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Abstract Matrix metalloproteinase (MMP)-9 (gelatinase

B) is involved in extracellular matrix degradation in the

context of the motility and in in vivo migration of normal

and malignant cells. Accordingly, its expression is highly

regulated at the transcriptional level. In several types of

human cancers, MMP-9 expression is abnormally elevated

and has been associated with poor prognosis. Such high

levels of MMP-9 expression are found in tumor cells and in

stromal components. Therefore, it is important to under-

stand the spatiotemporal expression pattern of MMP-9 in

tissues for the development of effective therapeutic strat-

egies that are aimed at suppressing mmp-9 gene activation.

In the present work, we describe a transgenic mouse model

harboring a luciferase gene under the control of the murine

mmp-9 promoter. We found that the expression pattern of

the transgene was similar to that of the endogenous mmp-9

gene either constitutively or following inflammatory stim-

uli. A constitutive transgene expression was observed in

the bone marrow, consistent with the observed high levels

of endogenous mmp-9 gene expression normally found in

the bone. LPS injection in mice also induced a consistent

and significant increase in bioluminescent signals in the

liver, which is a major target of LPS-induced septic shock.

Finally, we further used the model to provide evidence that

mmp-9 is activated in stromal cells of the lung and spleen

in melanoma tumor-bearing mice. This bioluminescent

imaging model may facilitate in vivo monitoring of MMP-

9 activation in stromal cells in tumor progression and

inflammatory diseases.
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Metastasis

Introduction

Members of the matrix metalloproteinase (MMP) family

encode zinc-dependent endopeptidases that play an

important role in the turnover of extracellular matrix

(ECM) in physiological and pathological processes. The

expression of MMPs is highly regulated, and their

expression is limited under quiescent conditions such as in

normal mature tissues. In cancer cells, however, MMPs

are constitutively expressed at high levels and play an

essential role in tumor progression, invasion and metas-

tasis formation [1]. Although MMPs represent important

therapeutic and diagnostic targets for the treatment and

detection of human cancers, the development of thera-

peutic strategies that are aimed at inhibiting their

functions in cancer has met with little success [2, 3]. A

large part of this failure has been attributed to our limited

knowledge of their function and expression patterns.

Several studies have established that tumor cells express

abnormally high levels of MMPs. However, there is

increasing evidence that their expression is not restricted

to the tumor cells themselves but is also found in stromal

cells that constitute the tumor microenvironment.

The importance of stromal-derived MMPs in cancer has

been examined in several tumor models, which have shown

that stroma-derived MMPs are an important contributor to

different stages of tumor progression. For example, MMP-

9 from bone marrow-derived cells contributed to the tumor

incidence of skin carcinoma [4]. In a model of pancreatic

islet tumorigenesis, stromal-derived MMP-9 promoted the

angiogenic switch [5]. In melanoma models, the lack of
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MMP-9 expression by stromal cells impaired the ability of

melanoma cells to metastasize [6, 7]. MMP-9 secretion by

stromal cells, most notably inflammatory cells, can pro-

mote angiogenesis by promoting the release of VEGF [5].

Because MMP-9 is secreted by tumor and stromal cells,

assessing its spatiotemporal expression pattern in a given

tissue remains an important obstacle to the development of

effective therapeutic strategies that are aimed at suppress-

ing the mmp-9 gene activation in stromal cells. In the

present work, we describe a transgenic (Tg) mouse model

that harbors the murine mmp-9 promoter that controls the

expression of the firefly luciferase gene.

Materials and methods

Generation and analysis of Tg mice

The pGL3-proMMP-9 reporter vector encoding the essen-

tial DNA binding motifs for mmp-9 gene expression was

digested using MluI and SalI. A 2.7-kb DNA fragment

containing the mmp-9 promoter and the firefly luciferase

reporter gene was purified from agarose gel using a stan-

dard technique. The purified DNA fragment was then

microinjected into the C57BL/6xC3H pronuclei of fertil-

ized mouse oocytes at McGill University via the Quebec

Transgenic Research Network (QTRN). After injection, the

embryos were transferred to pseudo-pregnant females. At

2–3 weeks of age, pups were ear-tagged, and the tail DNA

was purified for transgene detection. Animals were geno-

typed by PCR using tail DNA and primers that hybridized

to the mmp-9 promoter sequence and the luciferase reporter

gene cDNA (50-AGGAAGGATAGTGCTAGCCTGAGAA

GGATG-30 (sense) and 50-CTTTATGTTTTTGGCGTCT

TCCA-30 (antisense), respectively. The 50-CGGAGTCAA

CGGATTTGGTCGTAT-30 (sense) and 50-AGCCTTCTC

CATGGTGGTGAAGAC-30 (antisense) primers were used

for the amplification of the glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) gene as a control. The amplifi-

cation was performed in a PTC-100 thermal cycler (MJ

Research, Waltham, MA, USA) using the following pro-

tocol: 120 s at 94�C and then 40 cycles of three steps

consisting of 60 s at 94�C, 60 s at 64�C and 60 s at 72�C.

The reaction mixture was size-separated on an agarose gel.

Specifically amplified products were detected using SyBr

Safe staining and ultraviolet transillumination. For the

primary screening of Tg lines, groups of 9–10 mice

including both genders were imaged before the injection

(T = 0) of lipopolysaccharide (LPS) (0127:B8; Sigma-

Aldrich) at 50 mg/kg body weight. The criteria used for

screening were as follows: (1) high basal luciferase activity

in organs expressing high levels of endogenous MMP-9

mRNA and (2) up-regulation of the luciferase expression in

multiple organs following LPS injection. Seven lines were

screened, and one line with the best characteristics was

selected for characterization. To avoid the background of a

hybrid genotype, selected mice were backcrossed to a

C57BL/6 strain for at least five generations. Breeder pairs

for the C57BL/6 mouse colony were purchased from the

Jackson Laboratory. All animals were housed in a specific

pathogen-free environment in accordance with the institu-

tional guidelines for animal care. Experiments were

performed in accordance with protocols approved by the

Institut National de la Recherche Scientifique Institutional

Animal Care and Use Committee.

In vivo imaging

Mice were injected intraperitoneally (i.p.) with 150 mg/kg

of D-luciferin potassium salt (Regis Technologies, Morton

Grove, IL, USA). After 15 min, mice were anesthetized

with isoflurane/oxygen and placed on the imaging stage.

Ventral images were collected for 1 min using the Xeno-

gen IVIS imaging system (Xenogen, Alameda, CA, USA).

In some experiments, mice were sacrificed, and the organs

of interest (kidney, spleen, liver, lung, thymus, intestine)

were collected and analyzed using ex vivo imaging tech-

niques. Photons that were emitted from the abdominal

region or individual organs were quantified using Living

Image software (Xenogen). For experiments with LPS,

groups (n = 10) containing 12- to 18-week-old male or

female Tg mice were injected i.p. with 50 mg/kg of LPS.

Control mice were injected with phosphate-buffered saline

(PBS). Sixteen hours later, mice were sacrificed, and the

organs of interest collected for ex vivo measurements of

luciferase activity.

Ex vivo measurement of the luciferase enzymatic

activity

Liver, kidney, spleen, lung, and thymus were homogenized

in cell culture lysis reagent (CCLR) (Promega) containing

phenylmethylsulfoxide (PMSF) at 4�C for 1 h, vortexed for

30 s, snapped frozen in liquid nitrogen and thawed at 37�C.

The samples were centrifuged for 20 min at 4�C, and the

protein concentration in the supernatant was measured

using the Bradford method. Equal amounts of protein were

used to analyze the luciferase activity. The luciferase

activity was determined using the Luciferase Assay System

and a Lumat LB 9507 Luminometer (Berthold Technolo-

gies, Oak Ridge, TN, USA).

RNA isolation and semiquantitative PCR

Mouse liver, kidney, spleen, lung, and thymus were excised

and immediately frozen at -70�C. Total RNA was isolated
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from tissues using Trizol reagent according to the manu-

facturer’s instructions (Invitrogen, Burlington, ON,

Canada). Two micrograms of total RNA was reverse tran-

scribed using the Omniscript reverse transcriptase (Qiagen,

Mississauga, ON, Canada) and PCR amplified using the

following conditions: 94�C for 30 s, 64�C for MMP-9 or

58�C for GAPDH for 1 min, and 72�C for 1 min. A final

extension step was performed at 72�C for 10 min. The

primers used for PCR amplification were as follows:

50-CGAGTGGACGCGACCGTAGTTGG-30 (sense) and

50-CAGGCTTAGAGCCACGACCATACAG-30 (antisense)

for murine MMP-9 and 50-CGGAGTCAACGGATTTG

GTCGTAT-30 (sense) and 50-AGCCTTCTCCATGGTG

GTGAAGAC-30 (antisense) for GAPDH. The amplifications

were performed in a thermal cycler (model PTC-100; MJ

Research) using equal amounts of RNAs that were reverse

transcribed and amplified by PCR for 35 cycles with gene-

specific primers. Each amplification was performed in the

linear range for each gene. A measure of GAPDH mRNA was

used as an internal control. The amplified products were

analyzed by electrophoresis on 1.2% agarose gels using Sybr

Safe staining and UV illumination.

In vitro analyses of Tg leukocytes

Splenocytes were collected from Tg mice and stimulated

for 20 h with 100 ng/ml LPS, 1 lg/ml concanavalin A

(ConA) (Flow Laboratories, Inglewood, CA, USA) or

15 lg/ml phytohemagglutinin (lectin from Phaseolus vul-

garis, red kidney bean) (PHA) (Sigma-Aldrich) in 12-well

plates. Cells were then collected and analyzed for mmp-9

promoter activity using the luciferase assay as described

above. In some experiments, co-cultured and transwell

assays were conducted using splenocytes and B16F1 mel-

anoma cells for 20 h (at ratios of 1:20 and 1:25,

respectively) with or without Con A (1 lg/ml) before

analysis.

In vivo melanoma model

Eight male Tg mice (8–9 weeks old) were injected sub-

cutaneously (s.c.) with 104 B16F1 melanoma cells in the

left flank. Animals were carefully monitored periodically

for tumor growth. The length (L) and width (W) of the

tumor were measured using a Vernier caliper. The size of

the tumor was calculated using the formula L2 9 W 9 0.4.

When the maximum tumor volume was reached, which

occurred after 19–22 days post-injection, all of the mice

were injected i.p. with 150 mg/kg of D-luciferin and were

sacrificed after 10 min to collect the lungs and spleen for

ex vivo imaging. The homogenates were then prepared for

the luciferase assay and the RT-PCR analysis as described

above. The dissemination of melanoma cells in target

organs was analyzed using s.c injection of stable trans-

fectants of B16F1-melanoma cells (5 9 104 cells) that

constitutively expressed the luciferase reporter gene under

the control of the SV40 promoter in C57BL/6 female mice

(6 weeks old). Normal C57BL/6 mice were used as

controls.

Statistical analysis

Data are represented as means ± SD. Student’s t test was

used to test for statistical significance, and the level of

significance was established at P \ 0.05.

Results

Generation of transgenic mice containing the mmp-9

promoter-driven luciferase reporter transgene

The plasmid used for the construction of the C57BL/6-

Tg(proMMP9-Luc) mice has been previously described [8]

(Fig. 1a). This 681-bp fragment contains the consensus

binding motifs that are common to both the murine and

human genes and that are essential for the transcriptional

activity of the murine mmp-9 promoter, including a NF-jB

binding site located at position -600 bp. Tg mouse foun-

ders were identified by PCR detection of the Tg luciferase

gene in tail-tip DNA and backcrossed to C57BL/6 mice for

at least five generations to generate progeny. The insertion

of the transgene was confirmed by PCR genotyping using

primers that were specific for the mmp-9 promoter and the

luciferase reporter gene (Fig. 1b). To determine the

expression pattern of the transgene in vivo, bioluminescent

imaging was performed in living Tg animals and compared

to non-Tg mice. Our results show that all C57BL/6-

Tg(proMMP9-Luc) mice displayed light emissions in the

abdomen and the lower extremities of the limbs (Fig. 1c).

No background signal was detected in the non-Tg control

mice. Ex vivo imaging demonstrated that the high basal

expression of the transgene in the abdominal cavity most

likely originated from the intestine. The basal lumines-

cence was also consistently observed in the thymus,

whereas the occasional expression of the transgene was

detected in the spleen and lung (Fig. 2a). No detectable

basal expression of the transgene was found in the kidneys

and the liver (Fig. 2a). These results were consistent with

those obtained using luciferase assays of tissue extracts

(Fig. 1d) and analyses from the genomic profile arrays of

C57BL/6 tissues [9]. A constitutive transgene expression

was also observed in the bone marrow from Tg mice

(Fig. 1e), which is consistent with the high levels of mmp-9

gene expression normally found in the bone marrow

(Fig. 1f) [7, 10].
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Functional analysis of the mmp-9 promoter transgene

MMP-9 gene expression is regulated by a number of dif-

ferent stimuli in different cell types, most notably by LPS

in liver and kidney tissues [11–13]. To determine whether

our transgene model may be used to assess the activation of

the mmp-9 promoter by inflammatory mediators using

bioluminescence imaging, we injected Tg and control mice

with LPS. Sixteen hours after the LPS injection, the acti-

vation of the mmp-9 promoter was examined using ex vivo

imaging of the target organs. We found that LPS injection

(50 mg/kg) induced a consistent and significant increase in

bioluminescent signals in the liver (Fig. 2a), which is a

major target of LPS-induced septic shock [13]. No signif-

icant or consistent increase in bioluminescence was found

in the other organs, such as the spleen, the kidneys, the

lung, and the thymuses, following LPS injection. However,

ex vivo analyses using the luciferase assay revealed the

activation of the mmp-9 Tg promoter in the liver and the

kidneys (P = 0.0001 and P = 0.0015, respectively)

(Fig. 2b). These results indicate that the ex vivo luciferase

assay is more sensitive than the ex vivo measures of bio-

luminescence. The activation of the mmp-9 Tg promoter by

LPS in the liver and kidneys was consistent with the acti-

vation of the endogenous mmp-9 gene (Fig. 2c). Although

no significant increase in the overall signal was demon-

strated using ex vivo imaging of the spleen following LPS

injection, we identified a significant (P = 0.04) activation

of the mmp-9 transgene in isolated splenocytes that were

treated with T cell-specific mitogens such as Con A and

PHA, indicating that the transgene is also functional in T

lymphocyte populations (Fig. 2d).

Fig. 1 Generation of Tg mice containing the mmp-9 promoter-driven

luciferase reporter transgene. a Schematic illustration of the mmp-9
promoter construct with the luciferase reporter gene; the symbols
(right pointing filled triangle, left pointing filled triangle) represent

the primers used for genotyping. b PCR genotype analysis was

performed using the primers that are shown in (a) for the mmp-9
promoter transgene detection in C57BL/6-Tg(proMMP9-Luc) mice in

comparison to that in control C57BL/6 mice (WT) and a positive

control mouse containing the PGL3-MMP-9 vector (CTRL). c The

visualization of the luciferase expression of a representative C57BL/

6-Tg(proMMP9-Luc) mouse and its organs (thymus and intestine) in

comparison to those of a control mouse using the Xenogen IVIS

imaging system. The luciferase assay, which was represented as

relative light units (RLU) per mg of protein, was performed on d the

kidney, the spleen, the liver, the lung, the thymus and e the bone

marrow of C57BL/6-Tg(proMMP9-Luc) mice (filled square) (n = 9)

in comparison to those of control mice (open square) (n = 9). f RT-

PCR analysis demonstrating the increased endogenous MMP-9

mRNA expression in the bone marrow of a representative C57BL/

6-Tg(proMMP9-Luc) mouse in comparison to that in the bone

marrow of a control mouse. GAPDH was used as a loading and

specificity control
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Directional interactions between tumor cells and stromal

cells induce the secretion of MMP-9 in the extracellular

space of the tumor microenvironment [4, 6, 14]. Accord-

ingly, it is difficult to distinctively determine the mmp-9

gene activation in a specific cell population. Therefore, we

examined whether our C57BL/6-Tg(proMMP9-Luc) mice

could be used to overcome this limitation. For this purpose,

C57BL/6-Tg(proMMP9-Luc) mice were injected s.c. with

B16F1 melanoma cells, and the activation of the mmp-9

transgene in the organs of tumor-bearing mice was mea-

sured by in vivo imaging and the ex vivo luciferase assay.

We did not detect a significant increase in the luciferase

signal using whole-body imaging. However, the activation

of the transgene was observed using ex vivo imaging of the

lungs of tumor-bearing C57BL/6-Tg(proMMP9-Luc) mice

at day 19 post-injection of B16F1 melanoma cells

(Fig. 3a). This increase was confirmed using ex vivo

measurements of the luciferase activity of lung extracts

(Fig. 3b), which was consistent with an increase of the

endogenous MMP-9 mRNA levels in the lungs of C57BL/

6Tg(proMMP9-Luc) mice that were injected with B16F1

melanoma cells (Fig. 3c). A significant increase in the

luciferase activity was also observed in the spleens of

tumor-bearing mice compared to that in the spleens of

control C57BL/6-Tg(proMMP9-Luc) mice (Fig. 4a). This

increase was consistent with the ability of the B16F1 cells

to migrate into the spleen of tumor-bearing animals

(Fig. 4b). No such increase was observed in the kidneys or

the liver. A luciferase assay was conducted using spleno-

cytes collected from C57BL/6-Tg(proMMP9-Luc) and

B16F1 melanoma cells that were co-cultured for 20 h with

or without Con A, which is a T cell-specific mitogen

known to potentiate cellular activation. The results suggest

that at least part of the increase in luciferase activity may

originate from the T cell activation in the spleen of tumor-

bearing animals (Fig. 5a) [15]. Experiments using trans-

wells showed that the contact between the B16F1

melanoma cells and the spleen cells was not essential to

Fig. 2 In vivo activation of the proMMP9-Luc transgene by LPS.

a Luciferase activity in C57BL/6Tg(proMMP9-Luc) mice and organs

(kidney, spleen, liver, lung and thymus) 16 h after i.p. injection of two

mg/kg of LPS. The controls included C57BL/6-Tg(proMMP9-Luc)

mice injected with PBS. b Ex vivo analysis of the luciferase activity

in tissues that were collected from Tg mice that were injected with

50 mg/kg of LPS (filled square; n = 10) or PBS (open square;

n = 9). c Endogenous levels of MMP-9 measured by RT-PCR 16 h

post-injection of two mg/kg of LPS (filled square) or PBS (open
square). GAPDH was used as a loading and specificity control.

Relative mmp-9 levels are expressed as a ratio of mmp-9/GAPDH.

d Luciferase assay on splenocytes collected from C57BL/6-Tg(proM-
MP9-Luc) mice 20 h after stimulation with LPS (100 ng/ml). Non-

stimulated splenocytes were used as controls (NS). Results represent

the mean of two independent experiments
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significantly increase the mmp-9 transgene expression in

splenocytes (Fig. 5b). These results indicate that the solu-

ble factors that are produced by the B16F1 melanoma cells

may potentiate the Con A-induced T cell activation. Taken

together, these results indicate that the proMMP9-Luc

transgene is functional and that C57BL/6-Tg(proMMP9-

Luc) mice can be used to examine the activation of stromal

cells in response to tumor growth.

MMP-9 is expressed by osteoclasts in the bone, and it

plays an important role in bone formation and arthritis [16–

19]. The whole-body imaging of our C57BL/6-Tg(proM-

MP9-Luc) mice revealed a consistent and constitutive

activation of the proMMP9-Luc transgene in paws

(Figs. 1c and 2a). To examine the usefulness of our Tg

model in arthritis, male and female C57BL/6-Tg(proM-

MP9-Luc) mice were treated with dexamethasone (DXM;

i.p.; 0.5 mg/kg/day) for 3 weeks (Fig. 6a). The control

mice were injected with PBS for 3 weeks. The biolumi-

nescent imaging of individual paws was performed before

the injection (T = 0) and at days 5 and 19 post-treatment.

Our results demonstrate that 60–75% of the paws from the

DXM-treated mice show a downregulation of the transgene

expression after 5 and 19 days of treatment with DXM

compared to 30% of the paws from control mice (Fig. 6b,

c). No decrease in the transgene expression was observed

in the spleen and the bone marrow of Tg mice that were

untreated or treated with DXM, which were analyzed using

the luciferase assay after 19 days (data not shown). These

results suggest that C57BL/6-Tg(proMMP9-Luc) mice may

be useful to assess the potential of immunosuppressive

drugs.

Discussion

In the present work, we have generated a Tg mouse model

expressing the luciferase reporter gene under the control of

the murine mmp-9 promoter. The expression pattern of the

transgene was similar to the expression pattern of the

endogenous mmp-9 gene under constitutive activation or

following stimulation with inflammatory mediators. We

demonstrated that the transgene was activated in the lung

and the spleen of melanoma tumor-bearing mice. These

results suggest that this Tg mouse model may be useful to

Fig. 3 Activation of the proMMP9-Luc transgene in the lung.

C57BL/6Tg(proMMP9-Luc) mice were injected s.c. with 104

B16F1 melanoma cells. Nineteen days post-injection, lungs were

collected, and the individual mice were analyzed ex vivo using

a bioluminescent imaging or b the luciferase activity assay.

c Increased expression of the endogenous MMP-9 in lungs collected

from C57BL/6-Tg(proMMP9-Luc) mice injected with B16F1 mela-

noma cells. Lungs collected from non-injected C57BL/6-

Tg(proMMP9-Luc) mice were used as controls. GAPDH was used

as a loading and specificity control

Fig. 4 Activation of the proMMP9-Luc transgene in the spleen of

tumor-bearing animals. C57BL/6-Tg(proMMP9-Luc) mice were

injected with 104 B16F1 melanoma cells. At 20–22 days post-

injection, spleens were collected and luciferase activity measured

from tissue extracts. a Luciferase activity in spleens from tumor-

bearing Tg animals injected with B16F1 cells (filled triangle; n = 8)

compared to spleens from control animals (CTRL; filled square;

n = 4). Results are representative of two independent experiments.

b Luciferase activity from spleen extracts prepared from normal

C57BL/6 mice injected with B16F1-Luc melanoma cells (B16F1-Luc;

filled triangle). Spleens from control age- and sex-matched C57BL/6

animals were used as controls (CTRL; filled square)
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identify the cell population(s) that expresses MMP-9 in the

context of bi-directional interactions between cancer cells

and peritumoral stromal cells. This is an important feature

because determining whether cancer cells and/or stromal

cells secrete MMP-9 at different steps of cancer progres-

sion has been a major challenge [4, 6, 14].

LPS is known for its ability to activate host-inflamma-

tory responses by inducing the release of pro-inflammatory

cytokines such as TNF-a and interleukin-1b [14, 20]. These

cytokines induce mmp-9 gene expression via NF-jB, which

is a critical factor that regulates mmp-9 gene expression

[21, 22]. Our results show that LPS increased the luciferase

activity in liver and kidney tissues and are, therefore,

consistent with previous studies using NF-jB-Luc Tg

models, which demonstrated that the NF-kB binding site is

activated by LPS in these organs [23]. This model may be

useful to study the expression of MMP-9 in inflammatory

processes. In addition, our results illustrate that DXM,

which is a powerful anti-inflammatory agent, induces a

significant suppression of the transgene in the paws of Tg

mice. This bioluminescent imaging model may facilitate

the repeated measures of mmp-9 gene activation in living

mice and may be used to test novel anti-inflammatory

drugs.

The expression of MMP-9 by tumor cells plays a critical

role in tumor progression [1]. In addition, a significant

number of studies have shown that the secretion of MMP-9

by peritumoral cells may equally contribute to tumor

growth and metastasis, especially in melanoma [4, 24–28].

However, it has been relatively difficult to study the mmp-9

gene expression in stromal cells in response to tumor cells

in vivo because mmp-9 is often expressed by the tumor

cells themselves. Therefore, the ability of tumor cells to

induce MMP-9 in peritumoral cells has been mostly

established using in vitro model systems [14, 29–31]. In the

case of melanoma, the increases in mmp-9 gene expression

in melanoma cells are well described [32, 33]. However,

the ability of melanoma cells to induce stromal mmp-9

gene expression in vivo remains unclear. Our results in

tumor-bearing Tg mice provide new evidence that tumor

cells induce mmp-9 gene expression in the peritumoral

environment.

Fig. 5 In vitro stimulation of the proMMP9-Luc transgene in

splenocytes. a Splenocytes were collected from C57BL/6-Tg(proM-
MP9-Luc) mice and co-cultured (n = 6) with B16F1 melanoma cells

for 20 h with or without Con A (1 lg/ml). b Transwell experiments

using co-culture conditions as described in (a). Results are represen-

tative of three independent experiments

Fig. 6 Effect of dexamethasone (DXM) on MMP-9 expression in

paws. a Schematic representation of the treatment regimen using i.p.

injections of DXM (0.5 mg/kg/day). Bioluminescent imaging of the

luciferase activity was performed at days 5 and 19. b Pie chart
representation of the response of C57BL/6-Tg(proMMP9-Luc) mice

to DXM as compared to that of the control mice injected with PBS.

Results are representative of triplicate images acquired for each paw

before (T = 0) and at different times after the initial treatment with

DXM (n = 20) or control PBS (n = 20). c In vivo imaging of the

proMMP9-Luc transgene expression in two representative paws of

C57BL/6Tg(proMMP9-Luc) mice injected with PBS (Control) or

DXM
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Animal models are important tools to better understand

the molecular mechanisms underlying pathogenesis and to

develop novel therapeutic approaches for human diseases.

Given the importance of MMP-9 in disease progression,

Mohan et al. [34] designed a minimal mmp-9 promoter to

generate a similar Tg mouse model using LacZ to facilitate

the localization of mmp-9-expressing cells. This model was

useful to study the developmental regulation of mmp-9 in

tissue sections in the complex environment of the embryo

using b-gal staining. This model used a shorter construct

containing a 522-bp stretch of the 50 flanking region of the

rabbit mmp-9 gene. Here, we used a well-characterized

promoter sequence containing a 681-bp stretch of the 50

flanking region of the mouse mmp-9 gene. Our Tg mouse

model is thus different at the molecular level from that of

Mohan et al. Our model is also complementary because

luciferase reporter systems are ideal for continuous real-

time measurement of bioluminescence signals emitted

from firefly luciferase-based reporter system under the

control of specific mammalian promoters using a non-

invasive imaging modality and standard bioimaging

equipment [35–37]. Our proMMP9-Luc Tg mouse model

does have some limitations. For example, the high biolu-

minescence originating from the abdominal space

complicates in vivo studies on specific abdominal organs.

In these cases, transgene expression requires ex vivo

imaging. Measuring the ex vivo luciferase activity in tissue

extracts is also a valid alternative, which we found to be

more sensitive and quantitative than the ex vivo imaging.

Therefore, both models may be used in conjunction with

transcriptional inhibitors to identify novel modulators of

mmp-9 gene expression in inflammatory disorders and

cancer.

Our results have shown a significant luciferase activity

in the bone marrow. MMP-9 expression by bone marrow-

derived cells plays an important role in the survival of

tumor cells in the lung microenvironment [38]. This is

particularly true for neutrophils which are the predominant

source of MMP-9 for the establishment of pheripheral

metastasis of breast cancer cells [39]. Interestingly, a

suppression of MMP9 in the bone marrow correlates with a

concomitant decrease in tumor number, indicating that our

transgenic mouse model would be useful to test the effects

of new drugs on MMP-9 gene expression in the the bone

marrow [39]. Such a beneficial effect of MMP-9 suppres-

sion has also been observed in the targeting of splenocytes

in EAE models, indicating that inhibition of MMP-9 is a

promising treatment in patients with MS.

In summary, we have developed a new Tg mouse

model to study the mmp-9 gene expression in normal and

pathological conditions using luciferase-based biolumi-

nescent imaging. This model may be an ideal foundation

for the establishment of biogenic imaging of mouse

models to study mmp-9 gene expression during disease

progression.
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