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Abstract
Matrix Metallopeptidase 1 (MMP-1) expression has repeatedly been correlated
to tumorigenesis and metastasis.  Yet, MMP-1 regulation in a metastatic
context remains largely unknown.  Here we confirm differential MMP-1
expression in mammary carcinoma cells with varied metastatic potentials. We
show that MMP-1 expression is regulated by an AP-1 element in its promoter in
highly metastatic MDA-MB-231 mammary carcinoma cell derivatives.  Fra-1, an
AP-1 family transcription factor, differentially binds this element in highly
metastatic cells compared to low metastatic cells and is required for MMP-1
expression.  Overexpression of Fra-1 also caused increased MMP-1
expression. Fra-1 mRNA levels are unchanged in the cell variants, however its
protein levels are higher in the metastatic cells. While there was no change in
Fra-1 protein degradation rates, protein synthesis of Fra-1 was increased in the
metastatic cell variant. These results demonstrate that Fra-1 and MMP-1 levels
are differentially regulated in metastatic cell variants at the level of Fra-1 protein
translation. Consistent with the importance of Fra-1 for tumor growth, we found
that Fra-1 overexpression was sufficient to increase cell motility and anchorage
independent growth.  These results suggest that increased Fra-1 translation is
critical for regulation of MMP-1 and tumor cell metastasis.
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Introduction
Matrix metallopeptidase-1 (MMP-1) expression is highly corre-
lated to several forms of cancer1. In breast cancer patients, MMP-1 
expression has been correlated to primary tumor progression, meta-
static potential, and survival2–6. Further, in glioblastoma, melanoma 
and breast cancer, higher incidence has been associated with a sin-
gle nucleotide polymorphism in an Ets-binding site which increases 
MMP-1 expression7,8.

Outside the clinic, MMP-1 expression has been measured in a variety 
of breast cancer cell lines. In general, its expression is greater in cells 
with higher metastatic potential (e.g. MDA-MB-231) when compared 
to cells of low metastatic potential (e.g. MCF-7)9–11. Similarly, MDA-
MB-231 cell variants with different metastatic potentials demonstrate 
the correlation between MMP-1 expression and metastasis12–14.

MMP-1 regulation has been well studied in HeLa and other cell 
culture systems15. However, less is known about how MMP-1 is 
regulated in metastasis. Recent studies have identified several pro-
moter regions and factors that may play a role in MMP-1 regula-
tion. For example, in melanoma cells, Twist binding to the MMP-1 
promoter was found to increase expression of MMP-116. In MCF-7 
cells, HER2, which is upregulated in 15% – 25% of breast tumors 
and associated with poor prognosis, was found to upregulate MMP-1 
through the ERK1/2 pathway17.

The AP-1 consensus site is the archetype for tumor associated gene 
expression. It was discovered in the MMP-1 promoter as being ac-
tivated by tumor promoting phorbol esters18,19. Since its discovery, 
the role of AP-1 in tumorigenesis has been further substantiated20. 
Tissue immunohistochemistry revealed that expression of Fra-1, an 
AP-1 family member, correlates with breast cancer malignancy21,22.

To study the altered regulation of gene expression in metastatic 
breast cancer cells, we have utilized a series of MDA-MB-231 
breast adenocarcinoma cell variants developed by the Massague 
lab12,14. MDA-MB-231 cells, which were derived from a pleural ef-
fusion of a breast cancer patient with relapsed disease, cause a low 
level of metastasis when injected into immunocompromised mice 
by various routes. Metastatic cells from these xenografts had great-
er metastatic potential when subsequently cultured and reinjected 
into mice. These cells derived from metastatic tumors in secondary 
organs (e.g. lung and bone) also showed greater organ-specificity. 
Alternatively, MDA-MB-231 cells were single cell cloned. These 
propagated single cell populations (Scp cell lines) had varied meta-
static potential. Analysis of genomic expression using microarrays 
on these cell lines of varying metastatic potential provided us with 
an opportunity to identify genes correlated with metastatic poten-
tial12–14. In addition, these cell lines provided us with a well con-
trolled system to understand the mechanism of how gene expression 
is altered in highly metastatic cells.

The gene whose expression was most strongly increased in the 
highly metastatic cell variants was MMP-1. In this study we have 
compared the expression of MMP-1 in the high and low metastatic 
MDA-MB-231 variants and present evidence for the role of an 
AP-1 site in the MMP-1 promoter and the translational regulation 
of the AP-1 family member Fra-1.

Materials and methods
Analysis of microarray data
Microarray gene expression data was available as supplemental 
data in several publications12–14 (http://www.sciencedirect.com/
science/MiamiMultiMediaURL/1-s2.0-S1535610803001326/1-
s2.0-S1535610803001326-mmc1.xls/272618/FULL/S153561
0803001326/8e4e6bf4cf8c1acc68ed4588b192b303/mmc1.xls, 
http://www.sciencedirect.com/science/MiamiMultiMediaURL/1-
s2.0-S1535610803001326/1-s2.0-S1535610803001326-mmc2.
xls/272618/FULL/S1535610803001326/2c83b94783f578fb7aeff9f
b3c2b6c0d/mmc2.xls, http://www.nature.com/nature/journal/v436/
n7050/extref/nature03799-s10.xls). To parse the data, Affymetrix 
comparison sheets were used with Microsoft Excel Vlookup func-
tions to match primer coding with gene name, symbol and reference 
sequence ID. Expression values from cell lines with high metastat-
ic potential to the bone (1833, Scp-2, Scp-25 and Scp-46), to the 
lung (1834, 3481, 4142, 4173, 4175, 4180, Scp-3 and Scp-28), or 
with low metastatic potential (MDA-MB-231, Scp-6, Scp-21 and 
Scp-26) were averaged for each gene. The ratio of high to low meta-
static potential expression levels was calculated and ordered by 
highest ratio. A T-test (two tailed distribution, equal variance) using 
Microsoft Excel was used to calculate the p value for the signifi-
cance of the differences between each group.

Cell culture
Scp-2, Scp-3, Scp-21, Scp-26, Scp-28, and MDA-MB-231 cell lines 
were a generous gift from Joan Massague (Memorial Sloan Ketter-
ing Research Institute)14. Cells were grown in Dulbecco’s modi-
fied Eagle’s media (DMEM) supplemented with 10% fetal bovine 
serum (Gemini Bio-Products). Phoenix amphotropic helper cells 
from Gary Nolan (Stanford University)23 were grown in DMEM 
supplemented with 10% Fetal Bovine Serum.

Cell lines stably expressing Fra-1 or a control vector were made in 
Scp-21 cells. The Fra-1 retroviral expression vector, p6599 MSCV-IP 
N-HAonly FosL124, and pBabe-Puro vector25 plasmids were inde-
pendently transfected into Phoenix amphotropic helper cells23 us-
ing Lipfectamine LTX (Life Technologies) per the manufacturer’s 
instructions to generate defective retroviruses. The media was 
changed after 16 hours to DMEM/10% fetal bovine serum. After 
24 hours the media containing the virus was removed and poly-
brene was added to 4 μg/mL. This viral media was filtered with 
0.45 μm polyethersulfone filters (Thermo Scientific) and added 
to Scp-21 cells. This infection media was removed after 24 hours 
and selection in puromycin (10 μg/mL; Sigma Aldrich) was started 
24 hours later. These Scp-21 cells expressing Fra-1 or control vector 
were maintained in DMEM supplemented with 10% fetal bovine 
serum and 5 μg/mL puromycin.

Scp-2 and Scp-21 cells used to measure protein degradation with 
cycloheximide were plated at 2×106 cells in a 6 cm plate overnight. 
Plates were then treated with cycloheximide (10 μg/mL) for the in-
dicated times.

RNA purification and cDNA
RNA was purified from adherent cells with Trizol Reagent (Life 
Technologies) per the manufacturer’s instructions. RNA was reverse 
transcribed with the ImProm-II Reverse Transcriptase (Promega)  
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according to the manufacturer’s instructions with random hexamer 
primers (Integrated DNA Technologies).

In Figure 1B where pre-mRNA was measured with intronic prim-
ers and signal from contaminating genomic DNA can be problem-
atic, samples measured by quantitative RT-PCR were treated with 
DNase I (Sigma) per the manufacturer’s instructions.

Quantitative reverse transcription-polymerase chain 
reaction (qPCR)
qPCR was performed with standard protocols with the StepOne 
Plus System (Life Technologies) with Power SYBR master mix 
(Life Technologies) per the manufacturer’s instructions. Briefly, 
cDNA samples were combined with master mix and primers (fi-
nal concentration 0.5 μM; shown in Table 1). Expression was 
normalized to 18S rRNA expression. Standard deviations were 
calculated from three independent experiments. p-values were 
determined by Student’s two-tailed t-tests with significance 
thresholds as labeled.

Primers (Integrated DNA Technologies) were designed using Prim-
er Express (Life Technologies) with standard parameters. Primer 
sequences for the human genes are shown in Table 1.

Conservation mapping
The matrix metallopeptidase-1 (MMP-1) promoter was analyzed 
with the UCSC Genome Browser26. Analysis was performed on the 
following tracks: 1) Base Position, 2) Human mRNAs, 3) Placental 
Mammal Conservation by PhastCon with all 23 species, and 4) Ver-
tebrate Conservation by PhastCon with all 46 species.

Luciferase assays
All constructs were made using the pGL3-Basic promoter backbone 
with inserts at the BglII and HindIII sites of the multiple cloning 
sequence. The MMP-1 promoter regions were amplified from hu-
man genomic DNA (Bioline). Amplified inserts spanned -819/+71, 
-514/+71, -174/+71, -810/-174, -172/-27, -115/-27, and -94/-27 
bases from the transcription start site. Shorter promoter inserts were 
annealed from oligonucleotide sequences as shown in Table 2.

The -819/-174, -172/-27, -115/-27, -94/-27, -74/-27, and -59/-27 
inserts and synthetic promoters were added upstream of a c-Fos 
minimal promoter insert27 in the pGL3-Basic backbone. -819/+71 
AP-1 point mutations were made by PCR driven overlap exten-
sion28. pRL-SV40P with the SV40 promoter driving Renilla lucif-
erase29 served as an internal control. pCMV-Luciferase30 served as 
a control.

The luciferase plasmids were transfected into cells using Lipo-
fectamine 2000 (Life Technologies) per the manufacturer’s instruc-
tions. Cells were lysed in passive lysis buffer (Promega) 16 hours 
post transfection and analyzed using the Dual-Luciferase Reporter 
Assay System (Promega) per the manufacturer’s instructions with 
a 20/20 luminometer (Turner Biosystems) for a 10-second interval 
measurement. Mean and standard deviation for the ratio of firefly-
luciferase to renilla-luciferase signals were calculated from three 
independent experiments. p-values were determine by Student’s 
two-tailed t-tests, with significance thresholds as indicated.

Immunoblot analysis
Whole cell lysates were prepared with RIPA buffer (50 mM 
Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% 
Triton-100, 1 mM DTT, 1 mM PMSF, Protease Inhibitor Cock-
tail III [1:200; Calbiochem], pH 7.6). After 10 minutes at 4°C, the 
lysates were centrifuged at 20,000 g for 15 minutes at 4°C, and 
lysate supernatants were normalized for protein levels with BCA 
Assays (Pierce) per the manufacturer’s instructions. Normalized 
lysates were separated by SDS-polyacrylamide gel electrophoresis 
(PAGE), transferred onto Trans-Blot transfer medium (Bio-Rad), 
and immunoblotted with primary antibody at 4°C for 16 hours. 
Antibodies used were against Fra-1 (rabbit polyclonal; sc-605X), 
MMP-1 (goat polyclonal; sc-12348), JunD (rabbit polyclonal; 
sc-74X), c-Jun (rabbit polyclonal; sc-1694X), HSP-90 (mouse 
monoclonal; sc-101494) and Actin (goat polyclonal; sc-1616) 
from Santa Cruz Biotechnology. Dilutions of 1:1000 of these an-
tibodies were used in immunoblots. Membranes were then washed 
three times with Tris-buffered saline (TBS) and incubated with 
secondary antibody at a 1:10,000 dilution for one hour. Second-
ary antibodies used were: Goat anti-Rabbit IRDye 800CW, Goat 
anti-Rabbit IRDye 680LT, and Donkey anti-Goat IRDye 800CW 
from LiCor. Membranes were then washed three times with TBS. 
Membranes were measured for fluorescence with an Odyssey in-
frared imager (LiCor). Means and standard deviations were calcu-
lated from Odyssey quantitation of specific band intensities in three 
independent experiments. p-values were determined by Student’s 
two-tailed t-tests with significance thresholds as indicated.

siRNA treatment
Double stranded siRNA duplexes (Integrated DNA Technologies, 
Sigma-Aldrich), as indicated in Table 3, were transfected with 
RNAiMax Lipofectamine transfection reagent (Life Technologies) 
per the manufacturers instructions. Duplexes were designed as 
shown in Table 3.

Electrophoretic mobility shift assays (EMSA)
Nuclear extracts were made from 4×107 cells grown on four 15 cm 
plates. Cells were washed with PBS at 4°C, and scraped into 3 mL 
of PBS. Samples were centrifuged at 400 g for 1 minute at 4°C in 
a J6B centrifuge (Beckman). The cell pellets were resuspended in 
4 mL of Buffer A (10 mM Tris, 1.5 mM MgCl

2
, 10 mM KCl, 

0.4 mM DTT, 0.04 mM PMSF, pH 7.9) and incubated for 10 minutes 
at 4°C. Samples were dounced 50 times with a type B 15 mL glass 
douncer (Kontes Glassware Co.). Dounced samples were centrifuged 
at 400 g for 10 minutes at 4°C in the J6B centrifuge. The nuclear 
pellets were resuspended in 300 μl Buffer C (20 mM Tris, 0.3 M 
KCl, 1.5 mM MgCl

2
, 25% Glycerol, 0.2 mM EDTA, 0.5 mM DTT, 

0.5 mM PMSF, pH 7.9) and rotated at 4°C for 30 minutes. Samples 
were centrifuged at 20,000 g for 15 minutes at 4°C. Nuclear extract 
supernatants were then removed, normalized for total protein levels 
by BCA Assays (Pierce) and used for DNA binding reactions.

Probes and competitors for DNA binding assays were made with 
annealed complementary oligonucleotides (Integrated DNA Tech-
nologies), as shown in Table 4.

The annealed probes were end-labeled with γ-32P-ATP (Perkin 
Elmer) and poly nucleotide kinase (New England Biolabs), per the 
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Figure 1. Differential expression of MMP-1 in MDA-MB-231 derivative cell lines. A) qPCR of MMP-1 mRNA expression in Scp-2 (high 
metastatic potential), Scp-21 (non-metastatic) and MDA-MB-231 (low metastatic) cells. B) qPCR of MMP-1 mRNA and pre-mRNA in Scp-2 
and Scp-21 cells. Mean relative values +/- standard deviation from three independent experiments are shown. C) Immunoblot with anti-MMP-1 
antibody of whole cell lysates from Scp-2, Scp-21, and MDA-MB-231 cells. Anti-actin antibody served as a loading control. D) Mean MMP-1 
protein band intensity from immunoblots +/- standard deviation from three independent experiments. **, p < 0.005 for two-tailed t-tests.
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Table 1. Oligonucleotide primers used for quantitative RT-PCR.

RNA Sequence (5′ – 3′)

18S
F TCGAGGCCCTGTAATTGGAAT

R CCCTCCAATGGATCCTCGTTA

MMP-1
F CCTAGTCTATTCATAGCTAATCAAGAGGATGT

R AGTGGAGGAAAGCTGTGCATAC

MMP-1 
Pre-mRNA

F GCTGTGCTGTTACCCTAGTCCCT

R GGCAGCCAATCCCTTTGTT

c-Fos
F CTGGCGTTGTGAAGACCATGA

R CCCTTCGGATTCTCCTTTTCTC

FosB
F AGCAGCAGCTAAATGCAGGA

R TTTTGGAGCTCGGCGATCT

Fra-1
F CCGGGCATGTTCCGAGACTT

R ACTCATGGTGTTGATGCTTGGCAC

Fra-2
F AACTTTGACACCTCGTCCCG

R CCAGGCATATCTACCCGGAAT

c-Jun
F AGATGAACTCTTTCTGGCCTGCCT

R ACACTGGGCAGGATACCCAAACAA

JunB
F AGTCCTTCCACCTCGACGTTTA

R TGAATCGAGTCTGTTTCCAGCA

JunD
F GACAAGCTTATGGAAACACCCTTCTACGG

R CCGGGATCCTCAGTACGCGGGCACCTGG

manufacturer’s instructions, to a final concentration of 1 ng/μl. DNA 
binding reactions contained 5 μl nuclear extract (approximately 
10 μg), 1 ng of 32P-labeled probe, 50 ng poly dI-dC, 250 ng of com-
petitor (as indicated), and 2 μg antibody (in supershift experiments) 
for 30 minutes at room temperature with binding buffer (final con-
centration: 10 mM Tris HCl (pH 8.0), 50 mM KCl, 0.5 mM EDTA, 
0.1% Triton-X 100, 12.5% Glycerol, 0.2 mM DTT). Samples were 
then loaded on a 5% polyacrylamide gel in 1/4× TBE, and run for 
2.5 hours at 100 V with 1× TBE running buffer. The gel was then 
dried and exposed to x-ray film (Kodak) for 16 hours.

EMSAs for SRF were performed as above except with a high affin-
ity SRF binding site, XGL, derived from the c-fos Serum Response 
Element31.

Chromatin immunoprecipitation (ChIP)
ChIP was performed as described32, with minor modifications. 
Briefly, 4×107 cells were crosslinked with 1% formaldehyde for 
15 minutes at 25°C and quenched with 125 mM glycine. Crosslinked 
plates were lysed in RIPA buffer (as described in immunoblot 
methods above), sonicated with a Sonicator 3000 (Misonix) for 
1 minute total, in 5 seconds on – 15 seconds off intervals, and cen-
trifuged at 20,000 g for 15 minutes at 4°C. Lysates were normalized 

by BCA Assay (Pierce), per the manufacturer’s instructions, and im-
munoprecipitated with 2 μg of anti-Fra-1 antibody (Santa Cruz Bio-
technology; Catalog #: sc-605) overnight rotating at 4°C. Protein-A 
agarose beads (7.5 μL) (Santa Cruz Biotechnology) diluted with 
22.5 μL RIPA were added to purify immunoprecipitated protein for 
90 minutes rotating at 4°C. The beads were washed three times in 
RIPA buffer and reconstituted in 200 μL elution buffer (70 mM Tris 
HCl pH 8.0, 1 mM EDTA, 1.5% SDS) for 10 minutes at 65°C. 
Beads were centrifuged at 1700 g for 1 minute at room temperature. 
The salt of the transferred supernatant was adjusted to a concentra-
tion of 200 mM NaCl and incubated for 5 hours at 65°C to reverse 
the crosslinks. DNA from ChIP samples was then purified with 
Qiaquik PCR Purification Kits (Qiagen) per the manufacturer’s 
instructions.

Purified DNA was measured by qPCR (as previously described in 
the qRT-PCR method) with primers shown in Table 5.

Samples were normalized to input DNA purified from reversed 
cross-linked input samples and measured through qPCR. Mean and 
standard deviations were calculated from three independent experi-
ments. p-values were determine by Student’s two-tailed t-tests, with 
significance thresholds as indicated.
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Metabolic labeling
Cells (1×105) were plated in 6 cm plates for labeling. After 
16 hours, cells were washed twice with warm PBS and starved 
for 30 minutes at 37°C with 4 mL methionine and cysteine 
free DMEM (Life Technologies). Media was changed to 2 mL 
35S-Translabel metabolic labeling reagent (100 μCi/mL; MP Bio-
medicals) in methionine and cysteine free DMEM and incubated 
at 37°C for the indicated times. Plates were washed twice with 
cold PBS, lysed in ice cold RIPA buffer, centrifuged at 20,000 g 
for 15 minutes at 4°C, and immunoprecipitated with 2 μg of 
anti-Fra-1 antibody (Santa Cruz Biotechnology; #sc-605) over-
night rotating at 4°C. Protein-A agarose beads (Santa Cruz Bio-
technology) were used to purify immunoprecipitated protein by 

incubation for 90 minutes at 4°C. Washed beads were reconstitut-
ed in SDS-PAGE sample buffer (described above) and boiled for 
5 minutes. Boiled samples were centrifuged at 1700 g for 1 minute 
at 4°C, and resolved on 12% SDS-PAGE for 2.5 hours at 150 V. 
The gel was placed in fixative (50% methanol/10% acetic acid) 
for 30 minutes rocking at 25°C. The gel was then enhanced with 
Amplify Fluorographic Reagent (GE) for 30 minutes rocking at 
25°C. After enhancement, the gel was dried and exposed to film 
(Kodak) for 5 days. Autoradiographs were quantitated by ImageJ 
software analysis. Means and standard deviations were calcu-
lated from three independent experiments. p-values were deter-
mine by Student’s two-tailed t-tests with significance thresholds 
as indicated.

Table 2. Oligonucleotide sequences used to construct luciferase reporter genes. The indicated 
forward and reverse oligonucleotides for MMP-1 promoter fragments were annealed and cloned upstream 
of the c-Fos minimal promoter in a pGL3 Basic backbone. The AP1, PEA3 and HoxA5 point mutants were 
made in the -107/-57 fragment. The 3xAP1 and 3xPEA3 sites were cloned upstream of the c-Fos minimal 
promoter.

-107/-57 MMP-1 promoter fragment

F AGCTGTCTATTCATAGCTAATCAAGAGGATGTTATAAAGCATGAGTCAGACAGCCT

R GATCAGGCTGTCTGACTCATGCTTTATAACATCCTCTTGATTAGCTATGAATAGAC

-74/-27MMP-1 promoter fragment

F AGCTAGCATGAGTCAGACAGCCTCTGGCTTTCTGGAAGGGCAAGGACTCTCGTAC 
TCAGTCTGTCGGAGACCGAAAGACCT TCCCGTTCCTGAG

R GATCCTCAGGAACGGGAAGGTCTTTCGGTCTCCGACAGACTGAGTACGAGAGTC 
CTTGCCCTTCCAGAAAGCCAGAGGCTGTCTGACTCATGCT

-59/-27MMP-1 promoter fragment

F AGCTCCTCTGGCTTTCTGGAAGGGCAAGGACTCTCGTACTCAGTCTGTCGGAGAC 
CGAAAGACCT TCCCGTTCCTGAG

R GATCCTCAGGAACGGGAAGGTCTTTCGGTCTCCGACAGACTGAGTACGAGAGTC 
CTTGCCCTTCCAGAAAGCCAGAGG

AP-1 point mutant

F AGCTGTCTATTCATAGCTAATCAAGAGGATGTTATAAAGCATGCCACAGACAGCCT

R GATCAGGCTGTCTGTGGCATGCTTTATAACATCCTCTTGATTAGCTATGAATAGAC

PEA3 point mutant

F AGCTGTCTATTCATAGCTAATCAAGATCTTGTTATAAAGCATGAGTCAGACAGCCT

R GATCAGGCTGTCTGACTCATGCTTTATAACAAGATCTTGATTAGCTATGAATAGAC

HoxA5 point mutant

F AGCTGTCTATTCATAGCATGCCAAGAGGATGTTATAAAGCATGAGTCAGACAGCCT

R GATCAGGCTGTCTGACTCATGCTTTATAACATCCTCTTGGCATGCTATGAATAGAC

3xAP-1

F AGCTCATGAGTCAGACATGAGTCAGACATGAGTCAGA

R GATCTCTGACTCATGTCTGACTCATGTCTGACTCATG

3xPEA3

F AGCTAATCAAGAGGATGTTAAGCTAATCAAGAGGATGTTAAGCTAATCAAGAGG 
ATGTTA

R GATCTAACATCCTCTTGATTAGCTTAACATCCTCTTGATTAGCTTAACATCCTCTT 
GATT
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Table 3. siRNA oligonucleotide sequences. The two oligonucleotides shown for each gene were annealed for use as siRNA. The 
Manufacture and catalog number for each are indicated.

Name Sequences Catalog number Manufacturer

Control CGUUAAUCGCGUAUAAUACGCGU 
AUACGCGUAUUAUACGCGAUUAACGAC DS NC1 Integrated DNA technologies

dsiRNA-Fra-1 A GGCGGAGACUGACAAACUGGAAGAT 
GUCCGCCUCUGACUGUUUGACCUUCUA HSC.RNAI.N005438.12.1 Integrated DNA technologies

dsiRNA-Fra-1 B CCACUUUACCCACCUAGAACACUAA 
ACGGUGAAAUGGGUGGAUCUUGUGAUU HSC.RNAI.N005438.12.2 Integrated DNA technologies

dsiRNA-JunD A CGAGUCCACAUUCCUGUUUGUAATC 
AUGCUCAGGUGUAAGGACAAACAUUAG HSC.RNAI.N005354.12.1 Integrated DNA technologies

dsiRNA-JunD B GCCGACGAGGCUCACAGUUCCUCUAC 
UGCGGCUGCUCGAGUGUCAAGGAGAUG HSC.RNAI.N005354.12.3 Integrated DNA technologies

dsiRNA-c-Jun A SAS_Hs02_00333461 Sigma-Aldrich

dsiRNA-c-Jun B SAS_Hs01_00150279 Sigma-Aldrich

Table 4. Double stranded oligonucleotide probes used for Electrophoretic Mobility Shift 
Assays. The Forward and Reverse oligonucleotides were annealed for each probe.

MMP-1 Probe (with AP-1 consensus site)

F AGCTGTCTATTCATAGCTAATCAAGAGGATGTTATAAAGCATGAGTCAGACAGCCT

R GATCAGGCTGTCTGACTCATGCTTTATAACATCCTCTTGATTAGCTATGAATAGAC

Non-specific competitor:

F TGTCGAATGCAAGCCACTAGAA

R TTCTAGTGGCTTGCATTCGACA

Probe with mutant AP-1 site:

F AGCTGTCTATTCATAGCTAATCAAGAGGATGTTATAAAGCATGCCACAGACAGCCT

R GATCAGGCTGTCTGTGGCATGCTTTATAACATCCTCTTGATTAGCTATGA ATAGAC

Soft agar assay
Soft agar plating of the cell lines was performed as described33, with 
minor modifications. Briefly, 35-mm plates were coated with 1.5 mL 
0.6% agar in DMEM. Cells (5×103) were reconstituted in 1.5 mL 0.3% 
agar in DMEM, and plated on top of the 0.6% agar layer. Agar layers 
were then covered with 1.5 mL DMEM/10% Fetal Bovine Serum. Cells 
were grown for 21 days with the media being changed every 5 days. 
Colonies were stained with 0.005% Crystal Violet in water for one hour 
and counted. Mean colony number and standard deviation were calcu-
lated from three independent experiments. p-values were determined 
by Student’s two tailed t-tests with significance thresholds as indicated.

Scratch-wound motility assays
Cells were grown to confluency and the monolayer was scratched 
and monitored by phase contrast microscopy. Cells were allowed to 
grow to 95% confluency and scratched with a pipette tip. Pictures of 
the cells were taken at 0 and 18 hours after the scratch. Images were 
taken at 100X magnification on a Nikon Diaphot 300 microscope. 
Triplicate images at each time point were used to count the number 
of cells that passed the scratch threshold. Mean and standard devia-
tion were calculated from three independent experiments. p-values 
were determined by Student’s two-tailed t-tests, with significance 
thresholds as indicated.
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Results
Correlation of MMP-1 expression with cell line metastatic 
potential
We analyzed microarray gene expression data from a set of 16 breast 
carcinoma cell lines with well-characterized metastatic potential14 
for a correlation between gene expression and metastasis. To iden-
tify genes that were specifically upregulated in cells with high bone 
or lung metastatic potential, we grouped cell lines as either highly 
metastatic to the bone, to the lung, or neither (i.e. with low meta-
static potential)14. We determined the ratio of average expression 
in highly metastatic cell lines (bone or lung) to the low metastatic 
cells (Table 6; Supplementary Table 1). Microarray data from four 
highly metastatic bone cell lines were used, eight lung metastatic 
lines and four low or non-metastatic lines (described in Materials 
and methods). The highest differential expression was found for the 
MMP-1 gene. MMP-1 was expressed nearly an average of 100 fold 
more in bone metastatic cells than non-metastatic cells. Expression 
was also strongly higher in lung metastatic cells (27 fold), albeit 
with a weaker p value (0.056).

We confirmed the microarray data for MMP-1 by measuring expres-
sion by quantitative RT-PCR (qPCR) in three cell lines with vary-
ing metastatic potential: MDA-MB-231 (low metastatic), and two 
MDA-MB-231 derived sub-lines: Scp-2 (highly metastatic) and 
Scp-21 (non-metastatic). Similar to what was found by microarray 
data, MMP-1 mRNA expression was 90 fold higher in Scp-2 cells 
than in Scp-21 cells and 17 fold higher than in MDA-MB-231 cells 
(Figure 1A, and Data File 1). Other MDA-MB-231 derived cell lines 
tested with high metastatic potential (Scp-28) and non-metastatic 
(Scp-3), similarly had high and low MMP1 expression, respectively, 
when measured by qPCR (data not shown and Data File 1). Im-
munoblot analysis confirmed that MMP-1 protein levels were com-
mensurate with mRNA expression (Figure 1C and D, and Data File 1). 
These data indicate that MMP-1 is differentially regulated in cells 
with different metastatic potentials.

In order to test whether differential mRNA expression of MMP-1 is 
transcriptionally regulated, we used qPCR to measure the relative 

amounts of MMP-1 pre-mRNA. Pre-mRNA levels preceding splic-
ing is a more direct indicator of transcription. Pre-mRNA levels of 
MMP-1 were also greatly elevated in Scp-2 metastatic cells com-
pared to the non-metastatic Scp-21 cells, suggesting that this differ-
ence is due to changes in transcription (Figure 1B, and Data File 1).

Mapping of gene regulatory elements
We examined the human MMP-1 promoter for sequence conser-
vation, and found blocks of conserved elements in the proximal 
promoter region (Figure 2A). These conserved regions overlap con-
sensus transcription factor binding sites that have previously been 
identified for the MMP-1 promoter34–36.

To determine if the MMP-1 promoter is sufficient to reproduce dif-
ferential transcription in reporter assays, we inserted sections of the 
MMP-1 promoter in luciferase reporter constructs (Figure 2B) and 
measured luciferase expression in Scp-2 and MDA-MB-231 cells 
(high and low metastatic cells, respectively). The MMP-1 promoter 
region from -819 to +71 was sufficient for five fold greater expres-
sion in the highly metastatic Scp-2 cells (Figure 2C, and Data File 2).

In order to determine which region of the MMP-1 promoter was re-
quired for differential transcription of MMP-1 in Scp-2, Scp-21 and 
MDA-MB-231 cells, 5′ and 3′ deletions were made (Figure 2B). 
Both -514/+71 and -174/+71 constructs were sufficient to drive 
significant differential expression, similar to -819/+71 (Figure 2C). 
As a control, we used a CMV promoter-luciferase construct that 
gave similar expression in the two cell lines. These results suggest 
that key regulatory elements for differential expression are in the 
-174/+71 promoter region.

To further delineate the region required for differential expres-
sion, we designed a 3′ deletion -819/-174 construct. The -819/-174 
MMP-1 region was inserted into a luciferase plasmid upstream of 
the c-Fos minimal promoter (Figure 2B). The c-Fos minimal pro-
moter includes the TATA box and transcription start site to give 
baseline expression. The -819/-174 construct was not able to drive 
significant expression (Figure 2C). Together, the 5′ and 3′ deletion 
constructs identified the -174/+70 MMP-1 promoter region as nec-
essary and sufficient for MMP-1 transcriptional regulation.

We also used the c-Fos minimal promoter with a series of 5′ 
MMP-1 promoter deletions to -27, to further isolate the region 
required for expression in -174/+70 (Figure 2D). We found that 
the -94/-27 region was the minimal region required for differen-
tial expression between Scp-2 and MDA-MB-231 cells, with little 
differential expression seen with the -74 construct (Figure 2E, and 
Data File 2). However, while the ratio of expression between Scp-2 
and MDA-MB-231 was consistent among -172/-27, -115/-27 and 
-94/-27, overall expression was significantly lower in -94/-27 and 
-115/-27 compared to -172/-27, suggesting that there are positively 
acting regulatory elements between -74 and -172. These constructs 
showed that the -94 to -27 region was sufficient for differential ex-
pression by the MMP1 promoter.

Having isolated a small regulatory region of the MMP-1 promoter, 
we sought to determine the specific transcription factor binding 
sites involved. Previous findings and conservation mapping pointed 

Table 5. Primer sequences used for chromatin 
immunoprecipitation experiments to detect binding at  
AP-1 or control sites in the MMP-1 and IL-6 genes.

MMP-1

AP-1
F TCTGCTAGGAGTCACCATTTCT

R ATAGAGTCCTTGCCCTTCCAG

Control
F AGTGACTACCGCTCTGCTGTGT

R GTTCCGTCAGTCCTCATGGTT

IL-6

AP-1
F CTTCGTGCATGACTTCAGCTTT

R AGCGCTAAGAAGCAGAACCACT

Control
F ATAGACGGATCACAGTGCACG

R GCAACGTAGACACTCCTGAACC
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Table 6. The top five genes with greatest expression differential in genes of high metastatic potential 
and low metastatic potential in bone and lung. High bone metastatic cell lines are: 1833, Scp-2, Scp-25 
and Scp-46. High lung metastatic cell lines are: 1834, 3481, 4142, 4173, 4175, 4180, Scp-3 and Scp-28.  
Low metastatic cells lines are: MDA-MB-231, Scp-6, Scp-21 and Scp-26. The gene expression values for 
these cell lines were used in a two-tailed t-test to calculate relative p-values. Genes with p-values over 0.06 
were not included.

Gene symbol Bone (High/Low) p-Value Lung (High/Low) p-Value

Top bone genes

MMP1 98.28 0.000241 26.63 0.056189

SPANX(A1/A2/B1/B2/C) 18.23 0.006807 22.04 0.005703

SPANXC 14.59 0.003343 14.92 0.007564

SPANX(B1/B2) 12.82 0.017419 15.82 0.008754

CXCR4 9.33 0.002383 0.14 0.052374

IL11 8.44 0.001599 3.38 0.155692

SRGN 5.75 0.000088 0.99 0.970525

Top lung genes

SPARC 2.01 0.222907 104.03 0.058864

MMP1 98.28 0.000241 26.63 0.056189

SPANX(A1/A2/B1/B2/C) 18.23 0.006807 22.04 0.005703

SPANXC 14.59 0.003343 14.92 0.007564

SPANX(B1/B2) 12.82 0.017419 15.82 0.008754

KRT81 3.32 0.101475 13.49 0.001711

SOX4 4.67 0.038471 11.39 0.003905

to several potential regulators in the -94/-27 region of the MMP-1 
promoter: HoxA5, PEA3, and AP-1 (Figure 2A)37,38. To determine 
which, if any, of these sites are required for regulation, synthetic 
promoters were made with the region that contains the three con-
sensus sites, -107 to -57, upstream of the c-Fos minimal promoter 
(Figure 3A). The -107/-57 region drove significantly higher expres-
sion in Scp-2 than in MDA-MB-231 cells (Figure 3B, and Data File 3). 
This differential expression was lower than with the constructs used 
in Figure 2E suggesting that sequences flanking the -107 to -57 
region can modulate the induction. Nevertheless, these reporters al-
lowed us to check this minimal region for the role of regulatory 
elements. Point mutations were made to each of the three conserved 
consensus regions (Figure 3A). Among them, only the AP-1 site 
mutation significantly decreased expression and decreased dif-
ferential expression. While Scp-2 cells did have greater luciferase 
expression than MDA-MB-231 cells for the AP1 mutant, this low 
level was variable and the difference was not statistically significant 
(Figure 3B).

To confirm that the AP-1 site is required for expression in the con-
text of the fuller promoter, we created a -819/+71 MMP-1 pro-
moter construct with point mutations in the AP-1 consensus site 
(Figure 3C). These point mutations were sufficient to completely ab-
rogate luciferase expression in both Scp-2 and MDA-MB-231 cells 
(Figure 3D, and Data File 3). The AP1 site alone was not sufficient 

to drive expression in Scp-2 cells as the site is present in the -74/-27 
construct that was not expressed (Figure 2E). To determine whether 
multiple copies of the AP-1 site were sufficient, we made a syn-
thetic promoter construct with a triple MMP-1 AP-1 consensus site 
and found that it gave a robust signal with significant differences 
between Scp-2 and MDA-MB-231 (Figure 3C and D). The ratios 
of luciferase expression in Scp-2 versus MDA-MB-231 cells were 
similar with the triple AP-1 synthetic promoter and the -819/+71 
region of MMP-1 (Figure 3D). In contrast, a triple PEA3 site did 
not drive luciferase expression, suggesting that it is not sufficient 
for differential expression (Figure 3D). Together these experiments 
demonstrated that the AP-1 region of the promoter is both necessary 
and sufficient for differential transcriptional regulation of MMP-1 
in Scp-2 and MDA-231 cell lines.

Characterization of AP-1 family members in MDA-MB-231 
derived cell lines
The AP-1 consensus site is bound by a dimer of AP-1 family mem-
bers reviewed in39. There are seven AP-1 family genes: three Jun 
genes (c-Jun, JunB and JunD) and four Fos related genes (c-Fos, 
Fra-1, Fra-2, and FosB). Dimers are comprised of at least one Jun 
family member, but can be homo- or hetero-dimers40,41. To determine 
which AP-1 family members were expressed in Scp-2, Scp-21 and 
MDA-MB-231 cells, and would therefore be candidates for MMP-1 
regulation, we performed qPCR in each of the cell lines. Fra-1, Fra-2 
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Figure 2. Regulatory regions and elements in the MMP1 promoter. A) Genome Browser analysis of placental mammalian and vertebrate 
conservation by PhastCon26. Regions of conservation were compared to known transcription factor consensus sequences (shown in gray, 
with unmatched bases in red); numbers represent base position in reference to MMP-1’s transcription start site. B, D) Schematic of MMP-1 
reporter constructs. C, E) Luciferase signal from Scp-2 and MDA-MB-231 cells transfected with the indicated reporter constructs. The signal 
was normalized to the Renilla luciferase levels from the co-transfected pRL-SV40P plasmid. The pCMV-luciferase construct was included 
as a control and its values were normalized to 1.0 for the Scp-2 cells. Its expression was approximately 10 times stronger than the MMP-1 
-819/+71 luciferase reporter. The data shown represent the mean +/- standard deviation from three independent experiments. *, p < 0.05 for 
two-tailed t-tests.
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and JunD had the highest expression levels, with lower levels of 
c-Jun and nearly undetectable JunB, FosB and c-Fos (Figure 4A, 
and Data File 4). However, unlike the differential mRNA expres-
sion seen for MMP-1 (Figure 1A), all the detectable AP-1 family 
members had comparable mRNA expression among the different 
cell lines (Figure 4A). While there was significant variability in 
expression levels in experimental repeats, and hence the relatively 
large error bars, there was no consistent difference in expression 
among the cell lines.

To explore whether AP-1 family member protein expression is 
consistent with their mRNA expression, we performed immuno-
blots. Specifically, we looked at Fra-1, Fra-2, c-Jun and JunD 
in Scp-2, Scp-21 and MDA-MB-231 cell lines. The remaining 
AP-1 family members, c-Fos, FosB and JunB, that were not ex-
pressed at the mRNA level were not considered further. Interest-
ingly, contrary to Fra-1 mRNA expression levels, Fra-1 protein 
levels were significantly higher in Scp-2 cells than Scp-21 and 
MDA-MB-231 cells (Figure 4B and C, and Data File 4). Howev-
er, there was no significant difference in protein expression lev-
els of Fra-2, JunD or c-Jun. These results suggest the possibility 

that differences in Fra-1 protein expression in Scp-2, Scp-21 and 
MDA-MB-231 cell lines are responsible for regulation of MMP-1 
transcription.

To test the hypothesis that Fra-1 regulates MMP-1, we inhibited 
expression of Fra-1 in Scp-2 cells with short interfering RNAs 
(siRNA). Two siRNA duplexes decreased Fra-1 mRNA expression 
by over 80% (Figure 5A) and Fra-1 protein levels by about 70% 
(Figure 5B and C, and Data File 5). This inhibition greatly reduced 
MMP-1 mRNA expression (Figure 5D, and Data File 5), supporting 
Fra-1’s role in MMP-1 regulation.

Though other AP-1 family members were not differentially ex-
pressed in the Scp-2, Scp-21 and MDA-MB-231 cell lines, we 
sought to determine which other AP-1 family members were 
required for MMP-1 expression. As JunD is the most strong-
ly expressed Jun family member in these cells, we first inhib-
ited its mRNA expression with siRNA duplexes (Supplementary 
Figure 1). However, despite efficient reduction in JunD levels, this 
inhibition did not have an effect on MMP-1 mRNA expression 
(Supplementary Figure 1).

Figure 3. The AP-1 site of the MMP-1 promoter is necessary and sufficient for differential expression in Scp-2 and Scp-21 cells. A) 
Sequence of MMP-1 promoter regions inserted in reporter constructs. B) Luciferase signal from Scp-2 and MDA-MB-231 cells transfected 
with the indicated reporter constructs. The signal was normalized to the Renilla luciferase levels from the co-transfected pRL-SV40P plasmid. 
C) Sequences of the AP1 mutation in the -819/+71 reporter and of the 3× PEA3 and AP1 inserts. D) Luciferase signal from Scp-2 and 
MDA-MB-231 cells transfected with the indicated reporter constructs. The signal was normalized to the Renilla luciferase levels from the 
co-transfected pRL-SV40P plasmid. The 3x AP-1 construct values were normalized to 1.0 for the Scp-2 cells. Its expression was approximately 
three times stronger than the -819/+71 MMP-1 luciferase reporter. The data shown represent mean +/- standard deviation from three 
independent experiments. *, p < 0.05 ; **, p < 0.005 for two-tailed t-tests.
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Figure 4. AP-1 family mRNA and protein expression. A) qPCR of AP-1 family member mRNA expression in Scp-2, Scp-21 and MDA-
MB-231 cells. Mean relative values are shown +/- standard deviation from three independent experiments. B) Immunoblots with anti-AP-1 
family antibodies of whole cell lysates from Scp-2, Scp-21, and MDA-MB-231 cells. Anti-MMP-1 is included for comparison and anti-actin 
antibody served as a loading control. C) Mean Fra-1 protein band intensity from immunoblots as in (B) +/- standard deviation from three 
independent experiments. **, p < 0.005 for two-tailed t-tests.
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Figure 5. Fra-1 is required for MMP-1 mRNA expression in Scp-2 cells. A) Scp-2 cells were transfected with control or two independent 
siRNA duplexes for Fra-1. Fra-1 mRNA levels were measured by qPCR. B) Scp-2 cells transfected with control or Fra-1 siRNA duplexes were 
immunoblotted with anti-Fra-1 antibodies. Anti-actin antibody served as a loading control. C) Mean Fra-1 band intensity from immunoblots as 
in (B) from three independent experiments. D) qPCR of MMP-1 and GAPDH control mRNA expression of Scp-2 cells transfected with control 
or Fra-1 siRNA duplexes. In A, C and D, mean relative values are shown +/- standard deviation from three independent experiments. *, p < 
0.05; **, p < 0.005 for two-tailed t-tests.
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We had difficulty efficiently depleting Fra-2 and c-Jun with siR-
NAs, perhaps because mRNA expression of these genes was rel-
atively low. As such, partial inhibition of c-Jun and Fra-2 had no 
statistically significant impact on MMP-1 (data not shown). There-
fore, it was not possible for us to assess whether c-Jun, or c-Jun act-
ing redundantly with JunD, were required for MMP-1 expression. 
Nevertheless, the requirement of the AP-1 site in the MMP1 pro-
moter and depletion of Fra-1 clearly show that this factor is required 
for expression of MMP1 in the metastatic MDA-MB-231 derived 
cells. The differential expression of Fra-1 protein levels suggests 
that this mechanism may at least partially account for differences 
in MMP1 expression.

Binding of Fra-1 to the MMP-1 AP-1 site
As previous experiments showed that Fra-1 was required for MMP-1 
expression, we confirmed protein binding in vitro to the MMP-1 
AP-1 site in the highly metastatic Scp-2 and non-metastatic Scp-21 
cells using electrophoretic mobility shift assays (EMSA). The -107 
to -57 region of the MMP-1 promoter, containing the AP-1 con-
sensus sequence, was used as a probe for binding with nuclear ex-
tracts from Scp-2 and Scp-21 cells. Specific binding was observed 
(Figure 6A lanes 1 and 2) which was competed by excess non- 
labeled competitor (lanes 3 and 4). Mutations in the AP-1 binding 
site abolished this competition, suggesting that the band is indeed 
AP-1 (lanes 5 and 6).

Interestingly, a stronger AP-1 complex was detected in the highly 
metastatic Scp-2 cells compared with the low metastatic Scp-21 
cells (Figure 6A, compare lanes 1 and 2). This is consistent with 
higher Fra-1 protein expression in Scp-2 cells and higher expres-
sion of MMP1 (Figure 4B and C). As a control for the similarity of 
the nuclear extracts of the two cell lines, we examined binding of 
the transcription factor SRF to a Serum Response Element (SRE) 
probe and found no significant difference (Figure 6B).

To determine which proteins in the nuclear extracts were present in 
the bound band, we used antibodies specific for AP-1 family mem-
bers. Anti-Fra-1 antibody supershifted the band (Figure 6A, lane 7), 
indicating that Fra-1 is a major component of the bound complex. 
In contrast, Fra-2 antibodies had little effect (lane 8). Antibodies to 
c-Jun strongly shifted the complex into multiple bands, suggesting 
that it too is in the complex (lane 9). We did not observe a shift with 
antibodies to JunD, however the antibodies may be ineffective for 
supershifts (data not shown). These EMSA experiments support the 
conclusion that Fra-1 and c-Jun are the predominant members of 
the AP-1 complex bound to the MMP-1 site.

To show Fra-1 binding and regulation of the MMP-1 promoter in vivo, 
we performed chromatin immunoprecipitation (ChIP) experiments 
in Scp-2 and Scp-21 cells. Antibodies to Fra-1 demonstrated higher 
binding to the MMP-1 promoter in Scp-2 cells than Scp-21, consist-
ent with the relative MMP-1 expression in these cells (Figure 6C, 
and Data File 6). A similar, though slightly weaker, difference was 
seen at a known AP-1 binding site in the IL-6 gene (Figure 6C)42,43. 
Background signal was seen at distal control sites in the MMP-1 
and IL-6 genes or with a non-specific control antibody.

Fra-1 regulation is translational
Since Fra-1 is required for MMP-1 expression and binds prefer-
entially to the MMP-1 promoter in Scp-2 cells, we analyzed Fra-1 
regulation. As shown Figure 4, Fra-1 mRNA levels did not vary 
significantly among the metastatic variant cell lines, while Fra-1 
protein levels were higher in Scp-2 cells. To better understand the 
post-transcriptional regulation of Fra-1, we analyzed Fra-1 protein 
degradation and translation.

We first measured the degradation rate by blocking new protein transla-
tion using the protein synthesis inhibitor cycloheximide. By measuring 
protein levels over time, without de-novo translation, we could com-
pare degradation rates of Fra-1 in Scp-2 and Scp-21 cells. We com-
pared Fra-1 levels at either 0 to 4 or 0 to 24 hour intervals (Figure 7A). 
While levels were somewhat variable in specific experiments (as seen 
in Figure 7A) we quantified the results from three repetitions. We found 
that Fra-1 protein was more abundant in Scp-2 than Scp-21 cells, as 
previously seen, and when we normalized to the starting relative levels 
in each cell line, we found that there was no significant difference in the 
stability of Fra-1 in these two cell lines (Figure 7B, and Data File 7).

With no difference in Fra-1 protein degradation or mRNA levels, we 
measured Fra-1 translation rates. Scp-2 and Scp-21 cells were labeled 
with 35S-labeled amino acids to measure amino acid incorporation 
into proteins over a one-hour interval. Immunoprecipitation of Fra-1 
showed that its translation was significantly higher in Scp-2 cells than 
Scp-21 cells (Figure 7C and D, and Data File 7). There was a slightly 
higher general protein synthesis in the Scp-21 cells as seen by run-
ning the total 35S-labeled cell lysates on an SDS-polyacrylamide gel 
(Figure 7E). This is the opposite direction as seen for Fra-1 protein 
synthesis. Together with the lack of change in Fra-1 protein stability 
and the approximate half-life of 5 hours (Figure 7B), these results 
suggest that Fra-1 is regulated at the level of protein translation.

Stable expression of Fra-1 in Scp-21 cells increases MMP-1 
expression, motility and anchorage independent growth
To determine the effect of higher Fra-1 expression in non- 
metastatic cells, we created Scp-21 cells that stably express Fra-1. 
Control Scp-21 cells that stably express a control vector, have low 
Fra-1 protein expression, while the cells infected with a Fra-1 ret-
rovirus expressed high levels, several fold higher than that in Scp-2 
cells (Figure 8B). We found that higher Fra-1 expression resulted 
in higher MMP1 mRNA and protein expression, suggesting that 
higher levels of Fra-1 are sufficient for increased MMP1 expression 
(Figure 8A and B, and Data File 8).

Since increased Fra-1 protein expression correlated with increased 
MMP-1 expression and metastasis, we tested whether it is sufficient 
to drive properties of metastatic cells, in particular cell motility and 
anchorage independent growth. A scratch assay, or wound healing 
assay, was used to measure cell motility. We found that Scp-2 had 
greater motility than Scp-21 cells, and that Scp-21 cells expressing 
Fra-1 had significantly greater motility than vector control Scp-21 
cells (Figure 8C and D, and Data File 8). Surprisingly, Scp-21 cells 
expressing Fra-1 had even greater motility than highly metastatic 
Scp-2 cells. Therefore, Fra-1 expression increases motility.
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Figure 6. Fra-1 binds site of the MMP-1 promoter. A) In vitro binding. Electrophoretic mobility shift assay (EMSA) with the MMP-1 AP-1 
site. Scp-2 and Scp-21 nuclear extracts were incubated with a 32P-end labeled MMP-1 promoter double-stranded oligonucleotide probe 
spanning the AP-1 consensus site (-107 to -57 bases relative to the transcription start site). Nonspecific competitor, unlabeled, and point 
mutant AP-1 site oligonucleotides were added in 250 fold excess of the probe. The final three lanes included anti-AP-1 family member 
antibodies. B) Control EMSAs were preformed as in A except with a Serum Response Element probe to detect SRF binding. C) In vivo 
binding. Chromatin immunoprecipitation with Scp-2 and Scp-21 cells immunoprecipated with anti-Fra-1 antibody or mock antibody control. 
The immunoprecipitated DNA from the samples was measured by qPCR for binding of Fra-1 to the MMP-1 AP-1 promoter site, an upstream 
non-AP-1 control MMP-1 site, the IL-6 gene AP-1 site, or an upstream non-AP-1 control IL-6 site. The data shown represent the mean fold over 
control DNA values +/- standard deviation for three indendent experiments. **, p < 0.005 for two-tailed t-tests.
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Figure 7. Regulation of Fra-1 protein translation. A) Fra-1 protein stability. Scp-2 and Scp-21 cells were treated with cycloheximide 
and whole cell lysates collected at the indicated times post-treatment. Immunoblots are shown with anti-Fra-1 antibody of representative 
experiments. B) The mean relative Fra-1 band intensities from immunoblots as in (A) from three independent experiments +/- the standard 
deviation are shown. C) 35S-metabolic labeling of Fra-1. Cells were depleted of cysteine and methionine for 30 minutes and labeled with 
35S-cysteine and -methionine for the indicated times and immunoprecipitated. D) Fra-1 protein levels as in (C) were quantified and normalized 
to total protein labeling. The mean band intensity +/- standard deviation from three independent experiments. E) Control for general protein 
synthesis. Autoradiograph of total protein on an SDS-polyacrylamide gel from cells depleted of cysteine and methionine for 30 minutes and 
labeled with 35S-cysteine and -methionine for the indicated times.

Non-metastatic cells often grow poorly in soft agar, while 
metastatic cells can display increased anchorage independent 
growth44,45. Similar to the pattern seen in motility assays, Scp-2 
showed significantly greater growth in soft agar than Scp-21 cells 
(Figure 8E, and Data File 8). Interestingly, Scp-21 cells expressing 
Fra-1 greatly increased the growth of the cells in soft agar, simi-
lar to the Scp-2 levels. These results indicate that increased Fra-1 

expression in Scp-21 cells was sufficient for increased anchorage 
independent growth.

Data files for figures 1–8

8 Data Files 

http://dx.doi.org/10.6084/m9.figshare.829534 
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Figure 8. Effects of Fra-1 over expression in Scp-21 cells. A) qPCR of MMP-1 in Scp-2, Scp-21, Scp-21 control vector (Puro), and 
Scp-21 cells stably expressing HA-tagged Fra-1. Mean relative values are +/- standard deviation from three independent experiments. B) 
Immunoblots of the indicated cell lines with anti-MMP-1, anti-Fra-1 and anti-HA antibodies. Anti-HSP-90 served as a loading control. C) Effect 
on cell motility. Scratch-wound assays of the indicated cell lines were performed with cell motility measured 0 and 18 hours after the scratch. 
Cells were grown to 95% confluency and scratched with a pipette tip. Images were taken at 100X magnification. D) Quantitation of the number 
of cells crossing the initial scratch threshold at 18 hours. The means of three fields in three independent experiments +/- standard deviation 
are shown. E) Anchorage independent growth. The indicated cell lines were grown in soft agar for 21 days. The means +/- standard deviation 
of the relative number of colonies formed in three independent experiments are shown. *, p < 0.05. **, p < 0.005 for two-tailed t-tests.
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Discussion
We have used a well defined system of metastatic cell variants to 
limit the heterogeneity of the samples and to provide a large num-
ber of closely related cell lines with variable metastatic potential14. 
The cell lines are all derived from MDA-MB-231 breast carcinoma 
cells, either by selection of metastatic clones in mouse xenografts 
or by analysis of single cell clones (the Scp lines). The result that 
the Scp cell clones have vastly different, but reproducible, meta-
static potentials suggests that the cells with these properties were 
pre-existing in the MDA-MB-231 cultures12,14. The analysis of gene 
expression in these cell lines yielded a list of genes correlated to 
metastatic potential. We have found that MMP-1 is among the most 
strongly elevated genes in cells with high metastatic potential and 
that this expression is transcriptionally regulated by Fra-1 interac-
tion with the AP-1 site of the MMP-1 promoter. Fra-1 expression 
was also regulated, but at the level of protein translation.

Minimal promoter region sufficient for differential 
expression
The mapping of sequence elements required for expression of 
MMP-1 in high vs. low metastatic cells did not reveal an element 
that was required in only one of the cell types. However, the AP-1 
site was strongly required for expression in both cell lines. Further-
more, the synthetic triplicate AP-1 site promoter construct showed 
higher expression in the highly metastatic cells, demonstrating that 
it is sufficient to mediate higher expression. The single AP1 site in 
the MMP-1 promoter was not sufficient, suggesting that it normally 
requires the binding of other factors to function fully. Initial studies 
of phorbol ester induction of the MMP-1 promoter in fibroblasts 
had a similar result38. Therefore, it is likely that additional factor 
binding to the -96/-74 region of the MMP-1 promoter is also re-
quired. However, transcription factors with known binding sites in 
that region, HoxA5 and PEA3, were not required. In addition, ex-
pression of the MMP-1 reporter gene was significantly greater with 
the -172/-27 region compared to the -115/-27 region. While this 
region was not required for differential expression, it is likely that 
additional factor binding in this region increases expression.

Role of AP-1 in MMP-1 expression and metastasis
In line with our findings, AP-1 regulation of MMP-1 has been well 
studied in several systems18,46,47 and AP-1 expression has been im-
plicated in tumorigenesis22,48,49. In particular, expression of Fra-1 
has been shown to be correlated to plastic proliferative breast 
disorders21 and aggressive breast cancer cells50.

We have shown that Fra-1 is required for MMP-1 expression in 
the MDA-MB-231 derivatives. Fra-1 binds to the AP-1 consensus 
sequence as a heterodimer with a Jun protein51. Therefore, a Jun 
protein should also be required for MMP-1 expression. However, 
depletion of the most highly expressed Jun protein, JunD, had no 
effect on MMP-1 expression. JunB could not be detected by immu-
noblotting and showed very low expression by qPCR. The final Jun 
protein, c-Jun, was detected by immunoblot and qPCR. However, 
five siRNA duplexes were unable to significantly reduce c-Jun ex-
pression (data not shown). Challenges inhibiting c-Jun expression 
may be due to its low levels or, alternatively, to a cell requirement 
for c-Jun expression—making c-Jun inhibition toxic to the cell. 
Due to the inability to strongly deplete c-Jun levels, we cannot de-

termine whether it is required for MMP-1 expression or whether it 
fulfills a redundant requirement with JunD. It is also possible that 
there is a novel partner for Fra-1 in these cells.

We did not detect altered Fra-1 mRNA expression in the MDA-
MB-231 cell variants, however higher mRNA expression has been 
observed in more metastatic ER negative cell lines when compared 
to less metastatic cells52,53. Differences in Fra-1 mRNA expression 
were also observed in breast cancer patients, where expression was 
higher in carcinomas compared with benign tumors21. Thus, be-
sides regulation of translation, as we have found here, alternative 
mechanisms to regulate Fra-1 mRNA expression may be important 
in some breast tumors.

Translational regulation of Fra-1 regulates MMP-1
While Fra-1 mRNA levels were not significantly regulated in the 
MDA-MB-231 cell variants, immunoblots, EMSAs and chroma-
tin immunoprecipitations showed that the metastatic variant Scp-2 
cells have higher Fra-1 protein expression and higher DNA bind-
ing in vitro and in vivo to the MMP-1 AP-1 site. As Fra-1 was the 
only detectable AP-1 family factor that varied in the metastatic 
variants, this suggests that Fra-1 is responsible for the difference 
in MMP-1 expression. In addition, overexpression of Fra-1 in the 
low metastatic Scp21 cells increased MMP-1 expression, showing 
that higher Fra-1 expression is sufficient, as well as necessary, for 
elevated MMP-1 expression.

We found that Fra-1 protein levels were regulated by altered trans-
lation rates. There were little differences in the rates of protein 
degradation. However, short metabolic labeling showed increased 
synthesis of Fra-1 in the metastatic cell variant. Several studies have 
demonstrated that phosphorylation of Fra-1 by ERK1/2 increases 
its protein stability54–57. However, this mechanism does not appear 
to be functioning in the MDA-MB-231 cells, since we did not de-
tect a change in degradation rates.

Recently, data from human cancer cell lines pointed to evidence of 
miRNA-34a regulation of Fra-1 and MMP-158,59. In breast cancers, 
miRNA-34a was inversely correlated to the metastatic potential of 
cell lines and tumor samples, but was not found to be different in paired 
tumor and normal breast tissue samples59. Strikingly, expression of miR-
NA-34a in MDA-MB-231 cells reduced Fra-1 expression, matrigel in-
vasion, and tumors in mouse xenografts. In addition, overexpression of 
Fra-1 rescued the suppressive effects of miRNA-34a on migration and 
invasion of MDA-MB-231 cells59. While miRNA-34a regulation of 
Fra-1 is a strong hypothesis for MMP-1 regulation in MDA-MB-231 
variants, a major difference is that we did not observe changes in 
Fra-1 mRNA expression as reported with miRNA-34a58,59. Sepa-
rately, miRNA-143 was also found to target Fra-1 mRNA, suggesting 
that this and other miRNAs are also candidates for Fra-1 regulation60. 
It will be interesting to determine which, if any, miRNA regulates 
Fra-1 translation in metastatic MDA-MB-231 variants.

Despite initial work supporting miRNA translational regulation 
without impact on mRNA levels61, more recent evidence sup-
ports miRNA regulation of both protein and mRNA expression62,63. 
There are several examples of other genes being regulated by miRNA 
without discernable differences in mRNA levels64–67. As our 
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formation by MDA-MB-231 cells through cleavage and activation 
of protein activated receptor-1 (PAR-1), such that autocrine activa-
tion of specific cellular proteins is an alternative mechanism for 
MMP-1 function74.

Conclusion
Our work and the work of others have clearly demonstrated effects 
of Fra-1 and MMP-1 in multiple cancer systems. We find that in 
the highly metastatic MDA-MB-231 cells, Fra-1 is activated at the 
level of protein translation, perhaps through the loss or inhibition of 
an miRNA. Increased Fra-1 protein then binds the AP-1 site of the 
MMP-1 promoter, increasing MMP-1 transcription and translation. 
It is likely that other targets of Fra-1 also contribute to increased 
metastasis. Further research will be necessary to determine the 
mechanism of Fra-1 translational regulation, which target genes are 
involved that can lead to increased metastasis, and how these steps 
might be blocked to prevent metastatic progression of breast cancer.
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experiments only show translational regulation, it is possible that 
Fra-1 is a case where miRNA regulation is entirely translational. 
Alternatively, it is possible that Fra-1 translation is regulated by a 
mechanism other than miRNA.

Fra-1 induces metastatic properties
Stable expression of Fra-1 in non-metastatic MDA-MB-231 deriva-
tive cells led to greater MMP-1 expression, motility and anchorage-
independent growth. This supports Fra-1 as an upstream regulator 
of MMP-1 and potentially of other genes required for increased 
metastatic properties. These results are in line with previous co-
lon cancer data, correlating Fra-1 expression with escape from 
anoikis56, and increased motility68. In spontaneous murine mam-
mary adenocarcinoma variants with different metastatic potential, 
Fra-1 expression also correlated to invasiveness69. Transient trans-
fections of Fra-1 in MDA-MB-231 and MCF-7 similarly increased 
matrigel cell invasion48. Contrary to our findings, this overexpres-
sion had no impact on MMP-1 expression. In other experiments, 
however, overexpression of Fra-1 in MCF-7 cells increased cell in-
vasion and MMP-1 expression52. Recently, Fra-1 was also shown to 
be required for high metastasis in xenografts of a highly metastatic 
MDA-MB-231 derivative cell line70.

Potential functions of Fra-1 and MMP-1 in invasion and 
migration
Fra-1 has many direct and indirect targets71. Fra-1 depletion in a 
highly metastatic MDA-MB-231 variant line altered the expression 
of 1,234 genes70. Among these, E-cadherin has an inverse correla-
tion with Fra-1, confirming previous results50. Fra-1 expression has 
also previously been shown to alter morphology and invasiveness69 
in a manner similar to the epithelial to mesenchymal transition 
(EMT). As such, Fra-1 regulation may function as a keystone regu-
lator, impacting several aspects of tumorigenesis and metastasis72.

How MMP-1 function is coopted by tumor cells is an open ques-
tion. MMP-1 is critical in degrading interstitial collagen, and tumor 
cells may require that function to invade15,73. However, MMP-1 has 
also been shown to be required for migration and xenograft tumor 
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Supplemental Figure S1. JunD depletion with siRNAs has no effect on MMP-1 mRNA expression. A) Immunoblot with anti-JunD 
antibodies of Scp-2 cells transfected with control or siRNA duplexes for JunD. B) Mean JunD band intensity +/- standard deviation for 
immunoblots from three independent experiments as in (A). C) qPCR of JunD, MMP-1 and Fra-1 in Scp-2 cells transfected with control or 
siRNA duplexes for JunD. Mean relative values are +/- standard deviation from three independent experiments are shown. **, p < 0.005 for 
two-tailed t-tests.

Supplementary figure
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Supplementary table

Supplemental Table S1. Top genes with greatest expression differential in genes of high 
metastatic potential and low metastatic potential in bone and lung. High bone metastatic cell lines 
are: 1833, Scp-2, Scp-25 and Scp-46. High lung metastatic cell lines are: 1834, 3481, 4142, 4173, 
4175, 4180, Scp-3 and Scp-28. Low metastatic cells lines are: MDA-MB-231, Scp-6, Scp-21 and Scp-26. 
The gene expression values for these cell lines (Minn et al., 2005) were used in a two-tailed t-test to 
calculate relative p-values. Genes with over three fold greater expression in bone lines and two fold in 
lung lines with p-values less than 0.06 are shown.

Gene Bone (High/Low) p-Value Lung (High/Low) p-Value

MMP1 98.28 0.00024 26.63 0.05619

SPANXA1/A2/B1/B2/C 18.23 0.00681 22.04 0.00570

SPANXC 14.59 0.00334 14.92 0.00756

ROBO1 13.99 0.00012 10.00 0.00013

SPANXB1B2 12.82 0.01742 15.82 0.00875

FOXA2 11.27 0.00233 9.69 0.00025

RGS2 8.32 0.00176 7.68 0.00014

NLRP3 8.24 0.00075 3.28 0.00775

CFH /// CFHR1 6.66 0.01548 5.75 0.00003

PTGS2 6.26 0.00840 5.54 0.00272

KCNK1 5.27 0.04210 3.73 0.00265

ANK3 5.05 0.02726 3.23 0.00995

KYNU 4.98 0.02145 10.12 0.01040

NR2F1 4.87 0.00088 5.36 0.00001

HAS2 4.83 0.00083 3.11 0.05186

LGR5 4.82 0.04688 3.82 0.00197

SOX4 4.67 0.03847 11.39 0.00391

RBM5 4.52 0.01639 2.13 0.05365

MOCS1 4.41 0.00053 2.36 0.00509

PRSS3 4.41 0.00751 3.21 0.00091

KHDRBS3 4.08 0.00183 2.59 0.00181

MEF2C 4.05 0.00620 2.49 0.00892

GPR37 3.99 0.02415 2.44 0.00030

ARHGDIB 3.95 0.00194 4.14 0.00001

MUSK 3.88 0.01237 3.03 0.02432

ZDHHC17 3.86 0.04522 2.49 0.05806

ODZ3 3.82 0.00299 3.61 0.00101

ENPP4 3.75 0.00026 2.88 0.00073

SULT1C2 3.74 0.00065 3.59 0.00021

MMP16 3.73 0.02076 2.15 0.04840

KCNK1 3.69 0.02844 3.01 0.00000

SLCO1B3 3.64 0.00058 2.63 0.00636

PLCE1 3.64 0.00065 2.41 0.01816

FOXA2 3.60 0.00241 3.11 0.00022

PELO 3.54 0.04780 3.28 0.02047

LPXN 3.45 0.00108 3.05 0.00005
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Gene Bone (High/Low) p-Value Lung (High/Low) p-Value

NSBP1 3.43 0.05792 2.95 0.01074

CASP1 3.34 0.01960 2.32 0.04582

PRSS3 3.34 0.02957 2.43 0.00078

TSPAN13 3.28 0.01774 2.55 0.00022

MAGEH1 3.25 0.04480 2.03 0.03014

ANGPTL4 3.19 0.04369 3.68 0.00043

NR3C2 3.12 0.00236 2.18 0.01802

FLJ20489 3.07 0.02672 2.76 0.05765

SERPINI1 3.07 0.02671 2.87 0.00013

References

1.  Brinckerhoff CE, Rutter JL, Benbow U: Interstitial collagenases as markers of 
tumor progression. Clin Cancer Res. 2000; 6(12): 4823–4830.  
PubMed Abstract 

2.  McGowan PM, Duffy MJ: Matrix metalloproteinase expression and outcome in 
patients with breast cancer: analysis of a published database. Ann Oncol. 
2008; 19(9): 1566–1572.  
PubMed Abstract | Publisher Full Text 

3.  Cheng S, Tada M, Hida Y, et al.: High MMP-1 mRNA expression is a risk factor 
for disease-free and overall survivals in patients with invasive breast 
carcinoma. J Surg Res. 2008; 146(1): 104–109.  
PubMed Abstract | Publisher Full Text 

4.  Poola I, DeWitty RL, Marshalleck JJ, et al.: Identification of MMP-1 as a putative 
breast cancer predictive marker by global gene expression analysis. 
Nat Med. 2005; 11(5): 481–483.  
PubMed Abstract | Publisher Full Text 

5.  Nakopoulou L, Giannopoulou I, Gakiopoulou H, et al.: Matrix metalloproteinase-1 
and -3 in breast cancer: correlation with progesterone receptors and other 
clinicopathologic features. Hum Pathol. 1999; 30(4): 436–442.  
PubMed Abstract 

6.  Kohrmann A, Kammerer U, Kapp M, et al.: Expression of matrix metalloproteinases 
(MMPs) in primary human breast cancer and breast cancer cell lines: New 
findings and review of the literature. BMC cancer. 2009; 9: 188.  
PubMed Abstract | Publisher Full Text | Free Full Text 

7.  Rutter JL, Mitchell TI, Buttice G, et al.: A single nucleotide polymorphism in the 
matrix metalloproteinase-1 promoter creates an Ets binding site and augments 
transcription. Cancer Res. 1998; 58(23): 5321–5325.  
PubMed Abstract 

8.  McCready J, Broaddus WC, Sykes V, et al.: Association of a single nucleotide 
polymorphism in the matrix metalloproteinase-1 promoter with glioblastoma. 
Int J Cancer. 2005; 117(5): 781–785.  
PubMed Abstract | Publisher Full Text 

9.  Giambernardi TA, Grant GM, Taylor GP, et al.: Overview of matrix metalloproteinase 
expression in cultured human cells. Matrix Biol. 1998; 16(8): 483–496.  
PubMed Abstract | Publisher Full Text 

10.  Kousidou OC, Roussidis AE, Theocharis AD, et al.: Expression of MMPs and TIMPs 
genes in human breast cancer epithelial cells depends on cell culture 
conditions and is associated with their invasive potential. Anticancer Res. 
2004; 24(6): 4025–4030.  
PubMed Abstract 

11.  Balduyck M, Zerimech F, Gouyer V, et al.: Specific expression of matrix 
metalloproteinases 1, 3, 9 and 13 associated with invasiveness of breast 
cancer cells in vitro. Clin Exp Metastasis. 2000; 18(2): 171–178.  
PubMed Abstract | Publisher Full Text 

12.  Kang Y, Siegel PM, Shu W, et al.: A multigenic program mediating breast cancer 
metastasis to bone. Cancer cell. 2003; 3(6): 537–549.  
PubMed Abstract | Publisher Full Text 

13.  Bos PD, Zhang XH, Nadal C, et al.: Genes that mediate breast cancer metastasis 
to the brain. Nature. 2009; 459(7249): 1005–1009.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14.  Minn AJ, Gupta GP, Siegel PM, et al.: Genes that mediate breast cancer 
metastasis to lung. Nature. 2005; 436(7050): 518–524.  
PubMed Abstract | Publisher Full Text | Free Full Text 

15.  Brinckerhoff CE, Matrisian LM: Matrix metalloproteinases: a tail of a frog that 
became a prince. Nat Rev Mol Cell Biol. 2002; 3(3): 207–214.  
PubMed Abstract | Publisher Full Text 

16.  Weiss MB, Abel EV, Mayberry MM, et al.: TWIST1 is an ERK1/2 effector that 
promotes invasion and regulates MMP-1 expression in human melanoma 
cells. Cancer Res. 2012; 72(24): 6382–6392.  
PubMed Abstract | Publisher Full Text | Free Full Text 

17.  Kim S, Han J, Shin I, et al.: A functional comparison between the HER2 (high)/HER3 
and the HER2(low)/HER3 dimers on heregulin-beta1-induced MMP-1 and MMP-9 
expression in breast cancer cells. Exp Mol Med. 2012; 44(8): 473–482.  
PubMed Abstract | Publisher Full Text | Free Full Text 

18.  Angel P, Baumann I, Stein B, et al.: 12-O-tetradecanoyl-phorbol-13-acetate 
induction of the human collagenase gene is mediated by an inducible 
enhancer element located in the 5′-flanking region. Mol Cell Biol. 1987;  
7(6): 2256–2266.  
PubMed Abstract | Publisher Full Text | Free Full Text 

19.  Angel P, Imagawa M, Chiu R, et al.: Phorbol ester-inducible genes contain a 
common cis element recognized by a TPA-modulated trans-acting factor. 
Cell. 1987; 49(6): 729–739.  
PubMed Abstract | Publisher Full Text 

20.  Young MR, Colburn NH: Fra-1 a target for cancer prevention or intervention. 
Gene. 2006; 379: 1–11.  
PubMed Abstract | Publisher Full Text 

21.  Chiappetta G, Ferraro A, Botti G, et al.: FRA-1 protein overexpression is a feature 
of hyperplastic and neoplastic breast disorders. BMC cancer. 2007; 7: 17.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22.  Song Y, Song S, Zhang D, et al.: An association of a simultaneous nuclear and 
cytoplasmic localization of Fra-1 with breast malignancy. BMC cancer.  
2006; 6: 298.  
PubMed Abstract | Publisher Full Text | Free Full Text 

23.  Pear WS, Nolan GP, Scott ML, et al.: Production of high-titer helper-free 
retroviruses by transient transfection. Proc Natl Acad Sci U S A. 1993;  
90(18): 8392–8396.  
PubMed Abstract | Publisher Full Text | Free Full Text 

24.  White EA, Sowa ME, Tan MJ, et al.: Systematic identification of interactions 
between host cell proteins and E7 oncoproteins from diverse human 
papillomaviruses. Proc Natl Acad Sci U S A. 2012; 109(5): E260–267.  
PubMed Abstract | Publisher Full Text | Free Full Text 

25.  Morgenstern JP, Land H: Advanced mammalian gene transfer: high titre retroviral 
vectors with multiple drug selection markers and a complementary helper-free 
packaging cell line. Nucleic Acids Res. 1990; 18(12): 3587–3596.  
PubMed Abstract | Publisher Full Text | Free Full Text 

26.  Kent WJ, Sugnet CW, Furey TS, et al.: The human genome browser at UCSC. 
Genome Res. 2002; 12(6): 996–1006.  
PubMed Abstract | Publisher Full Text | Free Full Text 

27.  Wang Y, Prywes R: Activation of the c-fos enhancer by the erk MAP kinase 
pathway through two sequence elements: the c-fos AP-1 and p62TCF sites. 
Oncogene. 2000; 19(11): 1379–1385.  
PubMed Abstract | Publisher Full Text 

28.  Heckman KL, Pease LR: Gene splicing and mutagenesis by PCR-driven overlap 
extension. Nat Protoc. 2007; 2(4): 924–932.  
PubMed Abstract | Publisher Full Text 

29.  Chen X, Prywes R: Serum-induced expression of the cdc25A gene by relief of 
E2F-mediated repression. Mol Cell Biol. 1999; 19(7): 4695–4702.  
PubMed Abstract | Free Full Text 

30.  Selvaraj A, Prywes R: Megakaryoblastic leukemia-1/2, a transcriptional 
co-activator of serum response factor, is required for skeletal myogenic 
differentiation. J Biol Chem. 2003; 278(43): 41977–41987.  
PubMed Abstract | Publisher Full Text 

Page 22 of 25

F1000Research 2013, 2:229 Last updated: 09 OCT 2014

http://www.ncbi.nlm.nih.gov/pubmed/11156241
http://www.ncbi.nlm.nih.gov/pubmed/11156241
http://www.ncbi.nlm.nih.gov/pubmed/18503039
http://www.ncbi.nlm.nih.gov/pubmed/18503039
http://dx.doi.org/10.1093/annonc/mdn180
http://www.ncbi.nlm.nih.gov/pubmed/17663001
http://www.ncbi.nlm.nih.gov/pubmed/17663001
http://dx.doi.org/10.1016/j.jss.2007.05.032
http://www.ncbi.nlm.nih.gov/pubmed/15864312
http://www.ncbi.nlm.nih.gov/pubmed/15864312
http://dx.doi.org/10.1038/nm1243
http://www.ncbi.nlm.nih.gov/pubmed/10208466
http://www.ncbi.nlm.nih.gov/pubmed/10208466
http://www.ncbi.nlm.nih.gov/pubmed/19531263
http://www.ncbi.nlm.nih.gov/pubmed/19531263
http://dx.doi.org/10.1186/1471-2407-9-188
http://www.ncbi.nlm.nih.gov/pmc/articles/2706257
http://www.ncbi.nlm.nih.gov/pubmed/9850057
http://www.ncbi.nlm.nih.gov/pubmed/9850057
http://www.ncbi.nlm.nih.gov/pubmed/15957163
http://www.ncbi.nlm.nih.gov/pubmed/15957163
http://dx.doi.org/10.1002/ijc.21207
http://www.ncbi.nlm.nih.gov/pubmed/9550265
http://www.ncbi.nlm.nih.gov/pubmed/9550265
http://dx.doi.org/10.1016/S0945-053X(98)90019-1
http://www.ncbi.nlm.nih.gov/pubmed/15739263
http://www.ncbi.nlm.nih.gov/pubmed/15739263
http://www.ncbi.nlm.nih.gov/pubmed/11235993
http://www.ncbi.nlm.nih.gov/pubmed/11235993
http://dx.doi.org/10.1023/A:1006762425323
http://www.ncbi.nlm.nih.gov/pubmed/12842083
http://www.ncbi.nlm.nih.gov/pubmed/12842083
http://dx.doi.org/10.1016/S1535-6108(03)00132-6
http://www.ncbi.nlm.nih.gov/pubmed/19421193
http://www.ncbi.nlm.nih.gov/pubmed/19421193
http://dx.doi.org/10.1038/nature08021
http://www.ncbi.nlm.nih.gov/pmc/articles/2698953
http://www.ncbi.nlm.nih.gov/pubmed/16049480
http://www.ncbi.nlm.nih.gov/pubmed/16049480
http://dx.doi.org/10.1038/nature03799
http://www.ncbi.nlm.nih.gov/pmc/articles/1283098
http://www.ncbi.nlm.nih.gov/pubmed/11994741
http://www.ncbi.nlm.nih.gov/pubmed/11994741
http://dx.doi.org/10.1038/nrm763
http://www.ncbi.nlm.nih.gov/pubmed/23222305
http://www.ncbi.nlm.nih.gov/pubmed/23222305
http://dx.doi.org/10.1158/0008-5472.CAN-12-1033
http://www.ncbi.nlm.nih.gov/pmc/articles/3531871
http://www.ncbi.nlm.nih.gov/pubmed/22627808
http://www.ncbi.nlm.nih.gov/pubmed/22627808
http://dx.doi.org/10.3858/emm.2012.44.8.054
http://www.ncbi.nlm.nih.gov/pmc/articles/3429811
http://www.ncbi.nlm.nih.gov/pubmed/3037355
http://www.ncbi.nlm.nih.gov/pubmed/3037355
http://dx.doi.org/10.1128/MCB.7.6.2256
http://www.ncbi.nlm.nih.gov/pmc/articles/365350
http://www.ncbi.nlm.nih.gov/pubmed/3034432
http://www.ncbi.nlm.nih.gov/pubmed/3034432
http://dx.doi.org/10.1016/0092-8674(87)90611-8
http://www.ncbi.nlm.nih.gov/pubmed/16784822
http://www.ncbi.nlm.nih.gov/pubmed/16784822
http://dx.doi.org/10.1016/j.gene.2006.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17254320
http://www.ncbi.nlm.nih.gov/pubmed/17254320
http://dx.doi.org/10.1186/1471-2407-7-17
http://www.ncbi.nlm.nih.gov/pmc/articles/1796888
http://www.ncbi.nlm.nih.gov/pubmed/17192200
http://www.ncbi.nlm.nih.gov/pubmed/17192200
http://dx.doi.org/10.1186/1471-2407-6-298
http://www.ncbi.nlm.nih.gov/pmc/articles/1770932
http://www.ncbi.nlm.nih.gov/pubmed/7690960
http://www.ncbi.nlm.nih.gov/pubmed/7690960
http://dx.doi.org/10.1073/pnas.90.18.8392
http://www.ncbi.nlm.nih.gov/pmc/articles/47362
http://www.ncbi.nlm.nih.gov/pubmed/22232672
http://www.ncbi.nlm.nih.gov/pubmed/22232672
http://dx.doi.org/10.1073/pnas.1116776109
http://www.ncbi.nlm.nih.gov/pmc/articles/3277141
http://www.ncbi.nlm.nih.gov/pubmed/2194165
http://www.ncbi.nlm.nih.gov/pubmed/2194165
http://dx.doi.org/10.1093/nar/18.12.3587
http://www.ncbi.nlm.nih.gov/pmc/articles/331014
http://www.ncbi.nlm.nih.gov/pubmed/12045153
http://www.ncbi.nlm.nih.gov/pubmed/12045153
http://dx.doi.org/10.1101/gr.229102
http://www.ncbi.nlm.nih.gov/pmc/articles/186604
http://www.ncbi.nlm.nih.gov/pubmed/10723128
http://www.ncbi.nlm.nih.gov/pubmed/10723128
http://dx.doi.org/10.1038/sj.onc.1203443
http://www.ncbi.nlm.nih.gov/pubmed/17446874
http://www.ncbi.nlm.nih.gov/pubmed/17446874
http://dx.doi.org/10.1038/nprot.2007.132
http://www.ncbi.nlm.nih.gov/pubmed/10373518
http://www.ncbi.nlm.nih.gov/pubmed/10373518
http://www.ncbi.nlm.nih.gov/pmc/articles/84267
http://www.ncbi.nlm.nih.gov/pubmed/14565952
http://www.ncbi.nlm.nih.gov/pubmed/14565952
http://dx.doi.org/10.1074/jbc.M305679200


31.  Prywes R, Dutta A, Cromlish JA, et al.: Phosphorylation of serum response 
factor, a factor that binds to the serum response element of the c-FOS 
enhancer. Proc Natl Acad Sci U S A. 1988; 85(19): 7206–7210.  
PubMed Abstract | Publisher Full Text | Free Full Text 

32.  Beckerman R, Donner AJ, Mattia M, et al.: A role for Chk1 in blocking transcriptional 
elongation of p21 RNA during the S-phase checkpoint.Genes Dev 2009; 
23(11): 1364–1377.  
PubMed Abstract | Publisher Full Text | Free Full Text 

33.  Freed-Pastor WA, Mizuno H, Zhao X, et al.: Mutant p53 disrupts mammary tissue 
architecture via the mevalonate pathway. Cell. 2012; 148(1–2): 244–258.  
PubMed Abstract | Publisher Full Text | Free Full Text 

34.  Overall CM: Matrix metalloproteinase substrate binding domains, modules and 
exosites. Overview and experimental strategies. Methods Mol Biol. 2001;  
151: 79–120.  
PubMed Abstract | Publisher Full Text 

35.  Pardo A, Selman M: MMP-1: the elder of the family. Int J Biochem Cell Biol. 
2005; 37(2): 283–288.  
PubMed Abstract | Publisher Full Text 

36.  Ra HJ, Parks WC: Control of matrix metalloproteinase catalytic activity. 
Matrix Biol. 2007; 26(8): 587–596.  
PubMed Abstract | Publisher Full Text | Free Full Text 

37.  Gutman A, Wasylyk B: The collagenase gene promoter contains a TPA and 
oncogene-responsive unit encompassing the PEA3 and AP-1 binding sites. 
EMBO J. 1990; 9(7): 2241–2246.  
PubMed Abstract | Free Full Text 

38.  Auble DT, Brinckerhoff CE: The AP-1 sequence is necessary but not sufficient 
for phorbol induction of collagenase in fibroblasts. Biochemistry. 1991;  
30(18): 4629–4635.  
PubMed Abstract | Publisher Full Text 

39.  Ozanne BW, Spence HJ, McGarry LC, et al.: Transcription factors control 
invasion: AP-1 the first among equals. Oncogene. 2007; 26(1): 1–10.  
PubMed Abstract | Publisher Full Text 

40.  Verde P, Casalino L, Talotta F, et al.: Deciphering AP-1 function in tumorigenesis: 
fra-ternizing on target promoters. Cell Cycle. 2007; 6(21): 2633–2639.  
PubMed Abstract | Publisher Full Text 

41.  Halazonetis TD, Georgopoulos K, Greenberg ME, et al.: c-Jun dimerizes with itself 
and with c-Fos, forming complexes of different DNA binding affinities. Cell. 
1988; 55(5): 917–924.  
PubMed Abstract | Publisher Full Text 

42.  Dendorfer U, Oettgen P, Libermann TA: Multiple regulatory elements in the 
interleukin-6 gene mediate induction by prostaglandins, cyclic AMP and 
lipopolysaccharide. Mol Cell Biol. 1994; 14(7): 4443–4454.  
PubMed Abstract | Publisher Full Text | Free Full Text 

43.  Sehgal PB, Wang L, Rayanade R, et al.: Interleukin-6-type cytokines. 
Ann N Y Acad Sci. 1995; 762: 1–14.  
PubMed Abstract | Publisher Full Text 

44.  Hamburger AW, Salmon SE: Primary bioassay of human tumor stem cells. 
Science. 1977; 197(4302): 461–463.  
PubMed Abstract | Publisher Full Text 

45.  Yoneda T, Williams PJ, Hiraga T, et al.: A bone-seeking clone exhibits different 
biological properties from the MDA-MB-231 parental human breast cancer 
cells and a brain-seeking clone in vivo and in vitro. J Bone Miner Res. 
2001; 16(8): 1486–1495.  
PubMed Abstract | Publisher Full Text 

46.  Lee W, Mitchell P, Tjian R: Purified transcription factor AP-1 interacts with  
TPA-inducible enhancer elements. Cell. 1987; 49(6): 741–752.  
PubMed Abstract | Publisher Full Text 

47.  Vincenti MP, White LA, Schroen DJ, et al.: Regulating expression of the gene for 
matrix metalloproteinase-1 (collagenase): mechanisms that control enzyme 
activity, transcription, and mRNA stability. Crit Rev Eukaryot Gene Expr. 
1996; 6(4): 391–411.  
PubMed Abstract 

48.  Milde-Langosch K: The Fos family of transcription factors and their role in 
tumourigenesis. Eur J Cancer. 2005; 41(16): 2449–2461.  
PubMed Abstract | Publisher Full Text 

49.  Bamberger AM, Methner C, Lisboa BW, et al.: Expression pattern of the AP-1 family 
in breast cancer: association of fosB expression with a well-differentiated, 
receptor-positive tumor phenotype. Int J Cancer. 1999; 84(5): 533–538.  
PubMed Abstract | Publisher Full Text 

50.  Zajchowski DA, Bartholdi MF, Gong Y, et al.: Identification of gene expression 
profiles that predict the aggressive behavior of breast cancer cells. 
Cancer Res. 2001; 61(13): 5168–5178.  
PubMed Abstract 

51.  Cohen DR, Ferreira PC, Gentz R, et al.: The product of a fos-related gene, fra-1, 
binds cooperatively to the AP-1 site with Jun transcription factor AP-1 is 
comprised of multiple protein complexes. Genes Dev. 1989; 3(2): 173–184.  
PubMed Abstract | Publisher Full Text 

52.  Belguise K, Kersual N, Galtier F, et al.: FRA-1 expression level regulates 
proliferation and invasiveness of breast cancer cells. Oncogene. 2005;  
24(8): 1434–1444.  
PubMed Abstract | Publisher Full Text 

53.  Philips A, Teyssier C, Galtier F, et al.: FRA-1 expression level modulates regulation 
of activator protein-1 activity by estradiol in breast cancer cells. Mol Endocrinol. 
1998; 12(7): 973–985.  
PubMed Abstract | Publisher Full Text 

54.  Basbous J, Chalbos D, Hipskind R, et al.: Ubiquitin-independent proteasomal 
degradation of Fra-1 is antagonized by Erk1/2 pathway-mediated 
phosphorylation of a unique C-terminal destabilizer. Mol Cell Biol. 2007;  
27(11): 3936–3950.  
PubMed Abstract | Publisher Full Text | Free Full Text 

55.  Casalino L, De Cesare D, Verde P: Accumulation of Fra-1 in ras-transformed 
cells depends on both transcriptional autoregulation and MEK-dependent 
posttranslational stabilization. Mol Cell Biol. 2003; 23(12): 4401–4415.  
PubMed Abstract | Publisher Full Text | Free Full Text 

56.  Vial E, Marshall CJ: Elevated ERK-MAP kinase activity protects the FOS family 
member FRA-1 against proteasomal degradation in colon carcinoma cells.  
J Cell Sci. 2003; 116(Pt 24): 4957–4963.  
PubMed Abstract | Publisher Full Text 

57.  Gruda MC, Kovary K, Metz R, et al.: Regulation of Fra-1 and Fra-2 phosphorylation 
differs during the cell cycle of fibroblasts and phosphorylation in vitro by MAP 
kinase affects DNA binding activity. Oncogene. 1994; 9(9): 2537–2547.  
PubMed Abstract 

58.  Wu J, Wu G, Lv L, et al.: MicroRNA-34a inhibits migration and invasion of colon 
cancer cells via targeting to Fra-1. Carcinogenesis. 2012; 33(3): 519–528.  
PubMed Abstract | Publisher Full Text 

59.  Yang S, Li Y, Gao J, et al.: MicroRNA-34 suppresses breast cancer invasion and 
metastasis by directly targeting Fra-1. Oncogene. 2013; 32(36): 4294–303.  
PubMed Abstract | Publisher Full Text 

60.  Horita HN, Simpson PA, Ostriker A, et al.: Serum response factor regulates expression 
of phosphatase and tensin homolog through a microRNA network in vascular 
smooth muscle cells. Arterioscler Thromb Vasc Biol. 2011; 31(12): 2909–2919.  
PubMed Abstract | Publisher Full Text | Free Full Text 

61.  Olsen PH, Ambros V: The lin-4 regulatory RNA controls developmental timing 
in Caenorhabditis elegans by blocking LIN-14 protein synthesis after the 
initiation of translation. Dev Biol. 1999; 216(2): 671–680.  
PubMed Abstract | Publisher Full Text 

62.  Eulalio A, Huntzinger E, Izaurralde E: Getting to the root of miRNA-mediated 
gene silencing. Cell. 2008; 132(1): 9–14.  
PubMed Abstract | Publisher Full Text 

63.  Filipowicz W, Bhattacharyya SN, Sonenberg N: Mechanisms of post-transcriptional 
regulation by microRNAs: are the answers in sight? Nat Rev Genet. 2008;  
9(2): 102–114.  
PubMed Abstract | Publisher Full Text 

64.  Poy MN, Eliasson L, Krutzfeldt J, et al.: A pancreatic islet-specific microRNA 
regulates insulin secretion. Nature. 2004; 432(7014): 226–230.  
PubMed Abstract | Publisher Full Text 

65.  Cimmino A, Calin GA, Fabbri M, et al.: miR-15 and miR-16 induce apoptosis by 
targeting BCL2. Proc Natl Acad Sci U S A. 2005; 102(39): 13944–13949.  
PubMed Abstract | Publisher Full Text | Free Full Text 

66.  Bhattacharyya SN, Habermacher R, Martine U, et al.: Relief of microRNA-mediated 
translational repression in human cells subjected to stress. Cell. 2006;  
125(6): 1111–1124.  
PubMed Abstract | Publisher Full Text 

67.  Fazi F, Rosa A, Fatica A, et al.: A minicircuitry comprised of microRNA-223 and 
transcription factors NFI-A and C/EBPalpha regulates human granulopoiesis. 
Cell. 2005; 123(5): 819–831.  
PubMed Abstract | Publisher Full Text 

68.  Vial E, Sahai E, Marshall CJ: ERK-MAPK signaling coordinately regulates activity 
of Rac1 and RhoA for tumor cell motility. Cancer cell. 2003; 4(1): 67–79.  
PubMed Abstract | Publisher Full Text 

69.  Kustikova O, Kramerov D, Grigorian M, et al.: Fra-1 induces morphological 
transformation and increases in vitro invasiveness and motility of epithelioid 
adenocarcinoma cells. Mol Cell Biol. 1998; 18(12): 7095–7105.  
PubMed Abstract | Free Full Text 

70.  Desmet CJ, Gallenne T, Prieur A, et al.: Identification of a pharmacologically 
tractable Fra-1/ADORA2B axis promoting breast cancer metastasis. 
Proc Natl Acad Sci U S A. 2013; 110(13): 5139–5144.  
PubMed Abstract | Publisher Full Text | Free Full Text 

71.  Chinenov Y, Kerppola TK: Close encounters of many kinds: Fos-Jun interactions 
that mediate transcription regulatory specificity. Oncogene. 2001;  
20(19): 2438–2452.  
PubMed Abstract | Publisher Full Text 

72.  Fleischmann A, Hafezi F, Elliott C, et al.: Fra-1 replaces c-Fos-dependent functions 
in mice. Genes Dev. 2000; 14(21): 2695–2700.  
PubMed Abstract | Publisher Full Text | Free Full Text 

73.  Page-McCaw A, Ewald AJ, Werb Z: Matrix metalloproteinases and the regulation 
of tissue remodelling. Nat Rev Mol Cell Biol. 2007; 8(3): 221–233.  
PubMed Abstract | Publisher Full Text | Free Full Text 

74.  Boire A, Covic L, Agarwal A, et al.: PAR1 is a matrix metalloprotease-1 receptor 
that promotes invasion and tumorigenesis of breast cancer cells. Cell. 2005; 
120(3): 303–313.  
PubMed Abstract | Publisher Full Text 

Page 23 of 25

F1000Research 2013, 2:229 Last updated: 09 OCT 2014

http://www.ncbi.nlm.nih.gov/pubmed/2845402
http://www.ncbi.nlm.nih.gov/pubmed/2845402
http://dx.doi.org/10.1073/pnas.85.19.7206
http://www.ncbi.nlm.nih.gov/pmc/articles/282153
http://www.ncbi.nlm.nih.gov/pubmed/19487575
http://www.ncbi.nlm.nih.gov/pubmed/19487575
http://dx.doi.org/10.1101/gad.1795709
http://www.ncbi.nlm.nih.gov/pmc/articles/2701578
http://www.ncbi.nlm.nih.gov/pubmed/22265415
http://www.ncbi.nlm.nih.gov/pubmed/22265415
http://dx.doi.org/10.1016/j.cell.2011.12.017
http://www.ncbi.nlm.nih.gov/pmc/articles/3511889
http://www.ncbi.nlm.nih.gov/pubmed/11217327
http://www.ncbi.nlm.nih.gov/pubmed/11217327
http://dx.doi.org/10.1385/1-59259-046-2:079
http://www.ncbi.nlm.nih.gov/pubmed/15474975
http://www.ncbi.nlm.nih.gov/pubmed/15474975
http://dx.doi.org/10.1016/j.biocel.2004.06.017
http://www.ncbi.nlm.nih.gov/pubmed/17669641
http://www.ncbi.nlm.nih.gov/pubmed/17669641
http://dx.doi.org/10.1016/j.matbio.2007.07.001
http://www.ncbi.nlm.nih.gov/pmc/articles/2246078
http://www.ncbi.nlm.nih.gov/pubmed/2162765
http://www.ncbi.nlm.nih.gov/pubmed/2162765
http://www.ncbi.nlm.nih.gov/pmc/articles/551948
http://www.ncbi.nlm.nih.gov/pubmed/1850629
http://www.ncbi.nlm.nih.gov/pubmed/1850629
http://dx.doi.org/10.1021/bi00232a039
http://www.ncbi.nlm.nih.gov/pubmed/16799638
http://www.ncbi.nlm.nih.gov/pubmed/16799638
http://dx.doi.org/10.1038/sj.onc.1209759
http://www.ncbi.nlm.nih.gov/pubmed/17957143
http://www.ncbi.nlm.nih.gov/pubmed/17957143
http://dx.doi.org/10.4161/cc.6.21.4850
http://www.ncbi.nlm.nih.gov/pubmed/3142692
http://www.ncbi.nlm.nih.gov/pubmed/3142692
http://dx.doi.org/10.1016/0092-8674(88)90147-X
http://www.ncbi.nlm.nih.gov/pubmed/8007951
http://www.ncbi.nlm.nih.gov/pubmed/8007951
http://dx.doi.org/10.1128/MCB.14.7.4443
http://www.ncbi.nlm.nih.gov/pmc/articles/358816
http://www.ncbi.nlm.nih.gov/pubmed/7668520
http://www.ncbi.nlm.nih.gov/pubmed/7668520
http://dx.doi.org/10.1111/j.1749-6632.1995.tb32309.x
http://www.ncbi.nlm.nih.gov/pubmed/560061
http://www.ncbi.nlm.nih.gov/pubmed/560061
http://dx.doi.org/10.1126/science.560061
http://www.ncbi.nlm.nih.gov/pubmed/11499871
http://www.ncbi.nlm.nih.gov/pubmed/11499871
http://dx.doi.org/10.1359/jbmr.2001.16.8.1486
http://www.ncbi.nlm.nih.gov/pubmed/3034433
http://www.ncbi.nlm.nih.gov/pubmed/3034433
http://dx.doi.org/10.1016/0092-8674(87)90612-X
http://www.ncbi.nlm.nih.gov/pubmed/8959374
http://www.ncbi.nlm.nih.gov/pubmed/8959374
http://www.ncbi.nlm.nih.gov/pubmed/16199154
http://www.ncbi.nlm.nih.gov/pubmed/16199154
http://dx.doi.org/10.1016/j.ejca.2005.08.008
http://www.ncbi.nlm.nih.gov/pubmed/10502734
http://www.ncbi.nlm.nih.gov/pubmed/10502734
http://dx.doi.org/10.1002/(SICI)1097-0215(19991022)84:5<533::AID-IJC16>3.0.CO;2-J
http://www.ncbi.nlm.nih.gov/pubmed/11431356
http://www.ncbi.nlm.nih.gov/pubmed/11431356
http://www.ncbi.nlm.nih.gov/pubmed/2497053
http://www.ncbi.nlm.nih.gov/pubmed/2497053
http://dx.doi.org/10.1101/gad.3.2.173
http://www.ncbi.nlm.nih.gov/pubmed/15608675
http://www.ncbi.nlm.nih.gov/pubmed/15608675
http://dx.doi.org/10.1038/sj.onc.1208312
http://www.ncbi.nlm.nih.gov/pubmed/9658402
http://www.ncbi.nlm.nih.gov/pubmed/9658402
http://dx.doi.org/10.1210/me.12.7.973
http://www.ncbi.nlm.nih.gov/pubmed/17371847
http://www.ncbi.nlm.nih.gov/pubmed/17371847
http://dx.doi.org/10.1128/MCB.01776-06
http://www.ncbi.nlm.nih.gov/pmc/articles/1900028
http://www.ncbi.nlm.nih.gov/pubmed/12773579
http://www.ncbi.nlm.nih.gov/pubmed/12773579
http://dx.doi.org/10.1128/MCB.23.12.4401-4415.2003
http://www.ncbi.nlm.nih.gov/pmc/articles/156136
http://www.ncbi.nlm.nih.gov/pubmed/14625389
http://www.ncbi.nlm.nih.gov/pubmed/14625389
http://dx.doi.org/10.1242/jcs.00812
http://www.ncbi.nlm.nih.gov/pubmed/8058317
http://www.ncbi.nlm.nih.gov/pubmed/8058317
http://www.ncbi.nlm.nih.gov/pubmed/22198213
http://www.ncbi.nlm.nih.gov/pubmed/22198213
http://dx.doi.org/10.1093/carcin/bgr304
http://www.ncbi.nlm.nih.gov/pubmed/23001043
http://www.ncbi.nlm.nih.gov/pubmed/23001043
http://dx.doi.org/10.1038/onc.2012.432
http://www.ncbi.nlm.nih.gov/pubmed/21940949
http://www.ncbi.nlm.nih.gov/pubmed/21940949
http://dx.doi.org/10.1161/ATVBAHA.111.233585
http://www.ncbi.nlm.nih.gov/pmc/articles/3220738
http://www.ncbi.nlm.nih.gov/pubmed/10642801
http://www.ncbi.nlm.nih.gov/pubmed/10642801
http://dx.doi.org/10.1006/dbio.1999.9523
http://www.ncbi.nlm.nih.gov/pubmed/18191211
http://www.ncbi.nlm.nih.gov/pubmed/18191211
http://dx.doi.org/10.1016/j.cell.2007.12.024
http://www.ncbi.nlm.nih.gov/pubmed/18197166
http://www.ncbi.nlm.nih.gov/pubmed/18197166
http://dx.doi.org/10.1038/nrg2290
http://www.ncbi.nlm.nih.gov/pubmed/15538371
http://www.ncbi.nlm.nih.gov/pubmed/15538371
http://dx.doi.org/10.1038/nature03076
http://www.ncbi.nlm.nih.gov/pubmed/16166262
http://www.ncbi.nlm.nih.gov/pubmed/16166262
http://dx.doi.org/10.1073/pnas.0506654102
http://www.ncbi.nlm.nih.gov/pmc/articles/1236577
http://www.ncbi.nlm.nih.gov/pubmed/16777601
http://www.ncbi.nlm.nih.gov/pubmed/16777601
http://dx.doi.org/10.1016/j.cell.2006.04.031
http://www.ncbi.nlm.nih.gov/pubmed/16325577
http://www.ncbi.nlm.nih.gov/pubmed/16325577
http://dx.doi.org/10.1016/j.cell.2005.09.023
http://www.ncbi.nlm.nih.gov/pubmed/12892714
http://www.ncbi.nlm.nih.gov/pubmed/12892714
http://dx.doi.org/10.1016/S1535-6108(03)00162-4
http://www.ncbi.nlm.nih.gov/pubmed/9819396
http://www.ncbi.nlm.nih.gov/pubmed/9819396
http://www.ncbi.nlm.nih.gov/pmc/articles/109291
http://www.ncbi.nlm.nih.gov/pubmed/23483055
http://www.ncbi.nlm.nih.gov/pubmed/23483055
http://dx.doi.org/10.1073/pnas.1222085110
http://www.ncbi.nlm.nih.gov/pmc/articles/3612632
http://www.ncbi.nlm.nih.gov/pubmed/11402339
http://www.ncbi.nlm.nih.gov/pubmed/11402339
http://dx.doi.org/10.1038/sj.onc.1204385
http://www.ncbi.nlm.nih.gov/pubmed/11069886
http://www.ncbi.nlm.nih.gov/pubmed/11069886
http://dx.doi.org/10.1101/gad.187900
http://www.ncbi.nlm.nih.gov/pmc/articles/317035
http://www.ncbi.nlm.nih.gov/pubmed/17318226
http://www.ncbi.nlm.nih.gov/pubmed/17318226
http://dx.doi.org/10.1038/nrm2125
http://www.ncbi.nlm.nih.gov/pmc/articles/2760082
http://www.ncbi.nlm.nih.gov/pubmed/15707890
http://www.ncbi.nlm.nih.gov/pubmed/15707890
http://dx.doi.org/10.1016/j.cell.2004.12.018


F1000Research

Open Peer Review

  Current Referee Status:

Version 1

 22 April 2014Referee Report

doi:10.5256/f1000research.2686.r4351

 Danny N Dhanasekaran
OU Cancer Institute, University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA

This is a well-designed study with solid data to support the claim that Fra-1 regulated MMP-1 is involved
in the metastatic phenotype of a variant cell line derived from MDA-MB-231 cells.  The study is carried out
with well-controlled experiments.  The authors have nicely presented their voluminous data with a very
succinct discussion.
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 Sekhar Reddy
University of Illinois Cancer Center, University of Illinois at Chicago, Chicago, IL, USA

Increased expression levels of matrix metallopeptidase 1 (MMP-1) and the FRA-1/AP-1 transcription
factor have been implicated in breast cancer cell progression. This manuscript by Henckels and Prywes
addresses the mechanisms underlying the transcriptional activation of MMP-1 by FRA-1 in metastatic
variants of breast adenocarcinoma cells. They have performed comprehensive experiments to delineate
the upregulation of MMP-1 in breast cancer cells and found that FRA-1 is required for the transcriptional
induction of MMP-1 and metastasis of the highly invasive cancer cell line, Scp-2. While these studies
confirm previous findings that FRA-1 regulates MMP-1 expression and breast cancer cell metastasis and
that FRA-1 mRNA expression is greater in breast cancer cells; the discovery that FRA-1 translation is an
additional regulatory mechanism that contributes to the increase in MMP-1 expression in breast cancer
cells is novel and significant. They have performed elegant studies and demonstrated that neither the
mRNA expression and degradation nor protein stability of FRA-1 are altered, but its protein synthesis rate
is increased, leading to increased FRA-1 expression in these highly metastatic cells. Furthermore, they
have performed depletion studies with RNAi to address the role of Jun family members and have shown
that c-Jun (but not Jun-B or Jun-D) is a potential dimeric partner of FRA-1 in the regulation of MMP-1
expression. While their studies clearly support the authors’ overall conclusions, additional experiments
involving ChIP and re-ChIP assays with c-Jun antibody could have further strengthened the EMSA results

and indicated whether the “FRA-1/c-Jun” or “FRA-1/X” complex regulates the MMP-1 transcription. It is
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and indicated whether the “FRA-1/c-Jun” or “FRA-1/X” complex regulates the MMP-1 transcription. It is
also unclear whether depletion of MMP-1 phenocopies the effects of FRA-1-siRNA knockdown in Scp-2
cells. Nonetheless, the study raises an important issue: that increased FRA-1 expression is differentially
regulated in breast cancer cells. Whether such (transcriptional and translational) regulation of FRA-1 is
indicative of different grades of breast metastasis is a question worth pursuing. Further defining the
mechanisms that underlie increased FRA-1 expression levels is critical to devising novel strategies for
breast cancer treatment.
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