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Background: Mmpla is the postulated mouse genetic homologue of MAMP1, but its functions in cancer are unknown.
Results: Endogenous Mmpla promotes invasion, tumorigenesis, and metastasis of lung cancer and melanoma.
Conclusion: Mmpla is a functional MMPI homologue in mouse models of tumorigenesis.

Significance: This is the first report that directly characterizes a function for Mmpla in mouse (patho)physiology.

Matrix metalloprotease-1 (MMP1), a collagenase and activa-
tor of the G protein-coupled protease activated receptor-1
(PAR1), is an emerging new target implicated in oncogenesis
and metastasis in diverse cancers. However, the functional
mouse homologue of MMP1I in cancer models has not yet been
clearly defined. We report here that Mmpla is a functional
MMP1 homologue that promotes invasion and metastatic pro-
gression of mouse lung cancer and melanoma. LLC1 (Lewis lung
carcinoma) and primary mouse melanoma cells harboring
active BRAF express high levels of endogenous Mmpla, which is
required for invasion through collagen. Silencing of either
Mmpla or PARI suppressed invasive stellate growth of lung
cancer cells in three-dimensional matrices. Conversely, ectopic
expression of Mmpla conferred an invasive phenotype in epi-
thelial cells that do not express endogenous Mmpla. Consistent
with Mmpla acting as a PAR1 agonist in an autocrine loop, inhi-
bition or silencing of PAR1 resulted in a loss of the Mmpla-
driven invasive phenotype. Knockdown of Mmpla on tumor
cells resulted in significantly decreased tumorigenesis, invasion,
and metastasis in xenograft models. Together, these data dem-
onstrate that cancer cell-derived Mmp1la acts as a robust func-
tional homologue of MMP1 by conferring protumorigenic and
metastatic behavior to cells.

Matrix metalloproteases (MMPs)? are a family of 25 zinc-de-
pendent endopeptidases that allow cells to both sense and
remodel their environment through cleavage of extracellular
factors and matrix proteins such as collagen (1-3). There are
three secreted collagenases with different specificities identi-
fied in humans, namely MMP1, MMP8, and MMP13 (4). In
particular, MMP1 has been implicated in a wide range of patho-
physiologic processes, including arthritis, atherosclerosis,
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thrombosis, tumorigenesis, and metastasis (5-11). MMP1
overexpression is associated with many cancer types, including
lung, breast, and melanoma, and often correlates with a poor
clinical prognosis (8, 12—18). An insertional polymorphism in
the human MMP1 promoter that leads to elevated MAMP]I tran-
scription has also been associated with increased risk of devel-
opment and metastasis of non-small cell lung cancer and with
increased invasiveness in cutaneous melanoma (19 -21).

Although MMP1 cleaves many secreted factors and matrix
proteins important for tumor progression and invasion, a newly
identified mechanism of tumor promotion is through non-ca-
nonical activation of protease-activated receptor-1 (PAR1)
(22-24). PAR1 is a G protein-coupled receptor that is activated
by cleavage of its extracellular N-terminal domain (25). Cleav-
age reveals a tethered ligand that activates the receptor in an
unusual intramolecular binding mode (26), which triggers
transmembrane signaling to intracellular G proteins (27). PAR1
signaling activates oncogenic transformation (28), including
mitogenesis, survival, gene transcription, and migration/inva-
sion pathways (22, 29 -32).

Similar to MMP1, PAR1 is overexpressed frequently by vari-
ety of cancer types, including melanoma, lung, breast, and ovar-
ian cancers (33—38). Tumorigenesis, angiogenesis, and experi-
mental metastasis of several cancers can be inhibited effectively
by pharmacologic blockade of PAR1 or knockdown of PARI
gene expression (37, 39 —41). Recent work indicates that dual
expression of MMP1 and PAR1 on cancer cells is significantly
associated with increased tumor recurrence and stage in hepa-
tocellular carcinoma patients and invasion and lymph node
metastasis in primary gall bladder carcinoma (42, 43).

Given the emerging importance of MMP1 and PARI1 in
human cancer pathogenesis, it is useful to develop relevant
mouse models to understand the complex pathobiology and
potential therapeutic relevance of the MMP1-PAR1 axis in can-
cer. However, the functional mouse homologue of MMPI in
murine cancers has not yet been defined clearly. Mapping of the
Mmp gene locus revealed a rodent-specific duplication of
MMP1I, resulting in Mmpla (Mcol-A) and Mmplb (Mcol-B)
genes (44). Mmpla and Mmplb are 74% identical to human
MMPI and 82% identical to each other. When expressed in
bacteria, Mmpla but not Mmplb exhibited collagenolytic
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activity in vitro (44). Mmpla and Mmp1b contain a RGD motif
in their catalytic domains, which is characteristic of MMP1.
The location of the Mmpla gene between Mmpl0 and Mmp3
in the mouse MMP cluster on chromosome 9 is identical to
human MMPI, whereas the Mmplb gene is inverted and
located 73 kb further away, between the Mmp3 and Mmp12
genes.

The tissue expression of Mmpla appears to be limited in
healthy adult mouse tissue as occurs for MMP1 in humans;
however, elevated Mmpla expression levels have been docu-
mented in multiple different disease states, including sepsis,
wound healing, lung injury, and arthritis (45—49). Moreover,
Mmpla mRNA was found to be significantly up-regulated in
the stroma of breast cancer xenografts driven by ectopic
expression of the PAR1 oncogene (22).

To determine whether Mmpla-PAR1 signaling is relevant in
mouse cancer biology, we studied a mouse-derived lung cancer
cell line, LLC1, and two primary cell lines isolated from spon-
taneous BRAF V600E/p19*%F~/~ mouse melanomas. LLCl isa
clonal cell line derived from the Lewis lung carcinoma tumor
widely used in C57BL/6 tumor allografts (50). BRAF is a serine-
threonine kinase that is activated by RAS and is frequently
mutated in human melanomas, with the constitutively active
V600E form occurring in >50% of patient melanomas (51).

Here, we demonstrate that LLC1 cells express high levels of
endogenous Mmpla and PARI and autocrine Mmpla-PAR1
signaling is required for LLC1 invasion. Silencing of Mmpla
expression results in significantly decreased invasion and
decreased tumor growth in mice. Furthermore, suppression of
Mmpla expression inhibits experimental metastasis of LLC1
cells to the lungs. This signaling pathway is also conserved in
mouse melanoma. BRAF V600E/p19*%* ™/~ melanoma cells
express Mmpla and PAR1, and Mmpla-PAR1 activity is
required for melanoma cell invasion. Together, these results
demonstrate that the newly described Mmpla matrix metallo-
protease has oncogenic functions in mice by enhancing both
tumorigenesis and metastasis.

EXPERIMENTAL PROCEDURES

Reagents—The rabbit anti-Mmpla antibody was generated
as described previously (49). Rabbit anti-Myc antibody was
from Cell Signaling. Goat anti-mPAR1 (S19) antibody was from
Santa Cruz Biotechnology. The N-palmitoylated PAR1 pepdu-
cin Plpal-7 (PZ-128) was synthesized by the Tufts University
Core Facility as described previously (52). The MMP inhibitors
MMP Inh I (IC;, = 1 pm (MMP1), 30 um (MMP3), 1 um
(MMPS), and 150 um (MMP9), MMP Inh II (IC,, = 24 nm
(MMP1), 184 nm (MMP3), 30 nm (MMP7) and 2.7 nm
(MMP9)), and MMP Inh V (IC,, = 0.73 nm (MMP2), 42
nMm (MMP3), 1.1 nv (MMPS8), 2.1 nv (MMP9), 0.45 nm
(MMP12), 1.1 nm (MMP13)) were from EMD Biosciences. An
inactive MMP Inh I analogue (X-MInhI) lacking the C-terminal
hydroxamate (4-Abz-Gly-Pro-p-Leu-p-Ala-OH) was synthe-
sized by the Tufts University Core Facility.

Cell Lines and Culture—LLC1 and HEK293T cells (ATCC)
were maintained in DMEM supplemented with 10% FBS, 1%
penicillin-streptomycin. C57MG cells were a kind gift from Dr.
Lynn Matrisian (Vanderbilt University, Nashville, TN) and
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were maintained as described previously (53). The 4228 and
4246 melanoma cell lines were isolated from spontaneous cuta-
neous melanomas arising in transgenic mice expressing BRAF
V600E under the mouse tyrosinase promoter (line 476) that
were crossed to C57BL/6 p19*** exon 1b knock-out animals
(54, 55). 4228 and 4246 cells were isolated by collagenase/hya-
luronidase digestion of tumor fragments for 30 min and were
cultured in RPMI supplemented with 10% FBS.

Preparation of Conditioned Media—To harvest conditioned
media from all cell lines, 4 X 10° cells were plated in complete
media in a 10 cm dish. After 6 h, the medium was then changed
to 0.1% FBS. At 48 h, medium was harvested and centrifuged to
remove cellular debris.

Plasmid Constructs—Mmpla and Mmplb cDNAs were pur-
chased from Open Biosystems and cloned via Sgfl and Mlul
sites into pCMV6-Entry (Origene) with a C-terminal His-Myc
tag. Human MMP1-pCMV6-Entry was from Origene. E219A-
MMPI and E216A-Mmpla mutants were generated by
QuikChange site-directed mutagenesis (Agilent). Mmpla and
E216A-Mmpla were also cloned into the EcoRI and Sall sites of
pBabe-Puro (Addgene) for retrovirus generation.

RNA Isolation and Quantitative Real-time PCR—Total RNA
was extracted from cell lines or flash-frozen whole tumor
homogenates, using the RNeasy mini kit and treated with on-
column DNase digestion (Qiagen). RNA was reverse-tran-
scribed using a standard reaction. Real-time PCR was con-
ducted using a SYBR Green master mix (Qiagen) and a 40-cycle
thermocycling protocol. Mmpla primers for real-time PCR
were as described previously (45). Mouse PARI (F2R) and
GAPDH real-time primers (5’ to 3") were CTCCTCAAGGAG-
CAGACCAC (PARI-F), CAAGAAAGAAGATGGCGGAG
(PAR1-R), AGAACATCATCCCTGCATCC (GAPDH-F), and
CACATTGGGGGTAGGAACAC (GAPDH-R).

Knockdown of Mmpla—Mmpla-targeted, PARI-targeted,
and control luciferase-targeted shRNAs in pLKO.1-Puro were
purchased from Sigma. The sense strand of the shRNA target
sequences were as follows: CGCTGAGTACTTCGAAATGTC
(shLuc), CCTGGAATTGATGATAAAGTT (shMmpla-1),
CCGTGATTCTAGTACATGGTT (shMmpla-2), and AGG-
GCAGTCTACTTAAATATA (shPAR1). Lentiviral particles
were generated by triple transfection of pLKO.1-Puro, pMD.G,
and pCMV-dR8.9 in HEK293T using the calcium phosphate
method (56). Retroviral particles for C57MG infection were
generated by calcium phosphate transfection of pBabePuro
constructs in Phoenix-Ampho cells. Both lentiviral and retro-
viral supernatants were harvested 24 h after transfection. All
cells were transduced overnight with viral supernatant diluted
1:1000 (lentivirus) or 1:10 (retrovirus) in the presence of 8
png/ml polybrene. Cells were selected with 3 ug/ml puromycin
for 5 days beginning 48 h after transduction.

Boyden Chamber Invasion—All invasion assays were per-
formed using Boyden chambers with 8-um pore size (Costar).
For Matrigel invasion, 50 pug Matrigel (BD Biosciences) was
diluted in serum-free DMEM and layered on a Boyden chamber
membrane. For collagen invasion, 50 ug of rat tail type I colla-
gen (BD Biosciences) was cross-linked on a Boyden membrane
according to the manufacturer’s protocol. For all invasion
assays, 10% FBS/DMEM was used as a chemoattractant in the
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lower chamber. The upper chamber contained 25,000 (Matri-
gel invasion) or 20,000 (collagen invasion) LLC1 cells in 1% FBS
DMEM. After 48 h, non-invasive cells were removed, and mem-
branes were stained with Hema-3 stain system (Thermo
Fisher). Invasion was quantified by counting number of cells
per nine fields (membrane diameter) as described previously
(57).

Three-dimensional Growth/Invasion Assays—For three-di-
mensional growth assays, 5,000 shLuc-, shMmpla-2- or
shParl-transduced LLC1 cells in 100 ul of Matrigel were lay-
ered on top of a 24-well plate that had been precoated with
Matrigel. Once gels had polymerized, 100 ul of complete
medium was added to coat the gel. Three-dimensional cultures
were maintained at 37 °C/5% CO,/humid air for 7 days. The
degree of invasiveness was measured for each colony as follows:
Grade 0 colony with no invasive protrusions; Grade 1 colony
with invasive protrusions that are no longer than the central
radius of the colony; Grade 2 colony with invasive protrusions
that are longer than the central colony radius. The colonies in at
least 10 representative fields per culture were scored to deter-
mine the percentage of each colony type.

Three-dimensional Media Release Assay—HEK293T cells
were transfected transiently using the calcium phosphate
method with vector, Mmpla, Mmp1b, MMPI, E219A-MMPI,
or E216A-Mmpla with C-terminal His-Myc tags. Transfected
cells (2 X 10°) were embedded in 1 ml of type I rat tail collagen
supplemented with trypsin (10 ug/ml) to activate latent pro-
MMPs at a final concentration of 1 mg/ml of collagen and over-
laid with 1 ml of serum-free medium as reported previously
(58). After 24 h incubation at 37 °C/5% CO,/humid air, the
liquid medium was removed gently and weighed to determine
the amount of collagen degradation.

Mice and Xenograft Models—Six-week-old female C57BL/6
mice were obtained from Charles River Laboratories. For sub-
cutaneous xenograft models, 2 X 10° shLuc- or shMmpla-2-
transduced LLC1 cells in 100 ul of sterile PBS were injected into
the abdominal fat pad (1-2 inoculations per mouse). Twelve
days after implantation, palpable tumor growth was measured
every other day, and tumor volume was calculated based on the
equation (length X width?)/2. After 26 days, tumors were flash
frozen for mRNA analysis or formalin-fixed for histology.

For experimental metastasis, 1 X 10° shLuc- or shMmp1la-2-
transduced LLC1 cells in 200 ul of sterile PBS were injected into
the tail vein. After 28 days, lungs were harvested and formalin-
fixed for histology. The number of metastases per animal was
determined in a blinded fashion by counting three H&E-stained
coronal lung sections per mouse.

Statistical Analysis—All data are presented as the mean and
the S.E. Student’s ¢ test (unpaired) was used to determine sta-
tistical significance, defined as p < 0.05.

RESULTS

Mmpla and PARI Signaling Promotes Cancer Cell Invasion—
MMP1 and PARI are frequently overexpressed in human lung
cancers and melanoma (12, 17, 24, 38, 40); therefore, we exam-
ined whether PAR1 and Mmpla were co-expressed using
Western blot and FACS analysis in the mouse lung cancer cell
line, LLC1, and the primary melanoma cell lines, 4228 and 4246,

24332 JOURNAL OF BIOLOGICAL CHEMISTRY

LLC1
A S o o B 10
N 80
W8 & pro-Mmp1a 2 60
S - - \imp1a 5
l 8 40
20

0
100102 109 104 105
—

PAR1 FITC
C 1507 LLCi/Matrigel D {50, LLC1/Collagen
g 125 <125
= 100 = 100
o o
‘% 75 2 75
g Kk KX g 50 *
= 50 = ** *%
25 >k 25
* %
0L % 1, 4y 4, + 0
Qé % 'OQ/%%@A)@/
s % hs 5,
A
E 4228/Collagen F 4246/Collagen
120 120
& 100 ;\?100
5 80 c 80
§ 60 < 60
g 40 S 40
- [
20 = 20
0L % %, 0L % 4,
%% " % %%, 7
P, 4
%, %,

FIGURE 1. Endogenous Mmp1a and PAR1 regulate invasion of mouse
lung cancer and melanoma cells. A, Western blot analysis of secreted
Mmp1a (pro-Mmp1a ~ 56 kDa, Mmp1a ~ 46 kDa) in media from LLC1 lung
cancer and 4228 or 4246 melanoma cells. B, flow cytometry analysis of PAR1
surface expression on LLC1 cells using S19 FITC-PAR1 Ab versus isotype con-
trol (gray). Cand D, LLC1 invasion through Matrigel (C) or type | collagen (D) in
the absence or presence of PAR1 inhibitors (P1pal-7 (5 um) or RWJ-58259 (3
M), or MMP inhibitor (MMP Inh 1) (3 um) and MMP Inh Il (5 um), MMP Inh V (1
um) and X-Minhl (3 um)). All data represent mean = S.E. of three experiments.
** p < 0.005. Veh, vehicle.

isolated from spontaneous, BRAF V600E/p19*%F~/~ mouse
melanomas. A strong protein band at 46 kDa, corresponding to
active Mmpla, was secreted from LLC1 lung carcinoma, and
4228 and 4246 melanoma cells (Fig. 14). A weaker band at 56
kDa, corresponding in size to pro-MMP1, was detected in 4228
and 4246 melanoma cells (Fig. 1A). All three cell lines had
strong surface expression of PAR1 as determined by flow
cytometry (Fig. 1B and supplemental Fig. S1).

We next examined whether Mmpla and PAR1 impacted
invasion of LLC1 cells through the extracellular matrix (22, 24).
LLC1 cells readily invaded through Matrigel (Fig. 1C) and col-
lagen (Fig. 1D). Pharmacological inhibition of PAR1 using a
small molecule antagonist, RWJ-58259 (59) or a cell-penetrat-
ing pepducin antagonist of PAR1, P1pal-7 (60), decreased LLC1
invasion by up to 95 and 75% for Matrigel and collagen, respec-
tively. Furthermore, MMP Inh I and MMP Inh II, which both
preferentially target MMP1, reduced invasion of LLC1 cells
through Matrigel and collagen invasion by 60-70% (Fig. 1, C
and D). In contrast, MMP Inh V, which blocks a variety of
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MMPs, including MMP-2, -3, -8, -9, -12, -13 but not MMP-1,
did not impact LLC1 invasion. Additionally, an inactive control
MMP Inh I (X-MlInh I) lacking the C-terminal hydroxamate
had no effect on LLC1 invasion. These results indicate that both
Mmpla and PARI1 are required for invasion of LLC1 cells
through collagen.

We determined whether Mmpla and PAR1 were also
required for melanoma cell invasion. Collagen invasion assays
were performed on the primary 4228 and 4246 melanoma cells.
Inhibition of PAR1 with RW7]-58259 or Mmpla with MMP Inh
1in 4228 and 4246 melanoma cells reduced collagen invasion by
85-97% (Fig. 1, E and F). Together, these data suggest that lung
and melanoma cells expressing Mmpla and PARI are highly
invasive and that Mmpla-PAR1 signaling may lead to a highly
malignant cellular phenotype.

Enzymatic Activity of Mmpla Confers Invasive Potential
through PARI—To directly show that Mmpla has collagenase
activity in mammalian expression systems, full-length human
MMP1, Mmpla, and Mmplb were expressed in HEK293T
cells. All MMP constructs contained a C-terminal Myc tag and
protein expression levels in the conditioned media and cell
lysates were found to be comparable (Fig. 24, lower panel). The
MMP-expressing cells were embedded into three-dimensional
collagen gels supplemented with trypsin to activate latent
MMPs and collagenolysis assessed by the release of trapped
liquid from the gels (58). After 24 h, gels containing mouse
Mmpla-expressing cells had significantly degraded compara-
ble amounts of type I collagen as human MMP1-expressing
cells (Fig. 24). Conversely, Mmplb did not confer any addi-
tional collagenase activity over basal levels.

To confirm that Mmpla catalytic activity was directly
responsible for the collagenase activity observed, the critical
active site glutamate of MMP1 (Glu-219) and Mmpla (Glu-
216) were mutated to alanine (61). The E219A-MMP1 and
E216A-Mmpla mutants had no significant collagenase activity,
consistent with the requirement of the conserved active site
glutamate for function of both the human and mouse
homologues.

We then examined whether gain-of-exogenous expression of
Mmpla bestows an invasive phenotype on the PAR1-express-
ing cell line C57MG. C57MG is a mouse mammary epithelial-
derived cell line that does not express Mmpla (Fig. 2B, lower
panel) (62). C57MG cells were stably transduced with vector,
Mmpla, or E216A-Mmpla and tested for invasive activity.
Expression of Mmpla in C57MG cells caused a significant
4-fold increase in collagen invasion above vector control, an
effect that was lost with the active site defective Mmpla
mutant, E216A (Fig. 2B). Blockade of PAR1 with RW]-58259
caused a 75% loss of invasion in the Mmpla-transduced cells,
and the PARI-expressing C57MG cells did not invade in the
absence of Mmpla (vector control) (Fig. 2C). Additionally,
treatment of C57MG cells ectopically expressing Mmpla
(C57MG + Mmpla) with a PAR-targeted shRNA reduced
mPAR1 surface expression by 80% and completely abolished
collagen invasion relative to shLuc control (Fig. 2D).

We also examined the ability of Mmp1la to directly activate
PAR1-dependent gene transcription. CYR61 is a proangiogenic
factor that is strongly induced by PAR1 stimulation (30). Treat-
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FIGURE 2. Mmp1a confers collagenase activity and invasive behavior
through PART1. A, collagenase activity of MMP-Myc transfected HEK293T
cells plated in type | collagen gels as measured by the conversion of collagen
gel to liquid. Corresponding MMP protein expression in the conditioned
media (CM; 40 wl) and lysates (40 ng) was determined by Western blot (lower
panel). B,invasion of Mmp1a-null C57MG cells ectopically expressing Mmp1a,
inactive E216A Mmp1a, or vector control, through type | collagen toward a
gradient of 10% FBS. Corresponding MMP protein expression in the condi-
tioned media was determined by Western blot (WB; lower panel). C and D,
Mmp1a-driven invasion of C57MG cells requires PAR1 activity. C, C57MG cells
ectopically expressing Mmp1a or vector control, were allowed to invade
through type | collagen toward a gradient of 10% FBS, in the presence or
absence of the PAR1 inhibitor RWJ-58259 (5 um). D, Mmp1a-driven invasion of
C57MG cells ectopically expressing Mmp1a following stable transduction
with a PAR1-targeted shRNA (shPAR1) or control (shLuc). Cells were allowed
to invade through type | collagen. E, induction of a PAR1-target gene, CYR61,
in Mmp1a-null C57MG cells in response to conditioned media from Mmp1a-
null C57MG (vec) or C57MG cells ectopically expressing Mmp1a in the pres-
ence or absence of RWJ-58259 (5 um). Data represent means = S.E. of three
experiments. *, p < 0.05; #, p < 0.10. Veh, vehicle.

ment of Mmpla-null C57MG cells with conditioned media
from Mmpla-expressing C57MG cells resulted in a 45% induc-
tion of CYR61 mRNA, as compared with conditioned media
from vector control C57MG@ cells (Fig. 2E). Inhibition of PAR1
with RWJ-58259 reduced CYR61 expression to basal levels.
Together, these data indicate that Mmpla requires the activity
of PAR1 to confer a proinvasive/angiogenic phenotype to
mouse epithelial-derived cells.

Knockdown of Mmpla and PARI Suppresses Invasive Pheno-
type of LLCI Lung Cancer Cells—A screen of a panel of Mmpla-
targeted shRNAs identified two constructs (shMmpla-1 and
-2) which caused a >95% reduction in Mmpla mRNA in LLC1
cells, as measured by quantitative RT-PCR (Fig. 34). These
shRNAs were specific and did not affect expression of the most
related mRNA transcripts from Mmp1b and Mmp13 (data not
shown). As shown in Fig. 3B, a strong band at 46 kDa corre-
sponding to Mmpla was detected in shLuc-LLC1, which was
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FIGURE 3. Knockdown of Mmp1a-PAR1 decreases invasion of LLC1 lung
cancer cells. A and B, Mmp1a mRNA (A) and Mmp1a protein expression (B)
following stable, lentiviral knockdown in LLC1 cells with Mmp1a-targeted
shRNA (shMmp1a-1 or -2) versus shLuc (luciferase) control. C and D, Matrigel
(C) and collagen (D) invasion of Mmp1a knockdown LLC1 cells. E, LLC1 cell
invasion through collagen following stable transduction with a PAR1-tar-
geted shRNA (shPar1) versus shLuc control (left panel), with FACS analysis of
PAR1 surface expression (right panel) using S19 FITC-PAR1 Ab versus isotype
control (gray). All data represent means = S.E. of three experiments. *, p <
0.05; **, p < 0.005. WB, Western blot.

reduced by 63 and 76% upon transduction with shMmpla-1
and -2, respectively. Consistent with the previously observed
effects of pharmacologic inhibition of Mmpla, silencing of
Mmpla expression with shMmpla-2 significantly reduced
LLC1 invasion through Matrigel and type I collagen by 70 —85%
(Fig. 3, Cand D). Highly similar results were observed following
silencing of Mmpla in the 4228 and 4246 melanoma cell lines,
with 80-90% reduction in Mmpla mRNA expression (supple-
mental Fig. S2A) and suppression of collagen invasion by
70-75% (supplemental Fig. S2, B and C). Likewise, 75% knock-
down of PAR1 surface expression with shPAR1 led to 70%
reduction in LLC1 invasion (Fig. 3E), consistent with the effects
of Mmpla invasion being mediated through PAR1.

To more closely examine the effects of Mmp1la on the inva-
sive behavior of the LLC1 lung cancer cells, we employed a
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FIGURE 4. Mmp1a and PAR1 are required for invasive stellate colony for-
mation of lung cancer cells in three-dimensional matrices. A, growth and
invasion of LLC1 cells transduced with control (shLuc), Mmp1a knockdown
(shMmp1a-2), or PART knockdown (shPar1) after 7 days in three-dimensional
(3D) Matrigel cultures. Digital images were acquired at 60X magnification,
n = 3). B, the grade of invasiveness was measured for each colony in three 6 X
fields and scored (grade 0, 1, 2) as described under “Experimental
Procedures.”

three-dimensional Matrigel invasion assay. LLC1 cells trans-
duced with negative control shLuc produced numerous grade 1
and 2 stellate colonies with multiple, long projections invading
deeply into the three-dimensional Matrigel culture (Fig. 4, A
and B). Silencing of Mmp1la with shMmpla-2 caused a striking
loss of invasive stellate colony growth with complete absence of
grade 2 colonies (Fig. 4, A and B). PAR1 knockdown resulted in
a similar phenotype with the appearance of predominantly
non-invasive colonies with the remaining invasive colonies
exhibiting truncated stellate projections (Fig. 4, A and B). The
suppression of the invasive phenotype following silencing of
Mmpla or PAR1 in the LLC1 lung cancer cells in three-dimen-
sional matrix is highly consistent with the results from the tran-
swell collagen invasion assays, where shMmpla-2 reduced
invasion by 90% and shPAR1 resulted in a 68% reduction in
invasion. However, silencing of PAR1 did not completely
mimic the effects of Mmpla silencing, suggesting both PAR1-
dependent and PAR1-independent functions for Mmpla such
as direct lysis of collagen.

Mmpla Promotes Tumorigenesis and Metastasis of LLC1—
To determine whether Mmp1la plays a role in tumorigenesis and
invasion of lung cancer in vivo, tumor xenograft experiments
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FIGURE 5. Silencing of Mmp1a suppresses tumor growth and invasion of LLC1 lung cancer cells in mice. A, tumor growth following subcutaneous
implantation of 200,000 shLuc (n = 10) or shMmp1a-2 (n = 21) transduced LLC1 cells in the abdominal fat pads of C57BL/6 female mice. B, mass of excised LLC1
tumors at the day 26 end point. C, MmpT1a mRNA expression in whole tumor homogenates (n = 6 per cohort) as determined by real-time PCR and expressed
relative to MmpTa mRNA levels in cultured shLuc LLC1 cells (1-fold). D, correlation between tumor size and Mmp1a mRNA expression of excised shMmp1a-2
tumors. E, invasion of shLuc or shMmp1la LLCT transduced tumors into the abdominal musculature of mice as assessed by H&E-stained sections from
subcutaneous tumors (10X magnification). Tumor/muscle interface is outlined in white. Values shown are mean = S.E.*, p < 0.05; **, p < 0.01.

were performed with LLC1 cells. LLC1 cells were injected into
the abdominal fat pads of C57BL/6 mice and tumor growth
monitored over 26 days. shMmpla-2 knockdown tumors grew
significantly slower than control shLuc LLC1 tumors at all time
points (Fig. 54). At the day 26 end point, shMmpla-2 tumors
weighed significantly less than shLuc tumors (Fig. 5B). Analysis
of Mmpla mRNA levels by real-time PCR in whole tumor
homogenates surprisingly showed a 33-fold up-regulation of
Mmpla mRNA as compared with parental shLuc LLC1 cells
grown in culture. However, Mmpla mRNA was reduced on
average by 75% in shMmpla-2 knockdown tumors as com-
pared with shLuc control tumors (Fig. 5C), indicating that the
shRNA maintained knockdown of Mmpla throughout the
experiment. Residual elevated Mmpla mRNA in the tumors
may be due to stromal sources. There was a correlation between
Mmpla mRNA levels and tumor size (Fig. 5D), consistent with
the notion that residual and/or stromal Mmpla expression lev-
els may be growth limiting in the shMmpla-2 tumors. Histo-
logic examination revealed that shMmp1la-2 tumors exhibited
decreased tumor invasion into the underlying abdominal mus-
culature (Fig. 5E).

To quantify the effect of Mmpla knockdown on tumor cell
experimental metastasis in vivo, shLuc or shMmp1la-2-silenced
LLC1 cells were inoculated into the venous circulation by tail
vein injection. At the 28 day end point, lungs were harvested,
and metastatic nodules were quantified. Consistent with the
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hypothesis that Mmpla promotes a malignant phenotype in
epithelial cells, mice were inoculated with Mmp1la knockdown
LLC1 cells which had a 40% reduction in metastatic nodules
(Fig. 6, A and B). This provides evidence that Mmp]la plays a
role in the late events of invasion and metastasis in mouse lung
cancer models.

DISCUSSION

Emerging evidence suggests that the matrix metalloprotease
MMP1 plays a pivotal role in the pathogenesis of multiple
human diseases; however, a function for the putative mouse
homologue, Mmpla, has not yet been identified clearly. Here,
we report that Mmpla is highly expressed in mouse lung cancer
and is critical for in vivo tumor growth, invasion, and metasta-
sis. Primary melanomas isolated from BRAF V60OE p19/RF~/~
mice also endogenously express Mmpla that is essential for
invasion, thus providing further support for a pathophysiologic
role for Mmp1la in mouse tumor biology.

Gain-of-function migratory and invasive activity of Mmpla
in mouse epithelial cells required the G protein-coupled PAR1
receptor, which had been shown to be an oncogene in human
cancers (63). Previous work had also shown the importance of
stromal MMP1 activity as being required for PAR1-driven can-
cer cell growth, tumorigenesis, and invasion of human breast
cancer xenografts that lack endogenous MMP1 (22). However,
the present study describes for the first time, an autocrine
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FIGURE 6. Silencing of Mmp1a reduces experimental metastasis of lung
cancer cells in mice. A and B, number (A) and size (B) of metastatic lung
nodules per mouse as determined by sum of three coronal sections per ani-
mal. LLC1 cells transduced with shMmp1a-2 or shLuc (1 X 10°) were injected
into the tail vein of C57BL/6 mice, and lungs were harvested 28 days later and
analyzed for metastases by histology. n = 10 per cohort.

Mmpla-PAR1 system that promotes lung cancer pathogenesis.
A similar autocrine system in human melanomas has recently
been reported to promote growth and invasion (24). Blackburn
et al. (24) provided evidence that activation of human PAR1 by
MMP1 in less advanced melanomas leads to increased tran-
scription of MMP1. Although this would promote increased
cancer cell signaling, it has not yet been determined whether
the action of cancer cell-derived MMP1 on the stromal compo-
nent also leads to increased stromal MMP1(a) production in
vivo. Stromal MMP1 has been shown to be induced by a PAR1-
Cyr61-MMP1 pathway, whereby secreted Cyr61 from human
breast cancer cells induces MMP1 expression in human mam-
mary and other stromal fibroblasts in co-culture experiments
(30). Media from human breast cancer cells can also induce
MMP1 expression in human mammary fibroblasts possibly
through a CXCR4-regulated mechanism (64).

Gain-of-MMP1 expression by breast cancer cells has been
proposed to be a key component of the secreted protein toolbox
necessary for metastasis to the lung and bone (65, 66). Recently,
it was shown that expression of MMP1 by stromal cells is cor-
related with breast cancer subtype and risk of distant metastasis
in patients, suggesting that stromal MMP1 expression may also
modulate tumor phenotype (67, 68). This suggests the likeli-
hood that there are multiple sources of Mmpla in the tumor
microenvironment, including the stroma (22). Additional stud-
ies are required to understand the interplay between autocrine
and paracrine MMP1 activity on various tumor types and cor-
relate these with clinical outcomes. Given the conservation of
Mmpla-PARI signaling in the murine tumor cells used here,
we propose that mouse models may be an appropriate tool for
understanding the relative contribution of stromal versus
tumor-derived MMP1 in tumorigenesis.

In addition to the Mmp1la collagenase, there are two addi-
tional soluble collagenases identified in mice, namely Mmp8
and Mmpl3, and a rodent-specific Mmpla-like duplication,
Mmplb. Consistent with an early report (44), we found
that Mmp1b did not have collagenase activity in our systems.
Mmplb contains all the structural and catalytic residues
required for a secreted collagenase, yet there are no obvious
defects to explain the apparent lack of collagenase activity.
Recombinant Mmp1lb has been shown to weakly autocatalyze
its prodomain over 24 h, and Mmplb mRNA expression pat-
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terns appear to be similar to those of Mmpla (44, 45). Mmp1lb
protein previously has been shown to be present in mouse
plasma (49); however, it is not yet known what role this secreted
protein plays in rodent physiology or disease.

Mmp8 mRNA was not present in LLC1 cells, whereas
Mmpl3 mRNA was detected. Although we did not directly
address a potential role for Mmp13 in these cells, Mmpla activ-
ity was required for the invasive, tumorigenic, and metastatic
phenotype of the LLC1 lung cancer cells. Thus, collagen inva-
sion was decreased with inhibitors that targeted MMP1 (MMP
Inh I and MMP Inh II), whereas a potent MMP13 inhibitor
(MMP Inh V) had no effect. Additionally, there were no
changes in Mmpl3 mRNA levels with the MmpIla-targeting
shRNA (data not shown) that significantly suppressed invasion,
stellate colony growth, tumorigenesis, and metastasis. Simi-
larly, Mmp13 mRNA was also detected in the 4228 and 4246
primary melanoma cell lines but was unaffected by the Mmpla-
targeting shRNA that also suppressed invasion. Together, these
data point to Mmpla as mediating the invasive phenotype in
the LLC1 and melanoma cells, with little or no compensatory
role for Mmp13.

Moreover, there is increasing evidence that MMP1 and
MMP13 are protumorigenic, whereas MMP8 collagenase may
have tumor-suppressive activities. Mmp8-deficient mice
exhibit increased skin tumorigenesis, and MMP8-inactivating
somatic mutations have been identified in patient melanoma
samples (69, 70), in marked contrast to the frequently observed
overexpression of MMP1 in melanomas (10, 18, 71). This sug-
gests that despite the apparent commonality of collagenase
activity, the three secreted collagenases, MMP1, MMPS8, and
MMP13, have distinct functions in cancer biology and that
MMP1/Mmpla may play a specific role in the invasive and
metastatic progression of melanoma and lung cancer.
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