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Matrix metalloproteinase (MMP)�3 is induced by

multiple cell types in the skin during processes in-

volved in both normal and pathological tissue remod-

eling. We previously demonstrated that MMP3-null

animals have an increased sensitivity to the develop-

ment of squamous cell carcinoma, suggesting that

overall , MMP3 has a protective role in squamous cell

carcinoma. However, not all cellular responses af-

fected by a loss of MMP3 are tumor-protective, and

tumor expression of MMP3 is co-incident with an

invasive tumor phenotype. Transgenic mice were

generated with MMP3 targeted to keratinocytes to ex-

amine the biological role of tumor-produced MMP3.

Overexpression of MMP3 reduced tumor multiplicity

in response to chemically induced squamous cell car-

cinoma. Vascular density was increased with MMP3

overexpression; however, other cellular processes,

including tumor growth and leukocyte infiltration,

were unaffected. In accordance with the change in

tumor multiplicity, SP-1 murine papilloma cell lines

that were generated to stably express MMP3 lost the

capacity to establish palpable tumors following ortho-

topic injection into immunocompromised mice. Anal-

ysis of epidermal biopsies taken at 1 to 2 weeks

postinjection revealed that these MMP3-expressing

Sp-1 lines had reduced levels of proliferation and

pronounced differentiation. These same cells demon-

strated an increased ability to differentiate in vitro , an

effect that was inhibited by broad-spectrum MMP and

selective MMP3 inhibition. These studies suggest that

keratinocyte expression of MMP3 promotes cellular

differentiation, impeding tumor establishment dur-

ing tumorigenesis. (Am J Pathol 2008, 173:1528–1539;

DOI: 10.2353/ajpath.2008.080132)

Matrix metalloproteinases (MMPs) are a family of extra-

cellular matrix-degrading proteinases implicated in a va-

riety of normal and pathological cellular processes in-

cluding embryogenesis, angiogenesis, wound healing

and cancer.1,2 While key roles for these enzymes in reg-

ulating fundamental processes throughout tumor pro-

gression and tumor invasion have been delineated3–5;

there has been a lack of efficacy with broad-spectrum

inhibition of MMPs as anti-tumor therapy.6 During tumor-

igenesis, the expression of a number of MMPs are in-

duced de novo.7 Recent work supports the idea that

MMPs, themselves, may play beneficial, anti-tumor roles

throughout tumorigenesis.8,9 As these same MMPs can

regulate cellular processes required during normal tissue

remodeling, it is difficult to distinguish by association

between MMPs that have been selected for pro-tumori-

genic impulse and those that reflect a counter response

attempting to initiate tissue repair and maintain ho-

meostasis.10 Thus, a renewed focus has begun on defin-

ing the role of individual proteinases throughout tumor

progression to determine the distinct spatial and tempo-

ral functions of these enzymes and to better predict effi-

cacious modulation of these proteinases for anti-tumor

therapy.11,12

There is correlative evidence suggesting that epider-

mal expression of one MMP family member, MMP3

(Stromelysin-1/E.C.3.4.24.17), influences tumor invasion.

Under resting conditions, the skin produces negligible

amounts of MMP3. However, MMP3 is transiently up-

regulated in both the dermis and epidermis during nor-

mal re-epithelialization and, pathologically, in chronic

wounds, blistering skin diseases and squamous cell car-

cinoma (SCC).13–17 Whereas MMP3 expression is induced

in the tumor stroma in the early stages of tumorigenesis,

tumor expression of MMP3 is co-incident with the develop-
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ment of highly invasive SCC and progression to an epithe-

lial-to-mesenchymal phenotype.17–22 In head-and-neck

SCC, MMP3 expression is a prognostic indicator of invasion

and lymph node metastasis.23 In vitro, MMP3 expression in

tumorigenic keratinocytes correlates with experimental

models of invasion, as well.17–22 Overexpression of MMP3

in mammary epithelium is associated, in vitro, with epithelial-

mesenchymal transition and, in vivo, with tumor promo-

tion.24–26 Furthermore, substrates for MMP3 include both a

variety of matrix molecules and non-matrix molecules such

as growth factors and adhesion receptors including pro-

MMPs, heparin-binding epidermal growth factor, pro-inter-

leukin1-�, insulin-like growth factor binding protein-3, and

E-cadherin.3,4 Together, the co-incidence of tumor expres-

sion of MMP3 with invasive carcinoma and the prospective

proteolytic targets with known pro-tumorigenic functions in-

fer a potential role for tumor localized production of MMP3 in

tumor cell invasion.

Despite the evidence for an MMP3-dependent pro-

tumorigenic role, our previous study indicated that the

complete absence of MMP3 results in mice with an en-

hanced sensitivity to chemically induced SCC suggest-

ing that MMP3 is overall anti-tumorigenic during SCC

progression.27 However, not all cellular responses af-

fected by loss of MMP3 are associated with a tumor

protective role. Furthermore, as MMP3 is expressed by a

variety of cell types and primarily by cells residing in the

tumor stroma at early stages of SCC, the relative contri-

bution of MMP3 from discrete cell populations is not

readily discernable.28 Due to the variety of potential tar-

gets, we anticipate that there are both distinct protective

and pro-tumorigenic MMP3-dependent responses that

will depend on the source and localization of MMP3

production. In view of the fact that tumor expression of

MMP3 is co-incident with gain of epithelial-to-mesenchy-

mal phenotype, the association of MMP3 expression with

highly invasive tumorigenic keratinocytes and the poten-

tial for pro-invasive effects following proteolytic digestion

of select targets, we predicted that tumor localized ex-

pression of MMP3 would be tumor promoting. To begin to

understand the role of keratinocyte-expression of MMP3,

we took an approach complementary to the MMP3 null

study and generated a transgenic mouse with epidermal

targeted expression of MMP3 and SCC cell lines with

stable MMP3 introduction. We have compared, in vivo,

the tumorigenic responses of wild-type (WT) and MMP3

transgenic animals and the tumorigenic properties of

squamous cell lines with MMP3 overexpression.

Materials and Methods

Construction of Expression Vector and

Generation of Transgenic Mice

Transgenic mice with targeted expression of MMP3 were

generated using a vector containing the bovine cytoker-

atin 5 and 6 minilocus obtained from Manfred Blessing.29

This vector contains endogenous splice and Poly A ad-

dition sites. A construct, rMMP3301 containing the full

length WT rat MMP3 cDNA with an amino acid substitu-

tion at position 93 (P3V) was inserted into a SalI site in

the vector placing the cDNAs under the control of the K5

promoter. This amino acid substitution results in autoac-

tivated form of MMP3.30 The vector sequences were iso-

lated with a BamHI digestion, purified by CsCl centrifu-

gation and microinjected into (C57Bl/6xDBA) F1 fertilized

eggs as previously described.31 Embryos were trans-

ferred to pseudopregnant females and pups were ana-

lyzed for presence of the transgene by Southern blotting.

Transgenic founder animals were identified by Southern

blot analysis of EcoRI-digested tail DNA under high strin-

gency conditions as previously described.31 The number

of copies of transgene DNA that integrated into the ge-

nome was determined by comparing the relative intensity

of the hybridization signal to control DNAs containing

1 and 10 genome equivalents of the same DNA that was

injected. Transgenic lines were generated by mating

founder animals to (C57Bl/6xDBA) F1 males and females.

Tail DNA samples were harvested for genotyping using

PCR. We used a sense oligonucleotide primer (5�-

TGAAGGTCTGGGAGGAGGTGAC-3�) and an antisense

primer (5�-TTCCAGGCCCATCAAAAGGGA-3�). The re-

sulting amplified fragment spans exon 4 and exon 5 and

results in a �260-bp fragment from the genomic DNA

and a �160-bp fragment from the rMMP3 transgene.

Skin Excisional Wounding

Transgenic and litter matched control mice were anes-

thetized with ketamine/xylazine and had their dorsal fur

shaved. Full thickness excisional wounds were made

using 3-mm biopsy punches (Acuderm, Ft. Lauderdale

Florida). Skin samples were harvested and fixed in 4%

paraformaldehyde and paraffin embedded.

Chemical Induction of SCC

Chemically induced SCC experiments were performed

on C57Bl/6xDBA heterozygous transgenic and litter

matched controls as previously described.27 Mice were

housed, fed and treated in accordance with the guide-

lines approved by the Committee for Protection of Animal

Subjects at Vanderbilt University Medical Center. At 8

weeks of age, K5*-MMP3301.24 transgenic and WT litter

mate control mice were shaved on the dorsal area 2 days

before initiating chemical carcinogenesis treatments and

thereafter as needed. Mice were subjected to a single

topical application of a solution containing 25 �g 7,12-

dimethylbenz [a] anthracene (DMBA; Sigma Chemical

Co., St. Louis, MO) dissolved in 100 �l of acetone directly

applied to shaved skin. One week after the first treatment,

5 �g 12-O-tetradecanoylphorbol-13-acetate; (TPA; LC

Laboratories, Woburns, MA) dissolved in 100 �l of ace-

tone was applied twice weekly for 25 weeks and termi-

nated 48 hours before tumors were harvested. Mice were

examined weekly for the presence of skin tumors and for

tumor dimensions to be recorded. Tumor volumes were

estimated according to the formula V � (L/2) � (W)2

where V � volume, L � length and W � width. At au-

topsy, lungs were inflated and fixed with Bouin’s fixative
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and visually examined for the presence of metastases.

Squamous tumors were dissected and immediately fixed

in 4% paraformaldehyde before paraffin embedding.32

Tumor Allografts

For orthotopic injections, 8-week-old Rag-2 null mice in

the 129SvEv background (Taconic) were subjected to

3 Gy of irradiation by Cesium125 exposure as previ-

ously detailed to improve tumor take.33 Sp-1 cells were

stably selected following transfection with an expres-

sion vector containing the neomycin resistance gene or

a vector containing the rMMP3 cDNA as previously

detailed.34 Sp-1 parental cells, empty vector control

clones (Sp-1 Neoa1, Neoa2, or Neoa3) or MMP3 expressing

clones(Sp-1
MMP3a4, MMP3a6 or MMP3a8

), 3 � 105 cells diluted in 50 �l

of 1� PBS, were introduced by intradermal injection. For the

initial tumorigenecity study, mice were examined weekly for

presence of skin tumors up to 3 months postinjections. For

short term experiments (1 to 2 weeks), mice were tattooed

around the site of injection and tissue resected within the

tattooed area. For 5-bromo-2�-deoxyuridine (BrdU) incorpo-

ration analysis, mice were injected with 75 mg/kg BrdU 2

hours before animals were sacrificed. Tumors were dis-

sected and immediately fixed in 4% paraformaldehyde be-

fore paraffin embedding.32

In Situ Hybridization and Generation of

Riboprobes

Paraformaldehyde fixed-paraffin embedded sections (5 �m)

of normal, wounded and tumorigenic skin were analyzed by

in situ hybridization for rat MMP3 transgene expression as

previously described.31 A 492-bp BglII/HincII fragment cor-

responding to sequences in the 3� region of the rat cDNA

was used as template in the generation of S35-labeled

sense and antisense riboprobes.

Histopathological and Immunohistochemical

Analysis

Paraformaldehyde-fixed paraffin embedded sections (5

�m) were stained with Mayer’s H&E or with Trichrome by

Gomori’s method or analyzed by immunohistochemistry

as previously described.27 The following primary anti-

bodies were used in conjunction with antigen retrieval by

heat denaturation (10 minutes microwave, 10 mmol/L

sodium citrate, pH 6.0): rabbit polyclonal anti-keratin 5

(1:1000; Covance Research Products Inc., Denver, PA);

rabbit polyclonal anti-keratin 6 (1:1000; Covance Re-

search Products Inc., Denver, PA); mouse ascites anti-

pan keratin (1:400; Sigma-Aldrich Corp., St. Louis, MO);

rabbit polyclonal anti-mouse involucrin (1:400; Covance

Research Products Inc., Denver, PA); rabbit polyclonal

anti-fillagrin (1:400; Covance Research Products Inc.,

Denver, PA); mouse monoclonal anti-proliferating cell nu-

clear antigen (PCNA, 1:400; Zymed Laboratories, San

Francisco, CA); rat monoclonal anti-neutrophil (1:200;

Serotec Inc., Raleigh, NC); rat monoclonal anti-CD3�

(1:200; Serotec Inc., Raleigh, NC); and mouse anti-smooth

muscle actin (1:800; Sigma-Aldrich Corp., St. Louis, MO).

The following primary antibodies were used in conjunction

with antigen retrieval by proteolysis (10 minutes, 0.1% Tryp-

sin in 10 mmol/L Tris-Cl, pH 7.4) rat monoclonal anti-F4/80

(1:200; Serotec Inc., Raleigh, NC); and rat monoclonal anti-

CD31/Pecam (1:100; B.D. Biosciences/Pharmingen. San

Jose, CA). For BrdU analysis, the rat anti-BrdU (1:800;

Accurate Chemical and Scientific Corp) was used following

acid denaturation and neutralization as the antigen retrieval

method. Negative controls were performed using appropri-

ate species and isotype matched immunoglobulins. Sec-

tions were then incubated with appropriate secondary an-

tibody (Vector Laboratories, Burlingame, CA). For

immunohistochemistry, antibody binding was detected us-

ing ABC Elite Method (Vector Laboratories, Burlingame,

CA) with diaminobenzidine as the substrate and the sec-

tions were counter stained with Mayer’s Hematoxylin to

visualize cells. For immunofluorescence, sections were then

incubated with appropriate secondary antibody (Vector

Laboratories, Burlingame, CA) and with Hoechst 30551 to

visualize cell nuclei. Sections were evaluated for presence

or absence of antigen. In the case of PCNA immunostain-

ing, an average of 1000 nuclei were evaluated for 6 to 8

stage matched tumors/experimental group. Quantitation of

PECAM/CD-31 immunostaining was performed morpho-

metrically using Metamorph Imaging System software

(MDS, Inc, Toronto, Canada) to determine the area of pos-

itive staining for 6 to 8 stage matched tumors/experimental

group. Neutrophil immunostaining was assessed by count-

ing neutrophil positive cells within multiple arbitrary areas

defined by Metamorph Imaging System Software (Universal

Imaging Corporation, Downingtown, PA) of 6 to 8 tumors/

experimental group.

Apoptosis Analysis

Terminal dUTP nicked-end labeling (TUNEL) was per-

formed on paraformaldehyde-fixed, paraffin embedded

sections (5 �m) using the Apo-Tag Kit (Intergen, Purchase,

NY) according to manufacturer’s directions as previously

described.27 Antibody binding was detected using ABC

Elite Method (Vector Laboratories, Burlingame, CA) with

diaminobenzidine as the substrate, and sections were

counter stained with contrast green to visualize cells. An

average of 1500 nuclei were evaluated for TUNEL positivity

for 6 to 8 stage-matched tumors/experimental group.

In Vitro Differentiation Assay

For growth of cells in a semisolid media to induce differ-

entiation, cells were resuspended 1 � 105 cells/ml in

complete media (10% fetal bovine serum, Dulbecco’s

modified Eagle’s medium), containing 1.65% methylcel-

lulose (Sigma-Aldrich Corp., St. Louis, MO).35 Cells were

plated onto polyHEMA coated bacterial dishes (Sigma-

Aldrich Corp., St. Louis, MO) and cultured for 24 to 48

hours as indicated in the presence or absence of MMP-3

inhibitor (10 �m N-isobutyl-N-(4-methoxyphenylsulfonyl)-

glycylhyrdroxamic acid; Calbiochem). Cells were har-
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vested by washing 3 times in 1� PBS. An aliquot of cells

were recovered both before and following growth in sus-

pension. These cells were attached to coverglass by cyto-

spin, and fixed in 10% phosphate buffered formalin for 10

minutes, at room temperature. Cells were immunostained

for involucrin to identify differentiation status and with

Hoechst 30551 to visualize cell nuclei as described above.

Statistical Analysis

Kaplan-Maier plots of time to onset of first tumor were

analyzed using the log-rank test. Tumor multiplicity was

analyzed by multivariant regression of the type described

by Prentice et al.36 Tumor growth was plotted as the

change in volume weekly. The linear range was defined

as the rate between first appearance of tumors and the

week at which the first plateau of each curve was

reached. Immunohistochemical results were analyzed by

a non-parametrical (Mann-Whitney test) where indicated.

All statistical analysis was performed using Statview soft-

ware (SAS Institute).

Results

Generation of Transgenic Mice with Epidermal-

Targeted MMP3

To assess the role of tumor localized expression of MMP3

during SCC in an autochthanous tumor model, we gen-

erated transgenic mice with keratinocyte-targeted MMP3

expression. To target expression of MMP3 to the mouse

epidermis, we made a construct by inserting the rat

MMP3301 cDNA into the bovine keratin (BK) 5 expression

vector as shown in Figure 1A. This particular construct

contains an amino acid substitution that results in auto-

activated form of MMP3, which bypasses any require-

ment for endogenous factors for activation of MMP3 to its

mature form30; furthermore, we previously used this

MMP3 construct to successfully express MMP3 in mam-

mary epithelium.37 A 9.5-kb BamHI recombination frag-

ment was purified and microinjected into (C57Bl/6xDBA)

F1 fertilized eggs. Two lines of mice, K5*-MMP3301.12 and

K5*-MMP3301.24 were established from separate founders

that were 1) identified to carry the transgene by Southern

analysis and subsequently by PCR (Figure 1B), and 2)

gave rise to progeny that expressed the transgene in the

skin by Northern analysis. Although the BK5 promoter

can drive expression of genes in other epithelial tis-

sues,38 transgene expression was not detected by north-

ern analysis of tissue from the mammary, uterus, tongue,

or esophagus (data not shown). Additional analysis of

transgene expression by in situ analysis in adult, dorsal

skin yielded unexpected results with localization of the

transgene expression to hair follicles, but not interfollicu-

lar skin (Figure 1, D and E). However, on wounding, the

transgene was induced and present in the basal layer of

the interfollicular epidermis (Figure 1F). This basally-lo-

cated pattern of expression was subsequently detected

in squamous tumors arising in these transgenic animals.

The rMMP3 transgene expression was localized to tumor

cells adjacent to the tumor stroma (Figure 1, G and H). The

original expression cassette contained BK5 and BK6 in

tandem, and the recombination fragment retained some 5�

upstream regions of the BK6 promoter region that have

been shown to contain enhancer sequences.29,39,40 As the

rMMP3 expression is induced on wounding or tumor induc-

tion, yet remains localized to the basal layer of the epider-

mis, both the BK5 and BK6 promoter elements appear to be

regulating gene expression of the transgene and serendipi-

tously have resulted in a transgenic model whereby MMP3

can be induced in interfollicular epidermis under certain

conditions.

Keratinocyte Overexpression of MMP3 Reduces

Tumor Multiplicity in Chemically Induced SCC

To determine whether tumor expression of MMP3 con-

ferred a selective advantage for SCC, K5*-MMP3301.24

and litter matched WT mice were subjected to the classic

two-stage chemically induced SCC regimen with DMBA

initiation followed by 40 weeks of TPA promotion. We had

previously detected changes early in tumorigenesis com-

Figure 1. Targeting MMP3 to murine epidermis.
A: Construction of the expression vector. Trans-
genic mice with kerotinocytes targeted expres-
sion of MMP3 were generated using a vector
containing the bovine cytokeratin 5 and 6 pro-
moters. Construct containing a constitutively ac-
tive construct that contains an amino acid sub-
stitution at position 93 (pro-val) was used. B:
Genotyping for WT and K5-MMP3 mice. C–H:
In situ hybridization for rat MMP3. Paraformal-
dehyde fixed-paraffin embedded sections (5
�m) from (C) WT or (D–H) K5-MMP3 animals
under the indicated conditions were analyzed
by in situ hybridization for rat MMP3 transgene
expression. C–E: Resting skin (magnification �

original �20); (F) 1 day postwounded skin.
Arrow head denotes wound edge. Magnifica-
tion � original �20; and (G–H) chemically in-
duced SCC tumors T: tumor, S: tumor stroma
(magnification � original �20). Top panels:
dark field; Bottom panels: bright field.
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paring SCC development in WT and MMP3 null mice, so

we chose this procedure to extend the early stages of

tumorigenesis and to directly compare our results with

the previous study.27 Papillomas began to appear week

15 and week 17 in WT and K5*-MMP3301.24 mice, re-

spectively (Figure 2A). By week 40, 75% of the WT

mice had presented with tumors, whereas 56.5% of

K5*-MMP3301.24 animals presented with tumors (Figure

2A). However, there was no significant difference be-

tween the two experimental groups with respect to time of

development of the first tumor (Log Rank Test, P �

0.135). In contrast, the tumor overexpression of MMP3

significantly affected the mean number of tumors arising

on the mice. The K5*-MMP3301.24 mice had significantly

fewer tumors weeks 26 to 40 of the study (Figure 2B).

Figure 2C shows the times of tumor development for all

those mice that developed tumors in the two experi-

mental groups. An analysis of the type described by

Prentice et al, shows that there is a significant differ-

ence in the number of tumors between the K5*-

MMP3301.24 and WT groups (P � 0.0231).36 These data

demonstrating that tumor expression of MMP3-re-

duced tumor multiplicity suggests that MMP3 may af-

fect early stages of tumor establishment.

We determined whether tumor expression of MMP3

would affect tumor growth, as we previously noted en-

hanced tumor cell growth in the complete absence of

MMP3.27 Tumor growth rates, as measured by the linear

change of tumor volume assessed weekly from the time

of tumor onset, were similar between tumors arising on

WT and K5*-MMP3301.24 mice (data not shown). Like-

wise, papillomas induced by DMBA/TPA treatment in WT

and K5*-MMP3301.24 animals had comparable levels of

proliferating tumor cells as determined by the presence

of nuclear PCNA (Figure 3A; p � NS). Neither were there

any differences in tumor cell survival as determined by

TUNEL positive cells between papillomas established in

the two experimental groups (data not shown). Thus,

tumor expression of MMP3 did not appear to influence

tumor growth in established tumors.

Vascular Density is Increased in Tumors Arising

on K5-MMP3 Mice, but Leukocyte Infiltration is

Unaltered

MMP3 is a potential regulator of immune cell function,

and has been shown to regulate leukocyte infiltration in a

number of disease models.41–43 We previously reported

that MMP-3 null animals have a reduction in neutrophil

and monocyte populations in tumors from the papilloma

stage and then subsequently throughout increased

stages of disease progression.27 We, thus, investigated

whether neutrophil infiltration was enhanced in tumors

with MMP3 overexpression. In the present study, while

there was a trend toward fewer neutrophils in the tumors

arising on K5*-MMP3301.24 mice, the numbers of neutro-

phils in present in K5*-MMP3301.24 tumors as compared

to WT tumors was not significantly different (Figure 3B;

P � non-significant). In addition, tumors arising on both

K5*-MMP3301.24 and WT mice had comparable numbers

of macrophages. This suggested that MMP3 overexpres-

sion in the epidermis was not sufficient to enhance tumor-

associated leukocyte infiltration. Furthermore, the ab-

sence of MMP3 had previously resulted in SCC tumors

with reduced vascularity, and MMP3 is a potential regu-

lator of angiogenesis.27,44 We, thus, compared tumors

arising on WT and K5*-MMP3301.24 animals for any alter-

ations in vascular density. Blood vessel density was ex-

amined using the cell surface endothelial marker PECAM/

Figure 2. Tumorigenesis studies: (A) Tumor onset and (B,C) multiplicity of
DMBA/TPA induced SCC in WT and K5- MMP3 mice. A: The onset of
papillomas is depicted as the percentage of mice without tumors scored
weekly during the course of DMBA/TPA treatment. (n � 20 WT and n � 23
K5-MMP3 mice. P � non-significant; Log Rank Sum). B: The average number
of tumors/mouse (mean � SEM) was calculated weekly during the course of
study. C: Onset plots for individual tumor appearance on each study mice
that developed tumors over the course of the study. Multiple tumors arising
the same week are indicated by an asterisk (*). (P � 0.0231).

1532 McCawley et al
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CD31 (Figure 3C). Tumors from K5*-MMP3301.24 animals

had a significant elevation in blood vessel density com-

pared to WT tumors. Thus, vascular density correlated

with MMP-3 expression.

MMP3 Overexpression in Tumorigenic

Keratinocytes Reduces Tumor Establishment

in an Orthotopic Model

As the chemically induced SCC study revealed that over-

expression of MMP3 led to a reduction in the number of

tumors formed, we decided to explore the role of MMP3

on tumor establishment. The rMMP3301 construct was

stably introduced into the tumorigenic keratinocyte Sp-1

cell line.33 We previously showed that rMMP3301 intro-

duction into Sp-1 cells (Sp-1MMP3) modestly enhanced

tumor cell invasion in vitro; however, the in vivo effects of

MMP3 expression were unknown.45 Previous character-

ization of the tumorigenicity of the Sp-1, papilloma-de-

rived cell line have shown the cells give rise to low grade,

non-invasive tumors when introduced into immunocom-

promised mice.33 To focus more closely on early events

in tumor formation, an orthotopic model was used where

these cell lines were introduced intradermally into the

dorsal region of mice. We predicted that if tumor expres-

sion of MMP3 was reducing tumor formation, then over-

expression of MMP3 in Sp-1 cells should result in a

reduction of tumor take. Surprisingly, three separate

clones of MMP3-overexpressing cell lines, Sp-1MMP3a.4,

Sp-1MMP3a.6, and Sp-1MMP3a.8, did not form tumors at all

(Table 1). This is in contrast with the parental Sp-1 cell line

and vector control (Sp-1neoa.1, Sp-1neoa.2, and Sp-1neoa.3)

cell lines that maintained tumorigenicity. Thus, tumor ex-

pression of MMP3, whether assessed in a transgenic

mouse model or an allograft model, appears to reduce

tumor establishment.

Tumor MMP3 Expression Enhances Tumor Cell

Differentiation in Vivo

We followed Sp-1 parental, vector control (Sp-1neoa.1 and

Sp-1neoa.2) and MMP3-overexpressing (Sp-1MMP3a.4, Sp-

1MMP3a.6, and Sp-1MMP3a.8) cell lines 1 and 2 weeks

after intradermal introduction to determine the cellular

functions that were altered with MMP3 overexpression

during the early stages of tumor formation. Cells were

introduced intradermally as before, this time with the

injection site demarcated with tattoos to allow for re-

section of the tissue 1 and 2 weeks postinjection. Neo-

Figure 3. Tumor cell proliferation, tumor-asso-
ciated neutrophil populations and vascular den-
sity. Tumors induced by DMBA/TPA treatment
from K5-MMP31.24 and WT animals were eval-
uated following immunohistochemistry for (A)
PCNA-positive nuclei, (B) the presence of neu-
trophils, or (C) % area positive for Pecam/
CD31. A: Tumor cell proliferation is expressed
as the proportion of tumor cells positive for
PCNA (mean � SE; P � non-significant). B:
Neutrophil infiltration is represented as the av-
erage number of neutrophils/a defined tumor
field (mean � SE; P � non-significant). C: Vas-
cular density was morphometrically quantitated
using Metamorph software and is expressed as
the percent tumor area positive for PECAM/
CD-31 (mean � SE; P � 0.04). Magnification
� original �20.

Table 1. Palpable Tumor Formation from MMP3-Expressing
and Non-Expressing Sp-1 Squamous Cell Lines.

Cell line N % Tumor take

Sp-1 (parental) 10 100
Sp-1 neo1 9 100
Sp-1 neo2 9 100
Sp-1 neo3 10 100
Sp-1 MMP3a.4 10 0
Sp-1 MMP3a.6 10 0
Sp-1 MMP3a.8 6 0

MMP3-expressing (Sp-1MMP3a.4, Sp-1MMP3a.6, and Sp-1MMP3a.8)and
non-expressing (Sp-1 parental cell line or vector control lines
Sp-1neoa.1, Sp-1neoa.2, and Sp-1neoa.3) Sp-1 squamous cell lines were
introduced intradermally into immunocompromised mice and evaluated
for formation of palpable tumors.
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plastic growth was apparent in the dermis by histolog-

ical assessment 1 and 2 weeks postinjection

independent of MMP3 expression status of the intro-

duced cells (Figure 4A). In addition, the presence of

squamous, epidermal cytokeratins confirmed that,

even two weeks postinjection, Sp-1 cell line variants

were present in the dermis (Figure 4B). One possibility

for the lack of outgrowth of the Sp-1MMP3 cells into

palpable tumors was that MMP3 was affecting cell

survival either due to loss of survival and growth sig-

nals or through rejection of the cell lines due to their

expression of a foreign protein, the rat MMP3. How-

ever, examination of immune cell types did not reveal

any changes leukocyte infiltration in the Sp-1MMP3a.6

and Sp-1MMP3a.8 cell line allografts (data not shown).

Furthermore, apoptosis, a general functional indicator

of immune surveillance as well as of overall cell sur-

vival, was not enhanced and was primarily absent in

the Sp-1MMP3 cell line allografts as compared to the

Sp-1neo cell lines (Figure 4C). Together these results

suggest that Sp-1MMP3 cell lines, like the parental and

Sp-1neo cell lines, were surviving at least two weeks

postintroduction into the dermis.

To address whether MMP3 expression affected prolif-

eration, allografts were examined for nuclear BrdU incor-

poration. Allografts generated from both MMP3 express-

ing and non-expressing tumor cells evidenced areas of

active DNA synthesis. The Sp-1 parental and Sp-1neoa.1

cell line allografts had more cells positive for BrdU incor-

poration and additionally nuclear PCNA staining, sug-

gesting enhanced tumor cell proliferation consistent with

the larger areas of tumor cell number associated with

these cell types 2 weeks postgrafting. However, when we

costained tissue for epidermal specific markers (anti-pan

keratin) along with examining the amount of de novo DNA

synthesis (anti-BrdU), we could not detect any keratin

positive cells that were also BrdU positive from 1 or 2

week allografts generated from the Sp-1MMP3a.6 and

Sp-1MMP3a.8 cell lines (Figure 5A). These results suggested

that one reason palpable tumors were not generated by the

Sp-1MMP3 cell lines was a lack of tumor cell proliferation.

The lack of proliferation of the Sp-1MMP3 cells once

introduced into the in vivo environment could be the result

of a number of scenarios. In two-dimensional cell culture,

growth curves of Sp-1neo and Sp-1MMP3 cells were simi-

lar. However, cells can respond to their normal in vivo 3D

environment and begin to form differentiated structures

typical of that individual cell type.46–48 Thus, we explored

the possibility that the normal dermal microenvironment

was inducing differentiation of the Sp-1MMP3 cell lines

preferentially. To address changes in cell differentiation,

Sp-1 allografts were examined for expression of early and

late differentiation markers. All Sp-1 cell line variants

expressed the early differentiation marker involucrin (Fig-

ure 5B), and the suprabasal Keratin 6, but not Keratin 10,

week postinjection (data not shown). As these early

genes can be induced experimentally within 1 day, this

result following 7 days introduction into the dermis was

not unexpected. Interestingly, at 2 weeks postintradermal

injection, Sp-1MMP3a.6 and Sp-1MMP3a.8 allografts had de-

tectable expression of the late differentiation marker filag-

grin, unlike parental or Sp-1neo allografts that expressed

only early differentiation markers (Figure 5C). In addition

to tumor cell specific effects, the surrounding “stroma” of

these orthotopically injected tumor cells was distinct be-

tween MMP3 expressing and non-expressing tumors as

well. In contrast to the parental and Sp-1neo cells, myofibro-

blasts were tightly organized around the orthotopically in-

troduced Sp-1MMP3 cell lines (Figure 5D). When these allo-

graft sections were examined by histology with Gomori’s

Trichrome, the orthotopically introduced Sp-1MMP3a.6 and

Sp-1MMP3a.8 cells appeared surrounded by intact dermis by

week 2 as compared with the Sp-1 and Sp-1neoa.1 cells that

had patterns of staining more emblematic of activated der-

mis usually seen in proximity to tumor cells (Figure 5E).

These results are consistent with tumor expression of MMP3

enhancing cellular differentiation and normal connective

tissue remodeling.

Figure 4. Histological and Immunohistochemi-
cal detection and cell survival analysis of Sp-1
cell line allografts. Paraformaldehyde fixed-par-
affin embedded sections (5 �m) were analyzed.
A:1 week and 2 week postinjection samples
(week 2 shown here) were assessed by H&E to
identify allograft site. B: Sp-1 cells were present
(�-pan keratin) up to 2 weeks post injection
independent of genotype. C: TUNEL analysis of
biopsies removed 1 week postinjection. Ar-
rows indicate positive staining in (B) and (C).
Panes left-right: Sp-1, Sp-1neoa.1, Sp-1MMP3a.6,
Sp-1MMP3a.8. Magnification � original �20.
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Tumor MMP3 Expression Enhances Tumor Cell

Differentiation in Vitro

Tumor expression of MMP3 led to reduced tumor forma-

tion in vivo and to an enhancement of normal cellular

differentiation apparent in tumor allografts. To determine

whether this effect on differentiation was cell autonomous

or dependent on the 3D organ microenvironment, we

examined cellular differentiation induced in vitro by cul-

turing cells in a semisolid medium containing 1.65%

methylcellulose. The loss of cellular attachment by grow-

ing cells in suspension induces differentiation in keratin-

ocytes.35 Cells were examined before and after 48 hours

culture in suspension for expression of involucrin, one of

the initial proteins induced during the keratinocyte termi-

nal differentiation process (Figure 6). In contrast to the

parental Sp-1 and Sp-1neo cell lines, Sp-1MMP3a.6, and

Sp-1MMP3a.8 cell lines had significantly more involucrin

expressing cells when grown in suspension, suggesting

that there was an MMP3 mediated effect on keratinocyte

differentiation (Figure 6). Selective inhibition of MMP3

activity with a synthetic MMP inhibitor, N-isobutyl-N-(4-

methoxyphenylsulfonyl)-glycylhydroxamic acid, pre-

vented this enhanced differentiation in the Sp-1MMP3a.6

and Sp-1MMP3a.8 cell lines (Figure 6). These results

suggest that the MMP3 regulated effect on cellular differ-

entiation is reversible and dependent on continued pro-

duction of MMP3.

Discussion

Induction of MMP expression has been closely associ-

ated with invasive processes and linked to tumor-promot-

ing and progressive effects. However, recent studies

have demonstrated that MMPs can have both tumor-

promoting and tumor-protective roles.8,9 We had previ-

ously shown that the absence of MMP3 resulted in mice

with increased sensitivity to chemically induced SCC,

which conferred an overall protective role for MMP3 in

skin tumorigenesis.27 Mice that were null for MMP3 had

faster growing tumors, and most strikingly, tumors from

MMP3 null animals were much further progressed at the

end of the study than WT animals with most tumor evi-

dencing invasive or spindle-type of SCC characteris-

tics.27 Furthermore, these tumors from MMP3 null animals

demonstrated enhanced tumor cell proliferation. The pre-

dominant source of MMP3 is from cell types within the

dermis and tumor stroma in the initial stages of SCC.17

Our prior study demonstrated that in the absence of

MMP3, there were associated cellular differences such

as reductions of infiltrating leukocytes in the stromal com-

partment at these early stages of SCC that correlated with

the absence of MMP3 and the enhanced tumor growth

and progression.32 As tumor expression of MMP3 has

been associated with increased aggressiveness and

epithelial-to-mesenchymal phenotype, we hypothe-

sized that tumor expression of MMP3 would promote

Figure 5. Tumor cell proliferation, tumor cell
differentiation, and reactive stromal responses.
A: Tumor cell proliferation. One-week samples
were analyzed for tumor cell proliferation by
examining cells for co-immunofluorescence (in-
dicated by white arrowhead) that demon-
strated BrdU incorporation (BrdU; green) and
identified tumorigenic keratinocytes (pan-kera-
tin; red) present in the dermis. B–C: Tumor cell
differentiation. Allografts were analyzed by im-
munohistochemical detection for epidermal
markers of differentiation 1 week postinjection
for (B) involucrin (early stage differentiation
marker), and 2 week postinjection for (C) filag-
grin (later stage differentiation marker). Arrow-
heads indicate positive staining. D–E: Stromal
effects were analyzed in 2 week allografts by
(D) presence of myofibroblasts by immunohis-
tochemical detection of smooth muscle actin,
with arrowheads indicating positive staining
and (E) histological analysis with Gomori’s
Trichrome (aqua-marine indicate collagen dep-
osition). Panes left-right: Sp-1, Sp-1neoa.1,
Sp-1MMP3a.6, Sp-1MMP3a.8. Original magnifica-
tion: �40 (A,C); �20 (B,D); �10 (E).
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tumorigenesis.17–22,24,25 Thus, we predicted that stromal

sources of MMP3 were the basis of the anti-tumorigenic

aspects of MMP3 and hypothesized that tumor expres-

sion of MMP3 would be predominantly pro-tumorigenic.

To examine the consequence of MMP3 expression in

tumorigenic keratinocytes, we generated transgenic

mice with keratinocyte-targeted MMP3 overexpression

that we challenged with chemically induced SCC and

compared the responses to littermate controls. Secondly,

we compared the responses of allografts of tumorigenic

keratinocytes with and without MMP3 overexpression.

Overall, both of these in vivo murine models skin tumori-

genesis resulted in a similar anti-tumorigenic phenotype,

namely a reduction in tumor formation in the presence of

tumor-generated MMP3. Furthermore, assessment of cel-

lular functions at the initial stages of tumor establishment

in the allograft model revealed a correlative increase in

terminal differentiation and a reduction in cellular growth

in tumorigenic keratinocytes with MMP3 overexpression

that suggests that tumor produced MMP3 was promoting

differentiation instead of tumor formation. These findings

indicate that tumor derived expression of MMP3 is pro-

tective at early stages of tumorigenesis.

In addition to the protective, anti-tumor establishment

aspect of MMP3 that was phenocopied with keratinocyte-

targeted MMP3 overexpression in the chemically in-

duced tumorigenesis study, there is a similar vascular

effect that correlates with MMP3 expression. Tumors from

K5*-MMP31.24 transgenic animals had an elevation in

vascular density. This is consistent with the prior study

where absence of MMP3 resulted in a reduction of tumor

vascularity. The role of MMP3 in regulating tumor vascu-

larization in the skin is unclear; however, a number of

MMP3 substrates, such as vascular endothelial growth

factor, have the potential to regulate vascularity.44 How-

ever, there were distinctions between cellular processes

affected with absence of MMP3 versus MMP3 overex-

pression.27 For one, targeting rMMP3 to the epidermis

did not affect tumor growth rates nor proliferation rates in

the tumors that could establish in these animals. This

suggests that MMP3 did not have further anti-proliferative

effects in tumors that were able to escape the MMP3-

impedence on tumor formation. Furthermore, while com-

plete absence of MMP3 reduced the number if infiltrating

leukocytes, we noted no significant changes in leukocyte

populations in tumors from K5-MMP3 and WT mice.27

The absence of an MMP3 effect with keratinocyte-local-

ized overexpression may mean that either the MMP3

mediated effect on proliferation and leukocyte infiltration

is already maximized by endogenous production levels

of MMP3 or that MMP3 localization to other cell types

distinct from the epidermis are influencing these pro-

cesses. However, while MMP3 overexpression does not

effect proliferation rates in vitro, we did note an absence

of proliferation in tumor cells with MMP3 overexpression

that were grafted intradermally into immunocompromised

animals. Intriguingly, in our earlier study, tumors from

MMP3 null animals had an advanced tumor progression,

thus the enhanced tumor cell proliferation apparent in the

absence of MMP3 may be related to a loss of cellular

differentiation signaling.

The tumor-produced, MMP3-dependent reduction in tu-

mor formation is not limited to stratified epidermis. In our

current study, we find that overexpression of MMP3 in

Sp-1 cells reduces tumor establishment concomitant with

an increase in differentiation in an allograft model. This

tumor generated MMP3-dependent reduction in tumor

formation was noted in a murine model of breast carci-

noma as well.37 While targeted expression of MMP3 to

mammary epithelium has varied effects of tumorigenesis

depending on the genetic background of the mouse

model26,27,37, we previously targeted glandular mammary

epithelium for overexpression of MMP3, and noted that

overexpression of MMP3 by glandular epithelium led to a

Figure 6. Sp-1 cell line variants response to in vitro differentiation. A–B:
Sp-1, Sp-1neoa.1, Sp-1MMP3a.6, and Sp-1MMP3a.8 cells lines were examined for
involucrin positivity both pre- and postgrowth in suspension (medium con-
taining 1.65% methylcellulose) in the presence and absence of selective
MMP3 inhibition (MMP3 I; 10 �mol/L N-isobutyl-N-[4-methoxyphenylsulfonyl]-
glycylhydroxamic acid). A: Representative images of Sp-1 and Sp-1MMP3a.6

cells collected pre-suspension and postgrowth in the presence and absence
of MMPI and analyzed for involucrin positivity by immunofluorescence
(green; involucrin positivity and blue: Hoechst 30551 nuclear stain; magni-
fication � original �10). Scale bar � 50 �m, B: Proportionate increase of
tumor cells positive for involucrin following growth in suspension in the
absence or presence of MMP3I (mean � SE, n � 4). Sp-1MMP3a.6 or
Sp-1MMP3a.8 versus Sp-1; P � 0.05).
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reduction in tumor incidence in chemical induced mam-

mary tumors.37 This MMP3 tumor-originated effect on

mammary tumor formation was associated with a loss of

basement membrane attachment and an increase in ap-

optosis. Thus, while targeted MMP3 overexpression re-

sulted in individual cellular responses dependent on

whether the expression was targeted to epidermal or

glandular epithelium, the overall consequence of tumor-

associated overexpression of MMP3 was a reduction in

tumor formation.

While the MMP3-dependent reduction on mammary

tumor establishment was associated with apoptosis and

that on skin tumor formation was associated with differ-

entiation, these cellular effects may be due to the distinct

way that glandular epithelium and epidermal keratino-

cytes respond to lack of cellular attachments. The MMP

regulation of cellular attachments can potentially be elic-

ited by a variety of means including cleavage of matrix

and loss of cellular matrix attachment sites, or loss of

cellular attachments through down-regulation of expres-

sion or posttranslational proteolytic shedding of matrix

receptors.3,49 We have previously shown a loss of extra-

cellular matrix-surrounding areas of ectopic expression

of MMP3 in glandular epithelium in the MMTV-MMP3

transgenic mouse.37 In agreement with these studies,

Alexander et al has shown an increase in entactin deg-

radation associated with mammary epithelium-targeted

MMP3.50 Keratinocyte differentiation is controlled by a

variety of factors including matrix and extracellular matrix

interactions.51,52 Whereas loss of cellular attachment to

the basement membrane results in a lethal deficit of

survival signals for glandular epithelium and initiates pro-

grammed cell death, a reduction in cellular attachments

and a loss of cellular contact with the basement mem-

brane is associated with terminal differentiation in kera-

tinocytes.51,52 Thus, loss of matrix attachment sites

through proteolytic targeting in vivo should result in en-

hanced keratinocyte differentiation and remains a possi-

ble mechanism in the current study.

MMP3 has been associated with the differentiation of a

variety of cell types. Overexpression of MMP3 in mam-

mary epithelium results in virgin mice phenocopying fea-

tures of pregnant animals such as enhanced branching,

alveolar development and production of milk pro-

teins.31,53 In the absence of MMP3, during mammary

gland involution adipocytes demonstrate an increase in

the rate of differentiation.54 The influence of MMP3 on

epidermal terminal differentiation may be reflected in the

localization pattern of MMP3 during normal tissue remod-

eling processes such as wound repair. In skin, there is

negligible expression of MMP3 in the epidermis. How-

ever, on wound healing, MMP3 is rapidly up-regulated in

basal keratinocytes adjacent to the migrating tongue and

co-incident with proliferating keratinocytes.13,55 This as-

sociation led to the idea that MMP3 could regulate pro-

liferation in the epidermis. However, we detect no en-

hancement of proliferation in tumors that do establish in

the K5*-MMP3301.24 mice as compared to WT controls. In

addition, we do not detect any difference in keratinocyte

proliferation in the K5*-MMP3301.24 mice during wound

healing; however, there is a modest acceleration in the

expression of differentiation factors present in the newly

formed re-epithelialized skin (McCawley LJ, unpub-

lished). Thus, perhaps MMP3 is induced coincident with

proliferating keratinocytes during re-epithelialization to

induce a portion of these cells to stratify and to terminally

differentiate. Furthermore, in the absence of MMP3,

chemically induced tumors grow faster and also have an

accelerated disease progression, that is consistent with

the notion that MMP3 expression up-regulates epidermal

differentiation.27 As MMP3 is below detectable levels in

skin it is difficult to discern whether MMP3 is coincident to

triggering normal terminal differentiation of keratinocytes;

however, MMP3 null animals appear phenotypically nor-

mal in that regard. On the other hand, while MMP3 is

induced in numerous cell types both in the epidermis and

dermis during wound repair, during skin tumorigenesis

MMP3 is detected in the tumor stroma at early stages of

disease progression, but tumorigenic keratinocyte ex-

pression of MMP3 is coincident only later during disease

progression with the development of highly invasive SCC.

During tumor progression, tumorigenic keratinocytes in-

creasingly lose the ability to differentiate. Thus, we pro-

pose that if MMP3 is induced in tumorigenic keratino-

cytes at early stages of skin tumorigenesis, the

expression induces terminal differentiation. If this were

the case, we would predict that as tumorigenic keratino-

cytes lose the ability to terminally differentiate at late

stages of disease progression, MMP3 expression is in-

duced and the cell population expressing MMP3 in-

creases as these cells are no longer lost to stratification of

the epidermis. Thus, we propose that tumor expression of

MMP3 is an indicator of the loss of ability to terminally

differentiate.

Despite the bulk of experimental evidence document-

ing pro-tumorigenic roles of MMPs in cancer, these en-

zymes are induced and participate in the maintenance of

normal tissue homeostasis.56 Individual MMP family

members have demonstrated both distinct pro- and anti-

tumorigenic functions during SCC.8,9,57–59 Thus, MMP

inhibition will have to be selective against MMPs with

identified pro-tumorigenic functions and used in the cor-

rect stage of progression to be efficacious as anti-tumor

agents.11,12 The current study illuminates an anti-tumor-

igenic role for tumor induction of MMP3 that leads to

differentiation of tumorigenic keratinocytes and the re-

duction of tumor formation.
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