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MicroRNA-200c Represses Migration and Invasion of Breast Cancer
Cells by Targeting Actin-Regulatory Proteins FHOD1 and PPM1F
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Stefan Wiemann, and Ozgiir Sahin
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MicroRNA-200c (miR-200c) has been shown to suppress epithelial-mesenchymal transition (EMT), which is attributed mainly
to targeting of ZEB1/ZEB2, repressors of the cell-cell contact protein E-cadherin. Here we demonstrated that modulation of
miR-200c in breast cancer cells regulates cell migration, cell elongation, and transforming growth factor 8 (TGF-f3)-induced
stress fiber formation by impacting the reorganization of cytoskeleton that is independent of the ZEB/E-cadherin axis. We iden-
tified FHOD1 and PPM1PF, direct regulators of the actin cytoskeleton, as novel targets of miR-200c. Remarkably, expression lev-
els of FHOD1 and PPM1F were inversely correlated with the level of miR-200c in breast cancer cell lines, breast cancer patient
samples, and 58 cancer cell lines of various origins. Furthermore, individual knockdown/overexpression of these target genes
phenocopied the effects of miR-200c overexpression/inhibition on cell elongation, stress fiber formation, migration, and inva-
sion. Mechanistically, targeting of FHOD1 by miR-200c resulted in decreased expression and transcriptional activity of serum
response factor (SRF), mediated by interference with the translocation of the SRF coactivator mycocardin-related tran-
scription factor A (MRTF-A). This finally led to downregulation of the expression and phosphorylation of the SRF target
myosin light chain 2 (MLC2) gene, required for stress fiber formation and contractility. Thus, miR-200c impacts on metas-

tasis by regulating several EMT-related processes, including a novel mechanism involving the direct targeting of actin-

regulatory proteins.

Expression of miR-200 family members is frequently down-
regulated in metastases compared to that in primary tumors
(11,18, 30), and reduced miR-200 levels are associated with a poor
outcome in several human epithelial malignancies (16, 47, 49).
Furthermore, overexpression of miR-200 was demonstrated to
suppress metastasis in mouse models of lung adenocarcinoma and
breast cancer (1, 11). Metastasis-suppressing effects of miR-200
family members have thus far been attributed mostly to their abil-
ity to inhibit epithelial-mesenchymal transition (EMT), a process
that is thought to be central in the metastatic progression of many
cancer types (42). This has been shown to be mediated via miR-
200-induced downregulation of the transcriptional repressors
ZEB1 and SIP1/ZEB2 (13, 22, 31). While targeting of ZEB1 and
ZEB2 by miR-200 and the resulting upregulation of E-cadherin
were shown to contribute to inhibition of motility (20), reexpres-
sion of E-cadherin by targeting both ZEB1 and ZEB2 was insuffi-
cient to fully reverse EMT, as characterized by failed remodeling of
the actin cytoskeleton (5). Two recently identified miR-200 tar-
gets, the cytoskeleton-associated protein moesin and the extracel-
lular matrix protein fibronectin 1, have already been implicated in
miR-200-induced suppression of migration in one endometrial
and one breast cancer cell line (15); however, the physiological
relevance of this mechanism still remains to be demonstrated, and
additional target genes are likely to be involved.

In this study, we demonstrated that miR-200c¢, the predomi-
nant member of the miR-200 family (13, 17, 47), can inhibit mi-
gration and invasion of breast cancer cells in a ZEB1/ZEB2-
independent manner by interfering with actin cytoskeletal
organization. Using a combination of genome-wide expression
profiling and computational and molecular biology approaches,
we identified the actin-regulatory proteins formin homology 2
domain containing 1 (FHOD1) and protein phosphatase, Mg?*/
Mn?* dependent, 1F (PPM1F) as novel direct targets of miR-200c
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and demonstrated that they contribute to miR-200c-induced in-
hibition of migration and invasion through regulation of stress
fiber formation and function by modulating several downstream
mediators.

MATERIALS AND METHODS

Cell culture and growth factor stimulation. Two human breast cancer
cell lines (MDA-MB-231 and MCE-7) were obtained from the Amer-
ican Type Culture Collection (Manassas, VA). Culturing media and
supplements for the two cancer cell lines were described previously
(33). For stimulation with transforming growth factor 8 (TGF-B),
cells were starved in serum-free medium for 24 h and subsequently
treated with 10 ng/ml TGF-B (Peprotech, Rocky Hill, NJ) for 5 h.
HEK293FT cells were grown in D-MEM high-glucose medium (Invit-
rogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS), 100
U/ml penicillin-streptomycin, and 500 pg/ml Geneticin. Transfection
and starvation media were deprived of penicillin-streptomycin and
FBS, respectively.
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Transfection with siRNAs, miRNA mimics, miRNA hairpin inhibi-
tors, and expression constructs. All transfections were carried out using
the Lipofectamine 2000 transfection reagent as described previously (33).
For silencing of genes of interest, either pools of four small interfering
RNAs (siRNAs) per gene or individual siRNAs were used (for sequences,
see Table S1 in the supplemental material). siRNAs, microRNA (miRNA)
mimics (see Table S2), and miRNA hairpin inhibitors (see Table S3) (all
from Dharmacon, Lafayette, CO) were used at final concentrations of 40,
25, and 100 nM, respectively. For efficient inhibition of the miR-200bc/
429 cluster, equal amounts of inhibitors directed against miR-200c and
miR-429 were combined. Expression vectors for FHOD1 (pCMV5-
FHODI1-HA) and PPMIF (pCDNA-Dest47-PPM1F) open reading
frames (ORFs), as well as respective empty-vector controls (pCMV6 and
PCDNA-Dest47), were transfected at 200 ng per well of a six-well plate.

Cell lysis and Western blotting. Preparation of protein lysates and
Western blotting were done as previously described (33). Fifteen micro-
grams of total protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and exposed to primary antibodies
(see Table S4 in the supplemental material). Horseradish peroxidase-
conjugated secondary antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA).

Immunofluorescence staining and microscopy. Cells were seeded on
square coverslips in six-well plates and transfected as described above.
Subsequently, cells were fixed with 2% paraformaldehyde for 15 min. For
permeabilization, 0.2% Triton X-100 in phosphate-buffered saline (PBS)
was applied for 5 min. Specimens were blocked for 30 min with 3% bovine
serum albumin (BSA)-PBS. For detection of pMLC2 (Thr18/Ser19), spec-
imens were incubated with anti-pMLC2 antibody (1:250; Cell Signaling
Technology) overnight at 4°C. Alexa Fluor 647-labeled secondary anti-
body (Invitrogen) was diluted 1:1,000 and applied for 1 h at room tem-
perature. For staining of filamentous actin, cells were incubated with Al-
exa Fluor 488-phalloidin (1:40; Invitrogen) for 30 min at room
temperature. For nuclear staining, cells were treated with 1 ug/ul of 4',6-
diamidino-2-phenylindole (DAPI) for 10 min. All antibodies and staining
reagents were diluted in 3% BSA-PBS, and cells were washed three times
with PBS after each step of the staining procedure. Coverslips were
mounted with ProLong Gold antifade reagent. Images were taken using a
Zeiss LSM 510 Meta confocal microscope.

Plasmid construction and site-directed mutagenesis. The 3’ un-
translated regions (3'-UTRs) of the FHODI and PPMIF genes were am-
plified by PCR using genomic DNA of the MDA-MB-231 cell line and
cloned downstream of the Renilla luciferase open reading frame in the
psiCHEK-2 vector (Promega) using Xhol and Notl restriction sites.
FHOD1 primers (GCGCGCCTCGAGGAGAAGGACGTTGAAGAGTG
and GCGCGCGCGGCCGCGGATTAGCTAAGAAAATTTTATTTTG)
were designed to bind to positions 17806 to 17825 and 18107 to 18131 of
the FHODI1 genomic sequence (according to NC_000016.9); PPM1F
primers (GCGCGCCTCGAGAGGCTCCACCAAGAAGCTA and GCGC
GCGCGGCCGCGAGTTCAGAACTTGTGGTTTATTG) were designed
to bind to positions 29766 to 29785 and 33433 to 33445 of the PPM1F
genomic sequence (according to NC_000022.10). Four point mutations
were introduced into each target site by mutagenesis PCR.

Luciferase reporter assay. For luciferase reporter assays, cells were
seeded in 96-well plates and cotransfected with either 25 nM miRNA
mimics or 100 nM hairpin inhibitors together with 15 ng/well
psiCHECK-2 reporter vectors. Forty-eight hours after transfection, lucif-
erase activity was measured using the dual-luciferase reporter assay sys-
tem kit (Promega) according to the manufacturer’s instructions using a
Tecan M200 luminescence reader. Values were double normalized to fire-
fly luciferase activity and to cells transfected with empty psiCHECK-2
control vectors.

Measurement of SRF activity. For the measurement of serum re-
sponse factor (SRF) activity, luciferase reporter assays were performed
using the pGL4.34 [luc2P/SRF-RE/Hygro| reporter vector (Promega),
which drives transcription of a luciferase reporter gene under the control
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of the SRF response element (SRE). HEK293FT cells were seeded in 96-
well plates and cotransfected with one of the following (per well): 20 nM
siRNAs, 25 nM miRNAs, 100 nM miRNA inhibitors, or 20 ng/well over-
expression vectors, together with 100 ng/well pGL4.34 and 10 ng/well
pRL-TK vector (Promega). Twenty-four hours after transfection, cells
were starved for 24 h and stimulated with 10 ng/ml TGF-j3 for 6 h before
celllysis. Luciferase activity was measured as described above. Values were
normalized to Renilla luciferase activity.

Wound-healing assay. Wound-healing assays were carried out using
migration culture dish inserts from Ibidi (Martinsried, Germany). Cells
were seeded in the chambers of the culture dish insert and transfected.
Forty-eight hours after transfection, the insert was removed and fresh
culture medium was added to start the migration process. Pictures were
acquired after 0 h and 8 h (in the case of MDA-MB-231) or 36 h (in the
case of MCF-7) using a Zeiss Axiovert 24 light microscope and an
Axiocam MRc camera. Image analysis was performed using CellProfiler.

RTCA invasion and migration assays. RTCA (real-time cell analyzer)
invasion or migration assay measures the effect of any perturbations in a
label-free real-time setting. As cells migrate or invade (when coated) from
the upper chamber through the membrane into the bottom chamber in
response to a chemoattractant, they contact and adhere to the electronic
sensors on the underside of the membrane, resulting in an increase in the
electrical impedance. The increase in the impedance correlates with in-
creasing numbers of migrated or invaded cells on the underside of the
membrane (36).

For RTCA invasion or migration experiments, transfections were per-
formed as described above. Cells were then starved in serum-free medium
for 24 h and seeded in RTCA Cim-16 plates (RTCA; xCELLigence Roche,
Penzberg, Germany) in serum-free medium. Full growth medium was
used as a chemoattractant in the lower chamber. Measurements were
performed in a time-resolved manner using the RTCA device (RTCA,
xCELLigence Roche, Penzberg, Germany). For invasion assays, the
Cim-16 plates were initially coated with Matrigel (BD Biosciences, Bed-
ford, MA) diluted in serum-free medium at a ratio of 1:20. MDA-MB-231
cells were stimulated to invade in the presence of TGF-f.

Matrigel invasion assay. Cells were transfected with siRNAs or
miRNAs as described above and seeded in BioCoat Matrigel invasion
plates (Becton Dickinson Bioscience, Franklin Lakes, NJ). TGF-f3 (10 ng/
ml) was added to cells in the upper chamber, and after 24 h, the number of
invaded cells was determined by flow cytometry.

Quantitative RT-PCR of mRNAs. Total RNA was isolated using the
RNeasy minikit (Qiagen), and cDNA was synthesized from RNA using the
Revert Aid H Minus first-strand cDNA synthesis kit (Fermentas, St. Leon-
Rot, Germany) according to the manufacturer’s instructions. For reverse
transcriptase PCRs (RT-PCRs), the TagMan Abgene universal mix
(Thermo Scientific, Rockford, IL) and probes from the Universal Probe
Library (Roche, Penzberg, Germany) were used. Oligonucleotide primers
were synthesized at MWG (Ebersberg, Germany). HPRT (hypoxanthine
phosphoribosyltransferase) and ACTB or TFRC was used as a
housekeeping-gene control. Sequences of primers and the respective Uni-
versal Probe Library (UPL) probe numbers are given elsewhere (see Table
S5 in the supplemental material). Data were analyzed according to the
AAC; method (23).

Quantitative RT-PCR of miRNAs. For miRNAs, the TagMan
microRNA reverse transcription kit and TagMaq gene-specific mi-
croRNA assays (Applied Biosystems, Weiterstadt, Germany) were used.
For the quantitative RT-PCRs (qQRT-PCRs), RNU44 and RNU48 were
used as housekeeping controls. Data were acquired using a HT-7900 Taq-
Man instrument (Applied Biosystems) and analyzed with the delta-delta
C; algorithm (ddCt; Bioconductor).

MRTF translocation assay. MDA-MB-231 cells were transfected with
miRNA mimics or siRNAs as described above. After washing with PBS,
cells were fixed in 4% paraformaldehyde (PFA) for 20 min and permeab-
ilized with 0.2% Triton X-100 in PBS for 5 min. Cells were blocked with
1% BSA in PBS for 1 h at room temperature and exposed to mycocardin-
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related transcription factor A (MRTF-A) antibody (Santa Cruz Biotech-
nology). Fluorescein-conjugated Alexa Fluor 488 secondary antibody (In-
vitrogen) was used. All antibodies were used at a 1:1,000 dilution in
blocking buffer with 4°C overnight incubation. Nuclei were stained with
DAPI dihydrochloride (Sigma-Aldrich, St. Louis, MO). Images for quan-
titative analysis at magnification X20 were acquired using an Olympus
ScanR high-content screening microscope (Olympus, Hamburg, Ger-
many) from approximately 1,000 cells for each sample and analyzed by
Olympus ScanR analysis software.

Computational target prediction. For the identification of miR-200c
targets, two different software algorithms were used to find conserved
target sites throughout mammalian transcriptomes: TargetScan release
5.1 (http://www.targetscan.org) and the PITA target site catalogue from
the Segal Lab of Computational Biology (http://genie.weizmann.ac.il).
The two lists obtained from mRNA expression profiling upon miR-
200bc/429 overexpression in MDA-MB-231 cell lines (43) and in silico
computational target predictions were compared. The intersection of
both resulted in a list of 34 common genes as potential targets of miR-
200c¢, depicted in Table S6 in the supplemental material.

Correlation analysis. Expression data for 101 human primary breast
tumors was obtained from a public data set deposited in the NCBI GEO
database (GEO accession no. GSE19783 [8]). miR-200c, FHOD1, and
PPMIF expression data for 11 breast cancer cell lines (SK-BR-3, BT474,
ZR7530, HCC1419, MCF-7, T47D, BT483, HCC202, UACC812, MDA-
MB-231, and MDA-MB-468) and two mammary epithelial cell lines
(MCF-10A and MCEF-12A) were determined by qRT-PCR as described
above. Expression data sets for FHOD1, PPM1F, and miR-200c in the cell
lines of the NCI60 panel were obtained from http://dtp.nci.nih.gov/index
.html (experiment IDs 372534, 124184, and 27785, respectively). Pearson
correlation coefficients (r) and two-tailed P values of normalized, log,-
transformed data sets were computed in the R statistical software pro-
gram.

To study the association of microRNA and target gene expression
levels with epithelial or mesenchymal characteristics, mammary epithelial
and breast cancer cell lines were divided into epithelial, mesenchymal, and
undefined groups based on data on their phenotypes, invasive behaviors
and EMT marker gene expression (2, 24, 29, 37) and on E-cadherin
mRNA expression. BT474, ZR7530, MCE-7, T47D, BT483, HCC202, and
UACCS812 were scored as epithelial in accordance with all available data.
SK-BR-3 cells and MDA-MB-468 cells are negative for the mesenchymal
markers vimentin and fibronection (2) but express low levels of
E-cadherin (2; also data not shown) and have been described to have
either an epithelial cell-like or intermediate phenotype (24, 37); they were
thus placed in the undefined category. For HCC1419 cells, insufficient
information was available to make a confident decision; they were thus
also included in the undefined category. For the NCI60 panel, sorting of
epithelial, mesenchymal, and undefined subclusters was based on data by
Park and colleagues (31), where the ratio of E-cadherin expression to
vimentin expression was determined in these cell lines.

Statistical analysis. A two-tailed Student t test was used to estimate
intergroup differences if not otherwise stated (indicated in figures as fol-
lows: *, P < 0.05; #%, P < 0.01; *xx, P < 0.001).

RESULTS

Overexpression of miR-200c in metastatic breast cancer cells
inhibits invasion, migration, cell polarization, and stress fiber
formation. To study the role of the miR-200 family in cell inva-
sion and motility, we first assessed the invasion capacity of meta-
static MDA-MB-231 breast cancer cells after transfection with a
miR-200c mimic in real time and in endpoint invasion assays
using the RTCA (real-time cell analyzer) and Matrigel assays, re-
spectively. Consistent with earlier observations (3), overexpres-
sion of miR-200c had a strong inhibitory effect on the invasion of
the MDA-MB-231 cell line in both assays (Fig. 1A and B). Simi-
larly, overexpression of miR-200c also inhibited migration of
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MDA-MB-231 cells as assessed by a wound-healing assay (Fig.
1C). Fluorescence microscopy results revealed that upon transfec-
tion of miR-200c mimic, the loss of migratory capability was ac-
companied by aloss of cell polarization (Fig. 1D, left). To quantify
this effect, the ratios of long to short axes of cells transfected with
either control mimic or miR-200c mimic were calculated. Elon-
gation of cells transfected with miR-200c mimic was significantly
less than that of control cells (two-sided ¢ test, P < 0.001) (Fig. 1D,
right). Furthermore, actin cytoskeletal structures that are charac-
teristic of mesenchymal cell migration, namely, the actin network
at the leading edge and long fibers spanning the cell body, were
replaced by a diffuse distribution of actin staining. It has been
shown that overexpression of miR-200c induces apoptosis (34,
43); however, the observed effect on migration is not due to apop-
tosis, since decreased cell viability became detectable only 48 h or
more after transfection (43). Furthermore, the nuclei of miR-
200c-transfected cells were intact as visualized by DAPI stainings
(Fig. 1D, left).

To further investigate the effect of miR-200c on cytoskeletal
reorganization, we next tested the ability of MDA-MB-231 cells to
form stress fibers, since these provide the contractile force re-
quired for mesenchymal cell-like motility. Upon stimulation with
TGF-B, which has been demonstrated to induce stress fibers
through activation of the RhoA signaling pathway (6, 35), the
majority of control-transfected MDA-MB-231 cells formed
prominent stress fibers (Fig. 1E). However, in cells transfected
with miR-200c mimic, actin filaments remained diffusely distrib-
uted in the cytoplasm. Analysis of activated RhoA levels in MDA-
MB-231 cells by GTPase activation assays revealed that overex-
pression of miR-200c had no effect on RhoA activation (data not
shown). This indicated that the regulatory effect of miR-200c on
stress fiber formation was likely to act downstream of RhoA, po-
tentially on the level of actin-regulatory effector proteins, rather
than on upstream signaling events.

To further validate our observations with another cell line
model, we inhibited miR-200c in noninvasive MCF-7 breast can-
cer cells, which express high endogenous levels of this microRNA,
by transfection with hairpin inhibitors. Upon stimulation with
TGEF-p for 5 h, cells transfected with the miR-200c¢ hairpin inhib-
itors indeed adopted a more elongated shape than control cells
(Fig. 1F). Moreover, inhibition of miR-200c increased the ability
of MCF-7 cells to form stress fibers (Fig. 1G). Taken together,
these results indicate that the modulation of miR-200c levels im-
pinges on cell invasion, migration, elongation, and stress fiber
formation in breast cancer cells.

Actin-regulatory proteins FHOD1 and PPM1F are direct tar-
gets of miR-200c. ZEB1 and ZEB2 are established direct targets of
miR-200¢, and these transcription factors impact on cell-cell con-
tact formation as well as cell migration (13, 22, 31). However,
stress fiber organization was entirely unperturbed by depletion of
these miR-200c target genes (Fig. 2). We thus reasoned that miR-
200c would target additional genes mediating its effect on actin
cytoskeletal organization. To identify novel candidate targets of
miR-200¢, we used genome-wide mRNA expression profiling data
that we had obtained from MDA-MB-231 cells transfected with
mimics of the miR-200bc/429 cluster sharing the same seed se-
quence (43). We found 160 genes that were strongly downregu-
lated by miR-200c overexpression (Fig. 3A). To identify direct
miR-200c target genes, the data were merged with a list of poten-
tial miR-200bc/429 targets predicted by two microRNA target
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FIG 2 Silencing of ZEB1 or ZEB2 does not interfere with stress fiber formation. (A) MDA-MB-231 cells were transfected with control siRNA (siAllStar) or siRNA
directed against ZEBI or ZEB2 and starved for 24 h. Stress fibers were induced by treatment with TGE- 8 for 5 h, and cells were stained for actin with Alexa Fluor
488-phalloidin (green), with the nucleus stained with DAPI (blue). (B) The percentage of stress fiber-containing cells was determined by counting 200 to 300 cells
per experiment; data shown represents means of data from two independent experiments.

prediction tools, yielding 34 candidate target genes (see Table S6
in the supplemental material). Among those, the formin homol-
ogy domain-containing protein 1 (FHODI1) and Mg?*/Mn?**-
dependent protein phosphatase 1F (PPM1F) were of particular
interest due to their described functions in the regulation of actin
cytoskeletal organization (9, 10, 19, 46, 48). The 3'-UTRs of
FHODI and PPMIF are predicted to contain one and two miR-
200c target sites, respectively, which all have a high degree of con-
servation among mammalian species (Fig. 3B).

To validate regulation of FHOD1 and PPM1F by miR-200c, we
first tested whether overexpression of miR-200c in MDA-MB-231
cells would have an effect on FHOD1 and PPM1F protein levels.
To demonstrate the specificity of the antibodies and to evaluate
the magnitude of the changes in FHOD1 and PPM1F protein lev-
els after transfection of miR-200c mimic, nontargeting siRNA and
siRNAs directed against FHODI or PPMIF were used as controls.
The siRNAs significantly reduced levels of their target proteins
after 24 h, and transfection of miR-200c mimic also led to a sig-
nificant reduction in both FHOD1 and PPMIF protein levels
within the same time frame (Fig. 4A). Conversely, inhibition of
miR-200bc/429 cluster miRNAs in MCF-7 cells by transfection of
microRNA hairpin inhibitors increased FHOD1 and PPM1F pro-
tein levels. These findings were also validated at the mRNA level
upon miR-200c overexpression (in MDA-MB-231) or inhibition

(in MCEF-7) (Fig. 4B), confirming mRNA degradation mecha-
nisms for miR-200c targeting of these two genes.

To validate FHOD1 and PPMF as direct targets of miR-200c,
we next performed luciferase reporter assays combined with site-
directed mutagenesis. For this purpose, the 3'-UTRs of the candi-
date genes were cloned downstream of the Renilla luciferase ORF
in a dual-luciferase reporter vector and cotransfected with control
or miR-200c mimics into MDA-MB-231 cells. Relative luciferase
activity was significantly reduced for both candidate genes’ 3'-
UTRs (Fig. 4C), indicating that FHOD1 and PPMIF are potential
direct targets of miR-200c. Mutations in the predicted miR-200c
target sites abrogated inhibition by miR-200c mimic, confirming
the functionality of these target sites. We could further validate
these results in MCF-7 cells (Fig. 4D) and in an unrelated nontu-
mor cell line, HEK-293FT (Fig. 4E), showing that the observed
effects are not restricted to our model systems. Finally, inhibition
of miR-200c in MCF-7 cells resulted in an increase in relative
luciferase activity (Fig. 4F). In conclusion, the results of the lucif-
erase assay confirmed that FHOD1 and PPMIF are indeed novel
direct targets of miR-200c.

Expression of miRNA-200c targets, FHOD1 and PPMIF,
correlates with a mesenchymal cell-like phenotype in breast and
other cancer cell lines. To determine if targeting of FHOD1 and
PPMIF is also relevant in vivo and particularly in the context of

FIG 1 miR-200c regulates invasion, migration, elongation, and stress fiber formation in breast cancer cells. (A) An RTCA (real-time cell analyzer) invasion assay
of MDA-MB-231 cells transfected with microRNA mimics. MDA-MB-231 cells were transfected, starved in serum-free medium for 24 h, and seeded in RTCA
CIM-16 plates covered with Matrigel. Cells were stimulated to invade in the presence of TGF- (10 ng/ml), and impedance measurements were performed in a
time-resolved manner. Means for four replicates * standard deviations are shown; a ¢ test was performed for the last time point. (B) Matrigel invasion assay of
MDA-MB-231 cells transfected with microRNA mimics. Cells were transfected, seeded in Matrigel-coated invasion plates, and stimulated to invade in the
presence of TGF- (10 ng/ml). Invaded cells were quantified by flow cytometry. (C) Wound-healing assay of MDA-MB-231 cells transfected with microRNA
mimics. MDA-MB-231 cells were seeded in migration chambers and transfected with 25 nM control or miR-200c mimic. Images of the migration area were
captured 0 h and 8 h after removal of the migration chamber. For migration area quantification, the cell-free area of pictures was defined manually and filled with
black for a subsequent gray-black selection process performed by the CellProfiler software program (n = 2). (D) Analysis of cell elongation by fluorescence
microscopy in MDA-MB-231 cells. Cells were transfected with control mimic or miR-200c mimic and fixed 24 h after transfection. Actin filaments were
visualized by staining with Alexa Fluor 488-phalloidin (green), and cell nuclei were stained with DAPI (blue). Boxes in the upper left corners of the images
illustrate cell morphology with higher resolution. Cell elongation was quantified by measuring the long and short axes of cells using the Zeiss LSM Image
Examiner software. Box plots represent data from two independent experiments, with 40 cells measured for each condition. (E) TGF-B-induced stress fiber assay
in MDA-MB-231 cells. Cells were transfected with control mimic or miR-200c mimic and starved for 24 h. Stress fibers were induced by treatment with TGF-3
for 5 h, and cells were stained with Alexa Fluor 488-phalloidin and DAPI. Boxes in the upper left corners of the images demonstrate stress fibers with higher
resolution. The percentage of stress fiber-containing cells was determined by counting 200 to 300 cells per experiment; data shown represent means for three
independent experiments. (F) Analysis of cell elongation by fluorescence microscopy in MCF-7 cells. Cells were transfected with control microRNA hairpin
inhibitor or miR-200c¢ hairpin inhibitor, starved for 24 h starting 2 days after transfection, and stimulated with TGF-p for 5 h. Staining, microscopy, and image
analysis were carried out as for panel D. (G) Stress fiber assay in MCF-7 cells. Cells were transfected with control microRNA hairpin inhibitor or miR-200c¢ hairpin
inhibitor and starved for 24 h starting 2 days after transfection. Stress fibers were induced by treatment with TGF- for 5 h. Staining, microscopy, and image
analysis were carried out as described for panel E.
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A B Seed region
hsa-miR-200c 3’ -AGGUAG-UAAUGGGCCGUCAUAAU-5’
HEEEEETII
H. sapiens 5’ -...GAGCCA-UGCCUUGAGICAGUAUUA. . .-3’
P. troglodytes 5’ -...GAGCCA-UGCACUGAGUAGUAUUA. . .-3’
M. musculus 5’ -...AAACCAGUAUUGUGAAICAGUAUUG. . .-3’
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FIG 3 Identification of potential miR-200c target genes. (A) mRNA expression profiling of MDA-MB-231 cells transfected with miR-200c mimic was performed
using the [llumina HumanWG-6 v3.0 expression array chip (43). miR-200c targets were predicted using the TargetScan release 5.1 and PITA target prediction
programs, and the lists of downregulated genes and predicted targets were merged, resulting in 34 genes as candidates for direct targeting by miR-200c. (B)
miR-200c target sites in the 3'-UTRs of FHODI and PPMIF and interspecies conservation of seed matching sequences (gray box).

breast cancer, we performed a correlation analysis between the
expression of miR-200c and its targets using expression data from
breast cancer patients. For this purpose, publicly available mRNA
and microRNA microarray data for 101 primary breast tumors
was obtained from the NCBI GEO database (8) (GEO accession
no. GSE19783). Pearson correlation analysis showed a significant
negative correlation between FHODI1 and miR-200c expression
levels (r = —0.32; P = 9.81e—4) and between PPM1F and miR-
200c expression levels (r = —0.45; P = 2.66e—6) (Fig. 5A). This
suggests that miR-200c might also contribute to the regulation of
FHODI1 and PPMIF in breast cancer patients.

We then compared the expression levels of miR-200c and its
target genes in 13 different breast cancer and mammary epithelial
cell lines. Consistent with the observations made with clinical
samples, FHOD1 and PPMIF expression levels were negatively
correlated with miR-200c levels in these cell lines as well (r =
—0.61 and P = 0.03, and r = —0.64 and P = 0.02, respectively)
(Fig. 5B). Several studies have compared the expression levels of
mesenchymal and epithelial marker genes in different breast can-
cer cells lines and linked a mesenchymal phenotype to increased
motility and invasiveness (2, 24, 29, 37). Making use of the data
provided by these studies, we divided the 13 cell lines into epithe-
lial cell-like (7 = 8), mesenchymal cell-like (# = 3), and undefined
(n = 2) groups. Consistent with its role in the suppression of
EMT, miR-200c was expressed at higher levels in cell lines with an
epithelial phenotype than in cell lines having a mesenchymal phe-
notype. Conversely, both FHOD1 and PPM1F expression levels
were significantly higher in mesenchymal cell lines than in epithe-
lial ones (Fig. 5C).

Intrigued by the finding that expression of miR-200c and its
target genes FHODI and PPMIF inversely correlate both in breast
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cancer specimens and in breast cancer cell lines, we were inter-
ested in testing whether the negative correlation of miR-200c with
FHOD1 and PPMIF expression levels would also hold true be-
yond breast cancer. The NCI60 panel (http://dtp.nci.nih.gov
/index.html) of the U.S. National Cancer Institute encompasses
60 human cancer cell lines representing 9 different tumor types.
We retrieved NCI60 expression data sets for miR-200c, FHOD1,
and PPM1F. Again, FHOD1 and PPM1F showed a significant neg-
ative correlation with miR-200c levels (r = —0.30 and P = 0.02;
r=—0.35and P = 0.01) (Fig. 5D). Moreover, Park and colleagues
(31) had previously demonstrated that the NCI60 panel can be
divided into an epithelial group, a mesenchymal group, and an
undefined subcluster according to their ratio of E-cadherin ex-
pression to vimentin expression and that the expression of miR-
200 family members is strongly associated with the epithelial sub-
cluster. Using the subclusters defined by Park et al., we found that
both miR-200c targets FHODI1 and PPMIF were significantly
more highly expressed in cell lines with a mesenchymal phenotype
(Fig. 5E), confirming and extending our findings to a wide panel
of cancer cell lines.

Next, the correlation of FHODI and PPMIF expression a with
mesenchymal cell-like phenotype prompted us to ask if there is a
cross talk between these two novel miR-200c target genes and the
regulation of EMT by known miR-200c targets ZEB1/ZEB2. Thus,
we tested whether silencing of ZEB1 in MDA-MB-231 cells would
have any effect on FHODI1 or PPMIF expression. Although the
knockdown of ZEB1 was very efficient, neither FHOD1 nor
PPMIF protein levels were affected (Fig. 6A). Furthermore, we
tested potential effects of silencing FHOD1 or PPM1F on ZEB1,
ZEB2, and E-cadherin expression. As expected, overexpression of
miR-200c in MDA-MB-231 cells led to a strong induction of
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FIG 4 Validation of FHOD1 and PPMIF as direct targets of miR-200c. (A) MDA-MB-231 cells were transfected with microRNA mimics or siRNAs, and total
protein was isolated after 24 h. MCF-7 cells were transfected for 48 h with microRNA hairpin inhibitors prior to protein isolation. FHOD1 and PPM1F were
detected by Western blotting; B-actin was used as a loading control. (B) MDA-MB-231 cells were transfected with microRNA mimics or siRNAs for 24 h, and
MCEF-7 cells were transfected with microRNA hairpin inhibitors for 48 h. RNA was isolated, and FHOD1 and PPMIF transcript levels were quantified by
qRT-PCR. ACTB and HPRT were used as housekeeping-gene controls. (C) MDA-MB-231 cells were cotransfected with microRNA mimics and psiCHECK-2
expression constructs containing the 3’-UTR of FHODI (n = 3) or PPMIF (n = 4) downstream of the Renilla luciferase gene. Forty-eight hours after transfection,
luciferase activity was measured. Renilla luciferase activity was normalized first to firefly luciferase activity and then to the values measured for the parental vector
psiCHECK-2. In the mutated constructs, the miR-200c target sites were disrupted by site-directed mutagenesis of four nucleotides within the seed sequence. (D)
Luciferase assay with MCF-7 cells was carried out in the same manner as with MDA-MB-231 cells (n = 3 for FHODI 3'-UTR; n = 2 for PPMIF 3'-UTR). (E)
Luciferase assay with HEK-293FT cells was carried out in the same manner as with MDA-MB-231 cells (n = 2 for FHODI 3'-UTR and PPMIF 3'-UTR). (F)
MCEF-7 cells were cotransfected with luciferase reporter constructs as before (n = 3 for FHOD1 3'UTR and PPMIF 3'-UTR) and microRNA hairpin inhibitors.
Forty-eight hours after transfection, luciferase activity was measured.
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FIG5 Expression correlation of FHOD1 and PPM1F with miR-200c and with epithelial-mesenchymal states of the cells. (A) mRNA and microRNA profiling data for 101 breast
cancer specimens was obtained from the NCBI GEO database (GEO accession no. GSE19783); expression levels were provided aslog, -transformed, normalized data sets. Pearson
correlation coefficients (r) and P values (two-tailed) were computed. Dashed lines indicate a first-order linear model fitting the data. (B) Transcript levels of miR-200c, FHOD],
and PPMIF in 13 breast cancer and mammary epithelial cell lines were quantified by qRT-PCR. Expression levels were normalized to data for MCEF-7 cells and log, transformed.
Pearson correlation coefficients and P values were computed. (C) Breast cancer cell lines were divided into epithelial, undefined, and mesenchymal phenotypes based on published
data (2,24, 29, 37),and expression levels from panel B were compared between the groups. (D) Data sets for the expression of miR-200c, FHOD1, and PPM1F in the NCI60 panel
of cancer cell lines were obtained from http://dtp.nci.nih.gov/index.html (experiment IDs 372534, 124184, and 27785). Data were log, transformed, and Pearson correlation
coefficients and Pvalues were computed. (E) NCI60 cell lines were classified as epithelial, undefined, and mesenchymal according to reference 31. Expression levels of FHOD1 and
PPMIF were compared between the groups using the data from panel D.
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FIG 6 Effects of FHOD1 and PPMIF on the actin cytoskeleton are independent of the ZEB/E-cadherin axis. (A) MDA-MB-231 cells were transfected with
control siRNA (siAllStar) or siRNA directed against ZEBI. Forty-eight hours after transfection, protein was isolated and expression levels of ZEB1, FHOD1, and
PPMIF were assessed by Western blotting. 3-Actin was used as a loading control. (B to D) MDA-MB-231 cells were transfected for 24 h with microRNA mimics
or siRNAs. RNA was isolated, and E-cadherin, ZEB1, and ZEB2 transcript levels were quantified by qRT-PCR. ACTB and HPRT were used as housekeeping-gene

controls.

E-cadherin expression (Fig. 6B), and ZEB1 and ZEB2 mRNA lev-
els were reduced by 80% (Fig. 6C and D). However, knockdown of
FHODI or PPMIF did not affect the expression of any of these
three genes. This shows that although high levels of FHOD1 and
PPMIF are characteristics of a mesenchymal cell-like phenotype,
their expression is not regulated by ZEB1/ZEB2 transcription fac-
tors and vice versa. Hence, we concluded that miR-200c¢ could
regulate migration and invasion through two separate pathways
that do not influence each other, at least at the transcriptional
level.

Silencing of FHOD1 or PPM1F mimics the effects of miR-
200c overexpression on invasion, migration, cell polarization,
and stress fiber formation. To assess if targeting of FHOD1 and
PPMIF could contribute to miR-200c-induced phenotypes, we
next investigated whether individual knockdown of FHODI or
PPMIF would phenocopy the effects of miR-200c expression on
invasion, cell migration, polarization, and stress fiber formation.
Indeed, individual silencing of FHODI or PPMIF resulted in a
decrease in the invasion of MDA-MB-231 cells as measured both
by real-time (Fig. 7A) and Matrigel (Fig. 7B) invasion assays, with-
out affecting the viability of the cells (Fig. 7C). Furthermore,
knockdown of FHOD1 or PPMIF also reduced migration of cells
in wound-healing assays (Fig. 7D). To exclude that these effects
are potentially caused by off-target effects of the siRNA pools used
for gene silencing, we then tested the knockdown efficiency of the
four individual siRNAs directed against FHODI or PPMIF by
qRT-PCR. All individual siRNAs except siFHOD1 3 and siPPM1F
3 strongly reduced their respective target gene’s expression (Fig.
7E). We then chose two individual siRNAs for each gene and
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tested their effects on cell motility compared to that of siRNA
pools in a real-time migration assay (Fig. 7F). Importantly, the
individual siRNAs against FHODI or PPMIF reduced cell migra-
tion to a degree similar to that of the respective siRNA pools,
supporting the specificity of the observed effects.

We next investigated whether simultaneous silencing of both
FHODI and PPMIF would be sufficient to rescue the activator
effect on migration induced by a miR-200c inhibitor. For this
purpose, we transfected MCF-7 cells with a miR-200c hairpin in-
hibitor and assessed their migratory capacity in real-time migra-
tion and wound-healing assays (Fig. 8A and B). As expected, in-
hibition of miR-200c stimulated migration of MCF-7 cells.
However, when FHOD1 and PPMIF were silenced in the presence
of the miR-200c¢ inhibitor, this stimulatory effect on migration
was completely abrogated (Fig. 8A and B), highlighting the essen-
tial role of these two target genes in miR-200c-mediated regula-
tion of migration.

We then asked whether targeting of FHOD1 or PPM1F could
also explain the observed effects of miR-200c on the actin cyto-
skeleton. Indeed, upon silencing of FHODI or PPMIF, MDA-
MB-231 cells lost their elongated shape and instead adopted a
rounded shape that strongly resembled that of cells overexpress-
ing miR-200c (Fig. 9B). Moreover, after stimulation with TGF-f,
the fraction of MDA-MB-231 cells that formed visible stress fibers
was reduced by 2-fold when they were treated with siRNA against
FHODI or PPMIF compared to results for control-transfected
cells (Fig. 9C). In order to validate our results in a complementary
approach with MCF-7 cells, we employed expression constructs
for FHODI1 and PPMI1F; protein expression was validated by
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FIG 8 Silencing of FHODI and PPMIF is sufficient to prevent the stimulatory effect of miR-200c inhibition on migration. (A) RTCA migration assay of MCF-7
cells transfected with miRNA inhibitors together with siRNAs. MCF-7 cells were transfected, starved in serum-free medium for 24 h, and seeded in RTCA CIM-16
plates. Full medium was used as a chemoattractant, and impedance measurements were performed in a time-resolved manner. Means for four replicates =
standard deviations are shown; a t test was performed for the last time point. (B) Wound-healing assay of MCF-7 cells transfected with microRNA inhibitors and
siRNAs. MCF-7 cells were seeded in migration chambers and transfected with microRNA inhibitors and siRNAs. Images of the migration area were captured 0
h and 36 h after removal of the migration chamber. For migration area quantification, the cell-free areas of the pictures were defined manually and filled with
black for the subsequent gray-black selection process performed by CellProfiler software (n = 5 to 8).

Western blotting (Fig. 9A). Overexpression of either FHODI or
PPMIF in MCF-7 cells was sufficient to induce increased cell elon-
gation and polarization upon TGF-f treatment, mimicking the
effects of miR-200c inhibition in this cell line (Fig. 9D). Moreover,
overexpression of FHOD1 or PPMIF also increased the ability of
MCE-7 cells to form stress fibers (Fig. 9E). Altogether, these data
suggest that targeting of either FHOD1 or PPM1F by miR-200c
contributes to the effects of miR-200c on migration-related pro-
cesses.

Regulation of MLC2 by miR-200c and its target genes. Al-
though silencing of both FHODI and PPMIF was sufficient to
induce both a loss of polarity and elongation (Fig. 9), these genes
are unlikely to be the sole contributors to this aspect of the miR-
200c overexpression-induced phenotypes. Other target genes,
namely, WAVE3 and MARCKS (7, 38), have been proposed to also

have an impact on the loss of polarity observed upon miR-200
overexpression. In contrast, the regulation of stress fibers by miR-
200c via targeting of FHODI and PPMIF among all miR-200c
target genes identified so far is unique. We thus focused our efforts
on elucidating the molecular mechanisms underlying the effect of
miR-200c and its target genes on stress fiber formation. FHOD1 is
proposed to act as an actin nucleating protein, directly inducing
the formation of actin filaments (41). Besides actin nucleation, the
phosphorylation of myosin light chain 2 (MLC2) at Thr18 and
Ser19 is a second key process in stress fiber formation, which fa-
cilitates the assembly of myosin into bipolar filaments. Myosin
filaments are shown to contribute to stress fiber formation by
cross-linking actin filaments. Furthermore, they are required for
stress fiber function during migration, since they provide contrac-
tile activity (44).

FIG 7 Individual silencing of FHODI or PPMIF phenocopies the effect of miR-200c on invasion and migration. (A) RTCA invasion assay of MDA-MB-231 cells
transfected with siRNAs. MDA-MB-231 cells were transfected, starved in serum-free medium for 24 h, and seeded in RTCA CIM-16 plates covered with Matrigel.
Cells were allowed to invade in the presence of TGF-B (10 ng/ml), and impedance measurements were performed in a time-resolved manner. Mean for four
replicates * standard deviations are shown; a t test was performed for the last time point. (B) Matrigel invasion assay of MDA-MB-231 cells transfected with
microRNA mimics. Cells were transfected, seeded in Matrigel-coated invasion plates, and stimulated to invade in the presence of TGF-f3 (10 ng/ml). Invaded cells
were quantified by flow cytometry. (C) Viability assay of MDA-MB-231 cells. Cells were transfected with microRNA mimics or with siRNAs. Cell viability was
measured using the Cell Titer Glo assay 72 h posttransfection. Viability values are normalized to control mimic for miR-200c and to siAllStar for siRNAs. (D)
Wound-healing assay of MDA-MB-231 cells transfected with siRNAs. MDA-MB-231 cells were seeded in migration chambers and transfected with 40 nM
siRNA. Images of the migration area were captured 0 h and 8 h after removal of the migration chamber. Migration area quantification was done as for Fig. 1C.
(E) Effect of individual siRNAs on FHOD1 and PPM1F transcript levels. MDA-MB-231 cells were transfected with 40 nM either individual siRNAs or a pool of
4 siRNAs directed against FHODI or PPMIF. After 48 h, RNA was isolated, and FHOD1 and PPMIF transcript levels were quantified by qRT-PCR. ACTB and
HPRT were used as housekeeping-gene controls. (F) RTCA migration assay of MDA-MB-231 cells transfected with siRNAs. MDA-MB-231 cells were transfected,
starved in serum-free medium for 24 h, and seeded in RTCA CIM-16 plates. Full medium was used as a chemoattractant, and impedance measurements were
performed in a time-resolved manner.
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FIG9 FHODI1 and PPMIF regulate elongation and stress fiber formation of breast cancer cells. (A) Validation of FHOD1 and PPM1F overexpression constructs.
MCE-7 cells were transfected with expression constructs for the FHOD1 ORF (pCMV5-HA-FHODL1), PPM1F ORF (pcDNA-Dest47-PPM1F), and respective
empty vector controls for 48 h. Protein was isolated, and FHODI as well as PPM1F expression levels were analyzed by Western blotting. B-Actin was used as a
loading control. (B) Analysis of cell elongation by fluorescence microscopy in MDA-MB-231 cells. Cells were transfected with control siRNA (siAllStar) or
siRNAs directed against FHOD1 and PPM1F and fixed 24 h after transfection. Actin filaments were visualized by staining with Alexa Fluor 488-phalloidin (green)
and the nucleus by staining with DAPI (blue). Cell elongation was quantified by measuring the long and short axes of cells using the Zeiss LSM Image Examiner.
Box plots represent data from two independent experiments, each time measuring 40 cells per condition. (C) Stress fiber assay of MDA-MB-231 cells. Cells were
transfected with siRNAs and starved for 24 h. Stress fibers were induced by treatment with TGF-f for 5 h, and cells were stained with Alexa Fluor 488-phalloidin
and DAPI. The percentage of stress fiber-containing cells was determined by counting 200 to 300 cells per experiment; data shown represents means of data from
three independent experiments. (D) Analysis of cell elongation by fluorescence microscopy in MCE-7 cells. Cells were transfected with expression constructs for
FHOD1 or PPMIF or respective empty vectors, starved for 24 h starting 2 days after transfection, and stimulated with TGF-p for 5 h. Staining, microscopy, and
image analysis were carried out as described for panel B. (E) Stress fiber assay of MCF-7 cells. Cells were transfected with expression constructs for FHODI or
PPMIF or respective empty vectors, starved for 24 h starting 2 days after transfection, and stimulated with TGF- 3 for 5 h for induction of stress fibers. Staining,
microscopy, and image analysis were carried out as described for panel C.

Thus, we investigated whether miR-200c and its target genes
FHODI and PPMIF could affect MLC2 phosphorylation. For this
purpose, we induced stress fibers in MDA-MB-231 cells by treat-
ment with TGF- after transfection with microRNA mimics or
siRNAs and detected MLC2 by immunofluorescence using an an-
tibody specific for the diphosphorylated (pThr18/pSer19) protein
(Fig. 10A). As expected, pMLC2 colocalized with actin fibers in
control cells. However, the pMLC2 signal was strongly reduced in
cells transfected with miR-200c mimic. Similarly, silencing of
FHODI1 or PPMIF also resulted in a decrease in pMLC2 staining.
Quantification of fluorescence intensities confirmed the signifi-
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cance of the observed effects (Fig. 10B). To assess total MLC2 and
phospho-MLC2 levels, we detected pMLC2 and total MLC2 by
Western blotting (Fig. 10C). Consistent with the results from im-
munofluorescence analysis, transfection with miR-200c mimic re-
sulted in a considerable reduction in pMLC2. Silencing of FHOD1
or PPMIF was sufficient to replicate this effect. We also assessed
the monophosphorylated (pSer19) form of MLC2 and observed
that it was also reduced by overexpression of miR-200c and by
silencing of FHODI or PPMIF (data not shown). Interestingly,
overexpression of miR-200c or silencing of FHOD] also strongly
decreased total MLC2 levels, suggesting a regulation of MLC2 ex-
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mimics and siRNAs for 24 h and starved for an additional 24 h. Stress fibers were induced by treatment with TGF- for 5 h, and cells were stained for actin with
Alexa Fluor 488-phalloidin (green), for pThr18/pSer19-MLC2 (pMLC2; red), and for the nucleus with DAPI (blue). (B) Quantification of pMLC2 staining.
Immunofluorescence images of MDA-MB-231 cells transfected with microRNA mimics and siRNAs were acquired as described for panel A. Mean fluorescence
intensities of approximately 40 cells per condition were quantified using the Image] software program. For representation in box plots, data were normalized to
the median of control mimic or siAllStar, respectively. (C) MDA-MB-231 cells were transfected, starved and stimulated as for panel A, and protein was isolated.
pThr18/pSer19-MLC2 (pMLC2), total MLC2 (MLC2), FHODI1, and PPM1F were detected by Western blotting. Tubulin was used as a loading control.

pression by miR-200c and its target FHODI. In contrast, silencing
of PPM1F did not result in a reduction of total MLC2 levels, indi-
cating that its effect is potentially due to changes in signaling path-
ways regulating phosphorylation of MLC2, rather than through
regulation of MLC2 expression.

In MCF-7 cells, inhibition of miR-200c resulted in an increase
in pMLC2/MLC2 levels as assessed by both immunofluorescence
(Fig. 11A and B) and Western blotting (Fig. 11C). Similarly, over-
expression of FHOD1 also resulted in higher levels of both total
and diphosphorylated MLC2 (Fig. 11A to C). In contrast, overex-
pression of PPMIF increased only the phosphorylation of MLC2
(Fig. 11A to C) but not its expression (Fig. 11C), as shown with the
knockdown experiments (Fig. 10). This suggests that the effect of
miR-200c on MLC2 expression may be mediated primarily
through targeting of FHOD1 and not PPM1F, which affects only
the phosphorylation of MLC2. Altogether, these results suggest
that miR-200c negatively regulates expression of MLC2 through
targeting of FHOD1, leading to a concomitant decrease in the level
of the active form, pMLC2.

SRF connects miR-200c and its target FHOD1 to MLC2 ex-
pression. We next aimed to investigate the mechanism underlying
the regulation of MLC2 expression by miR-200c and FHODI.
FHODI has been previously implicated in the regulation of serum
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response factor (SRF) (40, 45, 46, 48). SRF is a key regulator of the
actin cytoskeleton and contractile processes (27). MLC2 is an es-
tablished direct target gene of SRF, offering an attractive potential
explanation for the effect of FHOD1 on MLC2 expression (12, 26).
To test the hypothesis that miR-200c and FHOD1 might regulate
MLC2 expression through SRF, we first tested their effects on SRF
protein levels (Fig. 12A). Interestingly, both overexpression of
miR-200c and silencing of FHODI decreased SRF expression in
MDA-MB-231 cells. Analysis of SRF transcript levels supported
these findings, since transfection of MDA-MB-231 cells with miR-
200c mimic or siRNA against FHODI resulted in a modest but
significant decrease in SRF transcript levels (Fig. 12B). We then
assessed whether miR-200c and its target gene FHODI also af-
fected the transcriptional activity of SRF by making use of serum
response element (SRE) luciferase reporter gene constructs. Over-
expression of miR-200c resulted in a strong reduction of SRF ac-
tivity, and this effect was mimicked by silencing of FHOD]I (Fig.
12C). Conversely, inhibition of miR-200c or overexpression of
FHOD1 stimulated SRF transcription (Fig. 12D).

It has been well established that myocardin-related transcription
factors (MRTFs) function as coactivators of SRF. MRTFs are seques-
tered in the cytosol by monomeric G-actin, coupling SRF transcrip-
tional activity to actin cytoskeletal dynamics (28, 39). Furthermore, it
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FIG 11 Inhibition of miR-200c or overexpression of its target genes increases MLC2 phosphorylation. (A) MCF-7 cells were transfected with microRNA
inhibitors or expression constructs for 24 h and starved for an additional 24 h. Stress fibers were induced by treatment with TGF-f3 for 5 h, and cells were stained
for actin with Alexa Fluor 488-phalloidin (green), for pThr18/pSer19-MLC2 (pMLC2; red), and for the nucleus with DAPI (blue). (B) Quantification of pMLC2
staining. Immunofluorescence images of MCEF-7 cells transfected with microRNA inhibitors or expression constructs were acquired as described for panel A.
Mean fluorescence intensities of approximately 40 cells per condition were quantified using Image]. For representation in box plots, data were normalized to the
median of control mimic or siAllStar, respectively. (C) MCE-7 cells were transfected, starved, and stimulated as for panel A, and protein was isolated. pThr18/
pSer19-MLC2 (pMLC2) and total MLC2 (MLC2) were detected by Western blotting. Tubulin was used as a loading control.

has been proposed that FHOD1 may also regulate SRF activity
through modulating intracellular G-actin levels due to its actin-
nucleating activity (9). To investigate this, we analyzed the intracel-
lular localization of MRTF-A in MDA-MB-231 cells upon transfec-
tion of miR-200c mimic or siFHOD1 (Fig. 12E). In both cases, we
observed a decrease in the nuclear localization of MRTF-A, although
the results did not score as significant in the case of miR-200c over-
expression (P = 0.09, two-tailed Student’s ¢ test). Next, we tested
whether inhibition of SRF could explain the effect of miR-200c over-
expression or FHODI knockdown on MLC2 expression. Silencing of
SRF induced a clear reduction of pMLC2 levels in immunofluores-
cence experiments (Fig. 13A). This decrease in pMLC2 was con-
firmed by Western blotting (Fig. 13B). Moreover, knockdown of SRF
also reduced total MLC2 levels, confirming that the effect on pMLC2
levels is mediated through regulation of gene expression (Fig. 13B).
Thus, silencing of SRF phenocopies the effects of both miR-200c
overexpression and FHODI knockdown on MLC2. Furthermore,
MDA-MB-231 cells transfected with siRNA directed against SRF dis-
played decreased invasion in a Matrigel invasion assay (Fig. 13C),
suggesting that regulation of SRF by miR-200c could at least partly
account for miR-200c-mediated inhibition of invasive capability. Si-
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lencing of SRF showed no effect on cell viability in an MDA-MB-231
cell line model, excluding that the observed effect could be caused by
cytotoxic effects of the knockdown (Fig. 13D). In order to examine
the effect of SRF on cell migration, we first tested the knockdown
efficiency of a siRNA pool and individual siRNAs. All four siRNAs
directed against SRF, as well the siRNA pool, efficiently reduced SRF
transcript levels (Fig. 13E). In real-time migration assays using MDA-
MB-231 cells, both individual siRNAs directed against SRF and the
pool resulted in a significant reduction of migration (Fig. 13F), sug-
gesting that regulation of SRF is involved not only in invasion but also
in migration as a downstream mediator of miR-200c and its target
FHODL1.

Finally, since MDA-MB-231 cells and MCEF-7 cells represent
cellular models of the miR-200c low/highly invasive/migratory
and miR-200c high/noninvasive/less-migratory phenotypes, re-
spectively, we then compared the expression levels of the FHOD1/
PPMI1F/SRE/MLC2 cellular motility axis described above in these
two cell lines (Fig. 13G). Downstream effectors of miR-200c that
promote migration, i.e., FHOD1, PPM1F, SRF, and MLC2, were
consistently expressed at higher levels in MDA-MB-231 cells than
in MCE-7 cells. Furthermore, levels of the phosphorylated, active

Molecular and Cellular Biology


http://mcb.asm.org

Regulation of Actin Reorganization by miR-200c

A B 120
X
<& 6"‘&\ 100 .
6\\ Qo < N Fodek
> S & P 9
NSRS S 80
& £ ~<<Q\ °
& F & kDa %
< 60
e
SRF s e e | —— 52 [5
w40 o
[v4
)
. 20
TUDUIN | s | — 50
0
Control miR-200c siAllStar siFHOD1 ~siSRF
mimic mimic
C 140 D 200
Fkk
120
F* Xk
100 150

Relative luciferase activity [%]
Relative luciferase activity [%]

e
80
100
60 ke *kek E
40 E
50
20
0 0

Control miR-200c siAllStar  siSRF  siFHOD1 Control miR-200c pCMV6 pCMV5-
mimic mimic inhibitor  inhibitor FHOD1

E 0.45 08
0.40 07

0.6 1
0.5 A
04 A
*
0.3 -
0.2 I
0.1 A
0 - T

siAllStar siFHOD1

0.35 4
0.3
0.25 1
0.2 1

p=0.09

Ratio of MRTF translocation
H
Ratio of MRTF translocation

miR-200c

mimic
FIG 12 miR-200c and its target gene FHODI regulate SRF. (A) MDA-MB-231 cells were transfected with microRNA mimics or siRNAs. Protein was
isolated 48 h after transfection, and SRF protein levels were determined by Western blotting. Tubulin was used as a loading control. (B) MDA-MB-231
cells were transfected with microRNA mimics or siRNAs for 48 h. RNA was isolated, and SRF transcript levels were determined by qRT-PCR, using HPRT
and TFRC as housekeeping genes; n = 5 except for siSRF (n = 3). (C) SRF response element reporter assay with microRNA mimics and siRNAs.
HEK293FT cells were cotransfected with the pGL4.34 [luc2P/SRF-RE/Hygro| reporter vector, pRL-TK vector, and microRNA mimics or siRNAs.
Twenty-four hours after transfection, cells were starved for 24 h and stimulated with 10 ng/ml TGE-B1 for 6 h before cell lysis. Luciferase activity was
measured and normalized to Renillaluciferase activity (n = 8). (D) SRF response element reporter assay with microRNA hairpin inhibitors and expression
constructs. HEK293FT cells were cotransfected with the pGL4.34 [luc2P/SRF-RE/Hygro] reporter vector, pRL-TK vector, and microRNA hairpin
inhibitors or expression constructs. SRF transcriptional activity was analyzed as described for panel C (n = 8). (E) MRTF nuclear translocation assay.
MDA-MB-231 cells were transfected with miRNA mimics or siRNAs and stained for MRTE-A and nuclei (DAPI). Images for quantitative analysis at
magnification X20 were acquired and analyzed by using Olympus ScanR analysis software. Cells with a ratio of nuclear/cytoplasmic localization of
MRTEF-A higher than 1 were considered positive for nuclear localization, while cells with a ratio of <1 were considered negative for nuclear localization.
Data shown represent fold changes in the ratio of MRTF-A nuclear localization with standard deviations.

Control
mimic

SiPPM1F

form of MLC2 were also higher in MDA-MB-231 cells than in
MCE-7 cells.

cedes cell migration and metastasis in cancer but is also re-
quired during normal differentiation processes, such as meso-
derm and neural tube development (32). While the activity of

DISCUSSION the miR-200 family of miRNAs in relation to EMT-related phe-

Changes in cell shape that are as profound as the transition from
cobblestone-like epithelial cells to elongated, spindle-shaped mes-
enchymal cells almost invariably require remodeling of the actin
cytoskeleton. Such an epithelial-mesenchymal transition pre-
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notypes has been extensively studied (13, 14, 22, 31), its poten-
tial contribution to the organization and dynamics of the actin
cytoskeleton has mostly not been investigated thus far. Here we
present the first detailed characterization of the molecular
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gene, PPMIF, increases phosphorylation levels of MLC2 independently of MLC2 expression, and targeting of PPM1F might thus further enhance the effect of miR-200c on stress
fiber formation.

648 mcb.asm.org Molecular and Cellular Biology


http://mcb.asm.org

mechanisms by which miR-200c exerts effects on the actin cy-
toskeleton in relation to EMT-like phenotypes. Upon transfec-
tion with miR-200c mimic, MDA-MB-231 cells lost the elon-
gated shape associated with motile, mesenchymal cells and
adopted a rounded, unpolarized shape. Importantly, the acqui-
sition of a rounded cell shape was accompanied by a loss of
actin structures associated with cell polarization and perturbed
stress fiber formation. These phenotypes are mediated by
FHODI1 and PPM1F, which we found to be direct targets of
miR-200c. Silencing of these target genes not only reduced
migration and invasion of breast cancer cells in both two-
dimensional (2D) and three-dimensional (3D) model systems
of cancer cell motility but was also sufficient to completely
abrogate the stimulatory effect of miR-200c inhibition on mi-
gration of MCE-7 cells. While some previous evidence had al-
ready linked PPMIF to invasion in breast cancer (40), our
study is the first to implicate FHOD1 in the promotion of can-
cer cell invasion. Furthermore, we have demonstrated that
FHODI1 and PPMIF promote elongation, polarization, and
stress fiber formation in breast cancer cells, all of which are key
processes for migration and invasion. Our in vitro findings
were supported by an inverse correlation of the expression lev-
els of FHOD1 and PPM1F mRNAs with miR-200c in breast
cancer specimens, breast cancer and mammary cell lines, and
the cell lines of the NCI-60 panel, indicating that this effect
appears to be a general mechanism rather than being restricted
to specific cell types.

Investigation of the molecular mechanisms mediating the
effects of miR-200c on the actin cytoskeleton revealed that both
miR-200c and FHOD1 regulate the expression of MLC2. It has
been reported that FHOD1 stimulates SRF-mediated tran-
scription (9, 25, 45), and our own results elaborate this in the
context of miR-200c-mediated inhibition of migration and in-
vasion. Moreover, while it had been previously suggested that
this effect of FHOD1 may be due to its ability to decrease the
intracellular G actin concentration and concomitant nuclear
translocation of the SRF coactivator MRTF, we have demon-
strated for the first time that silencing of FHODI indeed results
in decreased nuclear localization of the SRF coactivator
MRTF-A. G-actin sequesters myocardin-related transcription
factors (MRTFs) in the cytoplasm, which function as SRF co-
activators (28, 39). Formins, such as mDial, have been shown
to regulate SRF through this mechanism (4), and our results
suggest that FHOD1, which is a formin homolog, may actin a
similar way. Since SRF also stimulates its own gene transcrip-
tion (27), inhibition of its transcriptional activity could also
explain the decreased SRF transcript and protein levels that we
observed upon silencing of FHODI. It should be noted that
while we did observe a tendency for decreased nuclear localiza-
tion of MRTF-A upon miR-200c overexpression, the result
failed to reach significance (P = 0.09). However, the pro-
nounced rounding of cells upon miR-200c overexpression in-
terfered with the quantification of MRTE-A localization, and
we believe that this may have impacted the result.

Taken together, our data suggest a model in which miR-
200c regulates migration and invasion by inhibiting stress fiber
formation that is primarily mediated via targeting of FHODI.
FHODI1 promotes stress fiber formation by activating SRF, re-
sulting in increased expression of MLC2. Phosphorylated
MLC2 then contributes to stress fiber formation and function
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through cross-linking of actin filaments by myosin and by pro-
viding contractile activity. Additionally, stimulation of actin
nucleation by FHODI is expected to further contribute to
stress fiber formation. Furthermore, PPMIF increases phos-
phorylation levels of MLC2 independent of MLC2 expression,
and targeting of PPM1F by miR-200c might thus further en-
hance the effect of miR-200c on stress fiber formation (Fig.
13H). It has been previously reported that PPM1F inhibits
PAK, resulting in increased phosphorylation of myosin light
chain phosphatase (MYPT) at inhibitory sites (19). However,
our results demonstrated that while overexpression of miR-
200c¢ increased the phosphorylation of MYPT at Thr696 or at
Thr853, silencing of PPM1F did not affect any phosphorylation
siteson MYPT (data not shown). This suggests that yet another
mechanism has to be involved. Therefore, further studies are
warranted to elucidate the exact mechanism through which
PPMIF regulates MLC2 phosphorylation.

It has been shown that reexpression of miR-200c in mesen-
chymal cell lines reverses EMT (13, 22, 31). This raises the
question of whether the targeting of EMT transcription factors
ZEB1 and ZEB2 by miR-200c would be sufficient to explain this
effect as well as the concomitant decrease in cell migration. A
recent study demonstrated that while silencing of ZEBI and
ZEB2 can indeed restore E-cadherin expression in mouse
mammary epithelial cells that had undergone TGF-B-induced
EMT, this is not sufficient to completely reverse the mesenchy-
mal phenotype (5). Strikingly, cells failed to fully remodel their
actin cytoskeleton to an epithelial organization characterized
by a lack of stress fibers and the appearance of cortical actin
filaments. Only the combination of ZEB knockdown with a
ROCK inhibitor was able to fully reverse EMT, suggesting that
interference with both ZEB transcription factors and the Rho
pathway is required. Another recent study has shown that sta-
ble cell lines expressing miR-200 family members adopted an
epithelial cell-like cell phenotype; however, cells stably express-
ing E-cadherin maintained a mesenchymal phenotype (21).
These findings are in line with the model of miR-200c action we
propose here. While miR-200c does not influence the activa-
tion level of RhoA directly, its target genes FHOD1 and PPMIF
act downstream of the RhoA signaling pathway. The best-
characterized outputs of the RhoA pathway are increased actin-
nucleating activity, promotion of actin-myosin assembly, sta-
bilization of actin filaments, and activation of SRF-mediated
transcription. Together, FHOD1 and PPM1F are involved in all
of these processes. Our findings led us to hypothesize that miR-
200c can reverse EMT by targeting both the two ZEB transcrip-
tion factors and the actin cytoskeleton via FHOD1/PPMI1F.
Thus, we propose that miR-200c could regulate the induction
and maintenance of the epithelial phenotype through two
largely separate pathways that complement each other: miR-
200c downregulates ZEB1 and ZEB2, resulting in an induction
of epithelial molecules such as E-cadherin. This results in in-
creased formation of stable cell-cell contacts, which impairs
migration. However, this is not sufficient to fully reverse the
mesenchymal phenotype, as demonstrated by the inability of
ZEBI/ZEB2 knockdown to prevent stress fiber formation.
Thus, miR-200c additionally targets genes involved in cyto-
skeletal organization, namely, FHODI and PPMIF, and poten-
tially other cytoskeletal regulators, such as the already-
identified target genes WAVE3 and MARKCS (7, 38). This
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prevents the formation of stress fibers and cell polarization and
shifts actin cytoskeletal organization toward the nonmotile,
epithelial phenotype. Targeting of other regulators of cellular
motility, such as moesin and fibronectin (15), may further con-
tribute to miR-200c-mediated inhibition of motility.

In conclusion, we have provided evidence that in addition to
its well-established role in regulating cell-cell contacts, miR-
200c also has a role in repressing breast cancer cell invasion and
migration through modulation of the accompanying actin cy-
toskeleton reorganization during EMT. Additional studies will
be required to elucidate the roles of the miR-200c targets,
FHOD1 and PPMI1F, during metastasis development in vivo.
However, our findings already suggest that therapeutic reex-
pression of miR-200c, which has been proposed as a future
antimetastasis treatment, may have the benefit of regulating
multiple pathways involved in the regulation of metastasis, in-
cluding actin cytoskeletal dynamics.
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