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Late-stage breast cancer metastasis is driven by dysregulated TGF-f signaling, but the underlying molecu-
lar mechanisms have not been fully elucidated. We attempted to recapitulate tumor and metastatic micro-
environments via the use of biomechanically compliant or rigid 3D organotypic cultures and combined
them with global microRNA (miR) profiling analyses to identify miRs that were upregulated in metastatic
breast cancer cells by TGF-f3. Here we establish miR-181a as a TGF-f-regulated “metastamir” that enhanced
the metastatic potential of breast cancers by promoting epithelial-mesenchymal transition, migratory, and
invasive phenotypes. Mechanistically, inactivation of miR-181a elevated the expression of the proapoptotic
molecule Bim, which sensitized metastatic cells to anoikis. Along these lines, miR-181a expression was essen-
tial in driving pulmonary micrometastatic outgrowth and enhancing the lethality of late-stage mammary
tumors in mice. Finally, miR-181a expression was dramatically and selectively upregulated in metastatic
breast tumors, particularly triple-negative breast cancers, and was highly predictive for decreased overall
survival in human breast cancer patients. Collectively, our findings strongly implicate miR-181a as a predic-
tive biomarker for breast cancer metastasis and patient survival, and consequently, as a potential therapeutic

target in metastatic breast cancer.

Introduction

Metastasis is a complex multistage process whereby primary tumor
cells acquire the ability to (a) locally invade through the surround-
ing stroma; (b) intravasate into blood vessels; (c) survive transit
through the vascular system; (d) extravasate and arrest at distant
sites; and (e) survive in foreign microenvironments and overcome
systemic dormancy to undergo metastatic outgrowth, ultimately
leading to the formation of secondary tumors in vital organ sites
(1). Metastasis of primary mammary tumors accounts for the vast
majority of deaths of breast cancer patients. Indeed, the 5-year sur-
vival rate for patients with breast cancer drops precipitously from
98% for individuals with localized disease to 23% for those with
metastatic disease (2). Within normal mammary tissues, the multi-
functional cytokine TGF-f functions as a potent tumor suppressor
through its ability to induce cell-cycle arrest and apoptosis. Unlike
their normal counterparts, malignant mammary tissues can trans-
form the normal functions of TGF-f to that of a potent stimulator
of breast cancer proliferation, migration, and invasion in part via its
ability to promote the acquisition of epithelial-mesenchymal transi-
tion (EMT) and metastatic phenotypes (3-5). This switch in TGF-§
function from that of a tumor suppressor to a tumor promoter is
known as the “TGF-f paradox”; the mechanistic underpinnings
that engender this phenomenon remain incompletely understood.
Moreover, this switch in TGF-f function is often accompanied by
desmoplastic and fibrotic reactions, which elicit dramatic changes
in the biomechanical properties of the tumor microenvironment.
Indeed, the elastic modulus of stroma housed within breast carci-
nomas is approximately 10 times more mechanically rigid than that
of adjacent normal breast tissues (6, 7). TGE-f potentiates these bio-
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mechanical reactions by stimulating the expression and secretion
of a variety of ECM components, such as collagen I and fibronec-
tin from stromal fibroblasts, and of ECM cross-linking enzymes,
such as lysyl oxidase from mammary carcinoma cells (3, 4, 8). The
formation of these rigid mammary tumor microenvironments pro-
motes metastatic progression in breast cancers and also predicts
poor clinical outcomes in patients harboring metastatic disease
(6, 9-12). Interestingly, normal mammary and lung tissues share
similarly compliant elastic moduli, a biomechanical condition that
may contribute to initiation of dormancy by disseminated breast
micrometastases in the lungs (13). We recently demonstrated that
biomechanically compliant microenvironments can reinstate the
cytostatic activities of TGF-} in late-stage breast cancer cells, indicat-
ing that matrix rigidity plays a vital role in mediating how cells sense
and respond to the dichotomous functions of TGF-f} (8). Moreover,
the ability of carcinoma cells to thrive both in rigid primary tumor
microenvironments and compliant metastatic microenvironments
represents an essential characteristic of fully metastatic breast can-
cer cells. It therefore stands to reason that enhancing our knowledge
of the molecular mechanisms that mediate breast cancer metastasis
may enable the development of specific metastasis-based treatments
needed to improve the overall survival rates of patients harboring
metastatic breast cancers.

MicroRNAs (miRs) are small (20-30 nucleotides) noncoding
RNAs that posttranscriptionally regulate gene expression through
canonical base pairing between the miR seed sequence (nucleo-
tides 2-8 of the 5" end) and the complementary sequence in the
3" UTR of the target mRNA. The net effect of these events elicits
either translational repression or degradation of targeted mRNAs
(14). Recently, several studies have implicated aberrant miR expres-
sion in the development and metastatic progression of mammary
tumors (15). At present, the precise role of miRs in controlling
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metastatic progression by TGF-f remains to be fully elucidated, as
does the impact of tissue compliance in altering these TGF-B- and
miR-driven activities. Global miR expression profiling analyses
enabled us to identify a variety of miRs whose expression is regulat-
ed by TGF-f and altered ECM rigidity, one of which was miR-181a,
which is upregulated by TGF-f in hepatocytes (16, 17) and breast
cancer cells (15). Importantly, we demonstrate that aberrantly high
miR-181a expression enhanced the ability of TGF-f to stimulate
breast cancer metastasis by inducing EMT programs and by pro-
moting resistance to anoikis by downregulating the expression of
the proapoptotic factor Bim. Equally important, miR-181a expres-
sion is highly associated with the development of metastatic dis-
ease in breast cancers, particularly triple-negative breast cancers
(TNBCs), and is highly predictive for poor clinical outcomes in
breast cancer patients. Taken together, our findings establish
miR-181a as a potential predictive biomarker for breast cancer
metastasis and overall survival as well as a promising pharmaco-
logic target for the treatment of metastatic breast cancers.

Results

miR-181a expression is upregulated by TGF- and correlates with the
metastatic potential of breast cancer cells. Several studies have recently
depicted the role of TGF-f in upregulating the expression of sev-
eral oncogenic miRs via transcriptional and miR processing mech-
anisms (18-20). Along these lines, we recently demonstrated the
ability of biomechanically rigid ECM to regulate the differential
responses of normal versus malignant mammary epithelial cells
(MECs) to TGF-f (8). Likewise, increasing the rigidity of tumor
microenvironments not only drives breast cancer invasion and
metastasis, but also diminishes the effective delivery and penetra-
tion of chemotherapeutic agents, thereby safeguarding the survival
of the developing tumor (13, 21). However, the role of ECM rigidity
in dictating miR expression governed by TGF-f remains undefined.
As a means to fill this knowledge gap, we utilized 3D organotypic
cultures whose physical properties were altered by inclusion of
type I collagen to create biomechanically rigid microenvironments
that approximated those typically observed in primary mammary
tumors (Figure 1A and refs. 8, 13, 21). Compliant 3D organotypic
cultures (i.e., no collagen supplementation) were also generated to
recapitulate the biomechanical properties of pulmonary micro-
environments typically encountered by disseminated breast carci-
noma cells (Figure 1B and refs. 8, 22). The murine 4T1 progres-
sion series represents an established model of TNBC development
and metastasis and consists of isogenically derived nonmetastatic
67NR, systemically invasive 4T07, and highly metastatic 4T1 cells
(23) that were propagated for 6 days in the absence or presence of
TGF-f in either rigid or compliant 3D cultures (Figure 1, A and B).
Afterward, total RNA was extracted and subjected to miR profiling.
It is important to note that the ensuing discussion only relates to
miRs whose expression was significantly induced by TGF-3. The
presentation and discussion of miRs whose expression was sig-
nificantly downregulated by TGF-f will be presented elsewhere. As
such, Figure 1, C and D, clearly show that the coupling of TGF-f3
to the induction of miR expression was highly dependent upon tis-
sue compliance. For instance, when propagated under biomechani-
cally rigid 3D organotypic cultures, TGF-f significantly induced
the expression of 3 miRs in 67NR cells, 11 miRs in 4T07 cells, and
10 miRs in 4T1 (Supplemental Tables 1-3; supplemental mate-
rial available online with this article; doi:10.1172/JC164946DS1).
In stark contrast, administering TGF-f to these same cells when
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propagated in biomechanically compliant 3D organotypic cul-
tures significantly stimulated the expression of 27, 5, and 12 miRs
in 67NR, 4T07, and 4T1 cells, respectively (Figure 1D and Sup-
plemental Tables 1-3). Interestingly, only miRs belonging to the
miR-181 family were universally upregulated by TGF-f in all 3 iso-
geneic cell lines and 3D organotypic culture conditions, suggest-
ing that TGF-f functions as a master regulator of this miR family
(Figure 1, C and D). Accordingly, examining the expression levels
of miR-181a by semiquantitative real-time PCR demonstrated that
TGF-f was significantly more effective in stimulating miR-181a
expression in metastatic 4T1 cells as compared with their nonmeta-
static 67NR counterparts. Importantly, the coupling of TGF- to
miR-181a expression readily transpired in both rigid and compliant
3D organotypic cultures (Figure 1, E and F) as well as in traditional
2D culture systems (Figure 1G). Moreover, these analyses showed
that the magnitude of miR-181a expression stimulated by TGF-§
correlated positively with the metastatic potential of these isogene-
ic derivatives (Figure 1, E-G). To ensure that these findings were not
limited to the 4T1 progression series, we also compared the ability
of TGF-f to induce the expression of miR-181a in human MCF-7
(i.e., luminal and nonmetastatic) and MBA-MD-231 (i.e., triple-
negative and metastatic) breast cancer cells. Although MCEF-7 cells
respond to TGF- (Supplemental Figure 1 and ref. 24), miR-181a
expression remained low and unresponsive to TGF-f in MCF-7
cells, an event that was in stark contrast to the significant induc-
tion of miR-181a expression in MDA-MB-231 cells both prior and
after their stimulation with TGF-f3 (Figure 1H). Recently, MCF-7
cells were observed to downregulate miR-181a in response to
estrogen administration (25), and this finding together with those
presented herein suggests that the induction of miR-181a expres-
sion by TGF-f3 may be selectively sustained in metastatic TNBCs.
Accordingly, TGF-f treatment of nonmetastatic cells over a span
of 48 hours led to a transient increase in miR-181a expression that
peaked at 16 hours and thereafter declined during the ensuing
time points to 48 hours (Supplemental Figure 2, A and B). In stark
contrast, miR-181a expression was progressively increased and
sustained in metastatic TNBCs upon completion of TGF-f treat-
ment (Supplemental Figure 2, A and B). Thus, metastatic human
and murine breast cancers stably upregulate miR-181a in response
to TGF-p. Interestingly, conflicting reports in the literature show
that TGF-p-mediated upregulation of miR-181a occurs through
either transcriptional (16) or posttranslational mechanisms (15).
Moreover, miR-181a is transcribed from 2 separate genomic loci
that give rise to 2 separate pre-miRs, namely pre-miR-181a-1 and
pre-miR-181a-2 (http://www.mirbase.org/). Our own analyses indi-
cate that the transcription of pre-miR-181a-1 transpires through
a Smad4-dependent mechanism, while that of pre-miR-181a-2
occurs independently of Smad4 (Supplemental Figure 3, A and B).
However, levels of mature miR-181a are not affected by Smad4
depletion (Supplemental Figure 3C), indicating that Smad4-inde-
pendent processing steps are likely to occur after production of the
pre-miR-181a transcripts.

TGF-P has previously been reported to regulate the expression of
miRs 181a and 181b in hepatocytes (16, 17) and perhaps in cancer
initiating cells of the breast as well (15). Accordingly, TGF-f sig-
nificantly upregulated miR-181b expression in the 4T1 progression
series in both rigid and compliant 3D organotypic cultures, in tradi-
tional 2D cultures, and predominantly in metastatic MDA-MB-231
cells as compared with nonmetastatic MCF-7 cells (Supplemental
Figure 4, A and B, and Supplemental Figure 5, A and B). Moreover,
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Figure 1

miR-181a expression is upregulated by TGF-$ and correlates with the metastatic potential of breast cancer cells. (A and B) Nonmetastatic 67NR,
systemically invasive 4T07, and broadly metastatic 4T1 cells were propagated in the absence or presence of TGF-$1 (5 ng/ml) for 6 days in either
rigid (3 mg/ml collagen) or compliant 3D organotypic cultures. Total RNA was harvested and hybridized to miRIDIAN miR arrays by Dharmacon.
Original magnification, x20. (C and D) Venn diagrams depicting miRs induced by TGF-$ in 67NR, 4T07, and 4T1 cells revealed that the miR-181
family was upregulated by TGF-$1 treatment in all breast cancer cell lines and treatment conditions. mmu, Mus musculus. (E and F) TGF-p1
(5 ng/ml) treatment of 67NR, 4T07, and 4T1 cells propagated in either rigid (3 mg/ml collagen, E) or compliant (F) 3D organotypic cultures
increased miR-181a expression in a manner correlated with the metastatic potential of individual breast cancer cell lines. (G and H) TGF-31
(5 ng/ml) treatment of mouse 67NR, 4T07, and 4T1 (G), and of human MCF-7 and MDA-MB-231 (H) cells propagated in traditional 2D cultures
stimulated miR-181a expression in a manner correlated with the metastatic potential of the individual cell lines. Individual miR signals were
normalized to U6, and the data are presented as the mean + SEM fold expression of miR-181a relative to basal 67NR or MCF-7 cells. n = 3.
*P < 0.05, Student’s t test.
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Inhibition of miR-181a attenuates TGF-p—mediated EMT in normal MECs. (A) NMuMG cells were stimulated to undergo EMT with TGF-B1 (5 ng/ml),
which upregulated miR-181a expression as determined by semiquantitative real-time PCR, where individual miR signals were normalized to U6.
Data are the mean + SEM fold expression relative to basal cells. n = 3. *P < 0.05, Student’s t test. (B and C) Transient transfection of miR-181a
Mimics (B) or Hairpin inhibitors (C) resulted in elevated or diminished miR-181a expression in NMuMG cells. Data are the mean + SEM fold
expression relative to corresponding controls. n = 3. *P < 0.05, Student’s t test. (D—F) miR-181a expression levels were manipulated in NMuMG
cells as above and subsequently stimulated with TGF-p1 (5 ng/ml) for 48 hours to induce an EMT program, which was monitored by phalloi-
din staining to visual alterations in the actin cytoskeleton (D) or by immunoblotting to monitor E-cadherin expression (E and F). Inactivation of
miR-181a (Anti miR-181a) blunted TGF-f stimulation of EMT programs in NMuMG cells. Original magnification, x20; insets, x10 magnification of
the original. All are representative findings observed in 3 independent experiments.

the extent to which TGF-f3 coupled to the expression of the remain-
ing miR-181 family members, namely miRs 181c and 181d, gen-
erally trended with those delineated for their miR 181a and 181b
counterparts (Supplemental Figure 4, C-F, and Supplemental Fig-
ure 5, C-F). Collectively, these findings identify TGF-f} as a master
regulator of the expression of miR-181 family members and also
implicate the expression of these miRs as potential mediators and
biomarkers of breast cancer metastasis, particularly that in TNBCs.

Inactivation of miR-181a attenuates TGF-B—mediated EMT, invasion,
and migration. Given the parallels between miR-181a expression and
metastatic potential, we next sought to investigate the probable role
of miR-181a during EMT programs, which are critically involved in

The Journal of Clinical Investigation

http://www.jci.org

several aspects of metastasis stimulated by TGF-f (3). In doing so,
we utilized normal murine mammary gland (NMuMG) cells, which
are used routinely as a model system for studying the molecular
mechanisms whereby TGF-f promotes EMT (8, 26-28). Figure 2A
shows that TGF- treatment of NMuMG cells under experimental
conditions known to induce EMT programs resulted in the signifi-
cant upregulation of miR-181a expression. Interestingly, although
the expression of miR-181a Mimics in NMuMG cells (Figure 2B)
failed to alter their ability to remodel the actin cytoskeletal system
during EMT reactions (Figure 2D), we did observe the expression
of miR-181a antagonists (Figure 2C) to attenuate the formation
of actin stress fibers in NMuMG cells stimulated with TGF-3
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Figure 3

Inhibition of miR-181a attenuates TGF-f—mediated EMT, invasion, and migration. (A and B) An antagomir against miR-181a (anti-miR-181a)
was transiently transfected into 67NR or 4T1 cells, resulting in decreased expression of miR-181a, as determined by semiquantitative real-time
PCR. (C and D) The invasiveness of miR-181a—manipulated 67NR and 4T1 cells in response to TGF-1 (5 ng/ml) treatment was significantly
reduced by miR-181a inactivation. (E and F) The proliferation of miR-181a—manipulated 67NR and 4T1 cells in response to TGF-$1 (5 ng/ml)
treatment was unaffected by miR-181a inactivation. (G and H) 4T1 cells engineered to stably express miR-181a (G) or a miR-181a sponge (H)
were transiently transfected with a renilla luciferase miR-181a biosensor and CMV—@-gal, which was used to control for differences in transfec-
tion efficiency. miR-181a was shown to significantly elevate miR-181a activity, while miR-181a antagonists were shown to significantly reduce
miR-181a activity. (I and J) The ability of TGF-f1 (5 ng/ml) to induce the migration of 4T1 cells with elevated (I) or reduced (J) miR-181a activity
was significantly stimulated by miR-181a activation (I) or was significantly inhibited by miR-181a inactivation (J). Original magnification, x20. All
data are the mean + SEM. n = 3. *P < 0.05, Student’s ¢ test.
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miR-181a expression enhances Erk1/2, Akt, and Src signaling in breast
cancer cells. (A—F) 4T1 cells that harbored manipulated miR-181a
activity as indicated were stimulated with TGF-$1 (5 ng/ml) for 30 minutes.
Afterward, the phosphorylation and expression of Smad2/3, Erk1/2,
Akt, and Src were measured by immunoblotting as indicated. Shown
are representative images from 3 independent experiments. Scr,
scrambled control vector; miArr, miArrest vector. Lanes in B, E, and F
were run on the same gel, but were noncontiguous (white lines).

(Figure 2D). Along these lines, miR-181a Mimics enhanced the
extent to which TGF-f3 downregulated E-cadherin expression in
transitioning NMuMG cells (Figure 2E). Likewise, inactivation of
miR-181a in NMuMG cells prevented the loss of E-cadherin expres-
sion stimulated by TGF-f (Figure 2F). Taken together, these results
indicate that miR-181a participates in mediating the induction of
EMT programs stimulated by TGF-f3.

An essential manifestation of EMT programs is their ability to
confer transitioned cells with highly motile and invasive pheno-
types, and so we investigated the impact of manipulating miR-181a
activity on the coupling of TGF-f to these cellular processes in
nonmetastatic 67NR (Figure 3A) and metastatic 4T1 (Figure 3B)
cells. Figure 3, C and D, shows that inactivating miR-181a
decreased the ability of either cell type to invade to a serum
stimulus. Indeed, nonmetastatic 67NR cells failed to invade
when stimulated by TGF-f, a response that was unaffected by
alterations in miR-181a activity (Figure 3C). However, inacti-
vating miR-181a in metastatic 4T1 cells significantly impaired
their ability to acquire invasive phenotypes in response to TGF-f3
(Figure 3D). Importantly, the reduced capacity of these cell lines
to invade reconstituted basement membranes was not due to
differences in their rates of DNA synthesis (Figure 3, E and F).
Because expression of miR-181a Mimics failed to augment basal
and TGF-p-stimulated invasion in either 67NR or 4T1 cells
(Supplemental Figure 6, A and B), these findings suggest that
the expression of miR-181 is necessary but not sufficient in driv-
ing breast cancer invasion stimulated by TGF-f.
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We also engineered 4T1 cells to stably express miR-181a, whose
functionality was confirmed by detecting decreased renilla lucifer-
ase activity driven by a miR-181a biosensor (Figure 3G). Likewise,
stable antagonism of miR-181a (i.e., miArrest 181a expression)
significantly increased the activity of the miR-181a biosensor in
4T1 cells, a finding indicative of diminished miR-181a activity
in these metastatic breast cancer cells (Figure 3H). Importantly,
we observed elevated miR-181a activity as significantly increas-
ing both basal and TGF-p-stimulated wound closure (Figure 3I),
while the converse manipulation of miR-181a activity abrogated
cell migration stimulated by TGF-f (Figure 3]). We also found
stable increases or decreases in miR-181a activity to be incapable
of affecting 4T1 proliferation in traditional 2D culture systems
(data not shown). Collectively, these findings indicate that the
upregulated expression of miR-181a enhances the motility and
invasion of breast cancer cells, presumably by augmenting the
coupling of TGF-f to the induction of EMT programs (Figure 3).

miR-181a expression enhances Erk1/2, ARt, and Src signaling in breast
cancer cells. We next addressed whether changes in miR-181a activ-
ity were capable of altering the coupling of TGF-p to its down-
stream effectors, particularly those coupled to metastatic progres-
sion. Transmembrane signaling by TGF-f transpires following its
activation of canonical Smad2/3/4 signaling, as well as its stimula-
tion of a variety of noncanonical effectors, including MAP kinases,
PI3K/Akt, and NF-kB (3-5, 29). The coupling of TGF-f to canoni-
cal Smad-based signaling is generally associated with the tumor-
suppressing functions of TGF-f and predominates in normal
MECs, which contrasts sharply with malignant MECs and their
amplification of noncanonical TGF-f signaling that underlies its
oncogenic functions in late-stage breast cancers (4). Consistent
with this model, we failed to observe any changes in the ability of
TGF-f to activate Smads 2 and 3 in miR-181a-manipulated 4T1
cells (Figure 4, A and B). Thus, alterations in miR-181a expression
do notaffect the initial activation of canonical signaling by TGF-f.
Interestingly, elevating the activity of miR-181a enhanced the
basal phosphorylation status of Src, Ake, and Erk1/2 (Figure 4, C
and E). Likewise, diminishing the activity of miR-181a decreased
both the basal and TGF-B-stimulated phosphorylation of Src, Ak,
and Erk1/2 in 4T1 cells (Figure 4, D and F). Taken together, these
findings suggest that elevated miR-181a functions to enhance the
autoactivation of noncanonical TGF-f effectors, thereby mimick-
ing oncogenic TGF-f signaling in metastatic breast cancer cells.

miR-181a inhibits anoikis by targeting the proapoptotic protein Bim for
downregulation. The ability to overcome anoikis is paramount in
promoting hematogenous dissemination of carcinoma cells (30).
We therefore hypothesized upregulated miR-181a activity as a
potential player in conferring breast cancer cell resistance to anoi-
kis. We tested this supposition by culturing NMuMG and 4T1 cells
over polyhydroxyethylmethacrylate (poly-HEMA) to prevent their
adherence to plastic, thereby eliciting anoikis reactions. Figure SA
shows that parental NMuMG cells readily initiated apoptosis and
caspase-3 cleavage in as little as 4 hours following adhesion depriva-
tion. Importantly, elevating miR-181a activity completely inhibited
the cleavage of caspase-3 in NMuMG cells that were suspended over
aspan of 24 hours (Figure 5A), indicating that miR-181a expression
was sufficient to abrogate anoikis in NMuMG cells. Accordingly,
inhibiting miR-181a expression in 4T1 cells sensitized these carci-
noma cells to more rapidly undergo anoikis when deprived of adher-
ence as compared with their parental counterparts (Figure 5B).
The administration of TGF-f during this process failed to have a
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Figure 5

miR-181a inhibits anoikis by targeting the proapoptotic protein Bim for downregulation. (A and B) NMuMG and 4T1 cells with manipulated
miR-181a activity were suspended over poly-HEMA—coated culture dishes for 0-48 hours to induce anoikis. Caspase-3 cleavage was monitored
by immunoblotting detergent-solubilized whole-cell extracts with anti-caspase-3 antibodies, while differences in protein loading were controlled
with anti—f3-actin antibodies. (C) miRanda alignment of mmu-miR-181a to the wild-type and mutant Bim 3’ UTR sequences demonstrates per-
fect complementation between the miR-181a seed sequence and the Bim 3'UTR. Asterisks indicate mutated miR-181a seed sequence binding
bases. (D and E) Immunoblotting NMuMG and 4T1 cell extracts demonstrated that elevated miR-181a activity decreased Bim protein levels (D),
while diminished miR-181a activity elicited increased Bim protein levels. Differences in protein loading were assessed by 3-actin immunoblotting.
(F and G) NMuMG (F) or 4T1 (G) cells were transiently transfected with a renilla luciferase reporter gene whose expression was driven by either
wild-type or mutant (mut) Bim—3' UTR seed sequences (C). Stable miR-181a expression suppressed that of luciferase containing the wild-type
Bim—3' UTR, an event that was lacking in cells transfected with mut-Bim-3' UTR vectors. (H) NMuMG cells were transiently transfected with
miR-181a Mimics with or without a 3" UTR—deficient Bim cDNA. Afterward, the transfectants were suspended over poly-HEMA—coated culture
dishes for 24 hours to induce anoikis. Bim expression (left panel) and caspase-3 cleavage (right panel) were monitored as described above. All
data are representative of 3 independent experiments or are the mean + SEM. n = 3; *P < 0.05; Student’s t test. Lanes in D and E were run on
the same gel, but were noncontiguous (white lines).

significant impact on the induction of anoikis (Supplemental Fig-
ure 7, A and B). However, pretreating 4T1 cells with the small mol-
ecule TPR-I antagonist TBR-I inhibitor II abrogated the high levels
of autocrine TGF-f signaling in these cells (8, 26, 31, 32), thereby
accelerating the rate of caspase-3 cleavage during anoikis in parental
4T1 cells (Supplemental Figure 7C). Importantly, miR-181a over-
expression partially protected 4T1 cells from exhibiting accelerated
caspase-3 cleavage and anoikis elicited by administration of TBR-II
inhibitor II (Supplemental Figure 7D). Thus, TGF-f and miR-181a
mediate the survival of nonadherent metastatic breast cancer cells.
To identify mRNA targets of miR-181a that are relevant to anoi-
kis, we interrogated TargetScan (33) and miRanda (34) miR tar-
get prediction programs in combination with Ingenuity Pathway
Analysis. In doing so, we identified the proapoptotic BH3-only
protein Bim as a possible target of miR-181a. Bim promotes apop-
tosis by binding to the prosurvival proteins Bcl-2 and Bcl-XL,
156
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thereby engendering the release of Bax and Bak necessary to initi-
ate programmed cell death (35). miR-181a has previously been
reported to target several Bcl-2 family members in astrocytes, glio-
blastomas, and hematologic malignancies (36-38). Moreover, the
3" UTR of Bim houses a sequence that matches the 7-mer seed
sequence contained in miR-181a (Figure 5C). Accordingly, ele-
vating miR-181a activity in NMuMG or 4T1 cells reduced Bim
protein levels (Figure 5D), while diminishing miR-181a activity
elevated the expression of Bim in these same cells (Figure SE).
Moreover, transient transfection of a Bim-3" UTR-luciferase
reporter into NMuMG (Figure SF) or 4T1 (Figure 5SG) cells that
stably expressed miR-181a demonstrated that miR-181a did
indeed decrease the expression of luciferase containing Bim-3'
UTR. Importantly, mutating the miR-181a seed sequence locat-
ed within the Bim-3" UTR prevented miR-181a from suppress-
ing luciferase expression in NMuMG and 4T1 cells (Figure 5,
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Inhibition of miR-181a abrogates pulmonary tumor outgrowth and increases survival in mice. (A and B) The ability of TGF-$1 (5 ng/ml) to sup-
press 4T1 organoid growth was abrogated by elevated miR-181a activity (A), while basal 4T1 organoid growth was significantly suppressed by
miR-181a inactivation (B). Data are the mean + SEM of bioluminescent signals obtained in 3 independent experiments completed in triplicate.
*P < 0.05, Student’s t test. Original magnification, x20. (C) Luciferase-expressing 4T1 cells engineered to stably express an miR-181a antagonist
(i.e., miArrest 181a) were injected into the lateral tail veins of BALB/c mice (n = 5), and pulmonary tumor outgrowth was monitored by intravital
bioluminescent imaging. Data are the mean + SEM of pulmonary photon flux readings 24 days after injection, while the inset shows representative
bioluminescent signals of pulmonary outgrowth measured on day 24. *P < 0.05. (D) Kaplan—Meier survival curves of BALB/c mice (n = 5) from C.

F and G). Thus, miR-181a regulates Bim expression by binding to
its complementary seed sequence in the Bim-3' UTR. It should
be noted that Bim mRNA levels were not significantly affected by
increasing or decreasing miR-181a activity in these same MECs
(Supplemental Figure 8, A-E), indicating that miR-181a regulates
cellular levels of Bim by repressing the translation of Bim mRNA,
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not by inducing its cleavage and degradation. Additionally, phar-
macological inhibition of Erk1/2 or Akt failed to alter the ability
of miR-181a to decrease Bim protein levels (Supplemental Fig-
ure 8, F-H), indicating the miR-181a regulates Bim expression
independently of signaling inputs derived from Erk1/2 and Akt.
Finally, we attempted to rescue Bim expression by transiently
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to investigate the role of miR-181a in regu-
lating metastatic outgrowth, 4T1-luciferase
cells engineered to express either miR-181a
or a miR-181a sponge (miArrest 181a) were
propagated at low densities onto compliant
3D organotypic cultures to recapitulate the
pulmonary microenvironment (22, 39-41).
Indeed, we recently demonstrated that TGF-f3
suppresses the outgrowth of 4T1 organoids
in compliant 3D culture systems (8). Using
bioluminescent growth assays, we now show
that elevating miR-181a activity circumvented
the cytostatic activities of TGF-f in compli-
ant microenvironments (Figure 6A). Thus,
upregulated miR-181a activity may play an
additional and important role in overcom-
ing metastatic dormancy. Along these lines,
inactivation of miR-181a in 4T1 cells signifi-
cantly impaired their ability to thrive in 3D
pulmonary cultures (Figure 6B), suggesting
that measures capable of reducing miR-181a
activity may provide a novel therapeutic mech-
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Figure 7

Decreased miR-181a expression enhances Bim expression and cell death in murine mam-
mary tumors and metastases. (A and B) Histopathological analyses of H&E, Ki67, TUNEL,
and Bim in 4T1 primary tumors and their pulmonary metastases indicate that inactivation of
miR-181a resulted in increased Bim expression and elevated apoptosis. Original magnifica-

tion, x20 (A); x40 (B).

transfecting miR-181a-expressing NMuMG cells with a Bim
expression construct that lacked its 3" UTR sequence, which is
targeted by miR-181a. Figure SH shows that this manipulation
not only restored Bim expression to NMuMG cells, but also sen-
sitized them to anoikis and caspase-3 cleavage. Taken together,
these findings suggest that miR-181a plays a critical role during
the metastatic progression of mammary tumors by downregu-
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anism to halt the outgrowth of breast cancer
micrometastases.

To more rigorously test the above suppo-
sition in a preclinical setting, we inoculated
the aforementioned 4T1 derivatives into the
lateral tail veins of 4-week-old female BALB/c
mice. Initial carcinoma cell seeding and subse-
quent pulmonary outgrowth of 4T1 cells were
monitored by biweekly bioluminescent imag-
ing. Inhibiting miR-181a activity decreased
pulmonary tumor burden by 4T1 cells
(Figure 6C), resulting in significantly
increased survival time in mice (Figure 6D).
We also investigated the effect of miR-181a
expression on 4T1 tumor growth and metas-
tasis from the mammary fat pad. Although
manipulation of miR-181a levels failed to
significantly alter 4T1 tumor latency, growth,
and dissemination from the mammary fat
pad (Supplemental Figure 9), we were able to verify that lung
metastases that arose from miArrest 181a-expressing 4T1 tumors
had in fact lost expression of the miR-181a sponge, as determined
by elevated miR-181a biosensor activity in ex vivo cultures of 4T1
lung metastases (data not shown). This result suggests that 4T1
cells that possessed low levels of miR-181a activity were negatively
selected during the development and metastasis of 4T1 tumors.
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Table 1
Detection of miR-181a expression levels in human breast
cancers

Tumor Tumor ER PR HER2 Fold miR-181a
grade expression?
TNBC tumors
T4 11 - - Absent 1.39+0.44
T6 1 - - Absent 2.46 +0.43
T13 1 - - Absent 1.54 +0.83
T14 11 - - Absent 14.63 +0.23
T15 1 - - Absent 18.05+11.72
1160 Il - - Absent 1.82 £ 0.30
1202 11 - - Absent 1.90 £ 0.55
3503 1 - - Absent 0.90 + 0.61
1195 11 - - Absent 1.67 £1.46
1108 11 - - Absent 18.67 +18.14
3478 11 - - Absent 0.30 £ 0.11
1361 | - - Absent 2.56 + 0.61
3347 Il - - Absent 60.95 £ 58.19
3392 Il - - Absent 1.66 +1.50
3439 111 - - Absent 69.31 £22.34
3472 Il - - Absent 2.60 = 1.06
Non-TNBC tumors
T12 11 - - Equivocal 10.62 +4.79
T2 [l - - Present 0.69+0.18
3304 1 - + Absent 4.48 £ 0.21
T19 | + - Absent 8.25+3.82
T20 1 + - Absent 0.60 £0.19
3167 Il + - Absent 1.13+0.33
3371 1 + - Absent 6.79 +5.44
1142 | + - Present 1.15£0.58
T1 | + + Absent 0.35+0.22
T3 | + + Absent 0.78+0.34
T7 | + + Absent 0.25+0.12
T8 | + + Absent 3.03+£2.74
T9 | + + Absent 0.84+0.38
T17 | + + Absent 1.04 +0.43
T18 | + + Absent 0.26 £ 0.12
T5 11 + + Absent 0.86 +0.50
T10 1 + + Absent 2.70 £ 0.37
3418 | + + Absent 2.07 £1.58
3458 I + + Absent 1.51+1.16
1162 Il + + Absent 3.96 + 3.39
3380 I + + Absent 0.30 £0.03
3438 Il + + Absent 2.05+0.25
3292 Il + + Absent 19.77 +0.75
T11 1] + + Heterogeneous  1.66 +0.57
3374 | + + Unknown 2.31£1.21

AFold-change in miR-181a expression in human breast tumors was nor-
malized against those detected in matched normal tissue. ER, estrogen
receptor; PR, progesterone receptor.

Accordingly, immunostaining of 4T1 tumors revealed that those
derived from miArrest 181a-expressing 4T1 cells exhibited elevat-
ed levels of apoptosis, as measured by increased TUNEL staining
and Bim immunoreactivity (Figure 7A). Similar upregulation of
TUNEL staining and Bim immunoreactivity were readily detect-
ed in the lung metastases produced by miArrest 181a-expressing
4T1 cells, events that were lacking in their parental counterparts
(Figure 7B). Collectively, these findings suggest that miR-181a
antagonism sensitizes breast cancer cells to undergo enhanced
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apoptosis via upregulated expression of Bim, an event that may
synergize with coadministration of additional DNA damaging
agents to induce carcinoma cell death.

miR-181a is upregulated in TNBCs and corresponds to decreased overall
survival times and increased metastasis in breast cancer patients. To exam-
ine the prognostic value of miR-181a expression in human breast
cancers, we performed semiquantitative real-time PCR to moni-
tor miR-181a expression levels in 41 matched cases and adjacent
normal tissue samples (Table 1 and ref. 42). In doing so, we deter-
mined that TNBCs harbored significantly more miR-181a as com-
pared with non-TNBC subtypes (Figure 8A and Table 1). These
findings, together with those presented in Figure 1H, indicate that
the upregulated expression of miR-181a is significantly associated
with TNBCs relative to other non-TNBC subtypes.

Finally, we also interrogated a publicly available data set that com-
prised 101 human primary breast tumor samples that were subject-
ed to genome-wide matched miR and mRNA profiling (43). These
analyses showed that the expression of miR-181a significantly
predicted for shorter disease-free survival of breast cancer patients
whose tumors lacked amplification of the ErbB2 locus (Figure 8B).
Moreover, gene set enrichment analysis (GSEA) of the mRNA
expression in this same data set clearly showed that mammary
tumors harboring high levels of miR-181a expression were signifi-
cantly enriched for TGF-f signaling (Figure 8C and refs. 44, 45),
thereby providing further support for the notion that TGF-f is
a master regulator of miR-181a expression in breast cancers.
Equally important, we also noted that mammary tumors possess-
ing elevated expression of miR-181a were enriched for the van’t
Veer breast cancer metastasis signature (Figure 8C and ref. 46),
which comprises a 70-gene signature that forms the basis for the
MammaPrint test, which is used clinically to identify breast can-
cer patients who are at greater risk of developing metastatic dis-
ease. Although additional studies are needed to define the role of
miR-181a in other specific breast cancer subtypes, our findings
nonetheless clearly support an essential function of miR-181a in
enhancing breast cancer metastasis and decreasing the long-term
survival of breast cancer patients harboring metastatic disease.
Collectively, our results implicate miR-181a expression as a poten-
tial predictive biomarker for identifying breast cancer patients
who are at high risk for developing metastatic disease.

Discussion
It is well established that miRs can function as tumor suppressors
(e.g., miR-15a and miR-16-1) and tumor promoters (e.g., miR-155
and miR-21) (47). More recently, miRs have also been implicated
in regulating specific steps in the metastatic cascade. Indeed, these
“metastamirs” often exhibit little-to-no effect on primary tumor
development, but instead can elicit profound effects on either
promoting (e.g., miR-10b, miR-143, miR-520c) or suppressing
(e.g., miR-31, miR-146a/b, miR-335) metastasis (48, 49). Because
metastasis is the major cause of death for breast cancer patients, it
stands to reason that defining the molecular mechanisms whereby
miRs have an impact on metastasis may provide novel opportuni-
ties to treat metastatic breast cancers.

We (8, 22, 50) and others (12, 51) have clearly demonstrated the
ability of alterations in the biomechanics of the ECM to have an
impact on how cells sense and respond to cellular stimuli, including
TGF-P. Here, we significantly expand this theme by demonstrat-
ing that changes in ECM rigidity influence coupling of TGF-f} to
the expression of miRs during breast cancer progression (Figure 1
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Figure 8

miR-181a is upregulated in TNBCs and corre-
sponds to decreased overall survival times and
increased metastasis in breast cancer patients.
(A) Semiquantitative real-time PCR of miR-181a
expression in human TNBC (n = 16) as com-
pared with other non-TNBC (n = 25) tumors.
Expression levels of miR-181a were normalized
to U6 levels and plotted as average fold change
detected between the tumor and corresponding
normal tissue. Data from 16 TNBC and 25 non-
TNBC tumors, displayed as a dot plot alongside
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and Supplemental Tables 1-3). However, it is important to note
that individual miRs regulate multiple mRNAs and, likewise, that
individual mRNAs are often targeted by multiple miRs. Thus, it
is likely that the collective actions of numerous miRs acting on
a host of target mRNAs ultimately contribute to the oncogenic
functions of TGF-f and its stimulation of breast cancer metasta-
sis. Therefore, future studies need to map the combined actions
of miR networks regulated by TGF-f and ECM stiffness and to
determine how these events vary between specific breast cancer
subtypes and stages of their development.

Along these lines, our current study provides the initial frame-
work to begin these analyses within the context of TNBCs and
their acquisition of metastatic phenotypes in response to TGF-f.
Indeed, we identified miR-181a as a “metastamir” in TNBCs and
demonstrated that measures capable of inhibiting miR-181a activ-
ity abrogated TGF-B-mediated EMT, migration, invasion, and
metastatic outgrowth in part by upregulating Bim expression.
Besides its coupling to Bim expression, miR-181a/b has also been
validated to regulate the expression of Bel-2 (36-38, 52), ATM (15),
p27(17),K-Ras (53), and TIMP3 (16). In the context of TNBCs and
the experimental systems used herein, we were unable to associate
elevated miR-181a activity with changes in the expression of KLF-6,
Smad7, TIMP3, Dusp6, or Bcl-2 (data not shown), suggesting that
the manifestations of aberrant miR-181a expression will be deter-
mined in a cell- and context-specific manner. Accordingly, recent
evidence shows that miR-181a is capable of exhibiting seemingly
paradoxical roles in cancer. For example, miR-181a expression is
decreased in several cancers, including those of the lung and brain
(54). Indeed, elevating miR-181a activity in glioblastomas silences
Bcl-2, thereby sensitizing these cells to radiotherapy (36). Thus,
in the context of glioblastomas, the expression of miR-181a func-
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the mean + SEM. P = 0.05. Student’s t test. (B) In
an miR expression data set of 82 breast cancer
patients that were negative for ErbB2 amplification
(43), patients that possessed high tumor expres-
sion of miR-181a exhibited significantly reduced
disease-free survival times. The median value
for miR-181a was used to divide the samples
into high (above the median) and low (below the
median) miR expression, and the corresponding
P value was calculated by log-rank analysis. (C)
GSEA (GSE19783) plots for patients with breast
tumors that were negative for ErbB2 amplification
and expressed high levels of miR-181a demon-
strated enrichment for the TGF-f3 signaling sys-
tem (44, 45), and for the van't Veer breast cancer
metastasis signature (46).
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tions as a tumor suppressor. In stark contrast, aberrantly elevated
expression of miR-181a is observed in cancers of the breast (15),
mouth (55), liver (16), and blood (56, 57), suggesting that miR-181a
fulfills a tumor-promoting role in these contexts. Collectively,
these findings and those presented herein highlight the need to
identify additional miR-181a targets and define their role in pro-
moting breast cancer development and metastatic progression,
particularly that stimulated by TGF-f.

miR-181a belongs to the miR-181 family, which contains 3 other
members (i.e., miRs 181b, 181c, and 181d), all of which house
identical seed sequences, suggesting that this miR family may
exhibit redundancy in targeting mRNAs. The exact mechanism
through which TGF-f} controls the expression of miR-181 family
members remains to be determined. Interestingly, miR-181a and
miR-181bare transcribed together from 2 separate genomicloci, while
miR-181c and miR-181d are transcribed from a third distinct
locus (miRBase; http://www.mirbase.org/). Our findings indicate
that Smad4-dependent and -independent mechanisms contrib-
ute to TGF-f-mediated transcription of miR-181a; however, miR
transcript processing that produces mature miR-181a occurred
in a Smad4-independent manner (Supplemental Figure 3, A-C).
Thus, future studies need to parse out the relative contributions of
transcriptional versus posttranslational mechanisms in mediating
TGF- stimulation of miR-181 family members as well as identify
the TGF-f} effector molecules operant in mediating these events.

Despite the aforementioned knowledge gaps, our findings do
in fact demonstrate that miR-181a plays a unique role in promot-
ing breast cancer metastasis, as the sole inactivation of miR-181a
elicited dramatic effects on the ability of breast cancer cells to
acquire and maintain EMT, metastatic, and antianoikis pheno-
types. Likewise, TGF-f clearly upregulates all miR-181 family
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members, and therefore, future studies need to determine the spe-
cific function and contribution played by miR-181b, miR-181c,
and miR-181d during mammary tumorigenesis as well as the
extent to which these events are unique or shared among mem-
bers of this miR family. This point is important because, even
though related miRs can exhibit identical seed sequences, they
nevertheless can target distinct mRNAs (58). Thus, we suspect
that miR-181b, miR-181c, and miR-181d are likely to mediate
distinct aspects of mammary tumorigenesis that are different
from those currently ascribed to miR-181a.

Evasion of apoptosis is a hallmark of cancer (59), while the eva-
sion of anoikis represents a critical barrier that tumor cells must
overcome to metastasize (30). Normally, cell detachment leads to
upregulation of Bim, thereby triggering anoikis (30). Our data
show that high miR-181a expression repressed that of Bim, thus
rendering normal MECs insensitive to anoikis (Figure 5). Con-
versely, inhibition of miR-181a activity sensitized malignant MECs
to anoikis (Figure 5). Interestingly, previous reports have implicat-
ed Bim as a critical mediator of chemotherapy-induced apoptosis
in numerous cancers (60). For example, Bim expression predicts
for an apoptotic response to EGFR inhibitors in EGFR-mutant
lung cancers (60). Likewise, high Bim levels are necessary in (a)
sensitizing HER2-amplified breast cancer cells to undergo apop-
tosis in response to lapatinib (60) and (b) mediating breast cancer
apoptosis induced by paclitaxel (61). Along these lines, chronic
myeloid leukemia patients with low Bim levels have been shown
to respond poorly to imatinib (62). Thus, diminished Bim expres-
sion not only promotes metastasis, but also supports the devel-
opment of chemoresistant phenotypes. Our findings suggest that
combining miR-181a antagonists with other standard-of-care che-
motherapies may provide synergistic benefits by increasing Bim
levels, leading to heightened tumor cell sensitivity to apoptosis.
Future studies need to address this hypothesis as well as explore
the utility of miR-181a as a predictive biomarker for breast cancer
metastasis and overall patient survival.

Methods
Cell culture and constructs. NMuMG, MCF-7, and MDA-MB-231 cells were
obtained from ATCC, while isogeneic 67NR, 4T07, and 4T1 cells were
provided by Fred Miller (Wayne State University, Detroit, Michigan, USA).
MDA-MB-231 cells rendered deficient in Smad4 expression were provided by
Yibin Kang (Princeton University, Princeton, New Jersey, USA). Firefly lucif-
erase-expressing 4T1 cells were previously described (63, 64). miRIDIAN
miR-181a microRNA Mimics (20 nM final concentration) or Hairpin
Inhibitors (50 nM final concentration) were obtained from Thermo Sci-
entific and transiently transfected into cells using Lipofectamine 2000
according to the manufacturer’s recommendations (Life Technologies).
NMuMG and 4T1 cells were engineered to possess elevated miR-181a
activity by their transduction with miExpress (GeneCopoeia) lentiviral
particles that encoded for either control (i.e., scrambled) or precursor
miR-181a molecules, followed by the isolation and expansion of polyclonal
cell populations by neomycin selection (200 ug/ml; Calbiochem). Alter-
natively, these same MECs were engineered to possess reduced miR-181a
activity by their transduction with miArrest (GeneCopoeia) lentiviral par-
ticles that encoded for either control (i.e., scrambled) or miArrest 181a,
followed by the isolation and expansion of polyclonal cell populations by
hygromycin selection (250 ug/ml; Invitrogen).

miR microarray. Total RNA was prepared using the QIAGEN RNeasy Plus
Mini Kit and following the supplementary protocol for purification of miR
(QIAGEN). All experiments were performed in duplicate prior to sending
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the resulting RNA preparations to Thermo Scientific for miR profiling
analyses, whose resulting signal intensities were subjected to statistical
filtering that identified miR probes that had P value of 0.05 or less in at
least half of the samples. The remaining data were interarray scaled and
transformed to log, values prior to performing 1-way ANOVA analyses
for each cell line. Afterward, post hoc analysis was undertaken to identify
miRs whose expression was significantly (*P < 0.01) upregulated following
administration of TGF-f. The miR expression data are MIAME compliant
and have been submitted to GEO (GSE41274).

3D organotypic culture and outgrowth assays. 3D organotypic cultures were
performed using the “on-top” method (65) as previously described (8).
Briefly, cells were cultured on Cultrex cushions (100%; Trevigen) in com-
plete medium supplemented with 5% Cultrex. ECM rigidity was increased
by the addition of type I collagen (3 mg/ml; BD Biosciences) to Cultrex
cushions before their solidification. Where indicated, the cells were treated
with TGF-B1 (5 ng/ml) for varying lengths of time, and the medium/Cul-
trex solution was replaced every 4 days. Cells were harvested for RNA analy-
ses by digesting the Cultrex cushions with dispase (BD Biosciences) for
30 minutes at 37°C, followed by inactivation with EDTA (8 mM). After-
ward, the dissociated organoids were collected by centrifugation and pre-
pared for immunoblotting or real-time PCR analyses as described below.

Longitudinal bioluminescent growth assays were performed as
described (22). Briefly, changes in organoid growth were detected by the
addition of D-luciferin (Gold Biotechnology) to induce bioluminescence,
which was quantified on a GloMax-Multi Detection System (Promega).
Cell proliferation was normalized to initial bioluminescent signals that
were obtained 18 hours after plating.

Cell invasion, migration, and proliferation. Modified Boyden chambers coat-
ed with Matrigel (1:25 dilution) were used to monitor the invasiveness of
67NR and 4T1 cells in response to 10% serum and TGF-f1 (5 ng/ml) as
described previously (66). Alterations in 4T1 cell migration were assessed by
wounding confluent cultures with a micropipette tip, which were immedi-
ately placed in serum-free medium supplemented with or without TGF-B1
(5 ng/ml). Bright-field images were obtained immediately after wound-
ing and at various times over a span of 24 hours thereafter. The extent of
wound closure was quantitated by measuring the wound areas obtained
from S independent fields using ImageJ (v1.34s). Finally, alterations in
67NR and 4T1 cell proliferation (10,000 cells/well) were determined by
monitoring the incorporation of [*H|thymidine into cellular DNA as
described previously (27).

Semiquantitative real-time PCR analyses. Total RNA was purified using the sup-
plementary miR protocol provided by the RNeasy Plus Mini Kit (QIAGEN).
Afterward, cDNAs were synthesized using the miScript Reverse Transcrip-
tion Kit (QIAGEN) and then diluted 10-fold in H,O prior to their use in
semiquantitative real-time PCR reactions that contained 10 ul SsoFast
EvaGreen (Bio-Rad), 1 ul miR forward primer, 1 ul miScript Universal Prim-
er (QIAGEN), 3 ul H,O, and S ul diluted cDNA. miR expression levels were
analyzed on a 7500 Fast Real-Time PCR System (Applied Biosystems). Dif-
ferences in total RNA concentration were normalized to their correspond-
ing U6 signal. miR precursor levels were determined using the miScript
precursor assays as recommended by the manufacturer (QIAGEN). The
oligonucleotide primer pairs used are provided in Supplemental Table 4.

Luciferase reporter gene assays. Normal and malignant MECs were seeded
onto 24-well plates (25,000 cells/well) and allowed to adhere overnight. The
following morning, the cells were transiently transfected using TransIT-LT1
Transfection Reagent (Mirus) with 50 ng/well of pCMV-f-gal (Clontech) and
450 ng/well psi-Check2 luciferase reporter (Promega) that housed either (a)
the complementary seed sequence for miR-181a (e.g., miR-181a biosensor), or
(b) the 3" UTR sequence of Bim that contained either a wild-type or mutant
version of the miR-181a seed sequence (wild-type Bim reporter was provided
Number 1
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by Clark Distelhorst, Case Western Reserve University). Forty-eight hours
after transfection, cells were harvested to measure the quantity of luciferase
and B-gal activities present in detergent-solubilized cell extracts. Data are the
mean + SEM luciferase activities of at least 3 independent experiments.

TImmunoblotting and immunofluorescence. Quiescent control and miR-181a-
manipulated NMuMG and 4T1 derivatives were incubated in the absence
or presence of TGF-f1 (5 ng/ml) for 30 minutes, at which point they were
solubilized in Buffer H/1% Triton X-100 and prepared for immunoblotting
as described previously (8). Antibodies and pharmacologic inhibitors used
herein are described in Supplemental Tables 5 and 6, respectively.

Alterations in the actin cytoskeleton induced by TGF- in parental and
miR-181a-modified cells were monitored using direct TRITC-phalloidin
fluorescence as described previously (67).

Anoikis assays. Control and miR-181a-manipulated NMuMG and 4T1
cells were cultured over poly-HEMA-coated plates in either 0.5% serum or
serum-free medium, respectively. The cells were collected at various times
over a span of 48 hours, at which point they were prepared for immuno-
blotting analyses of cleaved caspase-3. For Bim rescue experiments, a rat
Bim cDNA that lacked the 3' UTR was inserted into pcDNA3.1 (Invitrogen)
and transiently transfected into control or miR-181a-manipulated cells
24 hours prior to initiating anoikis.

4T1 twmor growth and metastasis assays. Firefly luciferase-expressing 4T1 cells
that stably expressed miR-181a (10,000 cells/injection) or a miR-181a sponge
(5,000 cells/injection) were engrafted onto the mammary fat pads of 4-week-
old female BALB/c mice. The growth and metastasis of primary 4T1 tumors
was quantified by (a) weekly bioluminescent imaging of tumor-bearing ani-
mals on a Xenogen IVIS-200 (Caliper Life Sciences) and (b) thrice weekly
monitoring of primary tumor size using digital calipers (Fisher). Tumor vol-
umes were calculated by the following equation: tumor volume = 0.5 x x? x ,
where x is the tumor width and y is the tumor length. Primary tumors were
excised 4-5 weeks after inoculation, at which point serial histological sections
were prepared by the Case Comprehensive Cancer Center’s Tissue Procure-
ment, Histology, & IHC Core, which also performed the H&E and TUNEL
staining reactions. Additional immunostaining was undertaken to monitor
the expression of Ki-67 (1:50; BD Biosciences — Pharmingen) and Bim (1:50;
Cell Signaling) as described previously (68). The resulting images were cap-
tured on a D-Metrix DX-40 slide scanner outfitted with Eyepiece Software,
or on an Olympus BH2 microscope outfitted with Spot Advanced software
(Diagnostic Instruments Inc.).

For pulmonary outgrowth studies, the aforementioned 4T1 derivatives
were injected into the lateral tail veins of 4-week-old BALB/c mice. Bio-
luminescence imaging was performed 30 minutes after inoculation (TO0)
and biweekly thereafter. Pulmonary tumor development was assessed by
normalizing biweekly images to those obtained at TO.

Analysis of human miR and mRNA microarray data. Expression and clini-
cal outcome data were obtained from a publicly available data set of 101
human primary breast tumor samples, which contained matched genome-

—

wide miR and mRNA profiling (GSE19783; ref. 43). All samples were medi-
an-centered for miR-181a expression and denoted as having high expres-
sion if individual miR-181a signals fell above the median and as having low
expression if individual miR-181a signals fell below the median. Kaplan-
Meier curves were generated using GraphPad Prism for Macintosh (v5.0).
mRNA expression profiles for tumors not classified as being ErbB2 ampli-
fied were divided into high (n = 41) or low (n = 41) expression of miR-181a,
and GSEA was performed using GSEA software (v2.07) that was obtained
from the Broad Institute. Genes were analyzed for enrichment using the
c2 gene sets from the MSigDB, which contains 3271 curated gene sets
obtained from public pathway databases and published gene signatures.
P values, enrichment scores (ES), and q values were computed by permut-
ing the sample labels (phenotype) 1,000 times (69, 70).

Study approval. All animal procedures were performed in accordance to
protocols approved by the Institutional Animal Care and Use Committee
for Case Western Reserve University. For human breast cancer specimens,
primary tumors and matched normal tissues were collected and processed
under approved IRB protocols from the University Hospitals Case Medical
Center and the Cleveland Clinic. All patients provided written informed
consent and consented to allowing the study investigators access to their
tumor specimens and clinical data.

Statistics. Statistical values were defined using a 2-tailed unpaired Stu-
dent’s ¢ test, where P < 0.05 was considered significant.
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