is their transition
from an epithelial state to a mesenchymal phenotype, a process
known as epithelial-to-mesenchymal transition (EMT; Grunert
et al, 2003; Yang & Weinberg, 2008). EMT, which is characterized
by downregulation of the epithelial gatekeeper protein E-cadherin
and upregulation of vimentin, can be used to model metastasis
in vitro. A suitable system to identify microRNAs (miRNAs) that are
regulated during EMT and/or metastasis is the well-characterized

EpH4/EpRas/RasXT cell culture system (Grunert et al, 2003).
Parental EpH4 cells are non-tumorigenic murine mammary
epithelial cells and show typical physiological responses to
relevant growth factors and cytokines. EpRas cells, which are
derived from EpH4 cells, are still epithelial but tumorigenic
because of constitutive overexpression of oncogenic H-Ras-V12.
EpRas cells can undergo EMT and metastasize in response to
transforming growth factor-b (TGF-b). The resulting cells, called
RasXT, stably maintain their mesenchymal phenotype through
autocrine TGF-b loops (Grunert et al, 2003). Genome-wide
messenger RNA (mRNA) profiling of these cells showed regulation
of a plethora of known genes involved in tumour progression and
identified new genes relevant for EMT and metastasis in human
patients ( Jechlinger et al, 2003; Waerner et al, 2006).

MicroRNAs have been identified as important developmental
regulators and their mis-expression was shown to contribute to
tumorigenesis (Calin & Croce, 2006). Recently, several studies
have implicated dysregulated expression of miRNAs in the
metastatic progression of carcinomas (Ma et al, 2007; Gregory
et al, 2008; Huang et al, 2008). Although the metastasis-relevant
miRNAs identified so far are not sufficient to transform non-
tumorigenic cells alone, but rather exert their effects in coopera-
tion with other oncogenes or tumour suppressors, they hold great
therapeutic promise (Calin & Croce, 2006; Ma et al, 2007).

In this study, we used the EpH4/EpRas/RasXT cell system and
identified miR-29a as one of the first miRNAs with the capacity to
both interfere with and promote tumour progression, depending
on the oncogenic context. Previously, reduction and/or loss of
miR-29 family members and upregulation of their oncogenic
targets, Tcl1, Mcl1 and DNMT3, have been implicated in chronic
lymphocytic leukaemia, cholangio-carcinoma and lung cancer
(Pekarsky et al, 2006; Fabbri et al, 2007; Mott et al, 2007).

Our findings show tumour- and metastasis-promoting roles for
miR-29a and tristetraprolin (TTP) in breast carcinomas, suggesting
a context-dependent pattern for miRNAs in tumorigenicity.

RESULTS AND DISCUSSION
Identification of microRNAs regulated during EMT
To identify miRNAs that are up- or downregulated during EMT and
metastasis, we performed an miRNA array profiling (Kauppinen
et al, 2006) of epithelial EpRas and mesenchymal, metastatic
RasXT cells. The miRNA array showed approximately ten miRNA
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families with level changes 4twofold. In agreement with results
from others, the strongest downregulation was observed for
miR-200 family members, and we found upregulation of miR-10b
(Ma et al, 2007; Gregory et al, 2008; data not shown). The most
upregulated miRNA in RasXT cells was miR-29a; levels were
analysed by northern blot analysis and quantitative PCR (qPCR;
Fig 1A; see also supplementary Fig S1a online). In addition,
miR-29a levels have been shown to be also enhanced in two
mesenchymal, highly invasive breast cancer cell lines (MDA-
MB-231 and MDA-MB-451) of the NCI-60 panel of cancer
cell lines, but not in the epithelial ones (MCF7 and T47D;
Park et al, 2008).

miR-29a promotes metastasis and suppresses TTP
We therefore investigated whether miR-29a was able to promote
metastatic growth. For this purpose, we overexpressed miR-29a in
EpRas, injected these cells into the tail veins of nude mice and
monitored lung colonization after 14 days. As shown in Fig 1B,
enhanced miR-29a levels in murine mammary EpRas cells led to
an increase in the number of metastatic foci in the lung. The
proliferation rate of EpRas cells did not increase on overexpression
of miR-29a (Fig 1C). Conversely, functional inhibition of miR-29a
(supplementary Fig S1b online) did not reduce the number or size
of metastatic foci, possibly because of the upregulation
of oncogenic targets (data not shown and supplementary
Fig S1c online).

To identify targets of miR-29a, we compared a list of genes
downregulated from EpRas to RasXT cells ( Jechlinger et al, 2003)
with miRNA target predictions obtained through the algorithm
TargetScan (www.targetscan.org; Lewis et al, 2005). TTP was
found to be strongly downregulated from EpRas to RasXT cells
( Jechlinger et al, 2003), a finding that we confirmed by qPCR
(Fig 2A). RasXT cells also showed lower amounts of TTP protein
than epithelial EpRas cells (Fig 2B).

TTP is predicted to be a target of miR-29a as it contains two
regions complementary to its seed region in the 30-untranslated
region (30-UTR; supplementary Fig S2 online). To validate this, we
performed a reporter gene assay in NIH3T3 cells by using the
30-UTR of TTP fused to the luciferase open reading frame
(supplementary Fig S2 online). Indeed, co-transfection of
miR-29a led to a strong reduction of the luciferase signal
(Fig 2C, WT). Mutations at the first (Fig 2C, mut. 1) or the second
(Fig 2C, mut. 2) putative miR-29a-binding site in the 30-UTR of
TTP reduced this inhibition, and combining both mutations
(Fig 2C, mut. 1þ 2) abolished the effect. Thus, miR-29a regulates
the expression of TTP through binding to two regions in the
30-UTR complementary to the seed region of miR-29a.

To test whether miR-29a regulates TTP in the EpRas/RasXT cell
system, we transfected the TTP-30-UTR–luciferase construct into
EpRas and RasXT cells. Co-transfection of miR-29a into EpRas
cells strongly reduced the luciferase signal (Fig 2D, left side),
similar to that in RasXT, which has higher levels of endogenous
miR-29a (Fig 1A) and therefore lower expression of basal
luciferase, as shown in a reporter gene assay. Notably, inhibition
of endogenous miR-29a in RasXT cells by complementary locked
nucleic acid (LNA) rescued the luciferase expression (Fig 2D, right
side). This effect also applied to the endogenous TTP protein, as
overexpression of miR-29a reduced TTP protein levels in EpRas
cells (Fig 2E), and complementary LNA restored TTP protein levels
in RasXT cells (Fig 2F). In conclusion, these results show that
miR-29a negatively regulates TTP by binding to two regions in the
TTP-30-UTR, and that the endogenous miR-29a levels are crucial
to control TTP during EMT from EpRas to RasXT cells.

miR-29a promotes disruption of epithelial polarity
To investigate the effect of miR-29a on cell polarity and EMT, we
generated cell lines stably overexpressing miR-29a. Although
EpH4 cells appeared to be unaffected (data not shown), in EpRas
cells we observed disruption of epithelial polarity, depending on
the levels of overexpression of miR-29a (Fig 3A). Expression of
TTP, as well as of the survival protein Mcl1, a known miR-29a
target (Mott et al, 2007), negatively correlated with miR-29a levels
in EpRas cells (Fig 3A). In addition, E-cadherin and vimentin levels
also correlated with the degree of upregulation of miR-29a and
downregulation of TTP (Fig 3A). Thus, enhanced miR-29a levels
influenced the expression of TTP and epithelial polarity in EpRas
cells. We verified whether the short interfering RNA (siRNA)
mediated knockdown of TTP could also induce EMT in coopera-
tion with Ras. As shown in Fig 3B, strongly reduced levels of TTP
correlated with loss of E-cadherin expression and strong upreg-
ulation of vimentin. Corresponding protein levels of selected
clones were detected by Western blot analysis (Fig 3C). To rule out
off-target effects of siRNAs directed against TTP, we reverted EMT
by expressing a variant of TTP (vTTP), which was resistant to
degradation by siRNA (Fig 3C). The loss of epithelial polarization
on overexpression of miR-29a or knockdown of TTP was also
obvious in cells grown on porous supports, and was reverted on
expression of vTTP (Fig 3D).

Knockdown of tristetraprolin can promote metastasis
To determine whether downregulation of TTP in EpRas cells in
addition to the promotion of EMT could also stimulate metastasis
in vivo, we performed tail vein injections and monitored the
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Fig 1 | The microRNA miR-29a is upregulated in mesenchymal cells and

promotes epithelial-to-mesenchymal transition and metastasis.

(A) Northern blot analysis using total RNA extracted from confluent

epithelial EpRas or mesenchymal RasXT cells was performed to monitor

the expression levels of miR-29a. miR-31 and U6-snRNA were used as

controls. The numbers indicate normalization by densitometry.

(B) EpRas cells were transfected with miR-29a followed by injection into

the tail vein of nude mice. Mice were killed after 14 days and lung

metastases were counted. (C) EpRas cells were transfected with miR-29a,

and after 48 h proliferation was measured. miR, microRNA; miR-scr,

microRNA-scrambled; snRNA, small nuclear RNA.
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number of metastatic colonies in the lung. Indeed, after knocking
down TTP, the number of metastases in the lung increased
strongly (Fig 3E). Tumour-suppressing effects of TTP might be
exerted by controlling the degradation of many different AU-rich
elements (ARE)-containing targets known to promote tumorigen-
esis, including tumour necrosis factor-a (TNF-a), cyclooxygenase 2
(Cox2), interleukin (IL)-3, IL-8, vascular endothelial growth
factor, c-Myc and cyclin D1 (Taylor et al, 1996; Shim & Karin,
2002; Stoecklin et al, 2003). It has been shown previously that
forced expression of TTP interfered with Ras-driven and IL-3-
dependent tumour progression in a mast cell tumour model
(Stoecklin et al, 2003).

High miR-29a and low TTP in human breast cancer
Considering the marked phenotypes observed above and the
prognostic or therapeutic potential of miR-29a and TTP, we
questioned whether these factors might be dysregulated in human
breast cancer. We measured the levels of miR-29a in a population
of randomly selected breast cancer specimens, including 20
patients with invasive tumours (ductal carcinomas) and 4 control
samples of benign, non-invasive hyperplasias (for details, see
supplementary Table 1 online). Strikingly, we confirmed that the
levels of miR-29a were also greatly enhanced in patients with
invasive breast carcinomas by using a padlock rolling circle
amplification assay (Fig 4A), in contrast to miR-31 (supplementary
Fig S3a online). In addition, TTP was significantly downregulated
in the set of invasive breast cancers (Fig 4B), although miR-29a is
clearly not the sole factor controlling TTP levels. The p38–MK2

pathway, TNF-a, protein phosphatase 2A (PP2A), epidermal
growth factor receptor (EGFR) signalling, 14-3-3 proteins and
miR-16 also influence TTP expression, stability and function
( Jing et al, 2005; Brook et al, 2006; Hitti et al, 2006; Amit et al,
2007; Sun et al, 2007). This might explain why the correlation
between miR-29a levels and TTP in a complex setting such as
cancer is only slightly negative (supplementary Fig S3b online).
Nevertheless, in the metastatic human breast cancer cell line
MDA-MB-468, we were able to show the regulatory input of
endogenous miR-29a by functional inhibition (Fig 4C).

TTP is known to contribute to cytokine homeostasis, including
the degradation of TNF-a mRNA (Taylor et al, 1996), and is crucial
for the reduction of inflammation. As TTP controls the degradation
of a plethora of ARE-containing target mRNAs (Shim & Karin,
2002), including its own (Brooks et al, 2004), the downregulation of
TTP could contribute to the genetic complexity of breast cancers.
As EMT and carcinogenesis have many commonalities with
inflammation (Coussens & Werb, 2002), the role of TTP in
carcinoma progression and metastasis requires closer investigation.

The microRNA miR-29a in tumorigenesis
Our findings, together with those of others (Pekarsky et al, 2006;
Fabbri et al, 2007; Mott et al, 2007) show that miR-29a can
control opposing cellular functions. A possible explanation for this
phenomenon might rely on the large number and diverse nature of
miR-29a target genes—the algorithm Targetscan predicted 682
conserved targets for the miR-29 family. In general, the net effect
of changes in the level of an miRNA will be the sum of all impacts
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on its targets in a cell-type-specific manner. In addition, owing to
the high number of mRNA targets, overexpression and functional
inhibition of a miRNA might have diverse effects. Similar
observations were made for other miRNAs, including the
miR-17–92 cluster (Calin & Croce, 2006). Thus, anticancer
therapies administered by application of miRNA inhibitors might
only be possible for a limited number of miRNAs.

METHODS
Isolation of RNA. Isolation of RNA from cultured cells or human
samples was performed as described previously (Obernosterer
et al, 2006).
Cell culture. The culture conditions for EpH4, EpRas and RasXT
cells have been described previously ( Janda et al, 2002). EpRas
cells overexpressing miR-29a or short hairpin RNA against TTP in
a pMSCV-puro vector were generated by retroviral gene transfer as

described previously ( Janda et al, 2002). Clones were isolated
from retrovirally infected and drug-selected cell populations by
single-cell sorting into a 96-well dish.
Short interfering RNA. To knock down TTP, the sequences 50-AA
AAGGAACAAGAGGACAGGG-30 or 50-AUUGAAGAUGGGGA
GACGCCU-30 were used either as canonical 2-nucleotide (nt)
30-overhang duplexes with their respective complementary
sequences or cloned into pShag and shuttled into pMSCV through
the Invitrogen Gateway system.
Site-directed mutagenesis. The QuickChange Mutagenesis Kit
from Stratagene (www.stratagene.com) was used. The respective
primers were 50-TTTCCCTGGGTCTGGGCTGGGGC-30 and 50-CC
AGCCCAGACCCAGGGAAATGG-30 for the first putative miR-29a
seed-binding site (TGGTGCT) starting at nt 143, and 50-GAATCCT
GGGTCTCAAATTTCCC-30 and 50-AAATTTGAGACCCAGGATTCT
CAG-30 for the second putative miR-29a seed-binding site starting
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at nt 498 of the TTP-30-UTR. Mutations of the binding site of siTTP
were carried out with 50-GCCCTTCCCTATCATCATGCTCCTTTT
CGCC-30 and 50-GCGAAAAGGAGCATGATGATAGGGAAGGG
CC-30 for siTTP 50-AAAAGGAACAAGAGGACAGGG-30.
MicroRNA array profiling. Total RNA of EpRas and RasXT cells
was profiled by Exiqon (www.exiqon.com) using miRCURY LNA
arrays (Kauppinen et al, 2006).
Northern blotting. Northern blots were performed as described
before (Obernosterer et al, 2006). The sequences of the probes
were 50-TA*ACC*GAT*TTC*AGA*TGG*TGC*TA-30 (miR-29a),
50-CA*GCT*ATG*CCA*GCA*TCT*TGC*CT-30 (miR-31) and
50-GCAGGGGCCATGCTAATCTTCTCTGTATCG-30 (U6-snRNA).
LNA nucleotides are indicated by ‘*N’.
Quantitative PCR. qPCR for mRNA was carried out by using the
2� SYBR Green Master mix from Applied Biosystems (www.
appliedbiosystems.com). qPCR primers for GAPDH, TTP, Mcl1,
E-cadherin and vimentin were from Qiagen (www.qiagen.com).
qPCR for miRNAs was carried out by using the probes for miR-
29a, the small, nucleolar RNA snoRNA-135 (normalization for
murine samples), U18-snRNA (normalization for human samples),
the TaqMan miRNA Reverse Transcription Kit and the 2�
TaqMan Gene Expression Kit from Applied Biosystems.
Padlock assay. Padlock assays based on rolling circle amplifica-
tion were performed as described by others ( Jonstrup et al, 2006)
using 100 ng of human patient samples and 500 ng of cellular
extracts. Padlock probes were 50-AGATGGTGCTATTTATTTCCTC
AATGCTGCTGCTGTACTACTAGTGATTTACTTGGATGTCTGTA
ACCGATTTC-30 (miR-29a); 50-GCATCTTGCCTTTTATTTCCTCAA
TGCTGCTGCTGTACTACTAGTGATTTACTTGGATGTCTGAGCT
ATGCCA-30 (miR-31) and 50-ATCACTACTGTTTATTTCCTCAATGC
TGCTGCTGTACTACTAGTGATTTACTTGGATGTCTGGTGGAATT
TC-30 (U18-snRNA).
Western blotting and immunofluorescence stainings. Western
blots and immunofluorescence stainings were carried out as
described before ( Janda et al, 2002). The antibodies used were

rb-a-TTP (sc-14030; SCBT (www.scbt.com)), rb-a-actin (A2066;
Sigma (www.sigmaaldrich.com)), ms-a-E-cadherin (610182; BD
Biosciences (www.bdbiosciences.com)) and ms-a-vimentin
(V5255; Sigma). Phalloidin (A12379) was from Invitrogen
(www.invitrogen.com).
Reporter gene assays. In total, 40,000 NIH3T3 or EpRas cells
were seeded per well of a 24-well plate. Here, 200 ng of pGL3
vector containing the indicated 30-UTR coupled to firefly
luciferase plus 100 nM miR-29a or scrambled siRNA
was transfected per well and 20 ng Renilla luciferase was used
for normalization.
Proliferation assays. EpRas cells were transfected with miR-29a
and 2,000 cells were seeded in each well of a 96-well-plate.
After 48 h, proliferation was measured by the incorporation
of [H3þ ]thymidine.
Patient samples. Human patient samples were obtained from the
Biobank of the Department of Pathology, Medical University
Graz, Austria. All tissues were snap-frozen in methyl butane pre-
cooled with liquid nitrogen within 20 min of the operation. For
details, see supplementary Table 1 online.
Induction of tumours and metastases in mice. To test the impact
of overexpression of miR-29a, inhibition of miR-29a or knock-
down of TTP, eight athymic nude mice (MF1nu/nu; 8–10 weeks old)
were used for each condition. miR-29a or siTTP (100 nM; as
duplexes) was transfected into EpRas cells using Dharmafect 1. For
inhibition of miR-29a, 200 nM complementary DNA/LNA
(50-TA*ACC*GAT*TTC*AGA*TGG*TGC*TA-30) was transfected
into RasXT cells. In total, 150,000 cells suspended in 200 ml PBS
were injected into the tail vein. Mice were killed after 14 days.
Lungs were fixed in 4% paraformaldehyde in PBS and 70%
ethanol, and embedded in paraffin. Sections were sliced at 8 mm
steps and stained with haematoxylin and eosin according to
standard protocols, and metastases were counted.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org)
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