
A regulated degradation of the intercellular matrix is

necessary for the normal course of various physiological

processes such as embryogenesis, morphogenesis, angio�

genesis, tissue involution, and wound healing [1, 2]. The

progress of many diseases including arthritis, glomeru�

lonephritis, atherosclerosis, peptic ulcer, periodontal dis�

eases, pneumosclerosis, autoimmune diseases, and also

invasion of tumor cells and metastasis [2�11] is associated

with disorders in the regulation of the intercellular matrix

degradation. In addition to other proteinases, an impor�

tant role in this process is played by enzymes of the matrix

metalloproteinase (MMP) family, which can destroy pro�

teins of the intercellular matrix and basal membranes:

collagens, proteoglycans, elastin, laminin, fibronectin,

etc. [12�14]. At present, about 20 enzymes of this family

are described, as well as four representatives of the family

of MMP inhibitors, tissue inhibitors of MMP (TIMP).

Because destruction of basal membranes or the adja�

cent connective tissue is required for invasion and migra�

tion of tumor cells and the subsequent metastasis,

changes in the expression levels of MMP, their activators,

and inhibitors are significant for development of malig�

nancies [15, 16].

The cells of tumor and adjacent tissues synthesize or

induce synthesis of a number of enzymes including MMP

which seem to remove the physical barrier for migration

of tumor cells due to proteolysis of macromolecules of the

extracellular matrix, such as collagens, laminins,

fibronectins, and proteoglycans, and also by influencing

cell adhesion [16]. In turn, products of matrix degrada�

tion influence differentiation and proliferation and, thus,

are involved in early stages of tumor progression [10, 16,

17].

Consider the involvement in tumor invasion and

metastasis of the best studied members of the MMP fam�

ily: gelatinases, stromelysins, matrilysin, collagenase�3,

and membrane�bound MMP (MB�MMP).

Gelatinases. Many experimental data suggest that

gelatinases capable of destroying type IV collagen are

involved in degradation of basal membranes, which

occurs in the course of invasion on the boundary between

the tumor and normal tissues [10]. Thus, a high expres�

sion level of mRNA for MMP�2 and MMP�9 and also

activities of these proteinases were found during the

progress of mammary gland carcinoma [18�20]. MMP�2

was already shown to be one of the key enzymes in inva�

sion and metastasis of various tumors. Immunochemical

studies of MMP�2 location in cells of rectal carcinoma

revealed this enzyme on the invasive boundaries of the

carcinoma, and the corresponding mRNA was found in

the stroma cells. These findings suggest that the activation

of MMP�2 on the tumor cell surface should immediately

influence the ability of the carcinoma cells for invasion

[21]. MMP�2 was shown to bind to vitronectin receptors

on the surface of invasive cells [22], and such location

determines its ability to influence cell growth and differ�
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entiation [23]. In the case of human head and neck squa�

mous carcinoma, the level of proMMP�2 activation in the

tumor tissue significantly determines the appearance of

metastases in lymph nodes [24].

There are many reports indicating that disorders in

the regulation of secretion and activity of gelatinase B

also can play a role in invasion of tumor cells and metas�

tasis [25]. A direct correlation is found between increase

in the expression level of MMP�9 in the blood vessel tis�

sue of patients with blood cancer and the severity of dis�

ease [26]. Moreover, the in vivo growth of glioblastoma

was shown to be accompanied by increase in MMP�9

production [27].

The expression of MMP�2 was found immunohisto�

chemically in both tumor and stroma cells of human neu�

roblastomas, whereas the expression of MMP�9 was

found in the stroma cells and in vascular and perivascular

cells surrounding groups of the tumor cells [28]. High

activities of these enzymes corresponded to a high degree

of the tumor metastasis.

Stromelysins. Stromelysin�1 is especially interest�

ing: its expression is usually absent in steady state tissues,

but it is easily induced by cytokines, growth factors, and

tumor promotors [13, 29]. Its activity is increased in tis�

sues of stomach carcinoma [30]. A high activity of anoth�

er member of this MMP subfamily, stromelysin 3, is

observed in invasive mammary gland carcinomas [18, 31,

32]. Its increased expression is also found in cells of other

human carcinomas: head and neck squamous carcinoma

[32, 33] and skin and rectal tumors [32, 34]. And the

content of mRNA for stromelysin�3 is the highest in cells

of tumors with high local invasiveness. Some authors

believe the expression of stromelysin�3 in stroma fibrob�

lasts to be controlled by factors produced by the tumor

cells [35].

Matrilysin. An important role in tumor invasion is

also played by matrilysin (MMP�7) due to its ability to

destroy type IV collagen, laminin, and entactin of basal

membranes [36�40]. The expression of mRNA for

matrilysin is increased in carcinomas of prostate [41],

stomach, rectum [42], head and neck, and lungs [43]

compared to normal tissues surrounding these tumors.

The activity of matrilysin was found in more than 75% of

tissue specimens of human tumors of mammary gland,

large intestine, stomach, prostate, esophagus, and upper

respiratory tracts [44].

The ability of matrilysin to destroy the fibrillar form

of fibronectin can be especially significant for migration

of tumor cells. Degradation of fibronectin under the

influence of matrilysin results in production of specific

fragments which seem to be involved in the regulation of

gene expression, ligand�receptor recognition, and other

processes. By blocking specific receptors of intact

fibronectin, proteolytic fragments of fibronectin can

weaken the attachment of tumor cells to the connective

tissue stroma and thus promote their migration [45].

Transfection of human hepatic cell carcinoma

(HCC) cells with the gene Ets�1 of the Ets family of tran�

scription factors increased the expression of matrilysin,

whereas the transfection with a corresponding antisense

oligonucleotide decreased it. These findings suggest that

at least in HCC cells the expression of MMP�7 is under

the control of this oncogene [46].

Collagenase�3. The activity of collagenase�3 (MMP�

13) was first detected in mammary gland carcinoma.

Later, many tumors were found to produce this enzyme

[2, 47, 48]. Collagenase�3 can destroy fibrillar collagens

and display gelatinolytic activity when involved in the

degradation of collagen fragments as a result of col�

lagenolysis [49]. The substrate specificity of collagenase�

3 is also extended to proteoglycans, aggrecan [50], and

many other proteins of the intercellular matrix, including

tenascin C, fibronectin, fibrillin, and the type IV, IX, X,

and XIV collagens [51, 52]. The expression of collage�

nase�3 plays a role in the development of many malignant

tumors in humans: carcinomas of head and neck, skin,

and mammary gland, and chondrosarcoma [2]. The

activity of collagenase�3 was found in 30% of mammary

gland carcinomas, whereas such activity was absent in

benign tumors and normal tissue of mammary gland [47].

By in situ hybridization, transcripts of mRNA for collage�

nase�3 were found mainly in stroma cells surrounding

epithelial cells of the tumor [53]. Moreover, fibroblast

cells with an increased expression of mRNA for collage�

nase�3 were adjacent to the cells located on the invasive

boundary of the tumor. Although in some cases of mam�

mary gland carcinoma the expression of collagenase�3

was found in epithelial tumor cells [54], stroma cells are

thought to play the main role in production of this

enzyme [2].

Role of membrane�bound MMP in tumor invasion
and metastasis. Notwithstanding active studies on these

metalloproteinases, their functions and substrate speci�

ficity remain unclear. MB�MMPs play a dual role in the

regulation of degradation and remodeling of the matrix.

On one hand, they are proteolytic enzymes, and gelatin,

fibronectin, B�chain of laminin, vitronectin, dermatan

sulfate proteoglycan, and collagens are their substrates

[55, 56]. On the other hand, they activate progelatinase A

[57, 58] and collagenase�3 [49] on the cell surface. The

expression of MB�MMPs seems tissue�specific: the pres�

ence of MB1�MMP and MB2�MMP is specific for many

adult human tissues, whereas the distribution of MB3�

MMP, MB4�MMP, and MB5�MMP is more limited, in

particular, their expression is found in brain cells [59].

MB1�MMP is located on the surface of tumor cells

and seems to influence their invasion. An increased

expression of this enzyme is observed in various tumor tis�

sues [30, 60, 61]. Studies of Nomura et al. [30] have

shown a direct correlation between the MB1�MMP

expression in the cells of stomach tumor and the activa�

tion of MMP�2 which accompanies invasion and metas�
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tasizing of tumors. New data favoring the involvement of

MB1�MMP in tumor invasion were obtained by Kadono

et al. [62]. They showed that transformation of the Madin

Darby line of dog kidney epithelial cells (MDCK) with

the oncogene p60v�src changes the cell morphology and

results in the loss of intercellular contacts and increased

tumorigenicity. Concurrently the MB1�MMP gene

expression is induced, and the active form of progelati�

nase A appears in the culture medium.

Expression of other MMPs (MB2�MMP [61] and

MB4�MMP [63]) is observed in the cells of mammary

gland carcinoma.

An increased production of proMMP�2 and the rate

of its activation in some malignant tumors of human brain

(astrocytoma, glioblastoma) directly correlate with

expression of MB1� and MB2�MMP [64], which also

suggests their roles in the activation of proMMP�2 and

tumor invasion. Progelatinase A can also be activated

during the growth of human brain tumors by recently

found metalloproteinases, such as MB5�MMP [65] (the

content of its transcript is increased in various astrocy�

tomas and glioblastomas), and MB6�MMP [59], which is

also expressed in some tumors of human brain and in

SW480 cells of intestine carcinoma. It should be empha�

sized that expression of MB6�MMP has not been found

in normal cells of brain and intestine [59]. It seems that

the malignant transformation is associated with the

expression of MB�MMP nonspecific for normal tissues,

but progelatinase A in various tumors is activated by dif�

ferent MB�MMP.

Cooperation of tumor cells with the adjacent stroma

cells promotes the invasiveness and facilitates metastasis,

and this is clearly exemplified by expression of MB1�

MMP. According to [66], in the case of mammary gland

and lung tumors mRNA for MB1�MMP is expressed in

fibroblasts which are in contact with the malignant cells.

Different levels of MB1�MMP expression in fibroblasts

and tumor cells seem to be specific for different stages of

development of the invasive phenotype. In the first stage

of tumor invasion, the expression of MB1�MMP by stro�

ma fibroblasts is induced by various factors secreted by

the adjacent tumor cells. On acquisition of a complete

metastatic phenotype, they began to produce MB1�

MMP. Some stroma cells in the pre�invasive and invasive

tumor zones are also shown to express mRNA for MB1�

MMP, progelatinase A, and TIMP�2. The increased

expression of MB1�MMP and TIMP�2 activates gelati�

nase A and provides for a subsequent degradation of the

matrix.

Martorana et al. studied cooperation of different

cells using the cell line (BC1) of metastasizing carcinoma

of rat mammary gland which includes two subpopulations

of cells, epithelial and metaplastic ones, with characters

of mesenchymal cells [67]. The metaplastic cells were

shown to express mRNA for MMP under the influence of

factors secreted by the epithelial cells. Such cooperation

seems important for the progress of neoplastic tumors

that are phenotypically heterogeneous [67].

Regulation of MMP expression. The mechanisms of

regulation of MMP expression in norm and during tumor

progression remain unclear. However, some cytokines,

growth factors, and oncogenes (transcription factors)

have been found which influence the synthesis and acti�

vation of MMP. Some data suggest that a high level of

MMP�2 expression is induced by the interaction of two

transcription factors, AP2 and YB�1 [68]. Expression of

the H�ras gene induces increased activity of MMP�2 and

the invasiveness of the MCF10A line of epithelial cells of

human mammary gland which is assessed by invasion into

the matrigel [69]. The insulin�like growth factor 1 (IGF�

1) also seems to play a certain role in the regulation of

MMP�2 expression. Lung carcinoma cells of Lewis strain

mice with a high metastasizing potential and with IGF�1

receptor expression prevented by antisense�mRNA dis�

played a significantly decreased invasiveness into the

reconstructed basal membrane than the control. By poly�

merase chain reaction these cells were shown to have a

sixfold lower content of mRNA transcripts for MMP�2

and a correspondingly decreased amount of MMP�2 that

was determined by Western�blotting and zymography.

Respectively, the increased expression of the IGF�1

receptor in another cell line with low ability for metasta�

sis significantly increased the content of MMP�2 and of

the corresponding mRNA [70].

By in situ hybridization, the expression of various

MMPs was shown to depend on the type of cells produc�

ing the tumor of human mammary gland and on the stage

of the tumor development [54]. The authors suggested

that the expression of most members of the MMP family

is regulated by signals entering from the host’s cells in

response to the tumor invasion. TGF�β, which different�

ly influences the expression of different MMPs, is espe�

cially interesting. The expression of collagenase�3 in

some malignant cells is under positive control of such fac�

tors as TGF�β, IL�1, and bFGF. The induction of this

enzyme under the influence of TGF�β or TGF�α in

transformed keratinocytes has been recently found to be

mediated by a protein kinase activated by a mitogen p38

[2]. The invasiveness of the Detroit�562 cell line of squa�

mous carcinoma increases under the influence of EGFR,

which increases the rate of synthesis and activation of

MMP�9 [71].

A high level of expression of collagenase�3 in the

cells of various human carcinomas can be associated with

the presence in the gene of this enzyme of the neighbor�

ing sequences AP�1 and PEA�3, the combination of

which provides for a special sensitivity of the expression

to growth factors, products of oncogenes, and tumor pro�

motors [2]. The majority of genes for MMP have a simi�

lar structure of these sites: AP�1 and PEA�3 in the pro�

motor. A specific interaction between these cis�elements

and different combinations of nuclear oncoproteins
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encoded by Fos, Jun, and Ets can be significant for the

positive and negative regulation of MMP synthesis on the

transcription level in normal and neoplastic tissues. An

increased expression of MMP in tumor cells seems to be

a result of inactivation of inhibitory factors specific for the

differentiated phenotype and activation of the activating

factors specific for non�differentiated cells. In particular,

Jun B of the Jun family of transcriptional factors, which

suppress the transcription of MMPs, is suggested to be

such a factor [72]. The authors suggest that c�Ets�1 of the

Ets family of transcription factors activates the transcrip�

tion of MMP. It is likely that dedifferentiation of epithe�

lial tumors is due to the loss by the cells of the Jun B activ�

ity or to the increase in the activity of c�Ets�1, or to a

combination of these two processes. As mentioned above,

the increased expression of the Ets�1 oncogene in the

hepatic carcinoma cells was associated with an increased

expression of matrilysin [46]. Transfection of the cells

with an appropriate antisense oligonucleotide results in

suppression of the Ets�1 expression and decrease in the

transcription of mRNA for matrilysin that suggests an

involvement of Ets�1 in the regulation of synthesis of

matrilysin. However, the expression of matrilysin in dif�

ferent tumors can be also controlled by other factors. β�

Catenin, a component of the caderin complex which is

involved in intercellular contacts, was shown to activate

the expression of matrilysin in stomach tumor cells [73].

Proteins encoded by oncogenes of the ras family reg�

ulate the expression of many genes [74]. It is now estab�

lished that transcription of the gene encoding MMP�9 is

under positive control of ras family genes [75�77]. A neg�

ative regulation of the MMP�9 expression can be realized

with the involvement of the RECK gene, which encodes a

membrane�bound glycoprotein [78]. This is shown by

data indicating that the recovery of the gene RECK

expression in the oncogene�transformed cells suppresses

their ability for invasion along with a decrease in the

secretion of MMP�9.

Role of TIMP in tumor invasion and metastasis.
Disorders in the balance between the activities of MMP

and TIMP resulting in an excess degradation of the matrix

are specific for tumor invasion and metastasis [75, 79].

However, data on the expression of TIMP in various tumor

cells are rather contradictory and, therefore, can not be

interpreted unambiguously. Thus, studies on the expression

of mRNA for TIMP�1 and TIMP�2 in human tumors have

shown increased levels of these mRNAs. In the cells of

mammary gland carcinoma the expression level of mRNA

for TIMP�1 was significantly higher than in adjacent nor�

mal tissues [80]. The content of mRNA for TIMP was also

high in the tissues surrounding blood vessels of the tumor

and in the stroma of mammary gland tumor, especially in

the region of active fibrogenesis on the stroma boundary

[81]. In tissues of malignant ovary tumors the increased

expression of TIMP�1 correlated with a high activity of

MMP�9 typical for these tumors [82].

A high level of the TIMP�1 expression is specific for

progressing stages in development of some lymphomas

[83, 84]. A correlation is observed between an increase in

the TIMP�2 expression and high rate of relapses of mam�

mary gland carcinoma [85] and also between the expres�

sion of mRNA for TIMP�2 and the progress of colorectal

carcinoma and blood cancer [86, 87]. By in situ

hybridization, a prevalent expression of the TIMP�3 gene

in the stroma of mammary gland carcinoma is shown at

the boundary surface with the tumor cells [88].

Development of gene therapy approaches seems

promising for application of MMP inhibitors for sup�

pression of tumor invasion and metastasis. By experi�

ments with the transfer of TIMP genes into cells, the

importance of TIMP for invasion and metastasis was

confirmed. Thus, transfection of the TIMP�1 gene into

tumor cells, such as B16�F10 melanoma transformed by

the rat embryonal c�H�ras oncogene, human stomach

cancer, and astrocytoma, decreased the ability of these

cells for invasion and metastasis [89�92]. Similar results

were obtained by transfection of transformed cells with

the TIMP�2 gene [89]. It was shown on the model of

colorectal cancer in hairless mice that the transfection

with the adenovirus vector of the TIMP�2 gene into

hepatocytes and the subsequent expression of TIMP�2

prevented malignant transformation and decreased the

growth rate of already existent metastasizing foci in the

liver [93]. However, although the increased expression

of TIMP�2 by a cell line of human melanoma sup�

pressed the local growth of the tumor, the spontaneous

metastasis was not decreased [94]. Moreover, the cells

of mouse epidermal tumor transfected with the TIMP�

3 gene displayed increased tumorigenicity and invasive�

ness [95]. It was suggested that TIMP�3 should promote

the detachment of the transformed cells from the extra�

cellular matrix, which was shown to accelerate mor�

phological changes associated with the transformation

[96].

On the other hand, the increased expression of

TIMP�1 and TIMP�2 suppressed the invasion of

melanoma cells and the in vivo and in vitro tumor growth

[90, 94, 97]. According to [98], the increased expression

of TIMP�3 also suppressed the in vivo tumor growth and

induced the death of tumor cells in suspension. In exper�

iments described in [99] the increased expression of

TIMP�3 suppressed more effectively than TIMP�1 and

TIMP�2 the invasion of melanoma cells across recon�

structed basal membranes and also caused apoptosis.

Other authors [100] suggest that the loss by the cells of

capacity to synthesize TIMP�3 can increase the invasive�

ness of some tumors. The transfection of the TIMP�3

gene into the cells of leukomyosarcoma SK�LMS�1 line

resulted in changes in the cell morphology, growth rate,

and binding with the matrix, and these changes could be

considered as suppression of the invasive phenotype

under the influence of TIMP�3.
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Transfection of the human TIMP�1 gene in the cells

of rat mammary gland carcinoma increased the produc�

tion of laminin and the type IV collagen, not affecting the

activity of MMP [101]. Thus, a high content of endoge�

nous TIMP�1 can stimulate the in vivo growth of tumor

by stimulating the production of the basal membrane

matrix components.

Interaction of tumor and host cells is especially

important for tumor progress, invasion, and metastasis.

Many MMP are expressed in the cells of the tumor stro�

ma, and this confirms the significant role of the latter in

the tumor growth and progress [17]. Thus, MMP�2 was

shown to be secreted as a proenzyme by the stroma

fibroblasts surrounding the cells of human head and neck

carcinoma and activated under the influence of MB1�

MMP located in the tumor cells [24]. Induction of the

synthesis and activation of MMP in the tumor stroma

and adjacent normal tissues is likely to be a direct or

indirect response to the presence of the tumor cells and

occurs under the influence of signal molecules synthe�

sized by the host’s cells. The metastatic phenotype of the

tumor is produced depending on the close interaction

between the tumor and stroma cells, and the activity of

different MMP is specifically manifested in different

stages of this process. The increased expression of TIMP

is a response to the tumor progress directed to suppress

the activity of MMP and provide for the integrity of the

extracellular matrix. However, based on the dual role of

the inhibitor TIMP�2, which together with MB1�MMP

activates progelatinase A, it is suggested that the

inhibitor/activator ratio should determine the tumor

growth and metastasis.

In conclusion, it should be said that further studies in

this line should promote the development of approaches

for antitumor therapy based on inhibitors of MMP.
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