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Abstract. Mammalian diaphanous-related formin 1 (mDial)
was initially identified as a Rho GTPase effector involved in
the progression of various diseases, including types of cancer.
However, the precise underlying molecular mechanism of
mbDial-mediated cancer cell invasion remains to be elucidated.
In the present study, mDial expression was demonstrated to
be upregulated in tissues from a number of cancer types,
including kidney, prostate, and breast cancer using immuno-
histochemical analysis. Forced expression of a constitutively
active (CA) form of mDial induces invasion, as measured by
Transwell invasion assay, of MDA-MB-231 cells, which is
a highly invasive breast cancer cell line, and this effect was
markedly impaired by matrix metalloproteinase (MMP)-2
silencing. Furthermore, the present study demonstrated that
overexpression of the CA form of mDial leads to the induc-
tion of invasive ability in MCF-7 cells, which is a non-invasive
breast cancer cell line, as a result of increased MMP-2 activity.
Thus, the results of the current study suggest that mDial is an
important regulator of breast cancer cell invasion and that this
effect may be mediated by MMP-2 activity.

Introduction

Invasion and metastasis are key mechanisms for the spread
of cancer to new tissues or organs, and are major causes of
cancer-associated mortality, including in breast cancer (1).
Reorganization of cytoskeletal proteins, including actin and
microtubule proteins, is important for the invasion and migra-
tion of cancer cells (2,3). Formin proteins are essential for the
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regulation of cytoskeleton remodeling (4,5) and mammalian
diaphanous-related formin 1 (mDial), a member of the formin
family, is a regulator of actin polymerization and microtubule
stabilization via its formin homology 2 domain (6,7). mDial
affects actin and microtubule dynamics; thus, it has various
functions, including the regulation of adhesion, polarity,
morphogenesis, intracellular trafficking of vesicles, and
invasion (8-11). Although the roles of mDial in cytoskeleton
modification have been well established, few reports have
demonstrated its role in disease processes, including cancer
progression.

Cancer cell invasion across tissue boundaries and metas-
tasis via the circulatory system requires proteolytic activity
to degrade extracellular matrix components. The matrix
metalloproteinase (MMP) family is important in the spread
of cancer to other tissues, MMPs degrade the extracellular
matrix, including collagen, which is the first barrier preventing
cancer invasion (12). Due to their effects on the invasion and
metastasis of cancer cells, the functions of matrix metallopro-
teinases have been well studied (13-15). Among the MMPs,
the expression levels of MMP-2 and MMP-9 are associated
with unfavorable outcomes in various types of cancer cells,
including breast cancer cells (16,17). Despite their importance
in cancer invasion, the association between mDial and MMPs
has not been fully elucidated.

The present study aimed to identify underlying mechanisms
of mDial to regulate cancer cell invasion. Immunohistochem-
ical results from the cancer tissue array demonstrated that
mDial expression levels are increased in a number of samples
originating from kidney, prostate, and breast cancer. Experi-
ments using forced expression of the constitutively active (CA)
form of mDial (mDial-CA) and MMP silencing in invasive
and non-invasive breast cancer cell lines demonstrated the
mDial-MMP2 signaling axis is likely to be an important
regulator of breast cancer invasion.

Materials and methods

Reagents. TransFectin Lipid reagent was obtained from
Bio-Rad Laboratories, Inc. (Hercules, CA, USA). Oligo-
fectamine Transfection reagent was obtained from Invitrogen
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Fetal
bovine serum (FBS) was purchased from Biowest LLC
(Riverside, MO, USA). Polyclonal goat anti-mDial (dilution,
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1:1,000; cat. no. sc-10888) and monoclonal mouse anti-green
fluorescent protein (GFP; dilution, 1:1,000; cat. no. sc-9996)
antibodies were obtained from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA); monoclonal mouse anti-a-tubulin
antibody (dilution, 1:1,000; cat. no. T9026) was obtained
from Sigma-Aldrich (St. Louis, MO, USA) and polyclonal
rabbit anti-detyrosinated a-tubulin (dilution, 1:1,000; cat.
no. AB3201) was purchased from EMD Millipore (Bill-
erica, MA, USA). Rat tail type I collagen and Matrigel were
purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Formalin-fixed paraffin-embedded tissue microarray slides
containing 30 tissue samples from healthy individuals or
samples of normal tissue adjacent to cancer and 29 cancer
tissue samples were obtained from SuperBioChips Laborato-
ries (Seoul, Korea).

Cell culture. MDA-MB-231 and MCF-7 breast cancer cell lines
were purchased from Korean Cell Line Bank (Seoul, Korea).
All cell lines were cultured in RPMI 1640 (Invitrogen; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin (Welgene, Inc., Daegu,
Korea). Cell culture and incubations were performed at 37°C
in a 5% CO, incubator.

Plasmids and transfection. The GFP-tagged CA form of
mDial was provided by Dr. Sohail Ahmed (Institute of Medical
Biology, Singapore). The sequences of mDial-CA construct
were amplified by PCR and inserted into Xhol/BamHI
(New England BioLabs, Inc., Medford, NJ, USA)-digested
pEGFP-N1 (Clontech Laboratories, Inc., Mountainview, CA,
USA) to produce mDial-CA (GFP). An EGFP empty vector
served as a mock control. All clone sequences were verified
by DNA sequencing (conducted by Cosmo Genetech Co., Ltd.,
Seoul, Korea). Transient transfection was performed using
TransFectin Lipid reagent or a Neon Electroporation system
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocols.

siRNA transfection. MMP-2 small interfering RNA (siRNA;
sequence, 5S'-AAUACAUCGAGACCAUGCGG-3"), MMP-9
siRNA (sequence, 5'-"AACAUCACCUAUUGGAUCCAA-3"),
and non-targeting control (mock) siRNA (sequence, 5'-AUU
GUAUGCGAUCGCAGAC-3") were purchased from Genolu-
tion, Inc. (Seoul, Korea). Cells were transfected with 20 nM
siRNA (unless otherwise stated) using Oligofectamine reagent
according to the manufacturer's protocols.

Reverse transcription-polymerase chain reaction (PCR).
Total RNA was isolated from cells using RNAiso Plus
(Takara Bio, Inc., Otsu, Japan) and cDNA was synthesized
using Ex-Taq DNA Polymerase (Takara Bio, Inc.) according
to the manufacturer's protocols. The conditions were
30 cycles of 94°C for 30 sec, 55°C for 30 sec and 72°C for
30 sec. PCR amplification was conducted using Ex-Tag DNA
Polymerase (Takara Bio, Inc.) and SYBR Premix Ex-Taq II
(Takara Bio, Inc.) according to the manufacturer's protocol.
The reaction was conducted in a CFX Connect™ Real-Time
PCR Detection system (Bio-Rad Laboratories, Inc.), with
conditions as follows: 40 cycles of 94°C for 10 sec, 55°C
for 10 sec and 72°C for 30 sec. Oligonucleotide sequences
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of primers used in the present study were as follows: Sense,
5'-GGCCCTGTCACTCCTGAGAT-3' and antisense, 5-GGC
ATCCAGGTTATCGGGGA-3' for MMP-2; sense, 5'-CAT
AAGGACGACGTGAATG-3' and antisense, 5'-GAAGAA
AAGCTTCTTGGAGA-3' for MMP-9; sense, 5'-GAG
TCAACGGATTTGGTCGT-3' and antisense, 5'-TGTGGT
CATGAGTCCTTCCA-3' for GAPDH. GAPDH served as
an internal control and total RNA was used as a negative
control. The results of the PCR were run on agarose gels and
band intensity was quantified using Quantity One software
(version 4.6.2; Bio-Rad Laboratories, Inc.).

Immunohistochemistry. Formalin-fixed, paraffin-embedded
tissue microarray slides from cases of kidney, breast, prostate,
endometrial and thyroid cancer were de-paraffinized by incu-
bation in a dry oven for 1 h, rehydrated with serially diluted
ethanol, and blocked with normal goat serum (Vector Labo-
ratories, Inc., Burlingame, CA, USA) at room temperature for
30 min. Antigen retrieval in tissue samples was performed by
heating in a microwave on high for 5 min, medium for 5 min
and low for 5 min, followed by incubation with the anti-mDial
antibody. Subsequently, the samples were incubated with a
biotinylated polyclonal horse anti-goat (dilution, 1:200; cat.
no. PK-6105), polyclonal goat anti-mouse (dilution, 1:5,000;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA; cat. no. 115-035-006) and polyclonal goat anti-rabbit
(dilution, 1:5,000; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA; cat. no. 111-035-003) secondary
antibodies, and streptavidin-horseradish peroxidase (Zymed;
Thermo Fisher Scientific, Inc.). 3,3'-Diaminobenzidine
(Vector Laboratories, Inc.) was used as a chromogen and
eosin (Sigma-Aldrich) was used for counterstaining. Tissue
sections were visualized by microscopy (Eclipse 80i; Nikon
Corporation, Tokyo, Japan), and images were captured using
a digital camera (Digital Sight DS-QilMc; Nikon Corpora-
tion) and NIS Elements Image Analysis software (Nikon
Corporation). The level of mDial expression was assessed
by measuring staining intensity using Quantity One software
(version 4.6.2).

Transwell cell invasion assay. Transwell inserts (Corning
Incorporated, Corning, NY, USA) with an 8-um pore size were
coated with 20 pg type I collagen at 37°C overnight. Cells were
placed in the upper chamber and RPMI 1640 supplemented
with 10% FBS was added to the lower chamber as a chemoat-
tractant and incubated for 24 h. Mock siRNA of EGFP empty
vector were used as controls. To demonstrate the function
of MMPs, 5 uM GM6001 (EMD Millipore) was added to
the upper and lower chambers to prevent MMP-dependent
invasion. Non-migrating or non-invading cells were removed
with a cotton swab and cells were fixed with 100% methanol
(Sigma-Aldrich for 10 min at room temperature, stained with
0.1% crystal violet (Sigma-Aldrich) and counted by light
microscopy (IMT-2; Olympus Corporation, Tokyo, Japan). A
quantitative analysis of counted cells per field and representa-
tive images are presented.

Gelatin zymography assay. Cells were seeded in a 35-mm dish
and incubated in RPMI 1640 supplemented with 10% FBS at
37°C for 24 h. The cells were washed, and the medium was
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Figure 1. mDial influences breast cancer cell invasion. (A) Formalin-fixed tissue microarray slides were used in immunohistochemistry experiments. mDial
was overexpressed in kidney, breast, prostate, endometrium, and thyroid cancer tissue samples, relative to the expression levels in normal tissues. "P<0.05,
“P<0.01 vs. normal tissue samples. (B) Transwell invasion assays were performed with MDA-MB-231 cells overexpressing mDial-CA. Invasion was con-
siderably increased by forced expression of mDial-CA. Filled bars indicate invaded cells in the presence of 5 uM GM6001. "P<0.05 vs. the mock group.
(C) Conditioned media from MDA-MB-231 cells were normalized based on cell number prior to performing gelatin zymography. Activity of MMP-2 was
increased by overexpression of mDial-CA, whereas MMP-9 activity was decreased. Activity of MMP-2 and MMP-9 were markedly decreased following
treatment with 5 M GM6001. mDial, mammalian diaphanous-related formin 1; CA, constitutively active; MMP, matrix metalloproteinase.
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Figure 2. Breast cancer cell invasion mediated by mDial is dependent on MMP-2. (A and B) MDA-MB-231 cells were transfected with MMP-2- and
MMP-9-specific siRNAs, and reverse transcription-polymerase chain reaction, zymography, and invasion assays were performed. Each siRNA strongly inhib-
ited the expression and activity of its own locus, and did not change the (A) expression or (B) activity of the other MMP. (C) MDA-MB-231 cells overexpressing
mDial-CA were transfected with MMP-2 and MMP-9 siRNA, and then Transwell assays were performed. Knockdown of MMP-2 led to a marked reduction of
MDA-MB-231 cell invasion promoted by mDial-CA, whereas MMP-9 knockdown did not show considerable differences. “P<0.01. siRNA, small interfering
RNA; MMP, matrix metalloproteinase; mDial, mammalian diaphanous-related formin 1; NC, negative control; CA, constitutively active.

changed to serum-free RPMI 1640. Following incubation
for 24 or 48 h, the conditioned medium was centrifuged at
2,000 x g for 5 min to remove cellular debris and was normal-
ized based on the cell number prior to electrophoresis in 10%
polyacrylamide gels with 1 mg/ml gelatin (Sigma-Aldrich).

Following 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis for 90 min at 30 mA, the gels were washed
4 times for 1 h with washing buffer [10 mM Tris-HCI (pH 8.0)
and 2.5% Triton X-100], rinsed with distilled water twice
for 10 min, and then incubated for 20 h in the developing
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Figure 3. Active mDial induces invasion of non-invasive breast cancer cells
by modulating MMP-2 activity. (A) Western blotting results for mDial
expression in MDA-MB-231 and MCF-7 cells. (B and C) MCF-7 cells
transfected with vector alone or mDial-CA were subjected to zymography
and invasion assays. Overexpression of mDial-CA resulted in increased
activity of MMP-2, but not MMP-9. Transwell assay indicated that invasion
of MCF-7 cells expressing mDial-CA is promoted markedly more than inva-
sion of MCF-7 cells expressing GFP alone. “P<0.01 vs. the GFP group. MMP,
matrix matalloproteinase; mDial, mammalian diaphanous-related formin 1;
CA, constitutively active; GFP, green fluorescent protein.

buffer [50 mM Tris-HCI (pH 7.5), 5 mM CacCl,, and 0.02%
NaN;]. Gels were stained with 0.5% Coomassie blue R-250
(Sigma-Aldrich) for 10 min and destained with a solution
of 10% methanol and 10% acetic acid until the gelatinolytic
bands were visualized.
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Statistical analysis. The differences between controls and
treatment groups were analyzed by Student's t-test using
Microsoft Excel software. The data were expressed as the
mean =+ standard deviation of three independent experiments.
P<0.05 was considered to indicate a statistically significant
difference.

Results and Discussion

mDial controls invasion of breast cancer cells via MMPs. To
compare the mDial protein expression levels between normal
and cancer tissue samples, immunohistochemical analysis
was performed using a tissue microarray chip that contained
30 healthy individuals or normal tissue adjacent to the cancer
and 29 cancer tissue samples. Among the tested samples,
mDial expression was upregulated in a number of cancers, and
particularly breast cancer tissue samples (Fig. 1A). To examine
the effect of mDial-CA overexpression on breast cancer cell
invasion, highly invasive MDA-MB-231 cells were trans-
fected with the mDial-CA plasmid and the invasive ability
was examined. As presented in Fig. 1B, forced expression of
mDial-CA resulted in higher breast cancer cell invasion than
that of mock-transfected cells. As mDial knockdown results
in decreased breast cancer cell invasion (data not shown) (18),
it is likely that mDial is directly involved in breast cancer cell
invasion.

It is well known that MMPs are required to induce inva-
sion of various cancers (19,20). Thus, invasion assays were
performed following treatment with a general MMP inhibitor,
GM6001, using MDA-MB-231 cells transfected with either
mock or mDial-CA plasmids. The invasion of MDA-MB-231
cells induced by overexpression of mDial-CA was markedly
reduced in mock- and mDial-CA-transfected cells following
GM6001 treatment (Fig. 1B). Furthermore, gelatin zymog-
raphy using conditioned media prepared from the mock- and
mDial-CA-transfected cells demonstrated that MDA-MB-231
cells secreted MMP-2 and MMP-9, and that MMP-2 activity
was markedly increased by mDial-CA overexpression
(Fig. 1C), indicating that the invasion of MDA-MB-231 cells
regulated by mDial may be dependent on MMP activity.

MMP-2 is involved in MDA-MB-231 cell invasion via
mDial. To investigate whether MMP activity is specifically
required for mDial-mediated cancer invasion, siRNAs for
MMP-2 or MMP-9 were transfected into MDA-MB-231 cells
overexpressing mDial-CA and cell invasion was analyzed.
Each siRNA decreased the transcript levels of MMP-2 and
MMP-9 by >90% (Fig. 2A). Furthermore, the results of
gelatin zymography performed using the conditioned media
obtained from the siRNA-transfected cells demonstrated
that each siRNA specifically decreased secretion of the
corresponding MMP without affecting secretion of the
other MMP (Fig. 2B). The invasive capacity of the cells
overexpressing mDial-CA was investigated by silencing
MMP expression. The invasion assay demonstrated that
MMP-2-silenced MDA-MB-231 cells exhibited markedly
lower mDial-CA overexpression-induced invasive capacity
than MMP-9-silenced cells (Fig. 2C). These findings suggest
that mDial is likely involved in the regulation of MMP-2
secretion to induce invasion of breast cancer cells.
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mDial promotes cell invasion via regulation of MMP-2
activity. To investigate whether MMP-2 secretion induced by
mDial-CA is sufficient to promote invasion of breast cancer
cells, the effect of mDial-CA expression on the activation
of MMP and invasion of non-invasive breast cancer MCF-7
cells, which have lower mDial expression than MDA-MB-231
cells, was investigated (Fig. 3A). Gelatin zymography
using conditioned media prepared from the mock- and
mDial-CA-transfected cells demonstrated that MCF-7 cells
secrete MMP-2 and MMP-9 and that forced expression of
mDial-CA significantly induced MMP-2 activity, whereas
MMP-9 activity was not markedly affected (P<0.001; Fig. 3B).
The invasion assay indicated that control MCF-7 cells show
little invasion into the membrane, whereas overexpression of
mDial-CA in MCF-7 cells resulted in significantly higher
cell invasion than that of mock-transfected cells (P<0.001;
Fig. 3C). These results indicated that mDial is responsible for
the invasive phenotype of breast cancer cells and MMP-2 is
likely to mediate the invasion induced by mDial.

As mDial regulates actin filaments, previous studies
have suggested that it is key in cell invasion via the actin
assembly (18,20,21). It has been reported that an actin-binding
protein, cortactin, modulates the secretion and membrane
expression of invadopodium-associated MMPs, including
MMP-2 and MMP-9 in various cell types, such as vascular
smooth muscle cells, head and neck squamous cell carci-
nomas, and breast cancer cells (22). As knockdown of mDial
expression also reduces cortactin expression in malignant
glioma cells (23), it is possible that mDial modulates MMP-2
and MMP-9 secretion via regulation of cortactin expression.
In addition, results from the present study demonstrate that
expression of MMP-2 is associated with breast cancer cell
invasion induced by mDial-CA (Fig. 2C). Although mDial and
cortactin are important proteins for invasion in various cells,
the detailed mechanism underlying the regulation of MMP
secretion by mDial and cortactin requires further elucidation;
this regulation may be cell type- and context-dependent.

MMP-2 and MMP-9 are highly linked to invasion of
cancer cells, including breast cancer cells; however, the relative
importance of MMPs for breast cancer cell invasion remains
controversial (24-26). Although such effects may depend on
experimental conditions, results from the present study demon-
strated that increased invasion via mDial-CA overexpression
is specifically inhibited by knocking down MMP-2, while
the effect of MMP-9 knockdown was not marked (Fig. 2C).
These results suggest that MMP-2 and MMP-9 were involved
in breast cancer cell activity; however, MMP-2 may be a major
proteinase regulator of breast cancer cell invasion induced by
mDial.

In conclusion, the mDial protein expression level is elevated
in a number of types of cancer, including kidney, prostate,
and breast cancer. Overexpression of mDial-CA promoted
invasion of MDA-MB-231 cells, which was reduced by the
addition of an MMP inhibitor. In addition, invasion induced by
overexpression of mDial-CA was significantly decreased by
silencing MMP-2. Furthermore, overexpression of mDial-CA
induced invasion of MCF-7 cells due to increased MMP-2
activity. Results from the present study suggested that mDial
is an important regulator of breast cancer cell invasion and that
its effects may be mediated by MMP-2 activity.
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