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Abstract Metastasis remains a significant challenge in
treating cancer. A better understanding of the molecular
mechanisms underlying metastasis is needed to develop
more effective treatments. Here, we show that human
breast tumor biomarker miR-30c regulates invasion by
targeting the cytoskeleton network genes encoding twinfi-
lin 1 (TWF1) and vimentin (VIM). Both VIM and TWF1
have been shown to regulate epithelial-to-mesenchymal
transition. Similar to TWF1, VIM also regulates F-actin
formation, a key component of cellular transition to a more
invasive mesenchymal phenotype. To further characterize
the role of the TWF1 pathway in breast cancer, we found
that IL-11 is an important target of TWFI that regulates
breast cancer cell invasion and STAT3 phosphorylation.
The miR-30c-VIM/TWFI1 signaling cascade is also asso-
ciated with clinical outcome in breast cancer patients.
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Introduction

Metastasis causes 90 % of cancer-related mortality and
requires better targeting strategies [1]. MicroRNAs (miR-
NAs) have emerged as important epigenetic regulators of
various cellular processes during cancer development and
progression. However, the functions, signaling pathways,
and relevance of most miRNAs in human cancer are not
well characterized. The goal of this study was to charac-
terize signaling pathways for miRNA biomarkers that
regulate breast cancer metastasis. Because invasion is the
first and rate-limiting step of metastasis, we focused on
characterizing the role of a miRNA regulator of invasion.

Human breast cancers can be classified in five intrinsic
subtypes (luminal A, luminal B, HER2-enriched, basal-
like, and claudin-low) and a normal-like group [2, 3].
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These subtypes are linked to human mammary epithelial
hierarchy, epithelial-to-mesenchymal transition (EMT),
breast cancer stem cells (BCSCs), tumor proliferation,
treatment response, and metastatic aggressiveness [2, 4, 5].
Claudin-low and basal-like breast tumors are usually neg-
ative for estrogen receptor (ER), progesterone receptor
(PR), and HER? (triple-negative), with high expression of
EMT markers, high rates of relapse and metastasis, and
poor prognosis [2, 4, 5]. Given these connections, we
speculated that miRNA regulators of metastasis might be
associated with different breast cancer subtypes and
prognosis.

Our previous work identified the miR-30 family, espe-
cially miR-30c, as a breast cancer prognostic biomarker
[6]. In addition, miR-30c expression is associated with
breast cancer subtypes, such as high miR-30c levels in
luminal A tumors and low miR-30c levels in basal-like
tumors [6]. MiR-30c regulates EMT and chemo-resistance
of breast tumor cells by directly targeting the cytoskeleton
gene TWFI and downstream IL-11 [6]. EMT has been
demonstrated to regulate both metastasis and drug resis-
tance [7, 8]. We hypothesized that miRNAs and genes that
regulate EMT might be critical for both drug resistance and
metastasis.

While the actin dynamics regulator TWF1 is involved in
cell motility and migration [9], the role of IL-11 in invasion
is unknown. Our previous work also identified another
cytoskeleton gene, VIM, as a downstream target of miR-
30c [6]. However, it was not clear whether VIM is a direct
target of miR-30c or if its expression is regulated by miR-
30c at the mRNA level. We therefore sought to further
characterize the miR-30c pathway and to examine whether
alteration of miR-30c and the cytoskeleton regulation
pathway contributes to breast tumor metastasis or invasion.

Materials and methods

All experiments were carried out under the approval of
Institutional Biosafety Committee, Institutional Review
Board, and the Administrative Panel on Laboratory Animal
Care of University of Chicago. All experiments were
repeated multiple times with three or more experimental
replicates.

Real-time PCR

As described [6], total RNAs were extracted from cells or
tissues using Trizol (Invitrogen) and followed up by iso-
propanol precipitation or RNAeasy mini kit (Qiagen). After
reverse transcription reactions, real-time PCR for miRNAs/
genes were performed using individual miRNA/gene
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Tagman primers (Applied Biosystems) with a Onestep
Real-time PCR system (Applied Biosystems). RNU44 and
U6 primers were used for miRNA internal controls and
GAPDH was used as a housekeeping gene control.

Vectors and lentiviral transduction

TWF1 c¢cDNA (ORFeome collection, the University of
Chicago) was subcloned into pDEST40 (Invitrogen). VIM
and IL-11 expression vectors were purchased from Ori-
gene. Luciferase vectors containing the 3’'UTR of TWFI
and VIM were obtained from Switchgear Genomics. The
miR-30c precursor (AGATACTGTAAACATCCTACAC
TCTCAGCTGTGGAAAGTAAGAAAGCTGGGAGAAGG
CTGTTTACTCTTTCT) was subcloned into a lentiviral
gateway vector pFU-attr-PGK-L2G [6] using the gateway
entry vector (provided by Dr. Jun Lu at Yale University) and
LR clonase II (Invitrogen). The pFU-attr-PGK-L2G vector [6]
was developed by cloning the attr site and the PGK promoter
into the pFU-L2G vector as used previously [10]. High-titer
lentivirus was produced as described [10]. Viable human
CD44" tumorigenic breast cancer cells were isolated from a
triple-negative (TN1) patient tumor-derived xenograft model
[10] and transduced with lentiviruses at 10 or 20 multiplicities
of infection (MOI 10 or 20). The TN1 human-in-mouse breast
tumor xenograft model was generated by engrafting the lung
metastases (pleural effusion) of a breast tumor patient into
NOD/SCID mice as described previously [10].

Cell culture and transfections

Cells were maintained in DMEM (MDA-MB-231,
Hek293T with G418) and EMEM (BT-20) with 10 %
FBS + 1 % Penicillin-Streptomycin (P/S). At 100 nM
(MDA-MB-231) or 50 nM (BT-20, Hek293T), miRNAs
(Dharmacon, with negative control #4) and siRNAs
(Dharmacon, with negative control A) were transfected for
6 h using Dharmafect (Dharmacon) and repeated on the
following day [6]. 3'UTR luciferase vectors and cDNA
vectors were co-transfected using Fugene (Roche-Pro-
mega), usually twice following each 6-h miRNA
transfection.

Cell growth assays

MDA-MB-231 cells (5,000) were plated in 96-well plates
in phenol-red-free media +10 % FBS +1 %P/S. Calcein
AM (BD Biosciences) was added at 4 pg/pl on days 1 and
5 to the wells and incubated for an hour at 37 °C. Plates
were read at 485/535 nm on a Wallac 1420 plate reader
(Perkin Elmer).
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Quantitative invasion assays in vitro

MDA-MB-231 cells (80-100 k) were plated in serum-free
DMEM to the top of 8-pm transwell inserts (BD) precoated
1:100 with growth factor-reduced Matrigel (BD) in 24-well
companion plates (BD) containing DMEM + 10 % FBS
(no gradient for controls). After 24 h, cells were stained for
1 h at 37 °C in HBSS + 4 pg/pl calcein AM (BD Bio-
sciences). Cells on the top of inserts were removed using
cotton swabs and invaded cells were dissociated in a dis-
sociation buffer (Trevigen) from the bottom side of inserts
(shaken for an hour at 37 °C) and read at 485/535 nm.

Western blot

MDA-MB-231 cells were lysed and sonicated in RIPA buffer
and 100 pg of total protein was loaded onto 4-20 % gradient
gels for immunoblots with antibodies to TWF1 (Genetex,
GTX11439), Vimentin (Abcam, ab61780), STAT3 (Cell
Signaling), and B-Actin (Sigma-Aldrich, AC-15). After
staining with a fluorescent IRDye-conjugated secondary
antibody, blot membranes were directly scanned and analyzed
using the Odyssey infrared imaging system (LI-COR).

Luciferase assay

For TWF1-3'UTR, Hek293T cells in 48-well plates were
incubated with miR-30c for 6 h and then transfected
overnight with 3'UTR firefly luciferase and control renilla
luciferase vectors (Promega). The firefly luciferase signal
was measured 48 h later and normalized to the renilla
luciferase signal using a dual luciferase kit (Promega). For
VIM 3'UTR vectors, cells in 96-well plates were co-
transfected with 3'UTR vector and miRNA mimics using
Dharmafect. Cells were lysed 24 h later and read using a
luciferase assay kit (Switchgear Genomics).

Immunofluorescence and immunohistochemistry

For F-actin staining, cells were plated on microscope slide
wells (Millipore), fixed in 4 % paraformaldehyde/PBS, and
then stained with one unit of fluorescent phalloidin (about
5-ul stock solution at 6.6 uM) (Invitrogen F432) for
20 min at room temperature and a drop of SlowFade Gold
antifade reagent gel with DAPI (Invitrogen) [6]. Tumor and
lung samples were fixed in 10 % neutral buffered formalin,
embedded, and sectioned into 5-pum thin tissue sections.
After deparaffinization and rehydration, the tissue sections
were incubated in antigen retrieval buffer (DAKO, S1699)
and heated in steamer at over 97 °C for 20 min. Immu-
nohistochemical staining was performed using antibodies
to GFP (1:100) (Cell Signaling, #2956), hVIM (1:100)
(DAKO, MO0725), and hTWFI1 (1:400) (GENEX,

GT111439) at the University of Chicago Immunohisto-
chemistry Core Facility.

Tumor transplantation in mice and bioluminescence
imaging

Human breast cancer cells were dissociated from the TN1
triple-negative patient tumor-derived mouse xenografts
labeled with the dual-reporter Luc2-tdTomato as described
earlier [10], with 1800 units collagenase III (Worthington) and
100 Kunitz units DNase [ (Sigma). DAPI lineage
(H2Kd)7th0mat0+CD44}"'gh tumorigenic cells were sorted
on FacsAriall (BD), after staining with anti-CD44-APC,
mouse stromal marker H2Kd-biotin and streptavidin-PE-cy7
(BD), and DAPI in HBSS/2 % FBS [10]. Sorted tumor cells
were transduced with L2G vector control or miR-30c lentiv-
iruses (as described above) for 4 h and sorted again 16 h later
based on eGFP. Sorted GFP* cells were then mixed 1:1 with
Matrigel (BD) (50-pL tumor cells:50-uLL Matrigel, approxi-
mately 5,000 cells per site) for transplantation into NOD/
SCID mouse mammary fat pads (left 4th or right 4th) [10],
with a cohort of mice for 20 tumor injections per sample.
Bioluminescence images were acquired for primary tumors
starting on Day 1 post-transplantation until tumors reached
2 cm or dissected lungs and tumors as described [10]. Data
were analyzed using Livinglmage 4.0 Software (Caliper Life
Sciences) and expressed as total photon flux.

Statistical analysis

For all assays and analyses in vitro, if not specified, Stu-
dent’s 7 test was used to evaluate the significant difference
or P-values. Standard deviations (SD) of mean values were
depicted as error bars in figures. For animal studies in vivo,
tumor growth curves were analyzed using a linear mixed
model in R software [11] with the tumor volume (biolu-
minescence signals) as a response variable. Lung metas-
tases versus tumor burden signals were analyzed using
Wilcoxon rank sum test in R software.

Results
miR-30c regulates invasion of breast cancer cells

Based on miRNA profiling studies of clinical breast tumors
[6, 12], we previously found that miR-30c was a prognostic
marker that associated significantly with breast cancer
subtypes, including higher expression levels in luminal A
tumors and lower levels in claudin-low and basal-like
breast tumors [6]. This observation was consistent with a
previous report that miR-30c positively correlates with
expression status of hormone receptors ER and PR in
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primary breast tumors [13, 14]. We hypothesized that low
expression of miR-30c contributes to metastasis of basal-
like and/or claudin-low breast tumors.

To test our hypothesis that miR-30c plays a role in
breast tumor progression, we investigated the relevance of
miR-30c to the metastatic potential of triple-negative breast
tumor xenograft models [10]. Interestingly, the expression
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Fig. 1 miR-30c inhibits invasion of breast cancer cells. a qRT-PCR
analyses of miR-30c expression in triple-negative patient tumor-
derived metastatic xenograft model (M1) and MlI-derived less
metastatic tumor model passaged in mice (Ml-less met). U6 and
RNU44 were used as internal controls. b Invasion of MDA-MB-231
and BT-20 cells transiently transfected with oligos of miR-30c or
scrambled control (Scr), assessed by transwell invasion assays
(n =6, *P < 0.05, Student’s ¢ test). ¢ Cell growth analyses on Days
1 and 5 of MDA-MB-231 cells, after transfections of mock, scramble
(Scr), and miR-30c (100 nM). d Down-regulated expression levels of
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level of miR-30c was higher in the M1-derived, and less
metastatic, xenograft tumors compared to the more meta-
static M1-parental tumor models (Fig. 1a, P = 0.0008).
We also examined the expression levels of miR-30c and
other miR-30 family members (miR-30a, -30b, -30d, -30a%*,
-30e, and -30e*) in triple-negative breast cancer cell lines
BT-20 and MDA-MB-231. Compared to MDA-MB-231

B 141
mScr m30c

0.8 - " *

0.6 1

Relative Invasion

0.4 1

0.2 1

MDA-MB-231 BT-20

EScr m30c

0.8 1
0.6 -

0.4 1

Gene Expression Levels g

0.2 1

VIM TWF1 IL-11

mScr m30c

Relative Luciferase Unit

VIM, TWF1, and IL-11 36 h after transfection of miR-30c in MDA-
MB-231 cells, measured by real-time PCR analyses. Scr is the
scrambled control. ****P < (0.00001, *P < 0.001, ***P < 0.0001
(n = 3). e Immunoblots of VIM (fop black band) and TWF1 (bottom
green band) along with B-actin controls with protein lysates of MDA-
MB-231 cells 36 h after transfection of mock control, scrambled
(Scr), and miR-30c respectively (full blots see supplementary Fig S2).
f Luciferase reporter activity assays of Hek293T cells co-transfected
with scrambled (Scr) or miR-30c and the luciferase vector containing
the 3'UTR of VIM or TWFI. **P < 0.01 compared to Scr
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cells, BT-20 cells were more invasive and expressed lower
levels of miR-30c and other members, including miR-30b,
miR-30d, and miR-30e (Supplementary Fig. Sla-b).

We further characterized the role of miR-30c in regu-
lating invasion by modulating its levels in triple-negative
breast cancer cells. Upon transient transfection, elevated
levels of miR-30c inhibited invasion of both MDA-MB-
231 and BT-20 cells in a transwell system in vitro
(Fig. 1b). The inhibitory effect of miR-30c on breast can-
cer invasion was not due to an altered proliferation rate, as
MDA-MB-231 tumor cell growth was not significantly
affected by miR-30c (Fig. 1c).

TWF1 and VIM are required for miR-30c to regulate
breast cancer cell invasion

In a separate study [6], we used microarray analyses
(GSE32617) combined with target gene prediction algo-
rithms GeneSet2miRNA [15] to identify TWF1 mRNA,
which encodes an actin-binding protein, as a direct down-
stream target of miR-30c [6]. From these analyses, we also
proposed that VIM is a potential direct target of miR-30c [6]
but did not further validate it. VIM is a well-known cyto-
skeleton gene that regulates EMT, invasion, and metastasis.
Twinfilin 1 (TWF1), also called protein tyrosine kinase 9
(PTK9), belongs to the actin depolymerizing factor homol-
ogy (ADF-H) family, along with cofilin and other proteins
[16—-18]. As cytoskeleton genes often regulate cell motility
and EMT, we hypothesized that VIM and TWF1 are both
important direct targets of miR-30c in regulating invasion.

We first examined the effect of miR-30c on VIM
expression at the mRNA and protein level. Similar to TWF1
and its downstream target IL-11 [6], expression of VIM was
down-regulated at both mRNA and protein levels by miR-
30c in breast cancer cells, as validated by real-time PCR and
western blot (Fig. 1d—e, full immunoblot image in Supple-
mentary Fig. S2a). We then investigated whether VIM is a
direct target of miR-30c. The functional interaction between
miR-30 and the 3’UTR of VIM was verified in luciferase
assays in HEK293T cells, using TWF]1 as a positive control
(Fig. 1f; see also Supplementary Fig. S2b). Compared to the
scrambled control, co-transfected miR-30c suppressed the
expression of the luciferase reporter which was located
upstream of the wild-type 3’'UTR of VIM or TWF1 (Fig. 1f).

In a subsequent EMT analysis, similar to that of TWF1
knockdown [6], knockdown of VIM expression by siRNAs
caused a mesenchymal-to-epithelial transition (MET)
phenotype, with decreased F-actin formation in MDA-MB-
231 breast cancer cells (Fig. 2a).

More importantly, to determine the importance of the
cytoskeleton target genes TWF1 and VIM in miR-30c-reg-
ulated invasion, we performed functional rescue assays by
co-transfecting 3'UTR-deficient ¢cDNA and miR-30c in

MDA-MB-231 cells. Overexpressed TWF1 or VIM restored
breast cancer cell invasion inhibited by miR-30c (Fig. 2b),
suggesting that these two EMT-related cytoskeleton genes
are required for miR-30c in regulating invasion.

IL-11 is a relevant downstream target of TWF1
in breast cancer invasion

We previously identified interleukin 11 (IL-11), as a down-
stream target of TWF1 in regulating drug resistance of breast
cancer [6]. We then investigated whether IL-11 is also
important for TWF1 signaling in regulating invasion. To
determine the role of IL-11 in the pathway, we also performed
functional rescue studies by modulating IL-11 expression
level. While knockdown of TWF1 mimicked miR-30c phe-
notype in inhibiting breast cancer cell invasion, overexpres-
sion of IL-11 restored the invasiveness of MDA-MB-231 cells
inhibited by siTWF1 (Fig. 2c). These data suggest that IL-11
is an important target of TWF1 in the miR-30c signaling
pathway that regulates breast cancer cell invasion.

IL-11 and other IL-6 family members are known to
mediate activation or phosphorylation of STAT3 in tumor
regulation [19, 20]. To determine the influence of miR-30c
and TWF1 on the IL-11 pathway, we examined phos-
phorylation of STAT3 at tyrosine 705 (Y705). As expected,
both miR-30c- and siRNA-mediated knockdown of TWF1
decreased the Y705 phosphorylation of STAT3, similar to
the effects of siRNA-mediated knockdown of IL-11
(Fig. 2d—e, full immunoblot images in Supplementary Fig.
S3a—d).

miR-30c regulates invasion in vivo

We also utilized bioluminescence imaging to determine the
effect of miR-30c on spontaneous lung metastasis in the
TN1 L2G-transduced breast tumor model as described in
the methods section [10]. MiR-30c-transduced CD44"
breast tumor initiating cells (BTICs) mediated tumor
growth with increased miR-30c expression in both CD44"
and CD44™ tumor cells (Supplementary Fig. S4a). MiR-
30c significantly suppressed lung metastases when nor-
malized to tumor burden signals compared to L2G vector
control (the empty vector control without a scrambled
miRNA) (Fig. 3a). Immunohistochemical staining for GFP
verified that most of the implanted primary tumor cells of
the L2G and miR-30c groups were transduced (Fig. 3b).
However, L2G tumors displayed more invasive fronts
facing the surrounding tissues or stroma compared to the
more defined boundaries of miR-30c-expressing tumors
(Fig. 3b). As shown by GFP immunostaining of the lung
sections, L2G tumors developed GFP + lung metastases,
whereas miR-30c-expressing tumors did not generate
GFP + metastases, although a few GFP-negative
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Fig. 2 Cytoskeleton genes important for miR-30c to regulate inva-
sion. a Images of F-actin staining of MDA-MB-231 cells inhibited by
gene knockdowns mediated by siRNAs of VIM (1000x, green for
F-actin staining and blue for DAPI staining). Scr is scrambled control.
Cells were harvested 36 h after transfections. b Overexpression of
TWF1 or VIM restored the invasion inhibited by miR-30c in MDA-
MB-231 cells. **P < 0.01 (n = 4). ¢ Left panel knockdown of TWF1
by siRNAs (siTWF1) suppressed the invasion of MDA-MB-231 cells
and the inhibited invasion was reversed by overexpression of human
IL-11 cDNA. Cell invasion were measured 24 h after two transient
transfections for four combinations: scrambled/vector control, scram-
bled/IL-11, siTWF1/vector, and siTWF1/IL-11. *P < 0.05 (n = 4).

metastatic lesions were found in the lungs without co-
expression of miR-30c (Fig. 3b).

The reduction of VIM expression at the protein level
was confirmed in miR-30c-expressing tumors by immu-
nohistochemical staining (Fig. 3c), similar to the reduction
of TWF1 by miR-30c observed both in lung metastases
(Supplementary Fig. S4b) and in primary tumors [6]. These
studies convincingly demonstrate that miR-30c regulates
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Right panel: full image of the immunoblots of TWF1 (bottom green
band) and B-actin (fop red band) with protein lysates of MDA-MB-
231 cells 36 h after transfections of scrambled (Scr) and siTWFI,
respectively. d Immunoblots of phosphor-STAT3 (Y705) (green
band), total STAT3 (black band), and B-actin control (red band) with
protein lysates of MDA-MB-231 cells 36 h after transfections of
mock control, scrambled (Scr), and miR-30c (full blots see supple-
mentary Fig. S3). e Immunoblots for pSTAT3 (Y705) (upper green
band), total STAT3 (lower green band), and the loading control
B-actin (red band) with lysates of MDA-MB-231 cells transfected
with siTWF1, scrambled control (Scr), and silL-11 (full blots see
Supplementary Fig. S3)

the downstream targets TWF1 and VIM and their signaling

pathways in vivo.

The importance of cytoskeleton genes in a clinically
relevant signaling pathway

To validate the importance of the cytoskeleton signaling
transduction pathway in clinical tumors, we previously
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Fig. 3 miR-30c regulates
metastasis of breast tumor

in vivo. a Lung metastasis
analyses. Left panels:
representative bioluminescence
images of labeled breast tumors
(top) and lung metastases
(bottom). Right panel: a box
plot of lung metastasis index
between vector control group
and miR-30c-overexpressing
group (n = 11, P < 0.05,
Wilcoxon rank sum test). Lung
metastases were assessed by
bioluminescence after lungs
dissected from mice at the end
point and were presented by
normalized metastasis index,
the total flux from the lungs
divided by the total flux from B
the mammary tumors. b Images Tumor: GFP Lungs: GFP
of immunohistochemistry . B —

staining against GFP for both
L2G-vector-transduced and 30c-
overexpressing primary breast
tumor sections as well as
respective mouse lung sections
(40x). The invasive fronts of
L2G tumors were shown with
open arrows and the defined or
contained boundary of 30c-
expressing tumors were pointed
by oval-arrows.

GFP + metastatic lesions were
absent in the lungs of mice
bearing 30c-overexpressing
tumors. Scale bars 50 pm in all
images. ¢ Reduced
immunohistochemistry staining
against human VIM in 30c-
overexpressing primary breast
tumor sections, compared to
L2G-vector-transduced tumor
sections (100x). Scale bars

20 pm in the images
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Fig. 4 Clinical relevance of the miR-30c signaling pathway.
a Scatter plots between VIM single gene expression and the
expression of miR-30c in GSE22220 and GSE22216 (n = 210).
Pearson correlation was estimated in each comparison and plots
were drawn using the scatterplot function found in the Car package
(http://cran.r-project.org). b Box plots of TWF1 expression compared

demonstrated an inverse association of miR-30c with its
target gene IL-11 [6]. Based on the combined breast tumor
dataset with matched mRNA and miRNA arrays deposited
as GSE22220 and GSE22216, respectively [12], we also
observed a negative correlation between miR-30c and VIM
(Fig. 4a) (n = 210, P = 0.022) in this study.

@ Springer

between nodal metastasis positive (n = 30) versus nodal-metastasis-
negative (n = 13) clinical breast tumors (UC set). A Student’s ¢ test
was used to calculate P values. ¢ Signaling pathway scheme of
miR30-TWF1(VIM)-IL-11-pSTAT3 regulation of breast cancer
metastasis

Regarding the clinical relevance of miR-30c targets to
tumor metastasis in the UC breast tumor set we profiled
previously [6], we noted that TWF1 expression is associ-
ated with more aggressive nodal metastasis status (n = 43,
P = 0.039) (Fig. 4b). Another report also showed that
TWEF]1 regulates both drug sensitivity and cell migration in
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lymphoma progression [9]. In addition, relapse-free anal-
yses with or without adjustment for nodal status, ER, grade,
treatment, or tumor stage, demonstrate that VIM is strongly
associated with clinical breast cancer outcomes in the UC
breast tumor set, for which VIM is a poor prognostic
marker (Supplementary Table S1).

The above data suggest a signaling network that links
miR-30c and downstream targets VIM, TWF1, and IL-11
(Fig. 4c¢), as well as the clinical importance of miR-30c in
regulation of these targets in human breast cancer.

Discussion

The function of a miRNA depends on the network of genes
that it regulates. The current studies demonstrate that, in
addition to its role in regulating chemo-resistance of breast
tumor cells [6], miR-30c also directs a signaling cascade that
regulates tumor cell invasion. Our studies, therefore, suggest
that two important arms driving tumor progression, metas-
tasis and therapy resistance, are mechanistically connected.

MiR-30c is a member of the miR-30 family of miRNAs.
These family members share a common seeding sequence
located near the 5’ end, but differ in the compensatory
sequences located near the 3’ end. This difference in
compensatory sequences among the family members
allows for miRNAs from the same family to target different
genes and pathways [21]. For the miR-30 family, miR-30a,
miR-30b, and miR-30d play a demonstrated role in cancer
cell invasion. In contrast to the role of miR-30c as a tumor-
suppressor in our study, miR-30d and miR-30b have been
demonstrated to behave as oncomirs in melanoma and
ovarian cancer [22, 23]. This difference in behavior is not
unusual and has been shown to also occur for the well-
studied miR-200 family [24]. Recently, miR-30a was
shown to target VIM in breast cancer invasion [25].

Our work has demonstrated that while VIM is also a
target of miR-30c in regulating invasion, it is not the only
target. Notably, TWF1 plays a more prominent role as a
downstream target of the miR-30c signaling pathway in
invasion. We have demonstrated that the miR-30c/TWF1
pathway, instead of miR-30a, regulates both invasion and
chemo-resistance [6]. These differing phenotypes between
miR-30c and miR-30a are likely due to differential pref-
erences of target genes and pathways.

Combined with the role of the miR-30c pathway in
regulating chemo-resistance [6], the miRNA-cytoskeleton
regulation network of miR-30c and its target genes VIM,
TWF]1, and IL-11 represents a molecular mechanism that
links invasion, EMT, and chemo-resistance. Interestingly,
the inflammatory cytokine IL-11 plays an autonomous
role in tumor cell invasion independent of stromal cells
and IL-11 is an indispensable downstream target of the

cytoskeleton protein TWF1 in its invasion-regulating
function in addition to its chemo-sensitivity regulation [6].

Importantly, the identification of this novel invasion-
regulating pathway (miR-30c-VIM/TWFI1-IL-11-pSTAT3),
with relevance to chemo-resistance in breast cancer, will
expedite the development of targeting strategies to prevent
and treat breast tumor progression.
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