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Abstract
MT1-MMP is a key integral membrane protease which regulates tumor growth by cleaving
extracellular matrix components, activating growth factors and receptors, and consequently,
triggering downstream signals. To study what genes or pathways are mediated by endogenous MT1-
MMP during tumor growth in vivo, we stably suppressed endogenous MT1-MMP in human tumor
cells using RNA interference. Tumor growth was significantly reduced in tumors derived from MT1-
MMP suppressed cells relative to control cells; the effect was rescued in cells engineered to re-express
MT1-MMP expression. Gene expression profiling of cultured and tumor derived cells by DNA
microarray and real-time RT-PCR revealed that Smad1 expression was upregulated in MT1-MMP
expressing cells and rapidly growing tumors; this was confirmed in four additional tumor cell lines.
Furthermore, tumor growth of MT1-MMP expressing cells was reduced when Smad1 was suppressed
by RNA interference. We also found that the active form, but not the latent form, of TGF-β was
capable in promoting Smad1 expression and 3D cell proliferation in MT1-MMP suppressed cells.
In addition, a dominant-negative form of the TGF-β type II receptor reduced Smad1 expression in
MT1-MMP expressing cells. Thus, we propose that MT1-MMP functions, in part, to promote tumor
growth by inducing the expression of Smad1 via TGF-β signaling.
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Introduction
The cell surface-bound protease membrane type 1 matrix metalloproteinase (MT1-MMP) is a
potent modulator of the pericellular environment. Studies have found that over-expression or
conditional expression of MT1-MMP enhances tumor growth of many different types of tumor
cells.1–3 Dominant-negative mutants in several cell lines demonstrated that the catalytic
domain of membrane-bound MT1-MMP is responsible for tumor activity.1 The catalytic
domain is necessary for the activation of many other proteases such as proMMP-2 and the
processing of extracellular matrix (ECM) components, which have been thought to be
important for its tumor-promoting ability. Hotary and colleagues4 have shown that MT1-MMP
regulates cellular proliferation in both three-dimensional (3D) collagen and within the tumor
microenvironment by controlling cell geometry within the confines of the 3D ECM, a function
that requires pericellular proteolysis of the ECM.

MT1-MMP may also play a role in tumor growth by activating growth factors and receptors.
Although a potential signaling pathway controlling MT1-MMP dependent tumor growth is not

1 To whom requests for reprints should be addressed, at Department of Medicine, HSC T15, Rm. 053, Stony Brook University, Stony
Brook, NY 11794-8151. Phone: (631) 444-6948; Fax: (631) 444-7530; Email: wenchen@notes.cc.sunysb.edu.
Statement of novelty and impact – Our work advanced the understanding of the molecular mechanism regarding how the endogenous
cell surface protease MT1-MMP functions to enhance tumor growth. Specifically, we showed that MT1-MMP promoted tumor growth
by enhancing the expression of Smad1 via TGF-β signaling.

NIH Public Access
Author Manuscript
Int J Cancer. Author manuscript; available in PMC 2007 November 21.

Published in final edited form as:
Int J Cancer. 2007 September 1; 121(5): 966–977.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



available, many signaling pathways are associated with tumor growth. For instance, bone
morphogenetic protein-2 (BMP-2) and transforming growth factor-β (TGF-β) and their
associated signaling pathways can promote growth.5–8 Smad1 is an important transducer of
both BMP-2 and TGF-β signals and has been shown to enhance tumor progression.9–14 Smad1
is also involved in the crosstalk between BMP/TGF-β and Ras/MEK pathways and regulation
of these pathways is critical for tumor progression.15,16 Although it is known that Smad1
directly regulates transcription of a variety of genes implicated in tumor growth such as
collagen IV17, myc18, and p21WAF1/Cip119, it is not yet clear what mediates Smad1
expression.

The purpose of this study was to determine a functional linkage between MT1-MMP and a
signaling pathway that regulates tumor growth. We stably suppressed endogenous MT1-MMP
expression in human tumor cells using a novel RNA interference (RNAi) vector to study MT1-
MMP-dependent tumor growth in vivo. This approach enabled us to use gene expression
profiling to determine potential gene candidates that may contribute to the significant reduction
of tumor growth when MT1-MMP was suppressed. We found through microarray analysis and
confirmed by real-time RT-PCR that Smad1 was a gene product whose expression positively
correlated with MT1-MMP in five tumor cell lines (HT1080, PC3, SW620, SKOV3, and
MDA231) and was suppressed when MT1-MMP was knocked down in three different cell
lines. In addition, RNAi knockdown of Smad1 in MT1-MMP expressing HT1080 cells
impaired tumor growth. Furthermore, we discovered that active TGF-β, but not many other
growth factors nor latent TGF-β, was able to induce Smad1 expression and 3D cell proliferation
in MT1-MMP suppressed cells. Lastly, a dominant-negative form of the TGF-β type II receptor
reduced Smad1 expression in MT1-MMP expressing cells. Together, these results link the
signaling molecule Smad1 to MT1-MMP-mediated tumor growth. A model for the proposed
signaling pathway involving the promotion of tumor growth by MT1-MMP is discussed.

Materials and Methods
RNA interference and rescue plasmid constructs

The RNAi vector was constructed by inserting the U6 promoter into pEGFPC1 (Clontech,
Mountain View, CA) and named pGUS. To design the DNA oligonucleotides for expression
of MT1-MMP and Smad1 specific short hairpin RNAs (shRNAs), sense strand sequences were
identified by scanning the length of the target mRNAs for the AAG sequence. The sequences
beginning with G and including an additional 26 downstream nucleotides were analyzed by a
BLAST search to ensure that both the sense sequences and their corresponding antisense
sequences did not have significant homology to other genes. The 27-nt sense sequences were
inserted into pGUS immediately downstream of the U6 promoter between the Bpu AI and
BspLU11I sites, followed by a 7-nt spacer bearing a Hind III site, the 27-nt antisense strand
sequence, and the U6 terminator sequence consisting of 6 thymidines. The DNA
oligonucleotides that were synthesized to create the RNAi vectors in this study corresponded
to nucleotides 98–124, 122–148, 2475–2501 of the MT1-MMP cDNA (gi:13027797) and 394–
420, 1868–1894, 2651–2677 of the Smad1 cDNA (gi:1332713). An additional DNA
oligonucleotide was created based on the random sense strand sequence 5’-
AGCACTGACGAAGCGCGGA-3’.

To generate the MT1-MMP rescue vector, the open reading frame of MT1-MMP was inserted
into the pcDNA3.1/Zeo vector (Invitrogen, Carlsbad, CA) and was driven by the full-length,
endogenous MT1-MMP promoter rather than the CMV promoter. The MT1-MMP promoter
was amplified from human genomic DNA using the following primers: 5’-
CTGACGATCTCGAGTGGAACTAAACCCCAGAGTCC-3’ and 5’-
CTGAAGCTAAGCTTG GTCCGAGACCACCGGGTCAG-3’.
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Cell culture and transfection
HT1080, PC3, SW620, SKOV3, and MDA231 cell lines were obtained from American Type
Culture Collection (Manassas, VA). The cells were grown in DMEM (Gibco, Grand Island,
NY) supplemented with 10% Fetal Calf Serum (Gibco), 10% Nu-Serum (BD Biosciences,
Bedford, MA), 1% L-Glutamine (Gibco), and 1% Penicillin-Streptomycin (Gibco). Cells were
maintained in a humidified 37°C incubator with 5% CO2. Cells were transfected using
Lipofectamine™ 2000 (Invitrogen) according to manufacturer’s specifications. RNAi clones
were selected based on Geneticin® (G418, Roche Applied Science, Indianapolis, IN)
resistance and green fluorescent protein (GFP) expression. The MT1-MMP rescue clone were
selected using Zeocin™ (Invitrogen). The concentrations of platelet-derived growth factor
(PDGF) and fibroblast growth factor (FGF) (StemCell Technologies Inc, Vancouver, BC),
epidermal growth factor (EGF), BMP-2, active and latent TGF-β, and the TGF-B inhibitor
(R&D Systems, Minneapolis, MN) used were based on manufacturer’s recommendations.

Quantitative real-time RT-PCR
Total RNAs were purified from cells and tumors by RNeasy® Mini Kit (Qiagen, Valencia,
CA). RNAs were reverse transcribed by 1st Strand cDNA Synthesis Kit for RT-PCR (AMV,
Roche Applied Science) with random primers supplied by the kit. The following primers were
used for real-time RT-PCR: MT1ORF-RT-left, 5’-GGAATAACCAAGTGATGGATGG-3’;
MT1ORF-RT-right, 5’-TTGTTTCCACGGAAGAAGTAGG-3’; SMAD1-RT-left, 5’-ACTG
CCTCATGTCATTTACTGC-3’; SMAD1-RT-right, 5’-
CTATTGGGAGAGTGAGGAAACG-3’; ACT-RT-left, 5’-
AGATGACCCAGATCATGTTTGA-3’; and ACT-RT-right, 5’-GCACAG CTTCTCCTT
AATGTCA-3’. All primers were specific for their respective genes as confirmed by BLAST.
Quantitect™ SYBR Green PCR Kit (Qiagen) was used to prepare PCR reactions according to
manufacturer specifications. Real-time RT-PCR was performed by Opticon machine (MJ
Research, Watertown, MA) and analyzed with OpticonMONITOR™ Analysis Software
Version 2.02 (MJ Research). PCR conditions were: 95°C for 10 min, 40 cycles of 94°C for 30
s, 60°C for 30 s, and 72°C for 90 s. To generate standard curves, the cDNA derived from GUS-2
cells was serially diluted and used in the same PCR reaction. All MT1-MMP and Smad1
expression levels were normalized to β-actin.

Western immunoblotting
Cells and tumor samples were lysed in RLN buffer (50 mM TrisCl pH 8.0, 140 mM NaCl, 1.5
mM MgCl, 0.5% Nonidet P-40) and centrifuged at 10,000 x g. Supernatants were boiled and
run on a 10% SDS-PAGE gel. Samples were transferred to nitrocellulose membrane
(Schleicher & Schuell, Keene, NH) and probed with an antibody against MT1-MMP (1:1000,
Triple Point Biologics, Forest Grove, OR) or Smad1 (1:125, Zymed Laboratories, South San
Francisco, CA). The membrane was stripped and reprobed with an actin antibody (1:1000,
Sigma, Saint Louis, MO). Signal was detected using secondary antibodies (Sigma) labeled
with horse radish peroxidase and the Western Lightning™ Chemiluminescence Reagent Plus
(PerkinElmer, Boston, MA).

Gelatin zymography
Serum-free media conditioned by different cultured tumor cells were collected and centrifuged
at 300 x g and tumor samples were lysed in RLN buffer (50 mM TrisCl pH 8.0, 140 mM NaCl,
1.5 mM MgCl, 0.5% Nonidet P-40) and centrifuged at 10,000 x g. Supernatants from the cells
and tumors were separated on a 10% SDS-PAGE gel containing 0.1% gelatin. The gel was
washed with 0.1% Triton-X-100 in TBS and incubated in 20 mM CaCl2 in TBS for two days
at 37°C. The gels were then stained with Coomassie® Brillant Blue (Bio-Rad, Hercules, CA)
to detect gelatinase activity.
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Microarray data analysis
Total RNAs from cultured and tumor derived HT1080 clones were purified by RNeasy® Mini
Kit (Qiagen) and then subjected to DNA microarraying. Generation of cRNA, labeling,
hybridization, and scanning of the Affymetrix high-density oligonucleotide microarray chip
(Hu133A, 22,283 probe sets) were performed according to the manufacturer’s specifications
(Affymetrix, Santa Clara, CA). Analysis of each chip was performed using the Affymetrix
Microarray Suite 5.1 Software to generate raw expression data. GeneSpring 7.2 software
(Silicon Genetics, Redwood City, CA) was used to perform statistical analysis and investigate
the variation in gene expression. The expression data analysis of normal and tumor tissue
samples was derived from NCBI’s Gene Expression Omnibus (GEO) Profiles Database found
at http://www.ncbi.nlm.nih.gov/geo/.

Two- and three-dimensional proliferation assays
For the two-dimensional (2D) proliferation assay, cells were seeded (1 x 104 cells/well) on 6-
well plates on day 0. On days 2, 4 and 6, cells were trypsinized, stained with 0.4% trypan blue
stain (Gibco) for cell viability, and counted using a hemocytometer.20 Each data point
represents the average of four separate quantifications. For the 3D proliferation assay, 100 nl
of thawed Growth Factor Reduced BD Matrigel™ Matrix (BD Biosciences, Bedford, MA)
was added to each well of a cold 24-well plate. The plate was rocked back and forth to coat
the bottom of the well evenly and then incubated at 37ºC for 30 min. The plate was then cooled
to 15–20ºC. Cells (5 x 103) suspended in 20 nl of serum containing media were added to 80 nl
of matrigel. The mixture was quickly added to the plate and rocked back and forth. The plates
were incubated at 37ºC. Serum containing media (100 nl) was added to each well as needed
to keep the matrigel moist. Growth was monitored daily. On day 10, the matrigel was digested
using collagenase/dispase (Roche Applied Science) and trypsin (Gibco), cells were stained
with 0.4% trypan blue stain (Gibco) and counted using a hemocytometer.20 Each data point
represents the average of four separate counts.

Tumorigenesis model
The Stony Brook University Institutional Animal Care and Use Committee has approved this
protocol. Rapidly growing cells (1 x 106 cells/site) were suspended in serum free medium and
injected s.c. (100 μl/site) into both flanks of 4- to 6-week old female Ncr nude mice (Taconic,
Hudson, NY). Tumors were measured every two days in three dimensions to calculate tumor
growth over a 24 day period. Equal sized tumors (approximately 0.144 cm3) derived from both
MT1-MMP expressing and suppressed cells were harvested and fixed in 4% paraformaldehyde
for histological analysis or placed in RNAlater (Qiagen) for subsequent RNA extraction.

Immunohistochemistry of tumors
Approximately equal sized tumor samples, days 11–14 post injection, were immediately fixed
in 4% paraformaldehyde and paraffin embedded by standard methods. Antigens were
unmasked using Antigen Unmasking Solution (Vector Labs, Burlingame, CA), endogenous
peroxidase activities were blocked with hydrogen peroxide, and sections were stained by
standard immunohistochemical techniques using antibodies against Ki67 (1:100, Novocastra,
United Kingdom) or cleaved caspase-3 (1:50, Cell Signaling Technology, Danvers, MA) for
1.5 h at 25°C. Detection was performed by incubation with a diluted biotinylated anti-mouse
or rabbit antibody (Vector Labs, Burlingame, CA) at 1:200 for 40 min at 25°C and visualized
using avidin-biotin complex method and 3,3’-diaminobenzidine (Vector Labs) according to
manufacturer’s suggestion. Sections were counterstained with Gill’s hematoxylin (Fisher
Scientific, Fair Lawn, NJ). Negative controls (mouse or rabbit serum) did not produce a stain
(data not shown). Counting was performed on three randomly chosen sections of each tumor.
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Statistical analysis
Statistical analyses were performed using GraphPad Prism® Software (GraphPad Software,
Inc, San Diego, CA). One-way ANOVA and unpaired t test were used to compare specific
groups. Values shown are the means ± SE. Statistical significance was defined as P < 0.05.

Results
Establishment and analysis of MT1-MMP RNAi and rescue clones

To examine the function of endogenous MT1-MMP in tumor growth, we used gene transfer
methods to stably suppress MT1-MMP in HT1080 human fibrosarcoma cells, which have high
endogenous levels of MT1-MMP and proMMP-2. Because short hairpin RNAs (shRNAs) can
induce sequence-specific silencing in mammalian cells,21 we generated a new RNAi vector
system, pGUS, that simultaneously directs synthesis of GFP protein and shRNAs. Fig. 1a
illustrates pGUS, its gene target inserts, and the MT1-MMP rescue vector. The pGUS vector
without a DNA oligonucleotide insert or with a random sequence, with no homology to either
a human or a mouse gene, were used as negative controls. The random shRNA had no mRNA
target and its presence did not cause any noticeable or measurable difference in the cells
compared to HT1080 parental or pGUS transfected cells. Three different MT1-MMP specific
shRNAs, MT1-98, MT1-122, and MT1-2475, were designed to target the MT1-MMP mRNA
at different locations within 5’ and 3’ untranslated regions of the mRNA (Fig. 1b).

Neomycin resistant, GFP-labeled clones were selected by quantitative real-time RT-PCR
analysis to confirm MT1-MMP suppression (Fig. 1c). GUS-1, GUS-2, RAN-1, and RAN-2
had high levels of endogenous MT1-MMP expression. For each of the three MT1-MMP
targeting vectors, MT1-98, MT1-122, and MT1-2475, two clones with the greatest suppression,
approximately 90–99%, of MT1-MMP were selected (P < 0.0001, n=3). Several of the MT1-
MMP suppressed clones were transfected with the pRESCUE vector containing the MT1-MMP
open reading frame (Fig. 1a), and after zeocin drug selection, the clone expressing the highest
level of MT1-MMP, RES-1, was selected by real-time RT-PCR (Fig. 1c). Because the MT1-
MMP specific shRNAs did not target the open reading frame, the ectopic MT1-MMP
successfully rescued MT1-MMP expression (P < 0.05, n=3) to a level approximately equal to
that of the highest expressing MT1-MMP clone, GUS-2. Consistently, suppression and rescue
of MT1-MMP protein expression were demonstrated by Western immunoblotting (Fig. 1d).

We also wanted to confirm that MT1-MMP activity, i.e. proMMP-2 activation, was also
reduced in the RNAi clones and reestablished in the MT1-MMP rescue clone. To examine
proMMP-2 activation, similar amounts of serum free conditioned media from MT1-MMP
expressing and suppressed clones were loaded on a gelatin zymogram. All MT1-MMP
expressing clones including the rescue clone were able to activate proMMP-2 to its smaller
MMP-2 form as indicated in the gel (Fig. 1e). None of the MT1-MMP suppressed clones
showed activation of proMMP-2. There was no change in proMMP-9 expression level or
activity.

We used microarray analysis to verify that the RNAi vectors and their resultant shRNAs did
not stimulate non-specific effects such as the induction of interferon target genes, previously
shown to be non-specifically induced by shRNAs in some mammalian cells22. When the mean
RNA expression levels of the top nine interferon response genes (10 probe sets) as described
by Bridge et al.22 were compared between non-shRNA expressing cells (RNAi −) and the
shRNA expressing cells (RNAi +), none of interferon response genes were significantly
induced in the shRNA expressing samples (note all P > 0.05) (Fig. 1f).

MT1-MMP suppression specificity, particularly the shRNA targeting specificity and the effect
of MT1-MMP suppression on other proteases, was also demonstrated by comparing the mean
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RNA expression levels of MMP and ADAM family members from MT1-MMP expressed (+)
and suppressed (−) cells (Fig. 1g). The Affymetrix Hu133A chips contained four probe sets
representing MT1-MMP (Fig. 1f and g underlined). Aside from MT1-MMP, the only other
members of the MMP and ADAM families that had significantly (P < 0.05) altered gene
expression among all eight samples were MMP-24, ADAM-17, and ADAM-7. However, when
real-time RT-PCR was used to confirm these changes in RNA expression, none of them could
be confirmed (data not shown).

We have also examined close hit genes with sequence homology to the selected target
sequences. Microarray was performed using cells transfected with the MT1-2475 shRNA
containing a 27 nucleotide target. Using this 27 nucleotide sequence, the NCBI Reference
Sequence (RefSeq) Transcript (RNA) Database identified four other potential human targets
including IL12RB2, ZNF204, IFIT1, and LDHAL6B. When we examined these four genes by
microarray, there was no significant difference in their expression when MT1-MMP expressing
and suppressed samples were compared (data not shown). Together, these data demonstrate
specific suppression of MT1-MMP expression and activity in HT1080 cells using RNAi and
subsequent rescue using expression vectors.

The effect of endogenous MT1-MMP on cellular proliferation in two- and three-dimensional
culture and tumor growth

Since cells proliferate at different rates depending on their microenvironment,4,23–25 we
examined the effect of MT1-MMP expression on growth in conventional 2D culture, within
3D matrigel, and in vivo. When cells were grown in 2D on plastic plates (Fig. 2a) or on top of
matrigel (data not shown) and counted on days 2, 4, and 6, there was no difference in cell
number at any time point regardless of MT1-MMP expression (P > 0.05, n=4). When cells
were grown within Growth Factor Reduced BD Matrigel™ Matrix, there was a two-fold
reduction in cell number (P < 0.0001, n=4) when MT1-MMP was suppressed, compared to
controls, when the cells were counted on day 10 (Fig. 2b). When cells were injected s.c. into
nude mice, there was approximately a five-fold reduction of growth (P < 0.05, n=5) in the
tumors derived from MT1-MMP suppressed cells relative to MT1-MMP expressing cells by
day 24 (Fig. 2c).

Even when tumors derived from MT1-MMP suppressed cells were left to grow for 50 days,
there was no further growth beyond day 24 (data not shown). Tumor samples were also
examined to confirm that MT1-MMP expression (Fig. 2d, left panel) and activity (Fig. 2d,
right panel), in particular the activation of MMP-2, remained suppressed in vivo in the RNAi
clones. MT1-MMP expression did not affect the percent of proliferating cells per field (Fig.
2e) when sections of approximately equal sized tumors (from days 11–14) were stained for the
nuclear-localized proliferation marker Ki67 (P > 0.05, n=3). The tumor sections were also
stained with antibodies against activated caspase-3 to examine apoptosis; however, there was
no detectable apoptotic difference in the tumors (P > 0.05, n=3) derived from cells with
contrasting levels of MT1-MMP expression (Fig. 2f). Collectively, these data show that MT1-
MMP enhanced 3D cellular proliferation and tumor growth, however, did not affect
proliferation in 2D culture.

Identification and confirmation that Smad1 expression coincides with MT1-MMP during
tumor growth

To determine the genes that may be involved in MT1-MMP dependent tumor growth, gene
expression profiling was performed. The eight microarray samples were divided into two
groups, four MT1-MMP expressing clones and four MT1-MMP suppressed clones, and Gene
Spring Software was used to generate a list of genes that met the following criteria: fold change
≥ 2, P ≤ 0.05, and Presence Call ≥ 2. In addition, the five samples derived from in vivo tumors
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were divided into two groups: the three largest tumors compared to the two smallest tumors;
and the above mentioned criteria were used. Genes that met the criteria for both parameters
were used to generate a list of 46 genes (Fig. 3a) whose expression may be influenced by MT1-
MMP expression and tumor growth. Nine genes plus two MT1-MMP probe sets (underlined)
had significantly higher expression and 35 genes had lower expression in the MT1-MMP
expressing clones compared to the suppressed clones.

One of the genes, Smad1, was further examined for its role in MT1-MMP dependent tumor
growth because previous evidence implicated its role in enhancing tumor growth.14,26
Microarray was used to confirm that only Smad1 expression, which showed a 3.39 fold change
(P = 0.01) and not the expression of other Smad family members (P > 0.05), was significantly
altered (Fig. 3b). This approximate three-fold change in expression was further confirmed by
real-time RT-PCR of the HT1080 clones (Fig. 3c, left panel, P < 0.05, n=4) and western blot
(Fig. 3c, right panel). To verify that Smad1 expression coincides with MT1-MMP in other
tumor cell lines, the mRNA of HT1080 fibrosarcoma, PC3 prostate, SW620 colorectal, SKOV3
ovarian, and MDA231 breast tumor cell lines were examined and Smad1 was found to be highly
expressed in all five MT1-MMP expressing cell lines (Fig. 4a). When MT1-MMP was
suppressed by RNAi in two of these cell lines, PC3 and MDA231 cells, Smad1 was also reduced
(Fig. 4b); Smad1 expression was re-established in cells engineered to re-express MT1-MMP
(RES). Finally, the expression of MT1-MMP and Smad1 was greater in many tumors from
distinct origins relative to their respective normal tissues according to gene expression data
derived from NCBI’s Gene Expression Omnibus (GEO) Profiles Database (data not shown).
These data suggest the linkage between MT1-MMP and Smad1 in many types of tumor cells
and its clinical relevance.

The effect of Smad1 expression on tumor growth
To determine whether RNAi suppression of Smad1 had an effect on tumor growth, three DNA
oligonucleotides encoding different shRNAs targeting three separate areas of the Smad1
mRNA were designed (Fig. 5a). There were two mRNA variants of Smad1 found in GenBank
(gi:51173725 and gi:51173726) differing only at the 5’-end of the mRNAs (indicated by
horizontal lines in Fig. 5a). The rest of the mRNA (grey boxes) had 100% homology; therefore,
the shRNAs designed to target the indicated regions targeted both variants. These DNA
oligonucleotides were inserted downstream of the U6 promoter in pGUS, transfected in
HT1080 cells, and two clones were selected for each shRNA that showed the best suppression,
approximately 75%, of Smad1 mRNA (Fig. 5b) according to real-time RT-PCR data (*, P <
0.05; **, P < 0.01, n=3). The clones were also examined by western blot analysis to confirm
that Smad1 protein was suppressed as well (Fig. 5c). The clones were injected s.c. into nude
mice and the resulting tumors were measured every two days for 24 days. Fig. 5d depicts the
average tumor volumes of Smad1 expressing clones (GUS-1, GUS-2, RAN-1, and RAN-2)
compared to Smad1 suppressed clones (SMAD-394-1, SMAD-394-2, SMAD-1868-1,
SMAD-1868-2, SMAD-2651-1 and SMAD-2651-2) on day 24 post injection. There was a two-
fold reduction in tumor volume when these two groups were compared (P < 0.01, n=20). Our
data suggests that Smad1 promotes tumor growth.

Identification that TGF-β can induce Smad1 mRNA expression
To determine if the MT1-MMP-mediated induction of Smad1 expression involved an MT1-
MMP-generated extracellular signal, a clone with a low expression level of both MT1-MMP
and Smad1, MT1-2475-2, was cultured in media conditioned by a highly expressing MT1-
MMP clone, GUS-2, for 0, 24, and 72 hours. Smad1 mRNA and protein levels (Fig. 6a)
revealed that the media conditioned by a MT1-MMP expressing clone was sufficient to induce
Smad1 expression in MT1-MMP suppressed cells (P < 0.001, n=3). To identify the
extracellular factor responsible for this induction, we tested several serum-derived growth
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factors for their ability to induce Smad1 expression. MT1-MMP expressing GUS-2 cells were
incubated with DMEM alone or with individual growth factors for 24 hours. These media were
then used to culture MT1-2475-2 cells for 24 hours and cellular levels of Smad1 mRNA and
protein were determined. Figure 6b indicates that TGF-β was able to induce Smad1 (*, P <
0.05, n=3), yet PDGF, FGF, EGF, and BMP-2 were not (ns, P > 0.05, n=3).

Next, we examined whether latent or active TGF-β could induce Smad1 expression. When
MT1-MMP expressing cells were grown in media supplemented with latent or active TGF-β,
Smad1 was induced relative to cells grown in DMEM alone or in the presence of a TGF-β
inhibitor (Fig 6c; *, P < 0.05; **, P < 0.01, n=3). Active TGF-β was able to induce Smad1 in
MT1-MMP suppressed MT1-2475-2 cells, but the latent form was not, suggesting MT1-MMP-
dependent activation of TGF-β was required for Smad1 induction (Fig 6c, *, P < 0.05, n=3).
A 3D cell proliferation assay was performed to determine whether TGF-β had an effect on
HT1080 cell proliferation. On day 10 the number of MT1-MMP expressing GUS-2 cells grown
in the presence of latent and active TGF-β were two-fold higher than those grown with in the
presence of minimal TGF-β or an inhibitor (Fig. 6d, P < 0.05, n=4). MT1-MMP suppressed
MT1-2475-2 cells grew more slowly within 3D Growth Factor Reduced BD Matrigel™ Matrix
than the MT1-MMP expressing cells as expected, and the latent form of TGF-β did not affect
proliferation whereas the active form increased it (Fig. 6d, P < 0.05, n=4).

Lastly, MT1-MMP expressing GUS-2 cells were transfected with a vector containing a
dominant-negative form of the TGF-β type II receptor lacking a cytoplasmic domain or an
empty vector control. Real-time RT-PCR of RNA isolated 24 and 48 hours post-transfection
revealed that expression of this dominant-negative receptor reduced Smad1 expression in MT1-
MMP expressing cells (Fig. 6e), providing further evidence that Smad1 expression is regulated
by TGF-β (*, P < 0.05; **, P < 0.01).

Discussion
A number of studies have shown that MT1-MMP expression promotes tumor growth. In this
report, we further characterized this concept by using RNAi to stably suppress endogenous
MT1-MMP expression and activity in human tumor cells to identify a functional linkage
between MT1-MMP and a signaling pathway that regulates tumor growth. This approach
enabled us to discover that endogenous tumor cell-derived MT1-MMP may promote tumor
growth by inducing Smad1 via TGF-β signaling.

Previous studies have shown that proliferation of cells with endogenously expressed MT1-
MMP can be reduced in the presence of a natural inhibitor of MT1-MMP, TIMP-2, within 3D
collagen type I and 3D fibrin, with no difference in proliferation in 2D culture.4 Likewise, we
found impaired proliferation of cells within Growth Factor Reduced BD Matrigel™ Matrix in
3D culture, but not in 2D culture. This is also in agreement with a previous study that showed
when melanoma cells are engineered to over-express MT1-MMP there is enhanced 3D growth
in agarose and in long-term cultures within matrigel.27 Hotary KB and Weiss SJ,4 describe
MT1-MMP as a novel tumor-derived growth factor that promotes proliferation within the
confines of the 3D microenvironment. Our work advanced the understanding of the molecular
mechanism regarding how endogenous MT1-MMP functions to enhance tumor growth by
identifying two direct downstream effectors of tumor growth, namely TGF-β and Smad1.

We have presented several lines of evidence that MT1-MMP induces Smad1 expression to
enhance tumor growth. Notably, it was only the expression of Smad1, and not the other
members of the Smad family, that was altered. In addition, Smad1 was highly expressed in all
of the MT1-MMP expressing tumor cell lines and clinical tumor samples examined. Moreover,
when MT1-MMP was suppressed by RNAi in three different cell lines, Smad1 was
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significantly reduced. In our study, suppression of Smad1 by RNAi had a two-fold reduction
in tumor growth, partially recapitulating the effect of MT1-MMP suppression. There are
several explanations why this is less than the approximate five-fold effect MT1-MMP had on
tumor growth. First, the Smad1 shRNAs suppressed Smad1 expression by 75%, whereas the
MT1-MMP shRNAs suppressed MT1-MMP over 90%. Additionally, MT1-MMP has a variety
of functions including, but not limited to: degradation of the ECM, cleavage of adhesion
molecules, release of sequestered growth factors and cytokines, induction of intracellular
signaling pathways, and through these activities, regulates the expression of many genes
besides Smad1. Our microarray analysis identified several genes that may collectively regulate
tumor growth including: CD928, ErbB329, activated leucocyte cell adhesion molecule
(ALCAM)30–32, and metallothionein 2A, 1H, 1L, 1X33. Although the expression of many
genes were altered by MT1-MMP suppression, we have shown that Smad1, by itself, has a
substantial effect on tumor growth, but less than the collective effect of suppressing all the
genes simultaneously. Overall, our data supports that MT1-MMP functions, in part, to enhance
tumor growth by inducing Smad1.

We also showed that active TGF-β was sufficient to induce Smad1 expression. TGF-β, which
exists mainly in a latent state, binds to avβ8 integrin in vitro and in vivo through its integrin
binding motif (RGD) and is subsequently activated and released by MT1-MMP, thus resulting
in autocrine and paracrine effects on cell growth and matrix production34,35. In our study,
neither serum-containing media, which likely contains latent TGF-β, nor commercially
available latent TGF-β were able to induce Smad1 expression or 3D cell proliferation of MT1-
MMP suppressed cells; however, media containing active TGF-β or latent TGF-β exposed to
MT1-MMP did induce Smad1 and 3D cell proliferation. In addition, other growth factors such
as PDGF, FGF, EGF, and BMP-2 were not able to significantly enhance Smad1 expression.
Furthermore, expression of a dominant-negative form of TGF-β type II receptor significantly
reduced Smad1 in MT1-MMP expressing cells. Our data suggest that it was the extracellular
proteolytic function of MT1-MMP that created a biologically active TGF-β molecule that
activated a downstream signaling pathway, and, thus, upregulated Smad1. Although Smad1
activity is classically mediated by BMPs, it is also regulated by TGF-β in tumors.11 To our
knowledge the Smad1 promoter has not yet been studied extensively and it is not known what
activators and repressors regulate its transcription nor what pathway induces its expression.
This paper establishes that MT1-MMP-activated TGF-β can induce transcription and
expression of Smad1. This induction of Smad1 expression by MT1-MMP and TGF-β is a novel
finding.

The relationship among MT1-MMP, TGF-β, Smad1, and tumor growth is not clearly
understood. Most likely the cell surface receptor β8 integrin docks or binds latent TGF-β while
a nearby cell surface bound MT1-MMP cleaves it into its activated form.35 Alternatively, the
activation of latent TGF-β may not require docking at the cell surface. Activated TGF-β is then
released and available to activate autocrine and/or paracrine TGF-β receptors. Activated TGF-
β type I and II receptors most likely induce signaling involving members of the Smad family,
although the specific Smads involved have not yet been confirmed. Once Smad1 protein is
expressed in the cytoplasm, it can be activated via phosphorylation by a number of upstream
pathways involving BMP-2, TGF-β, and/or Ras/MEK.10,15,16,36,37 Phosphorylated Smad1
can then associate with Smad4 and possibly additional Smad family members and translocate
into the nucleus. It is here where the Smad protein complex can act as a co-activator for many
tumor growth promoting genes such as collagen IV 17, myc 18, p21WAF1/Cip1 19, or
potentially MMPs 38. Smad1 may be expected to inhibit tumor growth as in the case with the
cell cycle inhibitor p21; however, Smad1 induces p21 mRNA and protein levels, but fails to
induce epithelial growth inhibition.39 The ability of Smad1 to induce cell proliferation or cell
growth arrest depends on the regulation of additional gene targets. Our data suggests that MT1-

Freudenberg and Chen Page 9

Int J Cancer. Author manuscript; available in PMC 2007 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MMP (as indicated in Figure 2b and c), TGF-β (Figure 6d), and Smad1 (Figure 5d) all promote
cell proliferation in 3D and/or tumor growth.

Identification of the underlying mechanism by which MT1-MMP, TGF-β, and Smad1
influence signaling and tumor growth may provide a better understanding of their biological
role in malignant tissues. Because MT1-MMP is induced on tumor and tumor-derived stromal
cells, but sparsely expressed in normal adult tissue, it is conceivable that MT1-MMP and its
signaling pathway may serve as effective therapeutic targets.40 Clinical trials of MMP
inhibitors in the past may have failed for several reasons, i.e. they targeted the general class of
MMPs and they were given to patients with late stage malignancies; therefore, no clinical
efficacy was demonstrated.41–44 However, MT1-MMP is such a potent protease with myriad
downstream targets that are critical during tumor progression; hence, inhibiting MT1-MMP or
its downstream tumor-promoting pathways may provide specificity for cancer. It is evident
that further investigation of MT1-MMP and its tumor-promoting pathways should be pursued.
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TGF  
transforming growth factor

RNAi  
RNA interference

shRNA  
short hairpin RNA

GFP  
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MMP  
matrix metalloproteinase

ADAM  
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2D  
two-dimensional

3D  
three-dimensional

PDGF  
platelet-derived growth factor

FGF  
fibroblast growth factor

EGF  
epidermal growth factor

Freudenberg and Chen Page 13

Int J Cancer. Author manuscript; available in PMC 2007 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 1.
Specific RNAi suppression of MT1-MMP expression and activity in HT1080 cells. (a) An
overview of the RNAi knockdown and rescue of MT1-MMP. Gene target inserts coding for
the shRNAs were cloned into the RNAi vector pGUS. For each DNA insert, the two best clones
were selected. MT1-MMP suppressed cells were transfected with the pRESCUE vector
containing the MT1-MMP open reading frame and the selected clone was named RES-1. (b)
A schematic diagram illustrating the RNAi target sites in the mRNA. The solid arrows indicate
the relative target locations within the MT1-MMP mRNA (grey box) of the three MT1-MMP
specific shRNAs. The open arrows represent real-time primers used to amplify a region of the
MT1-MMP mRNA within the open reading frame. Diagram is not to scale. (c) Real-time RT-
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PCR quantifying the relative MT1-MMP mRNA expression level of all the clones. MT1-MMP
mRNA was suppressed in HT1080 clones expressing MT1-MMP specific shRNAs (***, P <
0.0001, n=3). The RES-1 clone showed successful rescue of MT1-MMP expression (*, P <
0.05, n=3). (d) Western analysis using an anti-MT1-MMP antibody. MT1-MMP suppression
occurred at the protein level in cells with RNAi knockdown and MT1-MMP was re-expressed
in the rescue clone. Actin was used as a quantitative control. (e) Evaluation of proMMP-2
activation in HT1080 clones using gelatin zymography. Similar amounts of conditioned media
from all the clones were run on a polyacrylamide gel containing 0.1% gelatin, incubated to
allow gelatinase activity to occur, and stained to examine changes in proMMP-2 activation.
proMMP-2 was not activated in the MT1-MMP shRNA expressing clones. (f) Expression
profile of several interferon response genes. Comparison of clones without shRNAs (RNAi −)
to those expressing shRNAs (RNAi +) showed there was no significant change (note all P >
0.05) in the expression of the genes examined. (g) Expression profiles of all the MMP and
ADAM family genes found on the Affymetrix Hu133A microarray chip. The four probe sets
for MT1-MMP (underlined), also known as MMP-14, showed a significant change in MT1-
MMP expression when the MT1-MMP expressing (MT1-MMP +) and suppressed clones
(MT1-MMP −) were compared.
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FIGURE 2.
MT1-MMP enhanced 3D cellular proliferation in matrigel and tumor growth while not
affecting cellular proliferation in 2D culture. (a) Proliferation of the HT1080 clones in
conventional 2D culture. Equal number of cells for each HT1080 clone (1 x 104) were seeded
onto plates on day 0 and counted on days 2, 4, and 6. There was no significant difference in
the number of cells at any time point (P > 0.05, n=4). (b) Proliferation of the HT1080 clones
within 3D matrigel. Equal number of cells for each HT1080 clone (5 x 104) were seeded within
Growth Factor Reduced BD Matrigel™ Matrix on day 0 and and counted on day 10. There
was an approximate two-fold reduction in cell number of MT1-MMP suppressed clones
relative to MT1-MMP expressing clones (***, P < 0.0001, n=4). There was no significant
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difference between the number of RES-1 cells and the control MT1-MMP expressing cells (ns,
P > 0.05, n=4). (c) Growth of tumors derived from HT1080 clones. HT1080 clones were
injected s.c. into the flanks of Ncr nude mice and the primary tumor volume was measured
every two days. There was approximately a five-fold reduction in the volume of tumors derived
from MT1-MMP suppressed clones relative to MT1-MMP expressing clones (P < 0.05, n=5).
(d) Protease protein expression and activity in tumor tissue. Western analysis of tumor lysates
(left panel) indicate MT1-MMP remained suppressed in the tumor tissues derived from the
selected RNAi clones. Gelatin zymography (right panel) indicated proMMP-2 was not
activated to its active MMP-2 form in the tumor tissues derived from MT1-MMP suppressed
clones. (e–f) Immunohistological staining of proliferation and apoptosis markers within MT1-
MMP expressing (+) and suppressed (−) tumor sections. There was no significant difference
in the percent of proliferating cells per field (200 x 300 μm) as indicated by nuclear staining
of Ki67 (d) nor in the number of apoptotic cells per field as shown by activated caspase-3
staining (e) when approximately equivalent sized MT1-MMP expressing and suppressed
tumors were compared (P > 0.05, n=3).
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FIGURE 3.
Smad1 expression is reduced in MT1-MMP suppressed cells. (a) Microarray analysis of genes
that may be regulated by MT1-MMP expression and tumor growth. Nine genes were
upregulated and 35 genes were downregulated in MT1-MMP expressing cells. One of the nine
upregulated genes was Smad1 which indicated a 3.39 fold difference in expression when MT1-
MMP expressing and suppressed cells were compared (P = 0.01). (b) Expression profile of all
Smad family members found on the Affymetrix Hu133A microarray chip. Smad1 was the only
Smad family member that was significantly (P < 0.05, indicated by *) altered by MT1-MMP
expression and tumor growth. (c) Real-time RT-PCR and western blot analysis quantifying the
relative Smad1 mRNA and protein expression of MT1-MMP expressing (+) and suppressed
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(−) clones. There was an approximate three-fold reduction in Smad1 expression in the MT1-
MMP suppressed cells (*, P < 0.05, n=4).

Freudenberg and Chen Page 19

Int J Cancer. Author manuscript; available in PMC 2007 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Expression of MT1-MMP and Smad1 in other tumor cell lines. Real-time RT-PCR quantifying
the relative MT1-MMP and Smad1 mRNA expression levels in several tumor cell lines (a)
and in MT1-MMP-suppressed and -rescued PC3 and MDA231 cells (b).
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FIGURE 5.
Smad1 enhances tumor growth. (a) Schematic representation of the RNAi target sites in the
Smad1 mRNA. There is 100% homology between the two Smad1 variants in the boxed region
representing the Smad1 mRNA. The solid arrows indicate the relative target locations of the
Smad1 specific shRNAs encoded by pGUS. The open arrows represent real-time PCR primers
used to amplify a region of the Smad1 mRNA within the open reading frame. Diagram is not
to scale. (b) Quantification of Smad1 mRNA expression of HT1080 cells transfected with
Smad1 RNAi vectors. Six clones representing three different shRNAs as mentioned in (a) were
selected that had a 75–99% reduction in the amount of Smad1 mRNA as measured by real-
time RT-PCR (*, P < 0.05; **, P < 0.01, n=3). (c) Western analysis using an anti-Smad1
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antibody. Smad1 suppression occurred at the protein level in HT1080 cells with RNAi
knockdown. (d) Growth of tumors derived from Smad1 RNAi clones. Smad1 suppressed clones
were injected s.c. into nude mice and the resulting tumors were measured. The values shown
were the average tumor volumes 24 days post injection. There was a two-fold reduction in
growth of tumors derived from Smad1 suppressed cells relative to those derived from Smad1
expressing cells (**, P < 0.01, n=20).
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FIGURE 6.
TGF-β signaling induces Smad1 expression. (a) Real-time RT-PCR and western blot analysis
indicating the relative Smad1 mRNA and protein expression of cells cultured in media
conditioned by MT1-MMP expressing cells. The MT1-2475-2 clone, which has a low level of
MT1-MMP and Smad1 expression (**, P < 0.01, n=3), was cultured with media conditioned
by MT1-MMP expressing GUS-2 cells for 0, 24, and 72 hours. By 72 hours, Smad1 mRNA
expression was induced to the level found in MT1-MMP expressing cells (ns, P > 0.05, n=3).
(b) The relative Smad1 mRNA and protein expression of cells cultured with various growth
factors. DMEM alone or with the indicated growth factor was cultured with MT1-MMP
expressing GUS-2 cells for 24 hours. Subsequently, the media was used to culture the
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MT1-2475-2 cells for 24 hours and RNA was isolated for real-time RT-PCR and cell lysates
for western blot analysis. TGF-β was the only growth factor that significantly induced Smad1
(**, P < 0.01, n=3). (c) The relative Smad1 mRNA and protein expression in MT1-MMP
expressing and suppressed cells following incubation with latent and activated forms of TGF-
β. GUS-2 and MT1-2475-2 cells were cultured with DMEM alone, latent TGF-β, and active
TGF-β for 24 hours. RNA and cell lysates were collected from each of the clones to examine
the Smad1 expression via real-time RT-PCR and western blot analysis, respectively. Both
latent and active forms of TGF-β were able to induce Smad1 in MT1-MMP expressing GUS-2
cells; however, only active TGF-β was able to induce Smad1 in MT1-MMP suppressed
MT1-2475-2 cells (*, P < 0.05, n=3). Smad1 was not induced in the presence of a TGF-β
inhibitor. (d) Proliferation of GUS-2 and MT1-2475-2 clones within 3D matrigel in the
presence of latent and active forms of TGF-β. Equal number of cells for each condition (5 x
104) were seeded within Growth Factor Reduced BD Matrigel™ Matrix on day 0 and and
counted on day 10. There was an approximate two-fold induction in cell number when GUS-2
cells were incubated with either latent or active TGF-β and when MT1-2475 cells were
incubated with active TGF-β (*, P < 0.05, n=4). (e) The relative Smad1 mRNA and protein
expression of cells transfected with a dominant-negative form of TGF-β type II receptor. MT1-
MMP expressing GUS-2 cells were transfected with the dominant-negative receptor or an
empty vector control, RNA for real-time RT-PCR and cell lysates for western blot analysis
were collected 24 and 48 hours later. Cells transfected with the dominant-negative receptor
had a significant reduction in the quantity of Smad1 expressed (*, P < 0.05; **, P < 0.01, n=3).
(e)
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