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Abstract

Melanoma incidence is increasing worldwide, and metastatic
melanoma is almost completely resistant to every known
therapy. New approaches to treating melanoma are urgently
needed, and a greater understanding of the biology of
melanoma invasion and metastasis will aid in their creation.
A high proportion of invasive melanomas have a constitu-
tively active Raf/mitogen-activated protein kinase/extra-
cellular signal-regulated kinase (MEK/ERK) signaling
cascade; however, the downstream effectors of ERK signaling
that contribute to melanoma invasion and metastasis are
unknown. ERK signaling drives the production of the
interstitial collagenase matrix metalloproteinase-1 (MMP-1),
which is expressed specifically by invasive melanomas. Using
short hairpin RNAs (shRNA) to knock down MMP-1 expres-
sion in a human melanoma cell line, we investigated the role
of MMP-1 in melanoma metastasis in a xenograft model.
Knockdown of MMP-1 had no effect on primary tumor
growth, but reduction of MMP-1 expression significantly
decreased the ability of the melanoma to metastasize from
the orthotopic site in the dermis to the lung. Mechanistically,
tumor cells expressing MMP-1 shRNAs had diminished
collagenase activity, which is required for tumor cell
invasion. Additionally, attenuation of MMP-1 expression
reduced angiogenesis. These results show, for the first time,
that targeted inhibition of MMP-1, a single effector of the
Raf/MEK/ERK signaling cascade, prevents the progression of
melanoma from a primary to metastatic tumor and, as such,
may represent a useful therapeutic tool in controlling this
disease. [Cancer Res 2007;67(22):10849–58]

Introduction

Melanoma accounts for 4% of all cancer cases, and its incidence
is rising at a rate of 3% to 7% per year (1). Progression of melanoma
from benign to metastatic tumor is classified histologically, with
tumor thickness and depth of invasion being the best prognostic
indicators of clinical outcome (1, 2). Early-stage melanoma, classi-
fied as radial growth phase (RGP), is confined to the epidermal
layer of skin and is readily curable by surgical excision. Later-stage
vertical growth phase (VGP) is characterized by invasion of mela-
noma cells into the dermal layer and is therefore a more serious

disease. VGP frequently progresses into metastatic melanoma,
which is almost completely untreatable, and despite decades of
research on both cytotoxic and immunologic therapies, the median
survival rates of patients with metastatic disease remains only 6 to
9 months (3). The acquisition of an invasive phenotype in mela-
noma is therefore both clinically and biologically relevant, and
work defining the molecular mechanisms of the transition from
RGP to VGP is ongoing.
The mitogen-activated protein kinase (MAPK) pathway [Ras/

Raf/MAPK/extracellular signal-regulated kinase (ERK)] has been
implicated in melanoma progression (4, 5). In particular, the
acquisition of constitutively active ERK signaling is linked to the
transition of melanoma from RGP to VGP (6, 7). A recent study
showed that inhibition of ERK activity prevents the growth of
melanoma lung metastases (8), indicating that genes acting
downstream of ERK are important in melanoma metastasis.
However, ERK has >50 substrates and induces the expression of
several genes involved in melanoma progression (9). The exact
mechanism by which ERK signaling facilitates the transition from
RGP to invasive VGP and its contribution to melanoma metastasis
is therefore unknown.
We and others have shown that ERK signaling in melanoma

induces expression of the interstitial collagenase matrix metal-
loproteinase (MMP)-1 (10, 11). MMPs are a family of at least 23
enzymes that are secreted by cells and cleave the protein
components of the extracellular matrix (ECM), such as collagen,
fibronectin, and laminin, and also proteolytically activate non-
matrix substrates, such as growth factors and cell surface receptors
(12, 13). In normal tissue, MMP expression is tightly regulated, but
in many cancers, including melanoma, MMPs are overexpressed by
both the tumor and surrounding stromal cells. This up-regulation
of MMPs is linked to many aspects of cancer progression, including
tumor growth, invasion, and metastasis and tumor-induced
angiogenesis (14, 15).
In melanoma, proteolysis of the basement membrane between

the epidermal and dermal layers, and degradation of the ECM
within the dermis, is essential for tumor invasion and metastasis.
In many cancers, this proteolytic degradation of the ECM is
mediated by MMPs (16). Melanoma expresses several different
MMPs, and their expression pattern changes throughout the
different stages of melanoma progression (17, 18), with MMP-2,
which degrades the type IV collagen of basement membrane, being
frequently linked to an invasive phenotype (19, 20). MMP-1 has not
been well studied in melanoma progression, although its primary
substrate, type I collagen, is a major component of the dermal layer
of skin, and MMP-1 expression is necessary for melanoma cell
invasion through synthetic ECMs in vitro (21–23).
To define the role of MMP-1 in melanoma progression, we

knocked down MMP-1 expression in the VMM12 human metastatic
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melanoma cell line using short hairpin RNAs (shRNA). VMM12
cells are an aggressive line with constitutively active ERK signaling
and thus express high levels of MMP-1 (10). Here, we show that
although the targeted knockdown of MMP-1 did not affect primary
tumor growth, it significantly inhibited the overall collagenase
activity of the tumors and prevented melanoma metastasis.
Further, expression of MMP-1 shRNAs blocked tumor-induced
angiogenesis, which likely contributed to the decreased metastatic
potential of the tumors. Together, these results show that MMP-1,
a single downstream effector of ERK signaling, is an important
mediator of melanoma metastasis.

Materials and Methods

Cell lines. The VMM12 human melanoma cell line was cultured as

described previously (10). For serum-free conditions, cells were cultured in

DMEM supplemented with 0.2% lactalbumin hydrolysate. Human micro-
vessel endothelial cells (HMVEC; Cascade Biologics) were cultured on

dishes coated with attachment factor (Cascade Biologics) in medium 131

containing microvascular growth supplement (Complete Media, Cascade

Biologics).
shRNA expression plasmids. We have described the creation of a

shRNA expression plasmid previously (24). In the present study, three

different MMP-1 shRNA oligonucleotides (sh5¶, sh305, and sh3¶) were cloned
into the pSuper-retro-puro expression vector (OligoEngine). Each oligonu-
cleotide contained a region specific to MMP-1 mRNA, a hairpin loop region,

and 5¶ and 3¶ linker sequence. The regions specific to MMP-1 mRNA for

each oligonucleotide were as follows: 5¶-GGAAGCCATCACTTACCTTGC-3¶
corresponding to bases 26 to 46 of the MMP-1 mRNA (sh5¶), 5¶-ACCAG-
ATGCTGAAACCCTG-3¶ corresponding to bases 305 to 323 of the MMP-1

mRNA (sh305), and 5¶-GCAAGGGATAACTCTTCTAAC-3¶ corresponding to

bases 1900 to 1920 of the mRNA (sh3¶). The sequence for sh305 has been
described (24) and the sh5¶ and sh3¶ sequences were designed using the

Block-iT shRNA design algorithm (Invitrogen). A mammalian scrambled

oligonucleotide (MAMM-X; OligoEngine), not homologous to any known

mammalian sequence, was ligated into the pSuper-retro-puro vector as a
shRNA control (shMAMMX).

Generation of stable cell lines. VMM12 cells were transfected with

each of the shRNA plasmids using Lipofectamine 2000 (Invitrogen)

following the manufacturer’s protocol. Stable cell lines were selected with
1.5 Ag/mL puromycin (Calbiochem), and individual clones were isolated

using cloning discs (PGC Scientific). Total cellular RNA was harvested

using the RNeasy RNA isolation kit (Qiagen), and MMP-1 mRNA was
measured using real-time reverse transcription-PCR (RT-PCR; see below).

Four clones from each of the sh5¶, sh305, and sh3¶ groups were chosen

based on >80% knockdown of MMP-1 mRNA levels compared with the

parental VMM12 line, and four clones were selected from the shMAMMX
group that had MMP-1 mRNA expression equal to that of the VMM12

cells. Clones from each group were maintained separately and then pooled

immediately before experiments.

Real-time RT-PCR. Reverse transcription of total cellular RNA was done
using the Taqman Reverse Transcription reagent kit (Applied Biosystems)

following the manufacturer’s directions. Real-time PCR was done using

Syber Green master mix (Applied Biosystems) as described previously (24).
All assays were done in triplicate, with machine duplicates, and a plasmid-

based standard curve was included to quantitate the mRNA of interest.

Data are presented as average number of copies of MMP per copy of h2-
microglobulin (h2M) for three or more individual experiments. Primers
used in these analyses are listed in Supplementary Table S1.

MMP-1 ELISA. Clones from each cell line were pooled and plated at a

density of 5 � 105 cells per well in six-well plates. Cells were cultured in

serum-free DMEM for 24 h and 100 AL of the medium were used in the
human MMP-1 Biotrak ELISA system (Amersham) according to the

manufacturer’s directions. Nanograms of MMP-1 protein from the ELISA

were normalized to micrograms of total protein and assays were done in

triplicate, three individual times.

In vitro collagen degradation assay. Bovine type I collagen (Organo-

genesis) was buffered as described (25), with the addition of 10 Ag/mL

trypsin, which is required to activate the latent MMPs secreted by the

VMM12 cells. Pooled clones from each cell line (2.5 � 105 total cells) were

mixed with 1 mL collagen and plated into one well of a six-well plate.

Collagen was allowed to gel, and 1 mL of serum-free DMEM was added to

each well. After 72 h at 37jC, the meda were collected from each well and

weighed. The weight of the medium added at the start of the assay (1 g)

was subtracted from the total amount of medium in the well at the end

of the assay to quantify the liquid liberated from the gel due to collagen

degradation. Side-view photographs of the plates were taken, and data are

presented as the average weight of medium in excess of 1 g for three

individual experiments, done in triplicate.

Orthotopic injection into nude mice. On the day of injection, cells

from each shRNA clone were counted using a hemocytometer. Equal
numbers of cells from each clone were pooled, and a total of 5 � 106 cells

from each of the VMM12 parental, shMAMMX, sh5¶, sh305, and sh3¶ groups
was resuspended in 500 AL HBSS. Cells (5 � 105, 50 AL) were injected
interdermally into the right flank of 6-week-old female nude mice (strain

nu/nu ; Charles River). Seven mice were injected with each cell line. Tumor

diameter was recorded weekly; mice were sacrificed when tumors reached

12 mm in diameter. Animal studies were approved by the Institutional
Animal Care and Use Committee at Dartmouth College.

PCR analysis of lung metastases. To quantitate human DNA in mouse

lung, the left lung from each mouse was removed at dissection and DNA

was extracted from the tissue using the Puregene Tissue Core Kit A (Qiagen)
following the manufacturer’s directions. Real-time PCR to amplify a

repetitive human AluI sequence was done on 100 ng of lung DNA using

Syber Green master mix and the primers 5¶-CGAGGCGGGTGGATCAT-
GAGGT-3¶ ( forward) and 5¶-TCTGTCGCCCAGGCCGGACT-3¶ (reverse) as

described previously (26). A standard curve, made by combining a serial log

dilution of human DNA (Promega), ranging from 100 ng to 1 pg, with 100 ng

murine DNA (Promega), was included with each assay to quantitate the
amount of human DNA in each lung sample. Data are presented as the log

of pg human DNA per 100 ng lung DNA; each data point represents the

average of three separate PCRs on the lung tissue of one mouse.

Tissue staining. A cross-section of tumor and right lung was collected
from each mouse at dissection and fixed in 10% paraformaldehyde. Tissues

were paraffin embedded, sectioned, and stained with H&E to visualize lung

metastases, with Masson’s trichrome to highlight blood vessels, and for

murine CD31 antigen (Abcam) and human MMP-1 antigen (Calbiochem).

Staining was done by the Department of Research Pathology, Dartmouth-

Hitchcock Medical Center. Micrographs were taken using an Olympus IX50

inverted microscope, equipped with a QImaging digital camera, and

QCapture Pro software. Lung metastases were counted on three H&E-

stained lung sections from each mouse, and the number was normalized to

the area of lung tissue on the slide. To measure the size of lung metastases,

micrographs of the seven metastases found in the H&E-stained lung
sections of MMP-1 shRNA-injected mice were taken at �10 magnification.

Micrographs were also taken of seven randomly chosen lung metastases of

VMM12- and shMAMMX-injected mice, and QCapture Pro software was

used to measure the longest width and height of each of the metastases.

Area was calculated using (p / 4)(length � height). Data are the log10(area

of metastasis). The microvessel density of each tumor section was found

by counting the number of CD31-positive vessels per field, at �20
magnification, for three random fields. Data are the average number of

blood vessels per field. To measure luminal width, micrographs were taken

of three random fields per slide at �10 magnification, and QCapture Pro
software was used to measure the smallest width of the luminal space

within each vessel. Results are the average width in Am F SD of vessels per

field.

Collagenase activity of tumor explants. A cross-section of each tumor

was weighed and placed in a 24-well dish containing 1 mL serum-free
DMEM per well. At 24 h, media were collected and type I collagenase

activity was measured using the Collagenase Activity Assay kit (Chrondrex)

following the manufacturer’s protocol. In some experiments, 1 Ag/mL anti-

FLAG or 1 Ag/mL anti-MMP-1 neutralizing antibody (Chemicon) was added
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to explant conditioned medium before use in the assay. The fluorescence
intensity of the supernatants was measured at a 520-nm emission wave-

length and a 490-nm excitation wavelength using a SpectraMax M2

spectrophotometer. The collagenase activity of each explant was calculated

using the formula provided with the assay kit and normalized to the weight
of the explant. Data are the mean F SD collagenase activity of explant

groups measured in two individual assays.

Tube formation assay. For conditioned medium, clones from each

melanoma cell line were pooled and plated at a density of 5 � 105 cells per
well in a six-well plate. After 24 h, 1 mL basal medium, consisting of

medium 132 (Cascade Biologics) supplemented with 2% fetal bovine serum,

was added to each well and conditioned for 48 h. In the tube formation

assay, 50 AL of growth factor–reduced Matrigel (BD Biosciences) were
plated into each well of a 96-well plate and allowed to solidify, and then

5 � 103 HMVECs resuspended in 100 AL of conditioned medium were

added into each well. For experiments using neutralizing antibody, either

1 Ag/mL of neutralizing MMP-1 antibody (Chemicon) or 1 Ag/mL FLAG
antibody (Sigma) was added to the shMAMMX conditioned medium imme-

diately before HMVECs were added to the medium. For experiments using

protease-activated receptor-1 (PAR-1) inhibitor, HMVECs were pretreated

with 25 Amol/L SCH79797 (Tocris) or an equal AL amount of DMSO for
15 min before addition to the shMAMMX conditioned medium. Cells were

incubated at 37jC for 72 h. Micrographs were taken using an Olympus IX50

inverted microscope, equipped with a QImaging digital camera. The data

Figure 1. MMP-1 shRNAs selectively inhibit MMP-1 expression and activity in VMM12 melanoma cells. A, real-time RT-PCR quantification of the MMP-1 mRNA levels
of each cell line showed that the three MMP-1 shRNA cell lines have MMP-1 mRNA expression knocked down by at least 80% compared with the VMM12 cells.
shMAMMX shRNA has no effect on MMP-1 expression. Columns, average number of copies of MMP-1 mRNA per copy of h2M mRNA; bars, SD. B, MMP-1 shRNAs
also block MMP-1 protein production as measured by MMP-1 ELISA. Columns, average nanograms of MMP-1 per micrograms of total protein; bars, SD.
C, shRNA expression did not affect the expression of other MMPs as measured by real-time RT-PCR quantification of MMP-2, MMP-3, MMP-9, MMP-13, and
MT1-MMP mRNA levels. Columns, average number of copies of each MMP per copy of h2M; bars, SD. D, MMP-1 shRNAs significantly inhibit MMP-1 activity as
measured by an in vitro collagen destruction assay. Cell lines were embedded in collagen as described in Materials and Methods. After 96 h, the media were removed
from each well, and the remaining collagen gel was photographed. The medium removed from the wells was weighed to quantitate the extent of collagen degradation.
Columns, mean of three individual experiments done in triplicate; bars, SD. *, P < 0.001, compared with shMAMMX control.
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are the average of number of branch points per well and are representative
of four individual experiments done in triplicate.

Statistical analyses. Statistical analyses were done using JMP statistical

software, version 5.01. Linear contrasts in one-way ANOVA were used to

calculate the statistical significance for all experiments, except for the
quantification of H&E-stained lung metastases, for which a Welch ANOVA

test was used. Statistical significance was assigned to P values of V0.05 and
is indicated with asterisks (*) in the figures.

Results

Stable expression of MMP-1 shRNAs specifically knocks
down MMP-1 expression and activity in VMM12 melanoma
cells. Human VMM12 melanoma cells express high levels of

MMP-1 due to activated ERK signaling (10) and are aggressively
growing and metastatic when injected orthotopically into nude
mice (Supplementary Fig. S1). To examine the role of MMP-1 in
melanoma growth and metastasis, MMP-1 expression was stably
knocked down in VMM12 cells using shRNAs. The three resultant
lines, named sh5¶, sh305, and sh3¶, had at least an 80% knockdown
of MMP-1 expression compared with parental VMM12 cells,
whereas the control shRNA cell line, shMAMMX, had no change
in MMP-1 expression as measured by mRNA (Fig. 1A) and protein
(Fig. 1B) levels. Additionally, the shRNAs caused no change in the
expression of other MMPs that are frequently linked to tumor
progression (16), specifically MMP-2, MMP-3, MMP-9, MMP-13,
and membrane type 1-MMP (MT1-MMP; Fig. 1C). These results

Figure 2. MMP-1 shRNA expression has
no effect on melanoma tumor growth but
significantly reduces metastatic burden.
A, each cell line was injected interdermally
into the right flank of nude mice at a
density of 5 � 105. Tumors were measured
weekly. Points, mean for each group;
bars, SD. There was no difference in
primary tumor growth between any of the
shRNA cell lines and the VMM12 parental
cell line. B, real-time PCR amplification of
a human Alu I sequence to quantify
metastatic burden in the lung. The amount
of human DNA in lung samples of mice
injected with the different cell lines was
quantitated and the results are presented
as the log of pg human DNA per 100 ng
lung DNA. Note that the Y axis is in log
scale; thus, 0 is equivalent to 1 pg human
DNA, 1 to 10 pg, 2 to 100 pg, etc. Each
data point represents the mean value of
three individual PCRs on the lung tissue
from 1 mouse, and horizontal bars indicate
the mean for each group. *, P < 0.001,
compared with shMAMMX control. NS, no
significant difference between negative
control and MMP-1 shRNA groups.
C, H&E-stained sections showing a typical
large metastatic tumor from a
shMAMMX-injected mouse and a typical
smaller metastasis from a MMP-1
shRNA-injected mouse. Bar, 100 Am.
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verify that MMP-1 is the primary MMP produced by VMM12 cells
(10); they express 40- and 175-fold more MMP-1 than MT1-MMP
and MMP-3, respectively, and the expression of other MMPs is
negligible compared with MMP-1 (Fig. 1A and C). Expression of the
shRNAs also did not change the proliferation rate of the cell lines
(data not shown). Together, these data confirm the specificity of
the shRNAs.
MMP-1 mediates the invasion of melanoma cells through type I

collagen in vitro (21, 22), and this is largely attributed to the ability
of MMP-1 to degrade the collagen surrounding the cells (27). To
test the ability of each shRNA cell line to degrade type I collagen,
cells were plated into an in vitro collagen destruction assay (24).
The cells were mixed with 1 mL collagen and the mixture was
allowed to gel. As the cells degraded the collagen, medium within
the gel was released. With diminished MMP-1 expression, the three
MMP-1 shRNA lines were unable to degrade the collagen gel,
whereas the shMAMMX cells, expressing high levels of MMP-1,
degraded almost all of the collagen, liberating f0.8 mL of medium
from the gel (Fig. 1D). These results show that MMP-1 shRNAs
effectively block MMP-1 activity, whereas the control shRNA,
MAMMX, has no effect on the collagenolytic ability of the
melanoma cells.

Stable knockdown of MMP-1 expression does not affect
tumor growth but significantly decreases melanoma metasta-
ses. To determine the function of MMP-1 in melanoma progres-
sion, the different cell lines were injected interdermally into nude
mice. The rate of tumor growth was not significantly different
among the cell lines (Fig. 2A), indicating that MMP-1 is not
involved in tumor growth at the orthotopic site.
Mice were sacrificed when tumors reached f12 mm in

diameter. VMM12 tumors are highly metastatic to the lung
(Supplementary Fig. S1B), and metastases were first quantified
using real-time PCR to determine the amount of human DNA in
100 ng of total lung DNA from each mouse based on a protocol
developed by Nicklas and Buel (26). shMAMMX-injected mice had,
on average, 2,900 pg of human DNA per 100 ng of total lung DNA,
whereas the sh5¶-, sh305-, and sh3¶-injected mice had an average of
30, 66, and 69 pg of human DNA in the lung, respectively (P < 0.001;
Fig. 2B). Additionally, the amount of human DNA in lungs of mice
bearing MMP-1 shRNA primary tumors was not significantly

different than the nonspecific amplification that occurred when the
PCR was run on lungs from naive mice, which had never been
injected with melanoma cells (P = 0.16). Again, this indicates that
most of the mice injected with tumor cells harboring the MMP-1
shRNAs did not develop any metastatic tumors. These results show
that diminished MMP-1 production by the primary tumor signi-
ficantly decreases the capability of VMM12 melanoma cells to
produce metastases.
The low amount of human DNA in the lungs of mice bearing

MMP-1 shRNA tumors may be due to a decrease in the total
number of metastases compared with shMAMMX-injected mice
and/or due to a difference in the size of metastases between the
groups. To differentiate between these possibilities, the lung tissue
was examined. H&E-stained lung sections (Fig. 2C) showed that
100% of the shMAMMX-injected mice had melanoma metastases in
their lungs, with an average of nine metastases per cm2 lung tissue.
In contrast, only 30% of mice injected with the MMP-1 shRNA cell
lines had lung metastases, yielding an average of less than one
tumor per cm2 lung tissue (Fig. 3A). Further, MMP-1 shRNA
metastases were significantly smaller than metastases from
shMAMMX tumors (P < 0.001; Figs. 2C and 3B). These data show
that targeted knockdown of MMP-1 expression significantly
decreases the ability of VMM12 melanoma cells to form metastases
and may also inhibit the growth of the metastatic tumor.

MMP-1 suppression affects the collagenase activity of the
tumors. Dermally invasive melanomas often express MMP-1,
whereas noninvasive melanomas do not (18); a key component of
the dermis is type I collagen, the major substrate for MMP-1. We
(Fig. 1D) and others (22, 23) have shown that knockdown of MMP-1
expression in melanoma cells leads to a diminished capacity for
collagen degradation and invasion in vitro . Because tumor cell
invasion is directly related to collagenolytic activity (27), we
postulated that the diminished capacity of the MMP-1 shRNA-
expressing tumors to metastasize was related to their inability to
degrade type I collagen in vivo .
In agreement with the in vitro data, tumors expressing the MMP-1

shRNAs had strong knockdown of MMP-1 expression compared
with the shMAMMX tumors (Fig. 4A). To measure the ability of the
tumors to degrade type I collagen, cross-sectional explants were
taken from each tumor and used to condition serum-free medium

Figure 3. MMP-1 shRNA expression reduces both number and size of melanoma lung metastases. A, metastatic foci were counted in H&E-stained sections from
the lung of each mouse and normalized to cm2 lung tissue. Columns, mean number of foci for each group, with three sections analyzed per mouse; bars, SD.
*, P = 0.003, compared with shMAMMX control. B, the area, in Am2, for individual metastases was calculated for each group. Results are presented as the log of
metastasis size, and each data point represents the size of one tumor. Note that the Y axis is in log scale. **, P < 0.001, compared with shMAMMX control.
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for 24 h. Medium collected from the MMP-1 shRNA tumor explants
degraded significantly less collagen than medium from shMAMMX
tumor explants (P < 0.001; Fig. 4B). To determine the extent of
MMP-1 involvement in the total collagenase activity of the tumor
explants, conditioned media were next treated with a MMP-1
neutralizing antibody. When MMP-1 activity was thus blocked,
collagenolytic activity in the shMAMMX tumor conditionedmedium
was greatly reduced (Fig. 4C). This indicates that MMP-1 is the main
collagenase in the shMAMMX tumors and is responsible for the
majority of the type I collagen degradation by these melanoma cells.
Together, these results show that MMP-1 is largely responsible

for the ability of melanoma cells to degrade collagen and imply that
MMP-1 is necessary for invasion of the dermal layer. Because

invasion is a vital step in melanoma progression, we propose that
the diminished capability of the MMP-1 shRNA tumors to degrade
type I collagen is directly related to the inability of the tumors to
metastasize.

MMP-1 shRNA expression reduces tumor-induced angio-
genesis in vivo. MMP production is essential for the formation of
new blood vessels (28), and several MMPs have been definitively
linked to tumor-induced angiogenesis, including MMP-2, MMP-9,
and MT1-MMP (29). However, little data exist describing a role for
MMP-1 in tumor-induced angiogenesis. In our in vivo experiment,
blood vessels were more abundant along the tumor-bearing side of
mice with shMAMMX tumors, and the tumors themselves were
much more vascularized than tumors from mice injected with the

Figure 4. Suppression of MMP-1 expression in vivo
results in significantly diminished collagenase activity.
A, representative MMP-1 immunohistochemical staining
of a shMAMMX tumor and a MMP-1 shRNA tumor.
Bar, 20 Am. B, explants were taken from each tumor
during dissection and placed in serum-free medium for
24 h. The collagenase activity in the medium was then
measured as described in Materials and Methods.
Columns, mean of collagenase activity normalized to
explant weight; tumor explants expressing the MMP-1
shRNA have impaired collagenolytic activity compared
with the shMAMMX-expressing tumor explants. Bars, SD.
*, P < 0.001, compared with shMAMMX control.
C, explant medium was treated with 1 Ag/mL of an
anti-FLAG or a MMP-1 neutralizing antibody immediately
before use in the assay. The MMP-1 neutralizing antibody
significantly inhibited the collagenase activity of the
shMAMMX tumor explants, indicating that MMP-1 is
responsible for almost all of the collagenolytic activity of
these cells. Columns, mean of collagenase activity
normalized to explant weight, with results from the three
MMP-1 shRNA groups averaged together; bars, SD.
**, P < 0.001, compared with anti-FLAG control.
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MMP-1 shRNA cell lines (Fig. 5A), indicating that MMP-1 may
indeed contribute to angiogenesis.
To quantify these in vivo differences in angiogenesis, sections

from each tumor were stained for endothelial cell–specific CD31
(Fig. 5B) and used for microvessel counts. There were f10 CD31-
positive vessels per field in shMAMMX tumor tissue, whereas only
an average of 3.6 vessels per field were present in the MMP-1
shRNA tumors (P < 0.001; Fig. 5B). Tumor tissue was next stained
with Masson’s trichrome to clearly define the luminal space in
each vessel (Fig. 5C). A larger luminal area is indicative of a more
mature vessel (30), and measurement of the luminal spaces showed
that vessels within the shMAMMX tumors were approximately
twice as large as the vessels within the MMP-1 shRNA tumors
(P = 0.002; Fig. 5C). These results show, for the first time, that
MMP-1 expression by melanoma cells affects in vivo angiogenesis.
Both microvessel density and vessel size have been correlated to
melanoma metastasis (30), and it is therefore likely that the

significant decrease in both the size and number of blood vessels in
the MMP-1 shRNA tumors is partly responsible for the decreased
number of metastases in the MMP-1 shRNA tumor-bearing mice.

MMP-1 enhances tube formation in vitro . To determine the
role of melanoma-produced MMP-1 in tumor-induced angiogen-
esis, the tube-forming ability of HMVECs was next examined. Tube
formation by endothelial cells is a well-characterized in vitro
measure of angiogenesis (31), as activated endothelial cells will
differentiate to form a network of tube-like connections when
plated on Matrigel, whereas inactive cells will not (Fig. 6A).
Medium was conditioned by each melanoma cell line for 48 h and
then added to HMVECs plated onto a thin layer of growth factor–
reduced Matrigel. Conditioned medium from the shMAMMX cells
induced many of the HMVECs to form tube-like structures,
whereas HMVECs treated with conditioned medium from MMP-1
shRNA cell lines formed fewer tubes (Fig. 6A). Tube formation is
typically quantified by branch point counting, as more branching

Figure 5. Attenuation of MMP-1 in melanoma tumors results in decreased angiogenesis. A, representative dissection photographs of shMAMMX and MMP-1
shRNA-injected mice. Arrows, increased vasculature in the shMAMMX mouse compared with the MMP-1 shRNA mouse. B, representative CD31 staining of shMAMMX
and MMP-1 shRNA tumors. Arrows, CD31-positive blood vessels within each tumor. Bar, 20 Am. CD31-positive vessels were counted in three fields per tumor to
determine the microvessel density. Columns, mean of the number of vessels per field and show that shMAMMX tumor tissue has approximately twice the number
of blood vessels as the MMP-1 shRNA-expressing tumors; bars, SD. *, P < 0.001, compared with shMAMMX control. C, representative Masson’s trichrome staining of
tumor sections used to highlight the luminal area of blood vessels (arrows ) in the shMAMMX and the MMP-1 shRNA tumors. Bar, 50 Am. The smallest part of
each lumen was measured for all blood vessels within a field, for three fields, and the results were averaged. Columns, mean of the luminal diameter in each tumor type;
bars, SD. **, P = 0.002, compared with control.
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along the tubes is indicative of a more complex structure and, thus,
a higher degree of in vitro angiogenesis (31). After several days in
culture, highly complex, branched structures appeared in the wells
treated with shMAMMX conditioned medium; in contrast, tubes
formed by HMVECs treated with MMP-1 shRNA conditioned
medium had very few branches (Fig. 6B). Overall, there was a
significant decrease in the amount of branching by HMVECs
stimulated with sh5¶, sh305, and sh3¶ conditioned medium
compared with HMVECs treated with shMAMMX conditioned
medium (P < 0.001; Fig. 6C), indicating that MMP-1 induces
activation of endothelial cells and promotes tube formation.
Recent studies showed that MMP-1 directly activates PAR-1

(32, 33). Activation of PAR-1 on endothelial cells causes intracellular
calcium flux and von Willebrand factor release, hallmarks of
endothelial cell activation (32, 33). We next sought to determine
if the changes in branching between the HMVECs treatedwith either
shMAMMX or MMP-1 shRNA conditioned medium were due
specifically to MMP-1 in the medium and if the MMP-1/PAR-1 axis
contributed to the tube-forming ability of the endothelial cells.

Inhibiting MMP-1 activity in shMAMMX conditioned medium
using a MMP-1 neutralizing antibody blocked tube formation by
the HMVECs, returning the number of branch points to levels
similar to those seen using MMP-1 shRNA conditioned medium.
Further, treating HMVECs with a specific PAR-1 antagonist,
SCH79797, also significantly inhibited tube formation in the
endothelial cells treated with shMAMMX conditioned medium
(P < 0.001; Fig. 6D). These results (a) show that melanoma-
produced MMP-1 activates endothelial cells, likely via endothelial
cell–expressed PAR-1, and promotes complex tube formation
in vitro and (b) suggest that MMP-1 is playing a direct role in
melanoma-induced angiogenesis.

Discussion

Metastatic melanoma is an almost universally fatal disease, yet
there have been few genes linked exclusively to the metastatic
phenotype. More than 60% of all melanomas harbor an activating
mutation in the Raf/MEK/ERK signaling pathway (34), and this has

Figure 6. MMP-1 promotes the in vitro tube-forming ability of endothelial cells. A, representative micrographs of HMVECs plated in a tube formation assay as
described in Materials and Methods. HMVECs were treated with basal medium alone (negative control), basal medium plus 50 ng/mL phorbol 12-myristate 13-acetate
(PMA ; positive control), HMVECs treated with basal medium conditioned by shMAMMX cells, and basal medium conditioned by MMP-1 shRNA cells. Bar, 100 Am.
B, higher-magnification representation of the complex branched structures found in wells treated with shMAMMX conditioned medium (CM ) and the low level of
complexity found in wells treated with MMP-1 shRNA conditioned medium. Bar, 50 Am. C, quantification of the number of tube branch points per well. Treatment
indicates either PMA addition to the medium (+PMA ) or the cell line by which the medium was conditioned. Columns, mean number of branch points per well; bars, SD.
*, P < 0.001, compared with shMAMMX conditioned medium–treated wells. D, anti-FLAG and anti-MMP-1 neutralizing antibodies were added to shMAMMX conditioned
medium immediately before use in the assay. HMVECs were treated with DMSO or the PAR-1 inhibitor SCH79797 before use in the assay. Columns, average
number of branch points per well; bars, SD. **, P < 0.001, compared with anti-FLAG–treated shMAMMX conditioned medium; ***, P < 0.001, compared with DMSO
control.

Cancer Research

Cancer Res 2007; 67: (22). November 15, 2007 10856 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/22/10849/2576510/10849.pdf by guest on 19 M

ay 2023



been consistently associated with melanoma progression (4).
However, the downstream effectors of ERK that are responsible
for melanoma invasion and metastasis have not been previously
defined. In the present study, we used shRNAs to specifically target
a single gene, MMP-1 , which is activated in the expansive Raf/
MEK/ERK signaling cascade. Our results indicate that MMP-1 is
not involved in primary tumor growth but is vital for the metastatic
capability of VMM12 melanoma cells.
Of the four collagenases (MMP-1, MMP-3, MMP-8, and MT1-

MMP), only MMP-1 has been consistently associated with a poor
clinical outcome in melanoma (18, 35), indicating that MMP-1 is
necessary for melanoma progression. MMP-1 localizes to dermally
invasive melanoma cells (18, 36) and MMP-1–mediated invasion is
directly related to the ability of the cells to degrade dermal type I
collagen (27). In our studies, tumors with knocked down MMP-1
expression had significantly diminished collagenolytic activity and
decreased metastatic potential compared with the control,
suggesting a reduced invasive capability. These results agree with
earlier clinical studies that correlate MMP-1 expression with high-
grade invasive melanomas (18), linking the expression of the
collagenase MMP-1 to progression from the epidermally confined
RGP to the dermally invasive, metastatically competent VGP.
In melanoma, progression from benign tumor to malignant

neoplasm requires the development of dynamic interactions
between the tumor and the surrounding stromal environment
(37), which includes tumor/endothelial cell interactions. Tumor-
induced angiogenesis is required for growth of the primary tumor
and is also a crucial step in the acquisition of a malignant
phenotype (29).
Our data indicate that melanoma-produced MMP-1 is involved

in tumor-induced vessel formation, as tumors with knocked down
MMP-1 expression displayed obvious deficiencies in angiogenesis,
both macroscopically and in size and number of capillaries within
individual tumor sections (Fig. 5). Generally, primary tumors that
are more heavily vascularized are more aggressive and have
increased metastatic potential (38), and increased angiogenesis has
been associated with the metastatic capability of melanoma (30).
Interestingly, there was no significant change in primary tumor
growth between MMP-1 shRNA and shMAMMX control tumors
(Fig. 2), indicating that there was sufficient angiogenesis in both
groups to sustain an equal growth rate. This may be attributed to
the interdermal injection site, which is not well vascularized and
causes tumors to grow relatively slowly, and to ulcerate and

become highly necrotic. There were, however, significant differ-
ences in the sizes of the metastatic tumors in the highly
vascularized lung tissue (Fig. 3), and it is possible that the
proangiogenic properties of MMP-1 have a greater effect on growth
in these deep tissues. From these data, we conclude that the effect
of MMP-1 on vessel formation directly contributes to the
metastatic phenotype of VMM12 melanoma cells; increased
angiogenesis provides a route of dissemination from the primary
tumor and likely contributes to the growth of the metastatic tumor.
This represents a novel role for MMP-1 in melanoma progression.
Because destruction of the ECM is necessary for vessel

formation, considerable evidence has linked MMPs to tumor-
induced angiogenesis (15, 29). Besides removing the physical
barriers to new vessel growth, when MMPs proteolytically process
components of the ECM, they release proangiogenic growth
factors that are stored in the matrix, such as vascular endothelial
growth factor, basic fibroblast growth factor, and platelet-derived
growth factor (16, 29). Because MMP-1 is the major MMP
produced by the VMM12 cell line (Fig. 1; ref. 10), we hypothesize
that it is contributing to melanoma-induced angiogenesis in much
the same way. Additionally, our data indicate that MMP-1 plays a
direct role in tumor-induced angiogenesis, as MMP-1 is necessary
to activate endothelial cells in vitro and induce tube formation.
This direct cell-to-cell interaction adds to the repertoire of MMP-1
functions that are non-ECM related, and the MMP-1/PAR-1 axis
seems to be central in this direct cross-talk between melanoma
and endothelial cells.
In summary, our experiments show that, as a downstream

effector of ERK signaling, MMP-1 enhances tumor cell collagenase
activity and tumor-induced angiogenesis, which directly contrib-
utes to the metastatic capability of VMM12 melanoma cells. The
Raf/MEK/ERK pathway is activated in a large proportion of
melanomas, and because it is the uncontrollable metastatic spread
of melanoma that is fatal, MMP-1 may be a therapeutic target in
treating this disease.
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