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Abstract
MicroRNAmiR-335 has been reported to have both tumor suppressor and oncogenic activi-

ties. In order to determine possible tissue and cell type differences in response to miR-335,

we examined the effect of miR-335 on cell expression of MT1-MMP, a proteinase commonly

expressed in tumors and associated with cell proliferation and migration. miR-335

increased cell surface expression of MT1-MMP in fibrosarcoma HT-1080 and benign pros-

tate BPH-1 cells, but not in prostate LNCaP or breast MCF-7 tumor cells. miR-335 stimu-

lated proliferation and cell migration in a wound healing in vitro assay in HT-1080, BPH-1,

and U87 glioblastoma cells, cells which demonstrated significant cell surface expression of

MT1-MMP. In contrast, miR-335 did not affect proliferation or migration in cells without a

prominent plasma membrane associated MT1-MMP activity. Our data suggest that differ-

ences in response to miR-335 by tumor cells may lie in part in the mechanism of regulation

of MT1-MMP production.

Introduction
MicroRNAs (miRNAs) are a class of small (~21 nucleotides) noncoding RNAs that regulate
important cellular pathways of diverse normal biological processes including cell proliferation,
differentiation, motility, development and apoptosis, as well as pathologies such as cancer.
They negatively regulate gene expression by binding to 3’-untranslated regions (3’-UTRs) of
specific mRNAs and block their translation or promote their destruction. Each miRNA can
regulate multiple target genes and each mRNA in turn can contain target sites that interact
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with other miRNAs. It is estimated that approximately one third of all mammalian protein-
coding genes are directly regulated by miRNAs [1]. In this manner, miRNAs can potentially
function in cancer as oncogenes or tumor suppressors, depending on the function of the pro-
teins and their levels being regulated. In this regard, miRNAs have been found to promote
(e.g., miR-106, miR-373, miR-520c) and suppress (e.g., miR-335, miR-31, miR-206, miR-146a/
b) specific steps in metastatic pathways. miR-335 is considered a tumor suppressor as it was
found to be down-regulated in breast cancer [2–4], an effect resulting in part from genetic dele-
tion of miR-335 and hyper-methylation of its promoter [5]. Over expression of miR-335 in
breast cancer cells suppressed migration, invasion and metastatic colonization without inhibit-
ing proliferation [2]. Additional studies of this miRNA found it to be down-regulated in clear
cell renal cancer [6], pediatric acute lymphoblastic leukemia [7], non-small cell lung cancer [8],
and in differentiation of mesenchymal stem cells [1]. However, other studies of miR-335 have
found it to be elevated in multiple myeloma [9], meningiomas [10], human glioma [11], colo-
rectal cancer [12, 13], and malignant astrocytomas [14]. In contrast to the breast cancer studies
above, over expression of miR-335 was determined in tissues of that cancer [15], and both up-
and down-regulation of miR-335 have been reported for gastric cancer [16, 17].

There is substantial evidence for a causal role of matrix metalloproteinases (MMPs), espe-
cially membrane-type 1 MMP (MT1-MMP, MMP-14), in mediating pericellular proteolysis of
a large array of proteins that regulate cell properties such as adhesion, proliferation, and motil-
ity, which in turn enable tumor cells to become invasive and metastatic [18–25]. MT1-MMP
has been implicated in the aggressiveness of a variety of cancers and the cell surface activation
of proMMP-2 and proMMP-13 facilitates MT1-MMP in this role. The expression and function
of MT1-MMP are controlled at multiple levels including transcription, translation, activation
of the pro-enzyme by pro-protein convertases, inhibition by specific inhibitor proteins (TIMPS
and RECK), and trafficking to and from the cell surface [21–23, 26, 27]. In view of the diver-
gent reports indicating miR-335 can have tumor suppressor or promoter roles in different
tumors, we proposed to study the cell surface expression of MT1-MMP, a tumor cell property
central to tumor growth, invasion and metastasis. Our study indicates that miR-335 can regu-
late cell surface MT1-MMP levels in some tumor cells, a property accompanied by increased
motility and proliferation in these cells.

Materials and Methods

Cell culture, treatment conditions, and transfection
Human fibrosarcoma cell line HT1080, human breast cancer cell lines MCF7 and MDA-MB-
231, and human primary glioblastoma cell line U87 were from ATCC (Monassas, VA); colon
cancer cell line HCT116 (originally from ATCC, Manassas, VA) and the immortalized human
benign prostate hyperplasia epithelial cell line BPH-1 [28] were kindly provided by Dr. Clifford
Steer and Dr. Haojie Huang, University of Minnesota, respectively. HCT116 and BPH-1 cells
were routinely cultured in RPMI-1640 media and HT1080, U87, MCF7, and MDA-MB231
cells using DMEMmedia. Both media were supplemented with 10% heat-inactivated FBS and
1% (V/V) penicillin-streptomycin (10,000 U/ml penicillin and 10 mg/ml streptomycin in 0.9%
NaCl). All cells were cultured within a growth chamber with 5% CO2 and 95% air at 37°C.
Upon reaching 60–70% confluence, the cultures were changed to serum-free medium or media
with 5% heat inactivated FBS and appropriate treatment agents and were continuously cultured
for 60 hr [48 h for Concanavalin A (ConA)experiments] at which time culture media, cell pro-
tein extracts, or cellular RNA were isolated. Treatments included 0, 10 or 50 μg/ ml ConA
(Sigma Chemical Co., St. Louis, MO). Media were centrifuged at 12,000 rpm for 10 min, and
frozen and stored at -80°C until used. Cell protein extracts were prepared by homogenizing
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cells with 100 μl SoluLyse MMammalian Protein Extraction Reagent proprietary nonionic
detergent (cat L-30012, Genlantis Inc., San Diego, CA) in 25 mM Tris pH 7.4 and 250 mM
sucrose and containing a mixture of protease inhibitors (cat No. 11836153001, Roche Diagnos-
tics GmbH, Mannheim, Germany). miR-335 mimic and miR-control were purchased from
Ambion (Foster City, CA) and were transfected into cells using Lipofectamine 2000 in accor-
dance with the manufacturer’s procedure (Invitrogen, Carlsbad, CA).

Gelatin zymography
Zymographic gel assays of culture media were performed as described previously [29]. Equal
amounts of serum-containing media (5 μl) were subjected to electrophoresis in triplicate 0.1%
gelatin-8.5% polyacrylamide gels in the presence of sodium dodecyl sulfate (SDS) under non-
reducing conditions. After electrophoresis, gels were rinsed with distilled water, washed with
2.5% Triton X-100 solution at room temperature with gentle agitation (2Xs for 15 min) to
remove SDS, and incubated in reaction buffer (50 mM Tris-HCl pH 8.4, 5 mM CaCl2, 10 μM
ZnCl2 and 0.02% NaN3) at 37°C overnight (16–18 h). The gels were subsequently stained with
Coomassie blue, destained, and gelatinolytic activity of MMPs was visualized as a clear band
against a dark background of stained gelatin.

Western blotting
After culturing transfected cells 60 h, cells were harvested and protein extracts prepared and
analyzed by western blotting [29, 30] to assess the level of proteins expressed. Proteins (50 μg)
were electrophoresed in 12% polyacrylamide gels in the presence of SDS and reducing condi-
tions and blotted onto PVDF membranes. Antibodies used were anti-human MT1-MMP (sc-
30074, 1:500, Santa Cruz Biotechnology, Dallas, TX), and anti-human GAPDH (sc-
25778,1:500, Santa Cruz Biotechnology) followed by a goat anti-rabbit IgG-HRP (sc-2004,
1:4,000, Santa Cruz Biotechnology). The bands were detected using the ECL Plus Western Blot-
ting Detection Reagents (Amersham, Little Chalfont, Buckinghamshire, UK) according to
specifications. Quantification of western blots was done by using Adobe Photoshop C53
Extended to measure the gray / intensity on a black/white inversion of the blot.

RNA extraction and quantitative real time-PCR (qPCR)
Total RNA and microRNAs were isolated from cells using the miRvana miRNA isolation kit
following the manufacturer’s protocol (Ambion, Applied Biosystems, Grand Island, NY).
cDNA synthesis was performed at 37°C for 60 min and 95°C for 5 min by using a miScript
Reverse transcription kit (Qiagen, Valencia, CA). EMMPRIN and MT1-MMPmRNA and
miR-335 were examined in a LightCycler 480 (Roche Applied Science, Indianapolis, IN) by
using QuantiTect SYBR Green PCR kit according to the manufacturer’s protocol (Qiagen).
GAPDH and U6 were used as internal controls to check the efficiency of cDNA synthesis and
PCR amplification [31]. The PCR primers were MT1-MMP: (forward) 5’
GGGTCTCAAATGGCAACATAATGA 3’ and (reverse) 5’ ATGGAAGCCCTCGGCAAA 3’;
EMMPRIN (CD147): (forward) 5’ CCATGCTGGTCTGCAAGTCAG 3’ and (reverse) 5’
CGTTGCACCGGTACTCGC 3’.

Wound healing/scratch test
In brief, cells were seeded in 12 well plates. After growth to about 70–80% confluency, cells
were transfected with the miR-335 mimic or control miR, and then grown to confluency. Cell
motility was then tested using a wound healing assay in which a scratch was made along the
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axis of the plate using a 10 μl pipette tip. Cells were washed two times with PBS buffer to remove
free cells, complete media with 5% FBS was added, and cells were grown under normal condi-
tions. Migration of cells into the scratch was photographed every 4 h. Quantification was carried
out with Sigma Scan Pro version 5.0 software by measuring the remaining area of the wound.

Cell proliferation assay
Cell proliferation was measured using the Cell Counting Kit-8 (CCK-8) of Dojindo Molecular
Technologies, Inc. (Rockville, MD) following the manufacture’s protocol. In the assay the tetra-
zolium salt WST-8 is reduced by dehydrogenase activities of the cells to give a yellow color for-
mazan dye, which is proportional to the number of living cells.

Immunostaining and confocal microscopy
Confocal microscopy was carried out as described previously [30]. Cells were grown on glass
cover slips and treated as indicated. After culture for 48 hr in 10% FBSmedia, cells were fixed
with 4% paraformaldhyde, incubated with 0.1% Triton X-100 in PBS, blocked with 3% goat
serum in PBS, and then incubated with mouse anti-humanMT1-MMP antibody (Santa Cruz Bio-
technology) overnight at 4°C. The secondary antibody was Alexa Fluor488-labeled goat anti-
mouse IgG (Invitrogen, Carlsbad, CA). Confocal microscopy was carried out in the University of
Minnesota Imaging Center using an Olympus FluorView 1000 BX2 Upright Confocal Microscope
with a 60X oil objective. The images were processed in Power Point 14.3.1 software for Mac.

Data analysis and statistics
Experiments were carried out with three replicates. All quantitative data were presented as
mean +/- S.D. Statistical analysis was done with ordinary one-way ANOVA for Quantitative
Real Time PCR and two-way ANOVA for cell proliferation assay using the Prism 6 for Mac
OSX computer program. Values of p<0.05 were considered significant.

Results
The role of miR-335 on possible regulation of MT1-MMP expression was undertaken using
qPCR in HT-1080 fibrosarcoma and U87GM glioblastoma tumor cells, and in BPH-1 nonmalig-
nant prostate cells. The endogenous levels of miR-335 in untreated HT-1080 cells was substan-
tially lower than either BPH-1 or U87GM cells, by about 15 and 25 fold respectively (Fig 1A).

The effect of miR-335 on cell surface MT1-MMP function was tested by examining the abil-
ity of cells to activate proMMP-2 present in the serum of the cell culture media (Fig 1B). miR-
335 increased proMMP-2 processing in the human fibrosarcoma cell line HT-1080 and in the
benign prostatic hyperplasia cell line BPH-1, but not the glioblastoma cell line U87-GM. The
effect of miR-335 on proMMP-2 processing was enhanced in HT-1080 and BPH-1 cells by
ConA, and although ConA stimulated proMMP-2 activation in U87GM cells, there was no fur-
ther effect of miR-335 on this process. MCF7 and MDA-MB-231 breast cancer cell lines did
not demonstrate proMMP-2 activation even with ConA, indicating the absence of MT1-MMP
on the cell surface. These cells also showed no response to miR-335 on cell surface activation of
proMMP-2 (data not shown). Pro-MMP-9 was secreted by BPH-1 and HT-1080 cells into the
media, but the amount expressed was not increased with ConA, miR-335, or combination of
ConA and miR-335 treatment. In addition, there was no activation of pro-MMP-9 detected in
the zymographic gels without or with addition of miR-335 (data not shown).

The levels of MT1-MMP transcript were measured by qPCR in BPH-1 and HT-1080 cells
and were found to be increased by treatment with miR-335 in the former but not the latter (Fig
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1C). The level of MT1-MMP transcript was increased by miR-335 as compared to a control
miRNA or sham treated cells. In addition, the levels of transcripts for EMMPRIN, an inducer
of MMP expression [18], were found to be increased in BPH-1, but relatively decreased in HT-
1080 cells. The protein levels of MT1-MMP were not changed in BPH-1 cells treated with
miR-335 alone or together with ConA (Fig 1D and 1E) but demonstrated a small elevation in
miR-335 stimulated HT-1080 cells treated with ConA (Fig 1D and 1E). The distribution of
MT1-MMP in HT-1080 cells was also examined by confocal microscopy (Fig 2). Treatment
with miR-335 increased the cell surface localization of MT1-MMP as compared with cells
transfected with the control miRNA sequence. This effect supports the increased level of
proMMP-2 activation found in Fig 1B. Blocking the effect of miR-335 by using an inhibitor
decreased the level of MT1-MMP expression, as well as surface localization.

Having found miR-335 to affect differences in cell surface localization of MT1-MMP, we
examined the effect of miR-335 on cell migration and proliferation. Both HT-1080 and BPH-1
cells transfected with miR-335 showed increased motility compared to cells untreated or

Fig 1. The effect of miR-335 on MT1-MMP expression and cell surface activation of proMMP-2. (A) The expression of miR-335 in untreated HT-1080,
BPH-1 and U87GM cells as measured by real-time RT-PCR. The base-line level of miR-335 was about 15 and 25 fold greater in BPH-1 and U87GM cells
respectively, than in HT-1080 cells. (B) miR-335 stimulation of cell surface MT1-MMP activity. The addition of miR-335 in contrast to a control miR (miRNC)
or no addition stimulated proMMP-2 activation in HT-1080 and BPH-1 cells, but not U87GM cells. The addition of ConA increased proMMP-2 activation in all
three cell lines, and miR-335 stimulated proMMP-2 activation in HT-1080 and BPH-1, but not U87GM cells. (C). The effect of miR-335 on expression of
mRNA for MT1-MMP and EMMPRIN in relation to control no addition or control miRNA (miR-NC) as determined by real-time RT-PCR in BPH-1 and HT-1080
cells. The messages for both MT1-MMP and EMMPRIN were increased by miR-335 in BPH-1 cells but were unchanged (MT1-MMP) or decreased
(EMMPRIN) by miR-335 in HT-1080 cells. (D and E) The effect of miR-335 on the protein levels of MT1-MMP in BPH-1 and HT-1080 cells determined by
immuno-blotting (D) and quantification of the level of MT1-MMP as the ratio of MT1-MMP/GAPDH (E). The level of MT1-MMP was increased in HT-1080 cells
treated with miR-335 alone or with addition of ConA. No change in the level of MT1-MMP in BPH-1 cells was evident.

doi:10.1371/journal.pone.0132026.g001
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treated with the control miR in an in vitro (scratch test) wound healing assay (Fig 3). In con-
trast, U87GM cells, and MCF7 and MDA-MB-23 breast cancer cells did not respond to miR-
335 in change of rate of filling the void with cells (data not shown). HT-1080 and BPH-1 cells
responded to miR-335 with increased cell proliferation, HT-1080 at 72 and 96 hours post-treat-
ment, and BPH-1 cells at 96 hours (Fig 4). U87GM cells demonstrated a small enhancement of
cell proliferation at 72 hrs, whereas HCT116 cells did not change their rate of proliferation and
MCF7 and MDA-MB-231 cells showed a decreased rate of proliferation in response to miR-
335. The response to miR-335 resulting in increased cell migration and proliferation occurred
in those cell lines that responded to the microRNA with increased cell surface localization of
MT1-MMP.

Discussion
Our studies have shown that tumor cell lines that respond to miR-335 with increased cell sur-
face MT1-MMP also demonstrated increased cell proliferation and migration. BPH-1cells also
had increased expression of EMMPRIN, a protein which stimulates MMP production [18].

Fig 2. The effect of miR-335 on cell surface localization of MT1-MMP as determined by confocal microscopy in HT-1080 cells. The level of cell
surface MT1-MMP observed in control miR treated cells was reduced by treatment with a miR-335 inhibitor. In contrast, cell surface localization of MT1-MMP
was increased by miR-335. The bars indicate 20 microns.

doi:10.1371/journal.pone.0132026.g002
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Thus, the role of miR-335 in up-regulating MT1-MMP expression may lie upstream of
MT1-MMP by blocking synthesis of protein transcription factors that prevent up-regulation of
the MT1-MMP gene. This proposed mechanism of MT1-MMP expression regulation in our
study is evident for miR-106 which targets HOXD10, a transcriptional repressor that inhibits
several genes involved in cell migration and extracellular matrix remodeling, including
MT1-MMP and uPAR [32–34]. In contrast, miRNAs can also block expression of transcription
factors that positively regulate MT1-MMP expression. miR-145 down regulates HIF-2α by tar-
geting its 3’-UTR, and by decreasing the level of this transcription factor, repressed expression
of downstream genes cyclin D1, VEGF, and MT1-MMP, and via this means, tumor cell growth,
invasion, and metastasis [35]. miRNAs can also negatively regulate MT1-MMP expression by
directly blocking MT1-MMPmRNA translation. In this light, decreased MT1-MMP expres-
sion by miR-9, miR-133a, and miR-24 is achieved by directly targeting putative binding sites in
the 3’-UTR of MT1-MMPmRNA [36–38]. The differences in tumor cell MT1-MMP expres-
sion response to miR-335 may lie in differences in tissue specificity reflected in predominance
of certain cellular regulatory pathways and the overall balance of genes targeted by miR-335.
Utilizing bioinformatics data, Yan et al. [16] determined 255 genes were predicted as targeted
by miR-335 and many of these were in the same pathways such as p53, MAPK, TGFβ, Wnt,
ERbB, mTOR, and focal adhesion. MT1-MMP was not indicated as a target, nor did we find a

Fig 3. The effect of miR-335 on cell migration of HT-1080 and BPH-1 cells in an in vitro model of wound healing. Treatment of cells with miR-335
increased the rate of cell migration observed at 4 and 8 hours after a scratch was made in a confluent layer of cells using a pipette tip. The data were
quantified as Remaining Area of Wound (μ2).

doi:10.1371/journal.pone.0132026.g003
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binding site in the 3’-UTR of MT1-MMP in the NCBI Database utilizing TargetScanHuman
(Version 6.2). Our data suggest that the differences in response to miR-335 by tumor cells may
lie in part in the mechanism of regulation of MT1-MMP production.

The HT-1080 and BPH-1 cells which responded to miR-335 with increased cell surface
MT1-MMP localization, and U-87 cells, which did not respond to miR-335 but already had a
strong presence of MT1-MMP on the cell surface, were stimulated to proliferate by miR-335.
U87 cells, which had a higher endogenous level of miR-335 than HT-1080 and BPH-1 cells,

Fig 4. The effect of miR-335 on cell proliferation. Cell proliferation was measured using the CCK-8 assay. Increased levels of proliferation in miR-335
treated cells were found at 72 and 96 hrs for HT-1080, 96 hrs for BPH-1, and 72 hrs for U87GM cells. There was no change in rate of proliferation in HCT116,
and a decrease in proliferation of MCF7 and MDA-MB-231 cells.

doi:10.1371/journal.pone.0132026.g004
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have a significant amplification of the miR-335 locus [14] and may have sufficient endogenous
miR-335 so that an additional MT1-MMP response to miR-335 is not observed. Those cell
lines with little or no cell surface MT1-MMP activity did not respond to miR-335 with prolifer-
ation. miR-335 appears to control growth by blocking cell proliferation by targeting certain
genes; e.g., RASA1 in rat epididymal development [39], SP1 and Bcl-w in non-small cell lung
cancer [8], SOX4 and TNC in breast cancer [2], ROCK1, MAPK1, and LRG1 in neuroblastoma
[40], and Rb1 in U2OS osteosarcoma cells [41]. Thus, decreasing levels of miR-335 rescues
cells from their negative regulatory mechanisms resulting in increased growth and invasive
character of the tumor. On the other hand, miR-335 can target genes that suppress cell prolifer-
ation. Cell proliferation is increased in U87 cells via Wnt/PCP signaling by miR-335 decreasing
DAAM expression [14] and miR-335 targets RB1 in meningioma cells resulting in increased
cell growth and inhibited cell cycle arrest at the GO/G1 transition [10]. Up-regulation of miR-
335 in glioma cells reduces expression of PAX6, thus promoting cell proliferation and is
accompanied by increased protein levels of MMP-2 and MMP-9 [42]. These data indicate
miR-335 has a complex role in tumorigenesis and its regulatory function may be tissue specific.

MT1-MMP promotes cell proliferation in several ways. It can affect the cell microenviron-
ment by cleaving type I collagen in 3 dimensional (3 D) gels to produce areas for cell growth
[21, 22], by destructing or impeding formation of 3D fibronectin matrices enclosing cells [43],
by shedding of growth factors such as TGFβ from the extracellular matrix [44], or cleaving cell
surface proteins such as notch 1 in melanoma cells [45]. Studies have also indicated that
MT1-MMP may stimulate cell proliferation and migration (independent of its proteolytic
activity) by activating the Ras-Raf-ERK signaling cascade through binding TIMP-2 [22, 46]
and by functions not at the cell surface; i.e., localizing to centrosomes of dividing cells (includ-
ing cells with low levels of MT1-MMP expression) where it can cleave pericentrin-2 [47]. Gene
expression profiling has identified a number of target downstream genes linked transcription-
ally to MT1-MMP expression; these genes include regulators of a number of cellular functions
fundamental to cell proliferation and migration [48].

The same cells stimulated to proliferate by miR-335 also responded to the miRNA in filling
the void of cells created in the in vitro wound healing assay, and those cells with little/no cell
surface MT1-MMP did not. A considerable amount of MT1-MMP in many cells is intracellu-
lar, whereas, cell surface MT1-MMP expression is usually weak and may be in a complex with
TIMP-2 [21, 49]. Control of cell surface localization and distribution of MT1-MMP involves
its cytoplasmic domain and is regulated temporally and spatially by interaction with plasma
membrane proteins such as the tetraspanins [21, 22]. A role for MT1-MMP in cell migration
and invasive behavior has been supported by numerous studies. MT1-MMPmediates invasion
of hydrogels with pore sizes of 1–2 μm in diameter in which proteolysis results in matrix pore
size sufficient to permit protease-independent cell migration [50]. Cell locomotion may be
mediated by an amoeboid motility utilizing elevated actomyosin contractility allowing cells to
extend bleb-like protrusions or in part by invadopodia which are specialized actin-rich adhe-
sion protrusions of cells in which MT1-MMP is the primary protease component. MT1-MMP
is transported from the Golgi via endosomes to the cell surface, and invadopodia, in response
to extracellular stimuli via ligand activating mitogenic receptor tyrosine kinases and subse-
quently internalized via the endo/exocytic pathway to lysosomes for degradation or to be recy-
cled back to the cell surface [49]. In addition, cleavage of extracellular matrix proteins such as
type I collagen (a well-established substrate of MT1-MMP [18, 22, 23]) and cellular proteins
such as syndecan-1, CD44, and laminin-322 by MT1-MMP speeds migration of cells in culture
and keratinocyte outgrowth from skin explants in vitro is reduced in MT1-MMP-/- mice [51].

In conclusion, the data presented here suggest that a distinction in cell types that respond to
miR-335 by increased cell proliferation and migration is related to their ability to place
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MT1-MMP on the cell surface. The functional role of miR-335 in the up-regulation of
MT1-MMP remains to be established but would appear to involve down-regulation of gene
products that would negatively regulate MT1-MMP expression, or expression of a protein like
EMMPRIN, which in turn stimulates MT1-MMP production.
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