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Abstract

Project Code: TRG5180002 
Project Title: The involvement of  1 Integrin on  MMP-2  activation           

mechanism in response to Type  I Collagen stimulation 
in Breast cancer cells. 

Investigator:   Dr. Kulrut Borrirukwanit  
                         Nursing Department, Phetchabun Hospital 
E-mail Address: Kulrut_Bor@hotmail.com 
Project Period: 2008-2011 

Integrins are a family of transmembrane adhesion receptors  
that mediate cell-matrix and cell-cell  interactions, affecting tumour 
proliferation, migration and metastasis. MMP-2 is endopeptidases 
enzyme that also closely correlated with tumor metastasis. Type I 
collagen is the most abundant ECM protein in the body, which 
capable to activate MMP-2 through 1 integrin, a partner of the 
collagen-binding integrin receptors.  However, the involvement of 1 
integrin in collagen-stimulated MMP-2 activation is still unclear. 
Therefore, the aim of this study was to elucidate the involvement of 

1 integrins in the Col I-induced MMP-2 activation mechanism. The 
siRNA technology was used and six different 1 intgerin siRNAs 
were designed. Three candidate of these siRNAs included 1/4, 1/5 
and 1/6 were efficient knockdown 1integrin both at mRNA and 
protein levels. However, the best effective was 1/6 siRNA which 
completely knocked down 1integrin and most affect on biological 
function. This specific of 1 integrin siRNA showed a particular target 
site for the 1 integrin gene which exist good efficient knockdown of 

1 integrin at appropriate time. At completely depleting of 1 integrin, 
reduction of Col I-induced MMP-2 activation was observed which 
depends on dose response threshold effect. Abrogation of this 1 
integrin siRNA reduced MMP-2 activation via up-regulation of MT1-
MMP which specific to type I collagen response. Collectively this 
reveal provides insight into certain mechanism involved in the 
reciprocal regulation of 1 integrin and MMPs of tumor cells. 
 
Keywords: Integrin/ Matrix Metalloproteinase/ MMP-2 activation   
                    / Type I Collagen/ Breast Cancer/ Invasion and Metastasis 
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CHAPTER 1 
INTRODUCTION

 
Introduction 

Cancer is the leading cause of death in the World.
Although  

advances have been made in  reducing mortality rates and improving 
survival, most deaths from cancer are due to metastatic disease [1].  
Metastasis is a multi-step process which includes tumor cell migration, 
intravasation, adhesion to the vessel wall, extravasation, infiltration 
and proliferation in the target tissue. However, these basic steps occur 
in the context of different organs, emerge at different rates and are 
clinically managed in different ways depending on the type of cancer. 
Breast cancer is the second leading cause of death from cancer among 
women that displays an invasive phenotype [2]. The principles sites of 
metastasis in breast cancer are bone, lung, liver and brain [1].  The 
basic steps of metastasis include the progression of the primary tumour 
towards invasive carcinoma and dispersion of cancer cells through the 
lymphatic or blood vessels. Circulating cancer cells that survive could 
infiltrate distant organs. Infiltrated cells in the new microenvironment 
might proceed towards overt metastasis with or without an intervening 
period of latency. These steps are supported by functions of the cancer 
cells themselves or of the tumour stroma [3]. The metastatic process is 
often depicted as a multistage process in which malignant cells spread 
from the tumour of origin to colonize distant organs [4, 5]. Thus, in 
cancer, the extracellular matrix (ECM) within and surrounding a tumor 
undergoes continuous remodeling. The importance of proteolytic 
enzymes in facilitating invasive tumor growth had been recognized, 
with a hypothetical secretion by fibroblasts [6], and subsequently 
identified as hyaluronidases, serine proteinases, and matrix 
metalloproteinases. Recently, matrix metalloproteinases (MMPs) have 
been regarded as major critical molecules assisting tumor cells during 
metastasis [7, 8].  It was postulated from the earliest work on MMPs in 
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cancer, there has been a clear connection between MMPs, ECM 
degradation and cancer cell invasion [9, 10].  

MMPs family consists of more than 26 endopeptidases  that  
share homologous protein sequences, with conserved domain 
structures and specific domains related to substrate specificity and 
recognition of other proteins [11].  Most members the MMP family 
are organized into three basic, distinctive and well-conserved subsets 
based on specific domains and structural considerations: an amino-
terminal propeptide, a catalytic domain and a hemopexin-like domain 
at the carboxyl-terminal. Based on their domain structure   and 
substrate specificities, the MMPs have been categorized into the 
subgroups collagenases, stromelysins, gelatinases, membrane type 
metalloproteinases (MT-MMPs), and others [8]. The strong   
correlations between altered expression of MMPs at the protein and 
mRNA levels in different human cancers with poor disease prognosis 
have been already presented in a number of recent summaries [8, 13]. 
Comparative studies of MMP expression frequently demonstrate 
significant elevation of MMP levels from tumor cells in culture to 
primary  tumors and to metastases in animal models. Recently, the role 
of MMPs in malignancy has been reviewed [12-15].  Stromelysin 3 
expression is associated with human breast cancer progression, while 
matrilysin, but not stromelysin 1 or stromelysin 2, is prominent in 
human gastric and colonic carcinomas [16, 17].  Furthermore, 
stromelysin-2 mRNA was localized in tumor cells arranged along 
disrupted basement membranes [17].  Interstitial collagenase (MMP-1) 
and type IV collagenases (MMP-2, MMP-9) were first isolated from 
tumors, where it was generally considered that the enzymes were 
produced by the tumor cells to degrade interstitial collagen and basal 
laminae, respectively, to create space for invasive growth [18-20].  
Overall, retrospective analysis of MMP expression in cancer patients, 
indicate that the presence or elevated expression of many MMPs, 
including MMP-1, -2, -3, -7, -9, -13, -14, in both primary tumors and 
/or metastases, are positively associated with tumor progression [12]. 
In contrast, human breast tumor cells that acquired the ability to 
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metastasize had dramatically reduced expression of MMP-8 compared 
to their non-metastatic counterpart [21]. Indeed, expression of both 
individual MMPs and their endogenous inhibitors (TIMPs) has been 
correlated with tumor progression.  Therefore, MMP-9 and TIMP-1 
have been found both elevated in the serum of patients with lung 
carcinomas [22]. Moreover, simultaneously elevated expression of 
TIMP-1 and TIMP-2 correlated with cancer progression and poor 
prognostic factors in cancer patients [23]. Although several MMPs 
have been involved in tumor progression, MMP-2 is one of the key 
enzyme that had been focused on due to its ability to digest type IV 
collagen, a major component of basement membranes and also type I 
collagen, the most abundant ECM protein in the body [24, 25]. 

MMP-2, also known as gelatinase A or type IV collagenase, 
is the most widely expressed of all the MMPs and is found in most 
tissues and cells. The previous studies demonstrated that, MMP-2 is 
associated with tumor tissues and the appearance of active MMP-2 is 
closely correlated with tumor metastasis [7, 26]. Almost all cancers 
expressed MMP-2 mRNA throughout the tumor in stromal cells close 
to noninvasive tumor clusters and well-differentiated invasive cancer 
cells [12]. Knock-out mice for MMP-2 show reduced tumor 
angiogenesis resulting in reduced tumor growth [27]. Moreover, MMP-
2 has been shown to be a prognostic factor in different malignancies 
such as ovarian cancer, gastric carcinoma and stage I non-small cell 
lung carcinoma [28, 29]. It is clearly evidence that, all MMPs are 
secreted as inactive zymogens and are activated by cleavage of the N-
terminal pro-domain [30]. Most MMPs are activated by tissue or 
plasma serine proteases, like plasmin. The propeptide sequence is 
cleaved at basic amino acid motifs and subsequently autocatalytical 
activation of the MMPs  is induced. Thus, many cell types 
constitutively synthesize MMP-2 as a latent proenzyme, which requires 
proteolytic removal of the propeptide for activation.  Three 
mechanisms for proMMP-2 activation have been described at this 
moment; autocatalytical activation, TIMP-2 dependent activation and 
cell-surface associated urokinase-type plasminogen activator (uPA)/ 
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plasmin system dependent activation [31, 32]. The mechanisms differ 
substantially, but have a characteristic phenomenon. That is, all three 
mechanisms of activation involve processing of pro-MMP-2 to an 
intermediate form and the intermediate form is then further processed 
to the active MMP-2. Indeed, pro-MMP-2 is not readily activated by 
general proteinases.  The main activation of pro-MMP-2 proceeds on 
the cell surface and is mediated by a tri-molecular complex of MT1-
MMP, TIMP-2 and MMP-2.  Pro-MMP-2 forms a tight complex with 
TIMP-2 through its C-terminal domain, permitting the N-terminal 
inhibitory domain of TIMP-2 to bind MT1-MMP on the cell surface 
[33, 34].  This MT1-MMP-TIMP-2-MMP-2 complex is then presented 
to an adjacent free MT1-MMP for initial cleavage of MMP-2 
generating the activation intermediate, which further converts to the 
mature MMP-2 form via autocatalytic processing [35]. Moreover, the 
activation of pro-MMP-2 by MT1-MMP is considered to be a critical 
step during cancer cells traverse the basement membrane to achieve 
invasion and metastasis [36]. 

Membrane-type MMPs (MT-MMPs) is one of the subgroup  
of MMPs that differ from other MMPs since they are membrane 
anchored either by a transmembrane domain or glycosylphos- 
phatidylinositol (GPI) linkage at the carboxyl terminus [37, 38]. 
Membrane type 1- MMP (MT1-MMP) is the first discovered member 
of the MT-MMP, encoding a 63-kDa enzyme that also known as 
MMP-14 [39]. MT1-MMP with transmembrane and cytoplasmic 
domains is a unique cell surface activator of pro-MMP-2 through the 
formation of trimolecular complex with TIMP-2 (tissue inhibitor of 
metalloproteinases) [39]. In addition, MT1-MMP has a large number 
of substrates including ECM and non-ECM molecules including 
collagens I, II, and III, gelatin, laminins 1 and 5, fibronectin, 
vitronectin, aggrecan, fibrin, and lumican [14]. Recently, MT1-MMP is 
regarded critical roles during tumor malignancy and is one of the best-
validated proteolytic enzyme targets on cancer cells. MT1-MMP also 
plays a unique role in promotion of cell invasion by pericellular 
collagen degradation, since overexpression or downregulation of other 
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soluble MMPs such as MMP-1, -2, -8, -9, and -13 did not affect either 
invasive growth of tumor cells in 3-dimentional collagen gels in vitro 
or invasion activity in vivo in the CAM assay [40, 41]. Silencing of 
endogenous MT1-MMP markedly decreases invasive and migratory 
properties of breast cancer cells [42]. Similarly, my previous work 
indicated that introduction of MT1-MMP into poorly invasive MCF-7 
breast cancer cells renders those cells more invasive in vitro and more 
tumorigenic in vivo [43]. Thus, cell surface MT1-MMP is a potent 
modifier of the tissue microenvironment, expression of which is 
closely associated with invasion and tumor growth advantage in animal 
models and cancer progression in patients [37-39].  

Although MT1-MMP mediates the activation of pro-MMP-
2, certain ECM molecules such as collagen type I can stimulate MMP-
2-activation via MT1-MMP activity in several cell types [25, 44-46]. 
Collagen is a major ECM component that plays an important role in 
maintaining tissue architecture and in forming a stable scaffold for 
cells [14]. Type I collagen (Col I) is cleaved into characteristic 3/4 and 
1/4 fragments by collagenolytic MMPs, including collagenases (MMP-
1, MMP-8, MMP-13 and MMP-18), MMP-2 (gelatinase A) and 
membrane-type 1-MMP (MMP-14). Among the collagen remodeling 
enzymes, MT1-MMP-mediated cleavage of Col I, thus one of the 
important functions of MT1-MMP is its collagen degrading activity. 
For MT1-MMP to cleave collagen on the cell surface, the enzyme is 
also required to be in a dimeric state, again disruption of dimerization 
of MT1-MMP effectively inhibited its collagenolytic activity [47]. 
Homodimerization of MT1-MMP has emerged as an important 
mechanism to regulate two major activities of MT1-MMP on the cell 
surface, pro-MMP-2 activation and collagen degradation. Col I can 
activate MMP-2 through 2 distinct mechanisms, increase MT1-MMP 
mRNA and protein levels, thereby activating MMP-2 (transcriptional 
response). Moreover, an alternate pathway has been observed more 
recently in which Col I increases the activity of pre-existing MT1-
MMP molecules in order to activate MMP-2 [48]. Recent study also 
demonstrated that Col I induced MMP-2 activation via MT1-MMP by 
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blocks MT1-MMP internalization through a clathrin-coated pit-
mediated mechanism involving the HPX domain of MT1-MMP, 
thereby stimulating MMP-2 activation [49]. In addition, another 
molecule is adhesion molecules that act as cell surface receptors that 
also involve in MMP-2 activation. The 2 1 integrin, a collagen 
binding receptor, thought to be implicated in MMP-2 activation that 
response to type I collagen stimulation and promote tumor invasion and 
metastasis.  

Integrins are a family of transmembrane adhesion receptors  
that mediate cell-matrix and cell-cell  interactions.  These molecules 
are /  heterodimers, composed of one of 19  and 8  subunits that 
interact noncovalently to form 25 different heterodimeric receptors 
[50]. Both the - and - subunits are integral membrane glycoproteins 
containing long extracellular domains that constitute the ligand binding 
regions.  Thus, ligand binding specificity depends mostly on the 
specific - and - subunit chains present in the heterodimer [51]. Thus 
integrins play an important role in ECM and cell-cell interactions and 
function as bidirectional transducers of extracellelar and intracellular 
signals. In all cancer cell types, an altered integrin expression pattern 
allows cancer cells to recognize various matrices and may also lead to 
altered cell signaling and gene expression.  Although the expression of 
integrin receptors is altered in malignant compared to normal cell, most 
tumors maintain normal expression of at least some of their integrins.  
The changes in integrin expression and the cell surface distribution are 
specific to the tumor cell type.  Carcinomas of the breast, prostate and 
colon exhibit a loss of 3 1, 2 1, 5 1 and 6 4 integrin 
expressions, however, the highly malignant sarcomas overexpress the 

2 1 integrin receptor, where it is believed to play a role in metastasis 
[52, 53].  Furthermore, the 2 1 integrin collagen and laminin receptor 
is highly expressed on the epithelium of ductules of normal breast 
tissue and benign fibroadenomas.  In contrast, a marked decrease in 

2 1 integrin expression, together with loss of expression of the 
estrogen receptor, was found on poorly differentiated breast 
adenocarcinoma cells. Also, in mammary tumor progression, the 
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expression of 2 1 integrin and 3 1 integrin were present in non-
neoplastic and fibroadenomas but were low or absent in invasive 
mammary carcinomas [52, 53].   

The 2 1 integrin has a positive effect on collagen gene  
expression [54, 55].  Culturing a variety of cell types within a three-
dimensional gel of type I collagen stimulates cellular activation of 
MMP-2 [44-46].  It has been demonstrated in ovarian cancer cells 
cultured in collagen gels that a strong pro-MMP-2 activation response 
can be mimicked by clustering of 1 integrin receptor, using 1 
antibodies immobilized on beads and thus implicating 1 intergin in 
this process [54, 55].  However, in contrast, cultivation in three-
dimensional (3-D) collagen suppresses the proliferation of numerous 
cell types. This growth-suppressive signal may be mediated by 
integrins, as integrin 2 1 mediates fibril collagen-induced inhibition 
of cell growth [58], and 3-D collagen induces down-regulation of cell-
matrix adhesion proteins such as FAK, talin, and paxillin, which is 
blocked by integrin 2 1-neutralizing antibody [57]. The molecular 
details of the affinity modulation of 2 1integrin is well understood 
and involve the linkage of the 1 subunit to the cytoskeleton via talin, 
which facilitates an interaction between the  and  subunit 
polypeptides. This then leads to the unfolding of the 2 polypeptide 
and exposure of the 2I domain, the specific region of the complex that 
lead 2 1 integrin interacts with collagen [58]. However, previous 
studies also indicated that Collagen-induced MMP-2 activation occur 
either directly or indirectly through integrin signaling [25, 59]. Recent 
study indicated that inhibition of integrin 1 function and expression 
did not affect 3-D collagen-induced cell surface localization of MT1-
MMP and MMP-2 activation, and strongly suggest that 3-D collagen 
scaffolding provide the direct and multivalent interaction with MT1-
MMP, by which MMP-2 activation occur in abundant cell surface 
MT1-MMP-dependent manner, rather than a manner regulated by 
matrix stiffness and integrin 1 function [60]. In contrast, previous 
studies have indicated that cellular interaction with type I collagen is 
mediated largely through integrin 1 1, 2 1 and 3 1 receptors, 
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cross linking of integrin  1 could activate MMP-2 in ovarian 
carcinoma cells, suggesting direct involvement of integrin signaling in 
MMP-2 activation [25, 59]. The results of the present study, it seems 
apparent that collagen might directly interact with MT1-MMP, leading 
to increased surface expression of MT1-MMP and MMP-2 activation. 
Considering these reports, the involvement of 1 integrin in MMP-2 
activation in response to type I collagen stimulation is still not 
precisely understood. Moreover, MMP-2 is not only important for 
degradation of denatured, then cleaved type I collagen but also has 
direct activity against type I collagen [61]. Because type I collagen is a 
major component of stromal tissue, and both normal and tumor cells 
digest collagen fibrils to grow or to invade connective tissues. Thus, 
type I collagen is recommended for the preferred substrate rather than 
Matrigel in studies investigating cancer invasive behaviors. This study 
focus on investigation of 1 integrin involve in MMP-2 activation in 
response to collagen type I stimulation in breast cancer cells model, to 
better approximate critical interactions and events associated with  
metastasis mechanism. 

Aims and Objectives. 

Aim: To investigate the involvement of  1 Integrin on  
MMP-2  activation mechanism  in response to type  I  
Collagen stimulation in breast cancer cells.

Hypothesis: That 1 integrin is necessary for MMP-2 activation in  
response to type I collagen stimulation in breast cancer 
cells. 

 
Specific Objectives: 

Objective 1:  To investigate that knockdown of 1 intergin  
  expression involves in MMP-2 activational responses  
  to type I collagen stimulation in breast cancer cells. 
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Hypothesis 1: That knockdown of  1 integrin expression reduces 
    MMP-2 activational responses to type I collagen  
    stimulation in breast cancer cells. 
 

Objective 2:   To investigate the mechanism of  abolishment of 1  
     integrin expression specifically reduces Type I  

   collagen-induced MMP-2 activation in breast cancer  
   cells. 

                       
Hypothesis 2: That abolishment of 1 integrin expression specifically  

    reduces Type I collagen-induced MMP-2 activation in  
    breast cancer cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:   Summary diagram of Research objectives and hypotheses 
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CHAPTER 2 
LITERATURE REVIEW 

 
Breast Cancer Biology  
 

Human cancer is a global health burden responsible for one  
in eight deaths worldwide [62]. Breast cancer is the most common 
malignancy with the highest incidence among women in the world. 
Metastasis is the major reason for breast cancer-related deaths [63]. 
Indeed, the term cancer was used to describe the crab-like gross 
appearance of malignant tumors with their tendrils of tumor tissue 
extending into the surrounding host tissue.  Since the time of 
Hippocrates, it has been recognized that malignant tumors invade and 
destroy surrounding tissues and metastasize.  It is know that defects in 
the source of molecules that regulate the cellular proliferation 
machinery are common in tumor cells. Cancer develops through a 
multi-step process in which normal, healthy cells in the body go 
through stages that eventually change them to abnormal cells that 
multiply out of control.  

Breast tissue is particularly sensitive to developing cancer  
for several reasons. The female hormone estrogen stimulates breast cell 
division. This division can increase the risk of making damage to DNA 
permanent. Furthermore, breast cells are not fully matured in girls and 
young women who have not had their first full-term pregnancy. Breast 
cells that are not fully mature bind carcinogens more strongly and are 
not as efficient at repairing DNA damage as mature breast cells [64]. 
Most cancers of the breast initiate in the ductal or lobular tissue and as 
such would be classified as carcinoma or adenocarcinoma. 
Approximately 80% of all diagnosed breast cancers in the United 
States are of the ductal subtype [65]. More rarely, tumors can form in 
the stromal tissue which tumors deriving from the stromal (connective 
tissue) are called sarcomas. The tumors that form can be contained 
entirely within the duct or lobule and are then referred to as being term 
of in situ. A tumor originating in the ductal epithelia would therefore 
be a ductal carcinoma in situ (DCIS). These tumors are not invading 
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into surrounding tissue, however, that is certainly behavior that they 
can evolve. More aggressive tumors can invade into local tissues and 
eventually metastases to distant organ sites. Thus, There are several 
types of breast cancer, the most common is ductal carcinoma, which 
begins in the lining of the milk ducts of the breast. Another type, 
lobular carcinoma, begins in the lobules where breast milk is produced. 
Finally, if malignant tumor invades nearby tissue, it is known as 
infiltrating or invasive cancer. Since, the majority of breast cancer 
deaths are due to metastasis. Breast cancer that is detected prior to 
metastatic spread has considerably better prognosis than cancer that has 
already spread. Thus, if significant impact is to be made on the 
mortality figures for breast cancer, a better understanding of tumor 
progression and the process of metastasis in breast cancer are important. 
 

Tumor Development and Progression 
 
Normal cells in the body communicate with each other and  

regulate each other's proliferation. Cancer occurs when, for unknown 
reasons, cells become abnormal and divide without control or order 
[66]. All parts of the body are made up of cells that normally divide to 
produce more cells only when the body needs them. When cancer 
occurs, cells escape the normal controls on their growth and keep 
dividing even when new cells are not needed. This escape from control 
can happen through a variety of pathways.  

Tumors can develop in different stages, these stages may or  
may not eventually lead to invasive and metastatic cancer. In most 
cases it takes many years for cancer to develop. Early detection of any 
tumor is important because it increases the chances of removing the 
cancer before it becomes life-threatening. Tumor development can be 
viewed as an evolutionary process where cells are constantly subjected 
to mutations. Eventually, altered genes and uncontrolled growth may 
produce a tumor that can be benign or malignant. Malignant tumor, 
further damage can lead to cells that break away from the primary 
tumor and form cancers at other sites in the body, known as the term of 
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metastasis. The three stages in cancer formation are initiation, 
promotion, and latency; they are as follow (Figure 2):  
 

1. Initiation  stage 
The current predominant view of cancer is that of a disease 

involving irreversible genomic change. This genomic changes 
encompassing single mutations in specific genes, or alteration, 
amplification, or loss of large regions of the genome [67]. Genetically 
altered cells or Mutations in DNA, is defined as a change in the genetic 
code, which can happen by subtracting from, adding to, or rearranging 
the original code [63]. Mutations can happen randomly within the cell's 
DNA, but they can also be induced. Mutations in a gene may interfere 
with its ability to make a functional signal, or cause it to code for a 
protein that sends an incorrect signal to the cell. Most mutations are 
repaired by the cell, but in rare cases mutations do not get repaired. If a 
mutation is not repaired before a cell copies its DNA and divides into 
two cells, then the mutation is passed on to the two new daughter cells 
and becomes permanent. Mutations in most of a cell's DNA have no 
effect on whether the cell will become cancerous. However, the protein 
signals coded by a very small proportion of the total genes in each cell 
regulate cell growth and division. These regulatory genes include the 
two groups of genes called proto-oncogenes and tumor suppressor 
genes. In the past 25 years, a majority of cancer studies have focused 
on examining functional consequences of activating and/or inactivating 
mutations in critical genes implicated in cell cycle control. These 
studies have taught us a great deal about the functions of oncogenes 
and tumor suppressor genes and the signaling pathways regulating cell 
proliferation and/or cell death [68]. A series of mutations in the DNA 
of either and/or both groups of these growth controlling genes can 
eventually lead to cancer. This leads to more cells with the same 
mistake, and begin tumor development that may be take in several 
years. However, such studies have largely ignored the fact that cancers 
are heterogeneous cellular entities whose growth is dependent upon 
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reciprocal interactions between genetically altered initiated cells and 
the dynamic microenvironment in which they live [68]. 

 
2. Promotion stage 

The initiation stage is overcome of the genomic alterations  
, which emerge of the initial cancer cells. This genomic alterations are 
irreversible and persists in otherwise normal tissue indefinitely until 
nonspecific stimulation occurs, typically following exposure of 
initiated cells to chemical irritants, such as phorbol esters, or from 
exposure to factors released at sites of chronic inflammation [70, 71]. 
Thus, during the promotion stage, the preneoplastic cell is stimulated to 
divide or is given preferential selection. A promoter is an agent that by 
itself does not cause cancer, but once the initiating carcinogenic event 
has occurred, it promotes or stimulates the cell containing the original 
damage [68].

 
Environmental and host factors have roles in cancer 

promotion, such as viral infection and chemical exposure. The National 
Toxicology Program lists 148 chemical agents and groups known to be 
carcinogenic in humans, including asbestos, benzene, vinyl chloride, 
nickel, soots, tars, formaldehyde, DDT, saccharin, and urethane [72].  
In fact, Virchow hypothesized that cancer originates at sites of chronic 
inflammation, in part based on his hypothesis that some classes of 
irritants (promoters) enhance cell proliferation largely because of the 
tissue injury and ensuing inflammation that they cause. When tissues 
are wounded or exposed to a chemical irritant, damaged cells are 
removed by induction of cell death pathways, while cell proliferation is 
enhanced to facilitate tissue regeneration or wound healing, thus 
maintaining homeostasis [73]. Proliferation and inflammation subside 
after the insulting agent is removed or the repair completed. By 
contrast, sustained proliferation of initiated cells in environments rich 
in inflammatory cells, growth/survival factors, activated stroma, and 
DNA damage–promoting agents potentiates and/or promotes neoplastic 
risk [71]. 
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3. Latency stage 
Cancer is developed, in which initial damage leads to a 

preneoplastic stage, followed by selection and proliferation of the 
neoplastic cell [68].

  
During latency, the transformed cell produces a 

number of different phenotypic clones through continued genetic 
diversity, although not all clones will be neoplastic [67-69].

 
 

Hyperplasia is called when cells look normal but grow too much, and 
further damage can lead to dysplasia. Dysplasia is namely when cells 
proliferate too much and look abnormal in shape and orientation. Cells 
are less responsive to surrounding cells and the body's signals to stop 
proliferating. Further damage and/or cell changes can lead to "in situ" 
cancer. Atypia is a general term describing cells look abnormal and 
how cells look, for example, one cell can appear atypical, but a group 
of cells display dysplasia. Several types of pre-malignant lesions, such 
as dysplasia and hyperplasia, can be detected in diverse organs prior to 
the appearance of fully malignant invasive tumors.  

Tumor progression continues as additional mutations occur  
within cells of the tumor population. Some of these mutations confer a 
selective advantage to the cell, such as more rapid growth, and the 
descendants of a cell bearing such a mutation will consequently 
become dominant within the tumor population. The process is called 
clonal selection since a new clone of tumor cells has evolved on the 
basis of its increased growth rate or other properties. These properties 
are survival, invasion, or metastasis that confer a selective advantage. 
However, the pre-malignant lesions are caused either by genetic 
alterations which induce monoclonal expansion of the cells, or by 
environment factors, such as viral infection, which induce polyclonal 
expansion of the cells. Then, clonal selection continues throughout 
tumor development, so tumors continuously become more rapid-
growing and increasingly malignant. Thus, it is defined tumor in three 
types as follow: 
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3.1 Benign tumor  
Although cells are not normal, they do not have the  

ability to  travel to other parts of the body. Cells in benign tumors are 
typically more differentiated (mature) and organized than cells in 
cancerous tumors. Chromosomal and enzymatic analyses indicate that 
all of the cancer cells of a tumor and its   metastases are derivatives or 
clones of a single cell. The development of tumors from single cells 
that begin to proliferate abnormally. The original progenitor cell that 
gives rise to a tumor has initially acquired all of the characteristics of a 
cancer cell. In some cases a benign tumor may eventually become an 
invasive or metastatic tumor.  

3.2 In situ carcinoma (cancer) 
Cells become even more abnormal in growth and  

appearance but the tumor cells have not broken through the boundary 
around the tumor that separates it from surrounding tissues. This 
boundary is like a capsule that contains the tumor. Subsequently, 
accumulation of genetic alteration occur in one of the pre-malignant 
cells, and the cells convert into malignant ones of clonal origin and 
produce a primary tumor. However, at the early stage of primary tumor 
expansion, the cells are not invasive and metastatic [71]. Cells may 
acquire additional damage and/or changes which can lead to invasive 
cancer. Invasive cancer, the uncontrolled growth of cells in the tumor 
allow some cells to break through the capsule-like boundary and 
invade nearby tissues. Generally, invasive tumors are life-threatening if 
the cancer cells are present within a vital organ like the kidneys, lungs, 
or liver. Invasive tumors in non-vital organs like the breasts are not 
necessarily life-threatening unless they become malignant and migrate 
to a vital organ. Therefore, early detection of any tumor is important 
because it increases the chances of removing the cancer before it 
becomes life-threatening.  

3.3  Metastatic cancer  
Cells from the malignant primary tumor gain the  

ability to reestablish somewhere else in the body where they form new 
cancerous tumors. Malignant, cells from the invasive (primary) tumor 
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gain the ability to enter the blood stream or lymphatic system and to 
travel to distant areas in the body; form new secondary tumors are 
called metastases. Then, new clones with invasiveness and metastatic 
ability appear as a result of further accumulation of genetic alteration in 
the cells. Thus, fully malignant cells are invasive and metastatic; 
however, only a restricted fraction of the cells in primary tumor are 
considered to be highly metastatic. Namely, cells in a primary tumor 
are phenotypically and biologically heterogenous, and such a 
heterogeneity is caused but the difference in the genes altered in each 
cancer cell. Therefore, highly metastatic cells often acquire alterations 
in more genes than non-metastatic cells, and various genes are 
differentially expressed between metastatic and non-metastatic cells. 
Such cells selectively produce a metastatic tumor in a distant organ; 
thus, cells in the metastatic tumor are considered it carry all the genetic 
alterations necessary to maintain malignant phenotypes of cancer cells, 
including invasiveness and metastatic ability [71, 72]. 
 
 Tumor invasion and metastasis mechanism 
 
  Invasion into neighboring tissue and ectopic survival are 
required for cancer progression and are a requirement to form 
metastasis [69, 74]. It is known that the movement of neoplastic cells is 
not a random process. However, the mechanisms controlling the 
neoplastic cells movement, survival in foreign tissue environments, and 
choice of residence at a final destination are not clear. Tumor invasion 
can be defined as the active migration of neoplastic cells out of their 
tissue of origin and into adjacent tissues of different types.  The 
invading tumor cells, therefore, end up in a tissue where they do not 
belong.  Metastasis is the process whereby cancer cells spread 
throughout the body, establishing new colonies in organs at a distance 
from the one where the primary tumor originated [74]. There are three 
major routes for tumor dissemination: lymphatic vessels, blood vessels, 
and serosal surfaces. Tumor metastases occurring via these three routes 
are referred to as lymphatic, hematogenous, and transcoelomic, 
respectively. A tumor cell that initiates a  metastatic colony  has  ability  
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including, detach from the primary mass, invade the local host tissue 
stroma, penetrate local lymphatic and blood vessels, survive within the 
circulation, become arrested in capillaries or venules of other organs 
penetrate the corresponding parenchyma, adapt to the newly colonized 
milieu or subvert the local microenvironment to suit its own needs, and 
divide to form the new tumor (Figure 3) [74]. The mammalian 
organism is composed of a number of tissue compartments separated 
from each other by two types of ECM: basement membrane and 
interstitial stoma [75]. During the process of invasion, tumor cells must 
traverse these matrix barriers as they cross tissue boundaries.  During 
the transition to invasive carcinoma, tumor cells penetrate the epithelial  
basement membrane and enter the underlying interstitial stoma [76].  
After traversing the stoma, tumor cells gain access to lymphatics and 
blood vessels. For future dissemination through the wall of a capillary 
or venule the tumor cells must penetrate the sub-endothelial basement 
membrane.  In the target organ where metastases are initiated, tumor 
cells  that   have  extravasated  must  migrate  through  the  perivascular 

Figure 2: Model of tumor development and progression [69] 
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interstitial stoma before tumor colony growth occurs in the organ 
parenchyma.  By penetrating this second basement membrane barrier 
and the layer of endothelial cells that form the vessel’s inner lining, the 
cancer cell gains access to the blood stream and is carried elsewhere in 
the body.  Thus, the metastatic cascade commences with the 
dislodgment of cells from the primary tumor mass and terminates in 
the establishment of tumors at secondary sites.  As this suggests, 
metastasis is referred to as the spread of cancer to distant sites in the 
body.  Therefore the process of cancer metastasis consists of a series of 
sequential interrelated steps.  The outcome of the process is dependent 
on both the intrinsic properties of the tumor cells and the responses of 
the host.  However, in principle, the steps or events in the pathogenesis 
of a metastasis are similar in all tumors.  Because tumor cell 
penetration of extracellular matrix occurs at multiple stages in the 
metastatic cascade, many investigators are studying the interaction of 

Figure 3: Principal steps in metastasis [74] 
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tumor cells with matrix in order to gain some insight into the 
mechanism of tumor invasion and metastasis.   
 
Extracellular Matrix: ECM  
 
  The extracellular matrix (ECM) is a complex meshwork of 
glycoproteins and proteoglycans that determines architecture and 
conditions many biological activities. Components of the extracellular 
matrix provide a large variety of specific signals which directly 
influence cell growth, migration, morphology, proliferation, 
differentiation, and biosynthetic activities [77].  It has become the 
extracellular matrix is a complex meshwork which consists of collagen, 
glycoproteins, proteoglycans and glycosaminoglycans [77, 78].  It is a 
highly organized fibrillar meshwork, which serves as substratum for 
cell adhesion and migration.  ECM also exists as a three-dimensional 
supporting scaffold that isolates tissue compartments, mediates cell 
attachment, and determines tissue architecture.  All types of ECM such 
as basement membranes, interstitial stoma, bone and cartilage differ 
from each other in the amount and type of matrix components.  Each 
type of matrix is composed of characteristic types of generally distinct 
collagen.  For example, type IV collagen is found only in basement 
membrane, type II collagen is present mainly in cartilage, and type I 
collagen is present in both stroma and bone.  Two structural and 
functionally distinct ECM categories are specialized ECMs of 
interstitial connective tissues and basement membranes. 

 
Extracellular Matrix and Cancer Progression 

 
The function of normal organs is determined by reciprocal  

communication between cells in an epithelial layer and their 
surrounding stroma, and the same organizational principles apply to 
cancer [79]. The progression from a hyperproliferative state to 
malignancy can be characterized by increasingly abnormal 
communications between all cell types comprising the tumor mass. In 
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addition, the tumor can modify the extracellular matrix in the following 
three ways [10, 80]. 

 1. Degradation of matrix components associated with 
invasion: Matrix degradation in a malignant tumor is probably 
restricted to localized regions where active invasion is taking place.  
Frank loss or marked disorganization of basement membrane is a 
general finding during the transition from benign to malignant 
epithelial neoplasm. 
  2.  Increased production of matrix components by host cells 
in response to the presence of the tumor.  “ Desmoplasia “ is the term 
applied to the phenomenon of excessive accumulation of connective 
tissue associated especially with breast, bowel, and prostate cancers. 

3. Tumor cell synthesis of matrix components.  Matrix  
components synthesized by a tumor cell are generally of the same type 
produced by the normal cell counterpart.  The  actual amount of matrix 
produced by the tumor cells is frequently much less than the normal 
counterpart.   

The three-dimensional ECM surrounding cells contains a  
mixture of fibrillar proteins, glycoproteins, proteoglycans, cytokines, 
and growth factors [81]. Composition of ECM varies considerably both 
between and within different tissues, and ECM changes temporally as 
an adaptation to varying signals during normal developmental 
processes and during pathological processes such as those that occur in 
cancer. The ECM of most tissues contains various types of fibrillar and 
nonfibrillar collagens, noncollagenous glycoproteins, and 
proteoglycans. However, collagens are the most important  components 
of ECM and play an important role in cell adhesion, movement, 
differentiation, proliferation, and metastasis of tumor cells.

Collagens 
 
  Collagen is a structural protein found in abundance in extra-
cellular matrices of connective tissues [77, 82]. Collagen molecular 
structure was first demonstrated by Ramchandran and Kartha and is 
still under investigation. Collagens are a heterogenous family of 
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proteins that form a major component of interstitial ECM in all tissues 
[83].  Twenty-eight different types of collagen composed of at least 46 
distinct polypeptide chains have been identified in vertebrates, and 
many other proteins contain collagenous [84].  Collagen is a structural 
protein that gives tensile strength to bone, tendons, and various other 
tissues. It has a unique amino acid composition containing one-third 
glycine and rest is primarily praline and/or hydroxyproline or any other 
amino acid residue. This structure makes the collagen a molecule with 
high mechanical strength. Hydrogen bonds between glycine of one 
chain and proline of the other chain and water mediated bonds stabilize 
the triple helix. The molecular unit of collagen is made up of three 
polypeptide strands, each of which is a left-handed helix. These three 
left-handed helices are twisted together into a right-handed coiled coil, 
called as a triple helix [83]. It is noteworthy that, although the three 
polypeptide chains in the triple helix of each collagen type can be 
identical, heterotrimeric triple helices are more prevalent than are 
homotrimeric triple helices. 

Collagen is synthesized intra-cellularly as a precursor  
procollagen molecule. The procollagen molecule by virtue of its 
globular N-terminal and C-terminal  propeptide extensions confers 
solubility under physiological conditions and prevents aggregation and 
fibril formation inside the cell. Therefore there has to be controlled 
cleavage of the propeptides to initiate fibril formation in extracellular 
matrix. After secretion into the extracellular space these propeptides 
are then systematically cleaved to trigger fibril formation. [84] 
Collagen are composed of three -chain polypeptides, each containing 
considerable stretches of repeating Gly-X-Y tripeptide sequence 
necessary for triple-helix formation.  The X- and Y residues are, in 
most cases, proline and hydroxyproline, respectively [84-86].  Collagen 

-chain synthesis follows the same general pathway as other secretory 
proteins.  Common for all collagens are stretches of triple-helical 
domains where the - chains are wound around each other in a coiled-
coil conformation.[86]  However, the peptide chains are extensively 
modified prior to secretion by the hydroxylation of proline and lysine 
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residues, glycosylation, chain association and addition of complex 
carbohydrate or glycosaminoglycan chains.   

 
Fibrillar collagens 

 
  Fibrillar collagens, the fibril forming collagens, form a 
rather homogenous group consisting of collagens type I, II, III, V and 
XI [77, 78], structurally characterized by the feature that almost the 
entire molecule consists of one single collagenous domain.  By 
intermolecular interactions, these collagens form fibers and fiber 
bundles that are the main providers of mechanical support and 
resistance in the ECM.  Thus, fibrillar collagens are the most important 
molecules in conferring mechanical strength.  The fibrillar collagens 
contain a single long, unbroken triple-helix domain and assemble into 
ordered polymers called fibrils.  They are synthesized and secreted as 
procolllagens which are released into folds and furrows of the 
plasmalemma, which acts as molds that arrange the forming fibrils in 
the proper direction. The alignment of the collagen fibrils and fiber 
bundles is determined by the cells that synthesized them. Fibril 
diameters can range from 20 to 500 nm and the fibrils themselves can 
organize into diverse patterns including bundles, weaves, and layers. 
Procollagens have N- and C- terminal pro-peptides that are cleaved off 
after secretion into the extracellular space, resulting in helical rod-like 
molecules ending with short non-collagenous telopeptides [86].  
Finally, they are processed to mature collagen by collagen monomers 
assembled into fibrils with a longitudinal head-to-tail association, 
followed by a quarter-staggered lateral aggregation. Collagens are 
classified into several subfamilies according to their molecular and 
supramolecular shapes [87]. The triple-helical molecules corresponding 
to collagen types I, II, III, V and XI self-associate to form cross-striated 
fibrils with a typical axial periodicity of 67 nm. The network-forming 
collagens contain types IV, VIII and X. Among these, collagen type IV 
forms basement membranes with other non-collagenous components, 
such as laminin, entactin and perlecan. Other collagen types are 
classified as fibril-associated collagens with interrupted triple helices, 
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transmembrane collagens and others. There are two major tissue-
specific collagen fibrils: the collagen type II-containing fibrils, typical 
of cartilage, and collagen type I-containing fibrils present in most other 
interstitial connective tissues [82, 83].  Among the collagen types, even 
among whole mammalian proteins, collagen type I is the most 
ubiquitous and abundant [88]. 
  

Type I  Collagen  
 
  Type I collagen is the major component of collagen fibrils 
in a variety of tissues including bone, skin, tendon and other fibrous 
tissues.  Collagen type I consists of two 1 (I) chains and one 2 (I) 
chain, encoded by two different genes.  In concert with other collagens 
and proteoglycans, collagen type I gives a variety of tissues their 
optimal functional structure.  Apart from providing tissues tensile 
strength and integrity, collagen type I also induces specific signals 
upon cell attachment, vital for cellular functions including survival, 
migration and proliferation.  Although, it is a major component of most 
connective tissues, collagen type I is synthesized only by a subset of 
cell types such as fibroblasts in the loose connective tissues, and in 
bone and dentin matrices by osteoblasts and odontoblasts respectively 
[89]. Although type I collagen is the most abundant collagen in skin, 
bone, and other tissues and organs, no type I collagen molecule and/or 
fragments have been demonstrated to have suppressive efficacy on 
malignant phenotypes of a tumor. However, variations in the 
production of type I collagen by tumors have been reported in the 
relationship with tumor progression, and transformed cells generally 
synthesize less collagen than their counterparts [85, 86]. The 
differential expression between hepatocellular carcinomas and normal 
liver was revealed, and type I collagen was down-regulated in 
hepatocellular carcinomas [90]. Type I collagen was observed to 
increase the proliferation and long-term survival of pancreatic cancer 
cells [91]. In a neuroblastoma, type I collagen biosynthesis is a helpful 
marker for studying specific patterns of transdifferentiation associated 
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with the loss of malignant potential [92]. In addition, type I collagen 
was able to inhibit growth and malignant transformation in human 
glioma cells [93], and also suppressed the motility and invasion of the 
glioma cell growth in vitro and in vivo [94].  

Collagen triple helices show many important and specific  
biological functions, and many of these are initiated by specific 
interaction of collagen-binding molecules with epitopes displayed on 
the collagen triple helices [88]. Adhesion to type I collagen can affect 
cell morphology, differentiation, and cell cycle progression, depending 
on its structure. When polymerized into fibrils, as it is mostly found in 
vivo, type I collagen inhibits growth of a number of cell types 
including smooth muscle cells, melanoma cells [89], and hepatocytes 
[90], whereas adhesion to monomeric collagen stimulates cell cycle 
progression under similar culture conditions [88]. Unlike loss of 
adhesion, however, which blocks cell cycle progression and also 
induces apoptosis, adhesion to collagen gels promotes survival and 
increased differentiated function [95]. In addition, the triple helix of 
human collagen type I with a length of 300 nm contains binding sites 
for over 50 other molecules [86, 87].  The collagen-binding molecules 
include membrane-anchored receptors, secreted soluble factors and 
other ECM components, including themselves. Collagen triple helices 
can directly function as signalling ligands through specific activation of 
collagen receptors, generate vital cellular functions including migration 
and proliferation. Moreover, collagen is continually synthesized and 
degraded in the extracellular matrix. Collagen degradation is a normal 
part of collagen homeostasis; however excessive collagenolysis has 
been implicated in a number of human diseases such as arthritis, 
cancer, and atherosclerosis. 
 

Collagen Degradation 
 
Collagen degradation is a normal part of collagen 

homeostasis, proteolytic degradation of collagen is important in 
physiological processes like tissue remodeling, morphogenesis and 
angiogenesis. It also plays a vital role in induction and perpetuation of 
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pathological states like disuse atrophy, metastasis and cartilage 
degeneration. The fundamental importance of type I collagen can be 
inferred by its presence in almost all human tissues and by the 
nonviability of embryos deficient in this extracellular matrix (ECM) 
protein [96]. Type I collagen exerts its roles, as a load-bearing structure 
and regulator of cell function, only after it has polymerized into fibrils. 
However, this assembly process proceeds after proteolytic removal of 
the globular termini of the secreted procollagen molecules. Because 
type I collagen is a major component of stromal tissue, and both 
normal and tumor cells digest collagen fibrils to grow or to invade 
connective tissues. 

Collagen is generally resistant to most proteinases, 
however, it is susceptible to cleavage via bacterial collagenase 
(Clostridium histolyticum) and members of Matrix Metalloproteinase 
(MMP) family [97].  Matrix metalloproteinases (MMP) are implicated 
in the tissue remodeling processes associated to the growth and 
development and in several pathological conditions such as 
osteoarthritis and tumor invasion and metastasis [7, 8]. MMPs are zinc-
dependent proteinases which degrade most of the extra-cellular 
proteins in humans. The latter group includes collagenases (MMP-1, 
MMP-8, MMP-13 and MMP-18), MMP-2 (gelatinase A) [97, 98] and 
membrane-type 1-MMP (MMP-14) [99]. These MMPs cleave the three 
a chains of native triplehelical type I, II and III collagens after Gly in a 
particular sequence, at a specific peptide bond between Gly775 and the 
residue in position 776, leading to the formation of 1 4 and 3 4 
fragments [100].  Thus two fragments, a larger N-Terminal three-
quarters fragment and a smaller C-terminal one-quarter fragment, are 
formed. They then get unfolded and are degraded further by gelatinases 
[100]. In recent study supports this indication, their observations 
suggest that the C-terminal telopeptide must be proteolyzed before 
collagenase can gain access to the cleavage site. Collagenase then 
binds to the substrates at interaction domain, which facilitates the 
triplehelix unwinding/dissociation function of the enzyme before 
collagenolysis [101. Moreover, MMP action on collagen proceeds by a 
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ratchet mechanism whereby the enzyme moves along collagen fibrils in 
steps, alternately binding to and cleaving the available monomers 
(Figure 4)[102]. A present study explains the mechanism of breakdown 
of collagen by collagenase, typically taken as MMP-1. According to 
this study, MMP-1 is proposed to first bind to, and then locally 
unwind, the triple helix so that each peptide may fit into the active site 
binding groove, before hydrolyzing the peptide bonds of each chain in 
succession (Figure 5) [103]. 

MMP2 is one type of MMPs that important for degradation  
of denatured, cleaved, type I collagen but also has direct activity 
against type I collagen [61, 97]. In parallel, type I collagen is also 
activates MMP-2, it was postulated that culturing a variety of cell types 
within a three-dimensional gel of type I collagen stimulates cellular 
activation of MMP-2 [44-46].  Previous studies also indicated that 
Collagen-induced MMP-2 activation occur either directly or indirectly 
through integrin signaling [25, 59]. Interestingly, MMP2 had higher 
activity against mutant type I collagen than normal type I collagen at 
physiological temperatures, whereas the opposite was true for the 
classic collagenolytic MMPs. MMP2 unfolds type I collagen by a 
mechanism distinct from the classic collagenases [61], and might, 
therefore, be more efficient at degrading mutant type I collagen with 
slight conformational changes. Recently, it is suggesting that MMP2 
activity is absolutely required for degradation of mutant type I collagen 
in vivo. Moreover, MMP2 was also able to degrade both wildtype and 
mutant type I collagen in vitro, that may be due to direct biochemical 
interactions between the MMP2 enzyme and one of its substrates, type 
I collagen [104]. Therefore, recently, MMPs represent the most 
prominent family of proteinases associated with ECM proteolysis 
mediates tissue homeostasis and tumorigenesis. 
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 Collagen gel contraction 
 
  Remodeling of the ECM plays a critical role in the 
reorganization of connective tissue under both normal and 
pathophysiological condition such as tissue morphogenesis and growth, 
angiogenesis, wound healing arthritis and tumor invasion [105, 106].  
Collagen gel contraction is a process of reorganizing the collagen 
fibrils and contraction of the gel. It is used as an in vitro model of cell-
mediated tissue remodeling, including wound contraction and 
maintenance of tissue homeostasis [107].  Two major experimental 
setups are used when studying collagen gel contraction, namely 
contraction of a relaxed or free-floating gel which has been released 
from the culture dish, and contraction of a stressed gel that is still 
attached.  When cells are cultured in the attached gel, they generate a 
mechanical load and develop an isometric tension, resulting in 
flattened cell morphology and prominent actin stress fibres [108].  In 
contrast, cells grown in relaxed matrices become quiescent and take on 
a dendritic morphology [109, 110]. Several studies have demonstrated 
a role for 1 integrin, in particular 1 1 and 2 1 integrin, in 
mediating collagen gel contraction by fibroblast and osteoblastic cells 
[111-113].   

Figure 4: Burnt bridges mechanism 
               of  MMP-1 transport on a 
               collagen fibril[102] 

Figure 5: Steps involved in  
                Collagenolysis [103] 
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  There are some indications that MMPs involve in collagen 
gel contraction process. Culturing human fibroblast cells embedded 
into three-dimensional collagen gels, induced MMP-2 activation and 
eventually to contracted collagen lattices [111]. Previously study 
demonstrated the functional role of MT1-MMP in collagen gel 
contraction. Tumor cells that lacked MT1-MMP expression were 
unable to activated MMP-2 activation and contracted collagen gel 
lattices. In contrast, only tumor cells which were capable of both 
sufficient synthesis and activation of MMP-2 successfully reorganized 
and contract collagen lattices. These data indicated the significance of 
MMP-2 activation in cell induced collagen gel contraction which up-
regulated MT1-MMP activity [114]. 

 
Matrix Metalloproteinase enzymes (MMPs) 

 
Matrix metalloprotienases (MMPs) are a major group of  

enzymes that regulate cell-matrix composition.  MMPs are a family of 
zinc-dependent endopeptidases first described by Gross and Lapiere, in 
1962 [7, 8]. Nowadays, over 25 enzymes of the MMPs family were 
recognized that cleave the various components of the ECM [8, 13, 37].  
The general structural blueprint of MMPs shows three domains that are 
common to almost all MMPs, the pro-peptide, the catalytic domain, 
and  the hemopexin-like C-terminal domain that is linked to the 
catalytic domain via a flexible hinge region [37, 115]. All MMPs have 
the “minimal domain” in common, which contains three principal 
regions: an amino-terminal signal sequence (Pre) to be cleaved by the 
signal peptidase during entry into the endoplasmic reticulum, a pro-
domain (Pro) containing a thiol-group (-SH) and a furin cleavage site, 
and the catalytic domain with a zinc-binding site (Zn2+). Interaction of 
the -SH group of the pro-domain with the zinc ion of the catalytic 
domain keeps the enzyme as an inactive zymogen. Activation of the 
zymogen is often mediated by intracellular furin-like proteinases that 
target the furin recognition motif (Fu) between the pro-domain and the 
catalytic domain. In addition to the minimal domain, most MMPs 
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possess a hemopexin-like region, a domain composed of four repeats 
that resemble hemopexin and contain a disulfide bond (S-S) between 
the first and the last subdomain, which is linked to the catalytic domain 
via a flexible hinge region (Figure 6) [115].  
 
 
 
 
 
 
 
 
 
 
 
 
 

Structural diversity of MMPs 
  

 The MMPs have been classified in to six subgroups based 
on their putative substrate specificity and internal homologies.  
However, analysis of the structural design of these enzymes has led to 
a new classification system based on MMP structures rather than on 
their substrate specificities (Figure 7) [116]. Most of them are 
organized around a conserved catalytic domain which incorporates a 
propeptide necessary to maintain enzyme latency, a signal peptide 
which directs their secretion from the cell, and a C-terminal hemopexin 
domain which contributes to substrate specificity and to interactions 
with endogenous inhibitors [117]. This archetypal MMP design is 
present in the subgroup of secreted proteases composed of the three 
human collagenases (MMP-1, MMP-8, and MMP-13), the two 
stromelysins (MMP-3 and MMP-10), and four additional MMPs with 
unique structural characteristics (MMP-12, MMP-19, MMP-20, and 
MMP-27). Besides the archetypal conformation, the two matrilysins 

Figure 6: MMP Composition: Minimal domain structure [115].
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(MMP-7 and MMP-26) lack the hemopexin domain [118].  Two 
gelatinases, MMP-2 and MMP-9 are named for their selective ability to 
cleave gelatin and also type IV collagen.  The special feature of the 
gelatinases is the three repeats homologous to the type II module of 
fibronectin in the catalytic domain, which has been show to be 
involved in binding to denatured collagen or gelatin and type III 
collagen [120, 121]. It is important to mention the tissue inhibitors of 
metalloproteinases (TIMP) family, which presently includes four 
proteins, TIMP-1, -2, -3, and –4 [160, 161].  Binding of all TIMPs to 
the catalytic domain result in efficient inhibition of enzymatic activity 
of almost all MMPs [122, 123]. In addition to these secreted MMPs, 
there are six membrane-type (MT)-MMPs localized at the cell surface 
through a C-terminal transmembrane domain (MT1-, MT2-, MT3- and 
MT5-MMP) or by a glycosylphosphatidylinositol anchor (MT4- and 
MT6-MMP) [119]. The MT-MMPs also have an additional insertion of 
basic residues between the propeptide and the catalytic domain.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 7: Structural classification of human MMPs based on  
                 their domain organization[116]  
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Regulation of MMP activity 
 

The complexity of the tumor microenvironment allows for a 
variety of regulatory cascades that determine the functions of the 
diverse MMPs expressed. MMPs are regulated in many levels although 
it is not fully understood how MMPs act in the processes of 
development, homeostasis and diseases. They are tightly regulated 
transcriptionally and on the posttranslational level. MMPs are secreted 
as inactive proMMPs. Their activity is controlled at the protein level by 
their activators, inhibitors and through their cell surface localization. 
Recently, it is well recognized that proteolytic activity of MMPs can be 
regulated at different levels as follow [115, 116]. 
 

1. Transcriptional regulation 
MMPs are highly regulated proteins, and the first level  

of regulation is transcriptional regulation. The basal gene-expression 
level and mRNA stability can be rapidly changed when remodeling of 
the extracellular matrix is required. This change can be achieved by 
change of extracellular matrix components or by growth factors or 
cytokines [7, 8, 12, 13]. Not all MMPs contain well-defined 
transcriptional elements; one of these MMPs is MMP-2. Formerly, it 
was thought that MMP-2 could only be post-transcriptionally 
regulated, nowadays a number of well-known transcriptional elements 
have been identified in the MMP-2 promoter [124, 126]. Structural and 
functional analysis of the promoter regions from a number of MMP 
genes has provided a better understanding of the mechanisms that 
regulate their expression. These studies have revealed the existence of 
an AP-1 binding site in the promoter of most MMP genes. Likewise, 
the PEA3 site which binds the ETS family of oncoproteins, is also 
present in many MMP gene promoters. It has been demonstrated that 
the ETS and AP-1 binding sites cooperate to enhance transcription, 
although the presence of other upstream elements such as NF- B or 
Cbfa1 binding sites is also necessary to precisely regulate MMP gene 
expression and tissue specificity [115, 124]. 
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2. Proenzyme activation 
MMPs, like most proteolytic enzymes, are synthesized  

as inactive zymogens. The second essential form of regulation of 
MMPs is activation of latent MMPs. All MMPs are secreted as inactive 
zymogens and are activated by cleavage of the N-terminal pro-domain 
[37, 124]. Most MMPs are activated by tissue or plasma serine 
proteases, like plasmin. The propeptide sequence is cleaved at basic 
amino acid motifs and subsequently autocatalytical activation of the 
MMPs is induced. Once activated, MMP-2, -3, -7, -9, and -12 may 
launch a negative feedback signal, for example, by degrading 
plasminogen and thus interfering with plasminogen conversion to 
active plasmin [115]. Exceptions for this activation cascades are the 
membrane-type MMPs (MT-MMPs) and proMMP-2. MT-MMPs are 
activated intracellular before transport to the cell surface, resulting in 
an active membrane protein. ProMMP-2 however lacks a basic amino 
acid motif and can therefore not be activated by serine proteases [8, 12, 
13, 15]. Three mechanisms for proMMP-2 activation have been 
described at this moment; autocatalytical activation, TIMP-2 dependent 
activation and cell-surface associated urokinase-type plasminogen 
activator (uPA)/plasmin system dependent activation [31–36]. The 
mechanisms differ substantially, but have a characteristic phenomenon. 
That is, all three mechanisms of activation involve processing of 
proMMP-2 to an intermediate form and the intermediate form is then 
further processed to the active MMP-2. However, mechanisms by 
which proMMP-2 can be activated are still under investigation, 
resulting in the elucidation of other mechanisms for proMMP-2 
activation. Examples hereof are proMMP-2 activation by thrombin in a 
MT1-MMP dependent manner [127] and activation of proMMP-2 by 
MT2-MMP in a TIMP-2 independent manner [128]. The complexity of 
the different activation mechanisms indicates however, that there is a 
complicated network regulating extracellular matrix degradation.  
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3. Inhibition of MMPs 

   A third form of regulation of MMPs described so far 
occurs via natural endogenous inhibitors of MMPs. Several natural 
inhibitors of MMPs exist, 2-macroglobulin, which mainly blocks 
MMP activity in plasma and tissue fluids, whereas the most common 
inhibitors TIMPs (tissue inhibitors of metalloproteinases) are more 
specific. TIMPs are a group of endogenous proteins capable of 
inhibiting MMPs. Four TIMPs have been identified in vertebrates 
include TIMP-1, TIMP-2 and TIMP-4, that share a conserved structure 
divided into an N- and a C-terminal domain and containing three 
conserved disulfide bonds [30, 31]. In general, binding of TIMPs to the 
active site of the MMPs results in an efficient reversible inhibition of 
enzymatic activity, but TIMPs do differ in their ability to inhibit the 
various MMPs. Also the tissue distribution of TIMPs is very diverse 
[106, 107]. The inhibitory activities of TIMPs suggest that the net 
balance between MMPs and TIMPs is a major determinant of the 
proteolytic potential of tumours. However, several studies have shown 
that TIMP levels are also increased during tumour progression and may 
exhibit growth promoting activities on a number of cell types, 
indicating that their role in cancer progression is much more complex 
than that derived from MMP inhibitory function [8, 30, 39].   
 
  4. Compartmentalization of MMPs 

The localization or compartmentalization of MMPs  
under physiological conditions often dictates their biological function. 
MMPs are secreted and anchored to the cell membrane, thereby 
targeting their catalytic activity to specific substrates within the 
pericellular space. Specific cell-MMP interactions have been reported. 
Several MMPs interact with surface receptors such as integrins or 
localize to specific areas of the ECM, which potentiates MMP activity 
by increasing their local concentration and also may interfere with 
accessibility to endogenous inhibitors [12-15]. The binding of MMP-2 
to integrin v 3 via its hemopexin domain is crucial for mesenchymal 
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cell invasive activity [35]. Moreover, several studies indicate binding 
of gelatinase B to CD44, and binding of matrilysin to surface 
proteoglycans [124]. Progelatinase A also interacts with tissue inhibitor 
of metalloproteinases TIMP-2 and MT1-MMP on the cell surface, and 
this trimeric complex is essential for activation of this gelatinase [14, 
15]. It is likely that other MMPs are also attached to cells via specific 
interaction to membrane proteins, and determining these anchors will 
lead to identifying activation mechanisms and pericellular substrates. 
   However, the second of third controls seem to be important 
primarily for fine tuning the rate of MMP activity since the major level 
of regulation is at synthesis.  Thus, MMPs are as a rule synthesize only 
upon demand.  With the exception of the MT-MMPs, all of these 
enzymes are soluble, synthesized as latent proenzymes and are secreted 
into the extracellular space as zymogens that are kept inactive by their 
propeptides.  To facilitate regulation of MMPs production, the MMPs 
are not stored in most cell types except neutrophils and macrophages 
[8]. Usually, they are not synthesized and secreted into the matrix until 
a clear signal arrives that they are needed.  When the signal ceases or 
negative signals arrive, synthesis is stopped or falls to a low level. 
  

The role of MMPs in cancer invasion and metastasis.   
 
  MMPs have been implicated in cancer for more than 40 
years, and the notion that MMP-mediated ECM degradation leads to 
cancer cell invasion and metastasis has been a guiding principle in 
MMP research [9]. First evidence for the role of MMPs in cancer came 
from knock-out mice. Knock-out mice for MMP-2 show reduced tumor 
angiogenesis resulting in reduced tumor growth [27]. Significant 
evidence has accumulated to directly implicate members of the gene 
family of matrix metalloproteinases in tumor invasion and metastasis 
formation.  Because most components of the ECM and basement 
membrane can be degraded by MMPs, MMPs are thought to play an 
important role in tumor invasion and metastasis.  Recently, the role of 
MMPs in malignancy has been reviewed [7, 8, 12, 13, 115].  The 
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discovery that inhibition of MMPs suppresses the invasive potential of 
tumors in animal studies was swiftly implemented into clinical trials. 
Yet, these failed to increase survival rate of the patients [129]. It is now 
evident that MMP function is more complex than initially thought, 
given that these enzymes do more than degrade physical barriers. 
Rather, they also affect multiple signaling pathways that modulate the 
biology of the cell in normal physiological processes and in disease. 
The recent insights gained on cancer invasion and metastasis processes 
modulated by MMPs, including, MMPs affect on growth signals, 
apoptosis regulation, tumor vasculature, initiate of neoplastic  
progression and tumor invasion and metastasis, which are likely to 
have significant consequences on the tumor microenvironment [115]. 
  Unregulated proliferation is a common feature of cancer 
cells. MMP-9 is compartmentalized to the cell surface by docking to 
the surface receptor CD44 and then proteolytically activates TGF-  
[105]. Similarly, MMP-14 and MMP-2 proteolytically activate TGF- 1 
[130]. Given that tumor cells often acquire nonresponsiveness to TGF-

, this suggests that proteolytic activation of TGF-  by MMPs has 
tumor-promoting effects by selectively driving stroma-mediated 
invasion and metastasis of the tumor [115]. MMPs are also regulate 
apoptosis mechanism. Evading programmed cell death, or apoptosis, is 
another strategy that increases the cell number and size of tumors. 
MMP-7 is reported in this process, it cleaves Fas ligand from the 
surface of doxorubicin-treated cancer cells, lowering the impact of 
chemotherapy on the tumor by abrogating apoptosis [131]. The 
interaction between MMP-7 and Fas ligand also may play a role in 
pancreatic ductal adenocarcinoma, as MMP-7 is expressed in human 
pancreatic cancer specimens and mice deficient in MMP-7 or carrying 
a nonfunctional Fas ligand mutation show greatly reduced metaplasia 
during pancreatic duct ligation [132]. 

An important part in the process of cancer is tumor  
angiogenesis. It  is  known that angiogenesis is a process in which   
new vessels are formed from existing vessels. Several lines of  
evidence support an important function of MMPs in angiogenic or 
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lymphangiogenic processes. The major MMPs involved in tumor 
angiogenesis are MMP-2, -9, and -14, and to a lesser extent MMP-1 
and -7. Given that several MMPs are expressed in all tumors, it is now 
evident that each MMP can contribute to distinct vascular events in the 
same tumor [133]. MMP-9 has a distinct role in tumor angiogenesis, 
mainly regulating the bioavailability of vascular endothelial growth 
factor (VEGF), inflammatory cells convey MMP-9, enables an 
angiogenic switch by making sequestered VEGF bioavailable for its 
receptor VEGFR2 in pancreatic islet tumors [134]. In contrast, TIMPs 
can interfere with tumor angiogenesis in different ways include, 
inhibiting the degradation of ECM, TIMP-2 can also interfere with 
tumor angiogenesis through their role in activating MMPs  and their 
several effects on tumor cell proliferation and apoptosis, independent 
of their capacity to inhibit MMP-activity [125, 126].  
  Finally, MMPs involved in initiation of neoplastic 
progression and invasion and metastasis mechanism. The initial 
process of tumor invasion shares many characteristics with the 
epithelial-mesenchymal transition (EMT) program during 
developmental processes including loss of cell-cell adhesion and 
increased cellular mobility [7, 11]. Overexpression of several MMPs, 
including MMP-3, -7, and -14 results in carcinoma formation [8, 12, 
13]. MMP-2 and -9 are the most studied MMPs in the processes of 
cancer, including the process of metastasis. A number of studies have 
linked elevated MMP-2 and -9 expression to increased metastasis and 
tumor in breast tumors and acute leukemia [8, 126]. Accumulated lines 
of evidence have demonstrated that MMP-2 is always activated in 
tumor tissues, in which MT1-MMP is expressed [34-39]. Furthermore, 
MT1-MMP expression and MMP-2 activation levels are well co-
related and closely associated with invasiveness and malignancy of 
tumors, suggesting that MT1-MMP is as critical a factor for tumor 
invasion and metastasis as MMP-2 activator. [15, 36, 47]. 
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MMP-2 
   

MMP-2 (Gelatinase A, 72kDa type IV collagenase) is a  
widely studied matrix metalloproteinase. It was first described and 
purified from highly metastatic murine tumors [9]. MMP-2 is 
abundantly expressed in fibroblasts, endothelial and epithelial cells 
[135, 136]. MMP-2 and -9 are gelatinase subgroup, which differ from 
the other MMPs by containing three head-to-tail repeats homologous to 
the type II repeat of the collagen-binding domain of fibronectin. These 
domains are required to bind and cleave type IV collagen, gelatin and 
elastin [137].  The hemopexin domain does not affect MMP-2 binding 
to collagen , but it is critical for the initial cleavage of the triple helical 
type I collagen [120]. Although, both MMP-2 and MMP-9 share 
common structure features, however, the specific substrates for MMP-
2 and MMP-9 are different. Collagenous substrates including collagen 
types IV, V, VII, X, XIV are both substrates for MMP-2 and MMP-9, 
but collagen type I and gelatin are only specific substrates for MMP-2. 
In addition, MMP-2 is capable of binding various types of non-
structural ECM component substrates including active MMP-9, active 
MMP-13, FGF R I, IGF-BP-3, IGF-BP-5, IL-1 , recombinant TNF-  
peptide and TGF- . In contrast, MMP-9 is able to bind CXCL5, IL-1 , 
IL-2R, plasminogen, pro-TNF- , SDF-I and TGF-  [12-15].    

Evidence for the enhanced expression of gelatinase A in  
human tumors come from many experimental studies correlating 
enzyme expression and tumor grade.  Immunocytochemical and in situ 
hybridization studies have shown increased expression of MMP-2 in 
many human tumors, including carcinoma of the pancreas, prostate, 
bladder, skin, breast and ovary [8, 11].  Studies in breast cancer found 
increased levels of MMP-2 in invasive regions rather than the benign 
regions, and the same was found in gastric carcinomas, colorectal 
carcinoma and non small cell lung carcinoma [7, 8].  However, MMP-2 
has a specific cell surface mode of activation that differs from others 
members of the family, and it has become well-accepted that MMP-2 
activation requires MT1-MMP and TIMP-2 and is tightly regulated 
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[32-35].  Many recent studies have turned to measure the ratio of 
activated to latent MMP-2 rather than detect the level of MMP-2 
mRNA or protein alone.  Thus, the measurement of active enzyme 
levels may be more informative with respect to the stage and 
aggressive behavior of the tumor. 
   

MT1-MMP 
 

MT1-MMP is the first discovered member of the MT-MMP,  
encoding a 63-kDa enzyme that has a similar domain structure with 
most MMPs [39].  To date, six MT-MMPs have been identified by 
cDNA cloning, and the proteolytic activation of pro-MMP-2 was 
shown experimentally for all MT-MMPs. Their protein products have 
been named membrane type (MT)-MMPs including MT1-MMP, MT2-
MMP, MT3-MMP, MT4-MMP, MT5-MMP, MT6-MMP respectively 
[14-15, 138-139]. MT1-, MT2-, MT3- and MT5-MMP possess a 
transmembrane domain (type I transmembrane) and a cytoplasmic tail 
at the C-terminal region.  MT4-MMP and MT6-MMP are localised to 
the cell membrane by a glycosyl-phosphatidylinositol (GPI) anchor.  
However, these enzyme are closely related to each other, sharing 
sequence homology and a common multidomain structure [12-15]. 
Thus, MT-MMPs are unique in that they contain a furin recognition 
motif between the pro- and catalytic domains, and are processed by 
proprotein convertases such as furin in the secretory pathway [36-38]. 
In contrast to secretory form of MMPs, MT-MMPs are presented to the 
cell surface in active form. As a result they can act only in the 
pericellular space. The restricted distribution of the MT-MMPs 
provides these enzymes with a unique functional property in that they 
can alter the immediate microenvironment surrounding the cells [36, 
38. Recently particular attention has been given to MT1-MMP, because 
this enzyme affects cellular functions in a variety of ways. 

MT1-MMP has a basic amino acid motif of RRKR at the  
end of the propeptide which is cleaved by furin or related proprotein 
convertases [39]. Thus, activation of MT1-MMP takes place during 
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secretion in the Golgi , and the enzyme is expressed on the cell surface 
as the active form [15]. However, due to rapid turnover rate of active 
MT1-MMP, its concentration on cell surface is very low, and the active 
form of MT1-MMP predominantly localizes on the cell surface by 
forming a complex with the inhibitor [39]. MT1-MMP degrades 
various extracellular matrix (ECM) macromolecules including collagen 
I, II and III, gelatin, fibronectin, tenascin, nidogen, aggrecan, prelecan 
and laminin-1, and 5, fibrin, aggrecan, as well as pro-TNF-  fusion 
protein [12-15]. On the cell surface, MT1-MMP also activates other 
members of the MMP family, for example, proMMP-2 and proMMP-
13 (collagenase 3), creating a wider proteolytic repertoire on the cell 
surface [119]. Because MT1-MMP acts on the cell surface, it modifies 
the immediate environment of the cell resulting in alteration of 
signaling from the ECM or adhesion molecules, thereby influencing 
cellular functions. MT1-MMP cleaves CD44 and laminin-5 which 
promotes cell migration. MT1-MMP also promotes angiogenesis by 
means other than stimulation of endothelial cell invasion. Expression 
of MT1-MMP in tumors stimulates angiogenesis in vivo by stimulating 
VEGF synthesis from the tumor cells [12, 13].  Taken together, MT1-
MMP is an important pericellular microenvironment modifier which 
affects cell functions and promotes invasion in tissue. Thus, MT1-
MMP is expressed on the surface of various tumor cells including 
gastric carcinoma, and by stromal cells of human colon, breast cancer 
and head and neck carcinomas [140, 141].  In breast cancer cell lines, 
MT1-MMP expression is restricted to vimentin-positive and invasive 
phenotype.  MT1-MMP was initially considered mainly in the light of 
pro-MMP-2 activation.  MMP-2 activation is impaired in tissues of 
MT1-MMP and TIMP-2 deficient mice, confirming that the function of 
MT1-MMP and TIMP-2 is important for MMP-2 activation [7, 8, 27]. 
Thus, one of the important functions of MT1-MMP is its collagen 
degrading activity. MT1-MMP expression is induced in fibroblast and 
endothelial cells by culture in three dimensional collagen matrixes [46, 
55, 114].  It has been shown that only MT1-MMP can promote cellular 
invasiveness into collagen I matrix in epithelial cells and fibroblasts 



   
 

 

40

 

[38, 39]. Interestingly, pericellular collagen degradation is essential not 
only for invasion, but also for tumor cells to grow within a collagen-
based 3-D matrix [38, 39]. Again, only MT1-MMP as a collagen 
degrading enzyme is found to play a critical role. The effect of MT1-
MMP is specific to 3-D cultures, suggesting that it is acting through 
pericellular degradation of collagen matrix [14]. 
 

Mechanism of MMP-2 activation  
  

As proMMP-2 activation is an important step for cancer  
cells to invade into basal lamina, the mechanism of activation has been 
extensively studied. Like many members of MMPs family, MMP-2 is 
secreted as latent proenzyme and must be activated extracellularly.    
According to the current model of pro-MMP-2 activation, MT1-MMP 
on the cell surface acts as a receptor for TIMP-2. This inhibitor is a 
bifunctional molecule capable of binding via its N-terminal domain to 
the MMP-2 active site and via its COOH-terminal domain to the 
junction of the outer-rim of the - blades III and IV of the MMP-2 
hemopexin-like COOH-terminal domain [31-34].  Evidence from 
studies involving truncated enzymes and cross-linking method suggests 
the following model. The N-terminal domain of TIMP is inhibitory, 
while the C-terminal domain confers binding specificity.  So, while the 
N-terminal domain of TIMP-1 and TIMP-2 bind to the N-terminal 
domain of active MMP-2, only the C-terminal domain of TIMP-2 will 
bind specifically to the C-terminal of pro-MMP-2 [32].  As the other 
two partners of the ternary complex, TIMP-2 mediates the cell surface 
activation of pro-MMP-2 by binding to a MT1-MMP containing 
complex on the cell surface, such that the activated MT1-MMP acts as 
a TIMP-2 receptor [15].  Interaction of TIMP-2 with pro-MMP-2 may 
facilitate cell surface-mediated activation, whereas interaction with 
active-MMP-2 results in inhibition [32-34].  Formation of MT1-
MMP/TIMP-2 complex appears to be the initial event preceding further 
binding of pro-MMP-2, and its activation by, an adjacent TIMP-2-free 
active MT1-MMP molecule [37-39].  Activation of pro-MMP-2 in this 
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model is only possible if the TIMP-2 concentration is low, with 
sufficient TIMP-2 to generate the trimolecular complex but not enough 
to saturate all the MT1-MMPs required for proteolysis of the 
propeptide.  Whereas, high levels of TIMP-2 will inhibit all MT1-
MMP activity, and reduce the concentration of free MT1-MMP 
available to activate pro-MMP-2, low levels of TIMP-2 fail to localize 
pro-MMP-2 to the cell surface for activation [14, 15].  Also, if no 
TIMP-2 is present, MT1-MMP undergoes autocatalytic processing to a 
45 kDa inactive form. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  In conclusion, pro-MMP-2 activation is a two step process.  
The first activation pathway for pro-MMP-2 is initiated by MT1-MMP.  
This initial cleavage of the 68 kDa pro-MMP-2 generates the 64- kDa 
activation intermediate.  A free MT1-MMP molecule in close 
proximity to the trimolecular complex of MT1-MMP/TIMP-2/MMP-2 
will cleave the propeptide of pro-MMP-2 at Asn37-Leu38 [121].  This 
is followed by the second step of activation in which further 
proteolysis of the propeptide results in cleavage at Asn80-Phe81 
through an autocatalytic mechanism, generating the 62-kDa fully active 
enzyme [125].  However, MT1-MMP turns over very rapidly due to 
autolysis if not inactivated  stabilized by TIMP-2. The time course of 

Figure 8: Current model of pro-MMP-2 activation by MT1-MMP [38] 
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MT1-MMP production and its binding to TIMP-2 on the cell surface is 
a critical factor; however, this still remains unsolved [15]. 

Although MT1-MMP mediates the activation of pro-MMP- 
2, certain ECM molecules such as collagen type I can stimulate MMP-
2-activation via MT1-MMP activity in several cell types [25, 44-46]. 
Collagen is a major ECM component that plays an important role in 
maintaining tissue architecture and in forming a stable scaffold for 
cells [14]. As mentioned above, MMP-2 is one type of MMPs that 
important for degradation of denatured, cleaved, type I collagen but 
also has direct activity against type I collagen. However, it is well 
accepted that MT1-MMP plays a pivotal role in invasive growth in 
collagen gel, but the role of MMP-2 still remains unclear. A possible 
explanation for intensive digestion of collagen gel is that MT1-MMP 
as a collagenase cleaves type I collagen to initiate denaturation into 
gelatin, which is subsequently digested to pieces by MMP-2 gelatinase. 
Furthermore, MT1-MMP stimulates integrin-mediated extracellular 
signal-regulated kinase (ERK) activation by enhancing the turnover 
rate of focal adhesions on fibronectin or collagen. In cellular regulation 
of MT1-MMP, MT1-MMP is regulated by internalization, that 1 
integrin can colocalize with MT1-MMP at the migration, where 
MTCBP-1 can bind to the cytoplasmic domain of MT1-MMP, 
suppressing its pro-migratory effects [14]. Even though, MT1-MMP is 
a critical molecule in regarding of type I collagen induced MMP-2 
activation. Another molecule is adhesion molecules that act as cell 
surface receptors that also involve in MMP-2 activation. Especially, the 

2 1 integrin, a collagen binding receptor, thought to be implicated in 
MMP-2 activation that response to type I collagen stimulation and 
promote tumor invasion and metastasis.  
 
Integrins 
 
  Integrins are a family of transmembrane glycoprotein 
receptors that mediate matrix and cell-cell interaction. The term 
integrin is derived from the ability of these proteins to link the ECM 
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proteins with the intracellular cytoskeleton, consequently, play an 
important role as a bi-directional transducer of extra- and intracellular 
signals [144]. The integrin receptors always contain one  chain and 
one  chain, and are thus called heterodimeric.  Heterodimer integrins 
consist of two transmembrane glycoproteins,  and  subunit that are 
non-covalently bound, with a large extracellular domain, a single 
transmembrane span and short cytoplasmic tails.  The  subunits all 
have some homology to each other, as do the  subunits. To date 18  
and 8  subunits combined into 24 different integrins are identified in 
mammalians [50].  However, most  subunits combine with only one 
or two and  subunits except V which is capable of forming 
heterodimers with 5 different  subunits including 1, 3, 5, 6 and 

8 [50, 51].  Both subunits fold into an N-terminal globular head, that 
combines to create the ligand-binding surface, a long stalk region 
connecting the ligand-binding head with a transmembrane type I 
stretch and the C-terminal cytoplasmic tail [145, 146].  The 
cytoplasmic tails are short and of variable length. They provide a link 
between the receptors and the cytoskeleton of the cell but do not 
contain any catalytic activity or consensus protein binding-motifs.  
Several - and - subunits exist in different splice variants, and all 
known alternative splicing of integrins occurs in the cytoplasmic tail. 
 

Integrin Structure  
 

Integrins are composed of  and  subunits, each containing  
a large extracellular domain (700–900 amino acids), a short 
transmembrane domain, and a short cytoplasmic domain (20–60 amino 
acids) [51]. The structures of the  subunits are very similar, but they 
vary in size from 150 to 200 kDa.  Structural analysis of the  subunits 
have revealed seven homologous repeats in the N-terminal part that 
fold into a seven-bladed  propeller [147, 148].  The three or four 
repeats that are most extracellular, contain sequences with cation-
binding properties.  These sequence are thought to be involved in the 
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binding of ligands.  All the  subunits share the 5 amino acid motif 
GFFKR, which is located directly under the transmembrane region.  In 
addition,  subunits may be composed of a heavy and a light chain 
which are bridged by a disulfide bond. Half of the  subunits such as 

1, 2, 10 contain an I-domain which inserted between the second 
and third propeller repeat [149]. The I-domain is exposed on the upper 
surface of the propeller and is involved in direct recognition and 
binding of the ligand [150].  
  Integrin  subunits are also highly homologous to each 
other.  Most are 90-110 kDa in size, with the exception of 4 which is 
considerably larger (210 kDa).  The  subunit has an N-terminal 
cysteine-rich region called a PSI domain.  The PSI domain cooperates 
with a more C-terminal cysteine-rich region in restraining the integrin 
in an active state via a long-range disulfide bond [50, 51].  The  
subunits also contain an I-domain-like domain that can be associated 
with an  subunit lacking an I-domain.  This I-domain-like structure 
takes a direct part in ligand binding.  As in the  subunits there is a 
stalk region in the C-terminal part of the extracellular domain but, 
unlike the  subunits, this region contain four EGF-like cysteine-rich 
repeats important in signal transduction and activation of the integrin 
(Figure 9) [151]. 
 
 
 
 
 
 
 
 
 

 
The specificity of integrin binding to ECM components  

including laminins, collagens, and fibronectin depends on the 
extracellular domains of the  and  integrin subunits. Integrins 1 1, 

Figure 9: Domain structure of integrins [151] 
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2 1, 10 1 and 11 1 represent the primary collagen receptors [145, 
150]; integrins 3 1, 6 1, 6 4 and 7 1 are the major laminin 
receptors [147]; and integrins 5 1, 8 1, IIb 3 are the major 
fibronectin receptors and the v 3 is specific for vitronectin receptor 
that bind in an RGD-dependent manner [145]. Most integrin 
heterodimers are widely expressed in many tissues; however, some are 
more restricted in their expression. For example, IIb 3 is only found 
on platelets, 6 4 on keratinocytes, and E 7, 4 7, 4 1, and the 2 
integrin families are restricted to leukocytes (Figure 10) [152]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The 1 integrin 
 

  The 1 integrin is one of  subunits which is highly 
homologous to each other.  Five 1 variant subunits, 1A, 1B, 1C, 

1C-2 and 1D, generated by alternative splicing, have been described 
[153]. However, most integrin  tails, include 1 integrin  contain one 
or two NPxY/F motifs that are part of a canonical recognition sequence 
for phosphotyrosine-binding (PTB) domains, which are protein 

    Figure 10: Classification of The integrin family Heterodimers [152] 
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modules present in a wide variety of signaling and cytoskeletal proteins 
[154]. There is also striking homology among the -subunit 
cytoplasmic tails, but the -subunit tails are highly divergent except for 
a conserved GFFKR motif next to the transmembrane region, which is 
important for association with the  tail. The 1 integrin subunit is 
expressed in most cells from the earliest stages of development until 
adulthood, and it combines with 12 distinct  subunits to form 
receptors that bind to fibronectin, laminins, collagens, and a variety of 
other matrix components. Many of the insights gained from these 
studies extrapolate to the 1 integrins because several of the 1 and 
both 1 integrins share RGD recognition specificity [2]. Four  subunits 
containing an a-I-domain, include 1, 2, 10 and 11, combine with 

1 and form a distinct laminin/collagen-binding subfamily. 
Integrin 1 is ubiquitously expressed and can bind multiple  

a partners, and thus it is not surprising  that  knockout of  1 results  in  
embryonic lethality due to a complete block in preimplantation 
development. In contrast, knockouts of 1, 2, 10, and 11 integrin 
subunits, which each exclusively heterodimerize with 1 to function as 
primary collagen receptors, are all viable and fertile but possess distinct 
characteristic abnormalities. The 1 integrin knockout mice develop 
increased collagen synthesis and display reduced tumor 
vascularization, while the 2 integrin knockout mouse has a more 
subtle phenotype with mild platelet function abnormalities and 
increased vascularization following wounding [155, 156]. These 
findings support the idea that there is significant redundancy and 
compensation amongst the collagen receptor integrins. In present, from 
genetic studies using mouse models have demonstrated that 1 
integrins have unique roles in embryonic development, hematopoiesis, 
wound healing, and cancer [2, 144]. 
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The role of 1 integrin in Cancer 
 

Integrins are intimately involved in tumor invasion into  
healthy tissues in a complex manner.  Several in vivo and in vitro 
studies have demonstrated the association between deregulation of 
integrin expression and cancer.  Changes in the integrin pattern during 
malignant transformation are highly dependent on the type of cancer.  
An altered integrin pattern allows the cancer cells to recognize various 
matrices. The 1 integrin signaling has been shown to mediate diverse 
roles in cancer progression including invasion, migration and 
metastasis [157]. Indeed, expression of 1 integrin was shown recently 
to be necessary for formation of mammary tumors in engineered 
murine models. Despite compelling evidence that 1 integrin plays 
multipotent roles in breast cancer progression, its role as a potential 
prognostic marker is not well defined. The highly organized 
predominantly basal distribution of 1 integrin in normal ductal 
architecture. However, primary myoepithelial tumors are rare, and the 
role of myoepithelial cells in malignant progression is not well 
understood [158]. In prostate cancer, primary tumor growth has been 
shown to be affected by  expression of the 1 cytoplasmic variant, 1C, 
which is downregulated completely prevents tumor growth by 
inhibiting IGF-IR signaling [159]. Recently, increased levels of 1 and 
its ligand, fibronectin, have been shown to be associated with 
decreased survival of breast cancer patients, but this finding has not 
been reported in prostate cancer [160]. The study in non-small cell lung 
cancer also demonstrated a clinical significance of 1 integrin 
expression as a prediction marker for radiotherapy and 1 integrin as 
novel prognostic marker, respectively [161].  

Some tumor cells lose their ability to attach to fibronectin  
after transformation, loss of 5 1 integrin expression led to enhanced 
tumorigenicity, while increase 5 1 expression showed a loss of 
tumorigenicity and reduced proliferation of tumor cells [162].  Loss 
expression of the integrin 2 1 in breast epithelial cells is correlated 
with the transformed phenotype [152].  Further, by re-expression of 
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integrin 2 1, the ability of poorly differentiated breast cancer cells to 
differentiate into gland-like structures has been restored, and the in 
vivo tumorigenicity has been clearly reduced.  Moreover, the integrin 

2 1 has been shown to impart metastatic abilities to some tumor cells. 
Several early studies, both in vivo and in vitro, demonstrated decreased 
expression of 3 1 integrin by tumors, particularly those of epithelial 
origin [163].  Interaction of 3 1 integrin with the adjacent basement 
membrane might transduce signals that inhibit the invasive behavior of 
the epithelial cells. Overall, these results are promising and indicate 
that 1 integrin facilitate activation of selective signaling pathways that 
support cancer progression. It is possible that different heterodimers of 

1 integrin are acting in cancer cell, and indeed, several are aberrantly 
expressed in cancer. Moreover, several studies illustrate that 1 
integrin plays a central role in mediating resistance regardless of the 
mechanism of cytotoxic injury and is a promising therapeutic target for 
several cancers [160].  
 

The involvement of 1 integrin in MMP-2 activation 
 

Physical associations between 1-integrin and several  
classes of proteases, endogenous inhibitors of those proteases or 
protease binding partners have been identified, yet a mechanism for 

1-integrin involvement in the proteolytic remodeling of ECM has not 
been established [164]. There are numerous studies that have linked 

1-integrin expression to alterations in proteases. In the current study, 
down regulation of 1-integrin expression and/or function revealed 
differential effects on protease expression and secretion depending      
on the tumor cell type. 1 integrin is also linked to matrix 
metalloproteinases (MMPs) via interactions with tissue inhibitors of 
metalloproteinases (TIMPs) and with TIMPs through tetraspanins. 
These interactions play roles in cell survival, apoptosis, angiogenesis, 
but are independent of MMP activity [165]. The study in both breast 
and prostate carcinoma cell, it also revealed that a reduction of 1-
integrin expression and activity decreased the cell migration and 
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adhesion to type I and IV collagen. Down-regulation of 1-integrin 
reduces expression of MMP-14, reduces secretion of MMP-13, TIMP-
1 and -2 and cysteine protease cathepsin B, and increases secretion of 
TIMP-3. Moreover, decreases in the expression and activity of 1-
integrin reduced digestion of collagen IV which correspondingly their 
invasion through and migration on reconstituted basement membrane 
[164].  

MMP-2 activation is important for degradation of denatured  
and cleaved type I collagen, in parallel type I collagen is also activates 
MMP-2. It was postulated that culturing a variety of cell types within a 
three-dimensional gel of type I collagen stimulates cellular activation 
of MMP-2 [44-46].  Collagen type I can activate MMP-2 in certain cell 
types. MMP-2 activation is induced when cultured on type I collagen 
in human skin fibroblasts [45] and endothelial cells [166].  Several 
studies have shown that collagen-binding integrins interact with 
collagen involve in this mechanism.  To date there are four integrins 
know to bind triple-helical interstitial collagen, and all of these 
integrins are closely related structurally. They share the common 1 
integrin subunit and have four unique  subunits, resulting in the four 
heterodemers: 1 1, 2 1, 10 1 and 11 1 [85, 86].  Integrin 1 1 
and 2 1 are known to be primarily collagen receptors.  The 1 1 
integrin seems to bind principally to type IV collagen, but it can also 
recognize type I-VI and type XIII collagen.  While integrin 2 1 is a 
receptor for types I-VIII collagen, integrin 3 1 can interact with some 
collagen types, but it may not be primarily a collagen receptor.  Instead, 
laminins-1 and –5 seem to be the main ligands for 3 1 [85].  Recently 
two novel collagen-binding integrin 10 1 and 11 1, have been 
discovered.  Integrin 10 1 was originally purified due to its binding 
to type II collagen, and integrin 11 1 has been shown to bind to at 
least type I collagen [150].   
  Although, both 1 1 and 2 1 integrins are mainly 
collagen-binding integrins, 2 1 integrin is a functional cellular 
receptor which can bind to type I collagen fibrils, whereas 1 1 
integrin may only effectively bind type I collagen monomers.  In 
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addition, 2 1 is preferentially for type I collagen binding by 
endothelial cells [167].  Binding of 2 1 integrins to type I collagen in 
three dimensional,  up regulate expression of MMP-1, which in turn is 
able to degrade fibrillar collagens [168]. Collagen degradation by 
MMP-1 is followed by denaturation, uncovering RGD sequences.  The 
RGD motif acts as ligand for V 3 integrin, which in turn induce the 
production of MMP-2, and this enzyme completes the collagen 
degradation.  Gilles, et al have shown that type I collagen induced 
MMP-2 activation and concomitantly increased the MT1-MMP mRNA 
levels in invasive human breast carcinoma cell lines [48].  In addition, 
MMP-2 was activated when cultured ovarian carcinoma cells inside a 
three-dimensional collagen [59], and this has also been seen in breast 
cancer cells which have been cultured in collagen gel [44].  
Furthermore, the induction of pro-MMP-2 and TIMP-2 occurs after 
treatment of cells with soluble anti- 1 integrin antibody.  MT1-MMP-
mediated pro-MMP-2 activation accumulated after integrin aggregation, 
suggesting that integrin aggregation can regulate the MMP-2 activation 
process [59].   
  The involvement of 1 integrin in MMP-2 activation in 
regarding to collagen stimulation is still investigation. Treatment of 
human endothelial cells with function blocking 2 1 integrin antibody 
can inhibit MMP-2 activation, whereas blocking ligand interaction to 

3 1 integrin had no effect.  These studies demonstrated that binding 
of 2 1 integrin to collagen is necessary for MMP-2 activation process 
[166].  Previous studies have indicated that cellular interaction with 
type I collagen is mediated largely through integrin 1 1, 2 1 and 

3 1 receptors, cross linking of integrin  1 could activate MMP-2 in 
ovarian carcinoma cells, suggesting direct involvement of integrin 
signaling in MMP-2 activation [25, 59]. However, recent study 
indicated that inhibition of integrin 1 function and expression did not 
affect 3-D collagen-induced cell surface localization of MT1-MMP and 
MMP-2 activation, and strongly suggest that 3-D collagen scaffolding 
provide the direct and multivalent interaction with MT1-MMP, by 
which MMP-2 activation occur in abundant cell surface MT1-MMP-
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dependent manner, rather than a manner regulated by matrix stiffness 
and integrin 1 function [60]. In this result, it seems apparent that 
collagen might directly interact with MT1-MMP, leading to increased 
surface expression of MT1-MMP and MMP-2 activation. In contrast, in 
endothelial cells, MT1-MMP participates in cooperation with 1-
integrin during migration of these cells on various ECMs [34]. MT1-
MMP was also found colocalize with 1-integrin in actin-rich, 
collagenolysis-free leading edges of migrating fibrosarcoma and breast 
carcinoma cells grown on a 3D collagen matrix [169]. Moreover, It 
was postulated that the association of 1-integrin with MT1-MMP  
involves cell migration. Furthermore, the study using functional 
imaging of live cells demonstrates an involvement for 1-integrin 
expression in the degradation of collagen IV via MT1-MMP expression 
and MMP-13, TIMP-1, -2 and -3 secretions [160]. Considering these 
reports, the involvement of 1 integrin in MMP-2 activation in 
response to type I collagen stimulation is still not precisely understood. 
Moreover, MMP-2 is not only important for degradation of denatured, 
then cleaved type I collagen but also has direct activity against type I 
collagen [61]. Because type I collagen is a major component of stromal 
tissue, and both normal and tumor cells digest collagen fibrils to grow 
or to invade connective tissues. Thus, type I collagen is recommended 
for the preferred substrate rather than Matrigel in studies investigating 
cancer invasive behaviors. This study focus on investigation of 1 
integrin involve in MMP-2 activation in response to collagen type I 
stimulation in breast cancer cells model, to better approximate critical 
interactions with respect to their roles in 1-integrin mediated ECM 
degradation and invasion of tumor cells.  
  

 



CHAPTER 3 
MATERIALS AND METHODS 

 
       
1. Materials 
 

1.1 Antibodies and Reagents 
 

Monoclonal antibodies toward integrins 1 (AB2510), V  
(L320), 1 (MAB19732), and 3 (MAB19522), were purchased from 
Chemicon Australia (Boronia, Australia).  Polyclonal antibody anti 
MT1-MMP (AB815) was purchased from Chemicon Australia 
(Boronia, Australia).  Monoclonal antibody toward 2 integrin (Ak7) 
was a kind gift from Dr. Michael Berndt (Monash University, 
Melbourne) and antibody toward pan-actin was obtained from 
Biosource International (Camarillo, CA). Con A, TPA, Vitronectin 
(VN), fibronectin (FN) and laminin-1 (LN) were obtained from Sigma 
(Castle Hill, Australia). Recombinant full-length pro-MMP-2 
expressed in a vaccinia virus system (rMMP-2) was a kind gift from Dr. 
Rafael Fridman (Wayne State University, Detroit, MI).  Vitrogen 100 
Collagen type I was obtained from Cohesion (Palo Alto CA).  Alexa 
Fluor 568 conjugated goat anti-mouse secondary antibody and Alexa 
Fluor 488 conjugated donkey anti-rabbit secondary antibody were 
obtained from Molecular Probes (Eugene, OR). 
 
 1.2 1 integrin siRNA 
 

In this study, 6 different 1-integrin siRNAs were designed  
as indicated in the Table 1 below and synthesized by Proligo 
(Australia). 
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Table 1: 1 integrin siRNA sequences 
 

1-integrin 
siRNA type 

(number) 

first base of   
1-integrin   
siRNAs 

last base of 
1-integrin   
siRNAs 

1 integrin siRNAs 
target sequence 

1 527 547 AATTCAAGAGAGCTGAAG
ACT 

2 760 780 AACTGCACCAGCCCATTT
AGC 

3 1042 1062 AATATGTACACAATGAGC
CAT 

4 1407 1427 AATTAGCATAACTTCAAA
TAA 

5 1816 1836 AATGGCTTAATTTGTGGA
GGA 

6 2380 2400 AAGCTTTTAATGATAATTC
AT 

 
 1.3 DNA constructions 

 
The pcDNA3.1 vector was purchased from Invitrogen,  

Melbourne, Australia and used for subclone target human gene in this 
study. The orientation of pcDNA3.1 vector was showed in Figure 11. 
Qiagen RNeasy mini-column kit was obtained from Qiagen, GmbH, 
Germany.   
 
 
 
 
 
 
 
 
 

  

 

Figure 7:  pcDNA3.1 plasmid vector  Figure 11: pcDNA3.1 plasmid vector 
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1.4 Quantitative Reverse Transcription-PCR Primers 

 
  Gene expression analysis by Quantitative Reverse  
Transcription-PCR including 1, 2, 10, 11, and 1 integrin. The 
L32 expression was utilized as an internal control.  Primer sequences 
of all of human gene are described as Table 2. 
 
Table 2: Human gene primer sequences  
 
Human 

gene  
Forward primer: Reverse primer: 

L32 CAGGGTTCGTAGAAGA
TTCAAGGG 

CTTGGAGGAAACATTGT
GAGCGATC 

1 
integrin 

GCTGACCAGTCAGCAG
CTTCATTT 

CTCCAGAAGAAGCAGT
AGCAGAGTTT 

2  
integrin 

GACCTATCCACTGCCAC
ATGTGAAAAA 

CCACAGAGGACCACAT
GTGAGAAAA 

3  
integrin 

CGCAGGTGGGCGCCTAT
TTT 

GGCACCCCCTACTTCCT
CTTT 

V  
integrin 

GGCAGTGCCATAGCTCC
TTT 

CCCACTGCCCTTCAAGG
GATTT 

1  
integrin 

GACTGATCAGTTCAGTT
TGCTGTGTGTTT 

CCCTGCTTGTATACATT
CTCCACATGATTT 

 
2. Methods 
 

2.1 Cell culture 
  
  The MCF-7 breast cancer cell line was engineered to 
generate a model for stable human MT1-MMP expression.  MCF-7-
MT1 cells were generated by stably transfecting a vector encoding the 
MT1-MMP cDNA under the transcriptional control of the CMV 
promoter pCNC (MT1-MMP) into a MCF-7 breast adenocarcinoma 
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clone already transfected with bacterial -galactocidase gene (ML20).  
MCF-7-MT1 and MDA-MB-231 cells were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM. Life Technologies, Auckland, 
New Zealand), supplemented with 10% fetal bovine serum (FBS) (JRH 
Biosciences, Lenexa, KS).  Cultures were incubated at 37oC in a 
humidified 5% CO2 atmosphere. 
 
 2.2 Constructed 1 integrin plasmid DNA for over expression 
of 1 integrin in MCF7-MT1 cells 

 
Human 1 integrin cDNA was amplified by RT-PCR and  

subsequently subcloned into a pcDNA3.1 vector (Fig 11) after ECOR I 
restriction. The wild type pcDNA- 1 integrin plasmid was transformed 
into the XL-1 Blue supercompetent cells where the repair of the nicks 
in plasmid occurred.  Subsequently, the successful of insertion was 
determined by restriction enzyme method. Transient transfection of 1 
integrin plasmid DNA in MCF7-MT1 cells was performed. The day 
before transfection, MCF-7-MT1 cells were trypsinized, diluted with 
fresh medium without antibiotics and seeded (4x105 cells/well) in 2 ml 
of culture medium into 6-well culture plates.  Fugene6 reagent (Roche) 
was used for transfection as per the manufacturer’s instruction.  For 
each transfection, 2 ug of either pcDNA-VC or pcDNA- 1 integrin 
were diluted in 50 l Serum-free DMEM (SFM/DMEM).  Fugene6 (6 

l) was mixed in 50 l SFM/DMEM, then mixed with each diluted 
pcDNA-VC or pcDNA- 1 integrin and subsequently incubated for 30 
minutes at room temperature to allowed the pcDNA-VC or pcDNA- 1 
integrin: Fugene6 complexes to form.  Then 100 l of each of the 
pcDNA-VC or pcDNA- 1 integrin: Fugene6 complexes were added to 
each well and incubated with the cells at 37oC in a CO2 incubator for 
24-72 hours.  Over-expression of 1 integrin was determined by 
quantitative RT-PCR and immunoblotting. 
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2.3 Gene expression analysis by Quantitative Reverse 
Transcription-PCR 
 

Total RNA was isolated using Qiagen RNeasy mini-column  
kit according to manufacturer’s recommendations (Qiagen, GmbH, 
Germany).  100 ng of total RNA was used to generate cDNA using 
Superscript II reverse transcriptase (Invitrogen) and random primers 
(50 ng/μl).  The samples were heated at 65o C for 5 minutes and cooled 
to 4o C for 5 minutes.  The reaction mixture containing First strand 
buffer (Gibco), 10 mM DTT (Gibco) and 1.25 mM dNTPs (New 
England Biolabs, Inc, MA, USA) and 200 Unit Superscript II reverse 
transcriptase were added for a final volume of 10 μl, and subsequently 
incubated at 42o C for 2 hours.  Quantitative RT-PCR was performed 
on an ABI Prism 5700 Sequence Detection System (PE Applied 
Biosystems, Sydney, NSW, Australia) on an equivalent of 1:10 
dilution of cDNA from RT-PCR products generated from an equivalent 
of 100 ng of total RNA.  The PCR reaction was performed in 25 μl of 
10 mM Tris-HCl pH 8.0, 2.5 mM MgCl2, 50 mM KCl, 200μM dNTPs, 
1/40,000 dilution SYBR Green I (Molecular Probes), 1 μg/ml 6-
carboxy-X-rhodamine (6-ROX) (Molecular Probes), 8% DMSO, 200 
nM primers and 0.625 U AmpliTaq Gold polymerase (Applied 
Biosystems).  The PCR conditions were 50o C for 2 minutes, followed 
by 10 minutes at 95o C and 50 cycles of 95o C for 15 seconds and 60o C 
for 1 minute.  Melt curve analysis was performed at the end of each run 
from 60o C to 95o C.  The difference in average cycle threshold (dCT) 
between L32 (housekeeping) and the gene of interest was determined 
by quadruplicate readings for each sample and the mean and standard 
deviation determined. The L32 expression was utilized as an internal 
control.  Primer sequences of all of human gene are described as Table 
2 including 1, 2, 10, 11, and 1 integrin.  
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2.4 1-integrin siRNA transfection to knockdown 1 integrin 
expression              
 
  Short interference RNA (siRNA) technology was used to 
knockdown 1 integrin expression levels.    All 6 putative 1-integrin 
siRNAs were designed to target all known 1 integrin transcript 
variants.  1-integrin siRNAs targets were selected from regions 
lacking strong local mRNA secondary structure.  The specificity of 
each putative 1-integrin siRNAs target was confirmed using blasta 
(www.ncbi.nlm.nih.gov). The day before transfection, MCF-7-MT1 
cells were trypsinized, diluted with fresh medium without antibiotics 
and seeded (1x105 cells/well) in 0.5 ml of culture medium into 24-well 
culture plates.  Lipofectamine TM 2000 (Invitrogen, Life Technologies) 
was used for transfection as per the manufacturer’s instruction.  For 
each transfection, 20 pMol of the 1-integrin siRNA was diluted in 50 

l Serum-free DMEM (SFM/DMEM).  Lipofectamine TM 2000 (1 l) 
was mixed in 50 l SFM/DMEM, then mixed with each diluted 1-
integrin siRNA, and subsequently incubated for 20 minutes at room 
temperature to allowed the 1-integrin siRNA:Lipofectamine TM 2000 
complexes to form.  Then 100 l of each of the 1-integrin 
siRNA:Lipofectamine TM 2000 complexes was added to each well and 
incubated with the cells at 37oC in a CO2 incubator for 24-72 hours. 1 
integrin knockdown efficiency was determined by quantitative RT-
PCR and immunoblotting. 
 

2.5 Flow cytometry 
 

Cells were trypsinized and resuspended in FACS buffer  
(2% FCS in PBS, 0.02% sodium azide) at 1x106 cells/ml.  Cells were 
incubated with 10 μg/ml antibodies specific to integrins 1, 2, 3, V, 
and 1 for 60 minutes at room temperature.  Following several washes 
with FACS buffer, cells were incubated with 1:100 dilution of goat 
anti-mouse or swine anti-rabbit IgG conjugated with FITC (Dako) for 
45 minutes at room temperature. Thereafter, cells were analyzed on a 
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FACScan flow cytometer  Becton-Dickinson, Mountain View, CA).  
Population gates were set by using control cells incubated only with 
the secondary antibody.  
 

2.6  Immunofluorescence 
 

Cells were plated on Teflon printed glass slides (Electron  
Microscopy Sciences, Ft.  Washington PA) at 37oC, 5% CO2. The 
following day, cells were fixed with 3% paraformaldehyde/PBS for 20 
minutes at room temperature and blocked with 5% BSA/0.25% Triton 
X-100 for 30 min.  Cells were then washed in PBS and incubated with 
appropriate primary antibodies toward 1 integrin or MT1-MMP at 
4oC overnight.  Primary antibodies were detected with a donkey anti-
rabbit secondary Alexa Fluor 488 conjugated antibody (1:500 dilution 
in 1% BSA/PBS) for 1 hour at room temperature. After several PBS 
washes, nuclei were stained with propidium iodide (0.25mg/ml in 
Triton-X100/RNase) for 30 minutes at room temperature.  Cells were 
then washed in PBS and mounted using fluorescent mounting medium 
(Dako) and viewed by confocal microscopy (BioRad MRC 1024, 
Hemel Hempstead, UK). 
 

2.7  Cell lysates and Western Blot 
 

Cells were grown on 6-well plates and washed with ice-cold  
Phosphate Buffered Saline (PBS).  The cells were then resuspended in 
Lysis Buffer (10 mM Tris-HCL pH 7.6, 10 mM NaCL, 3 mM MgCl2  
and 1% Nonidet P-40) containing 1:10 Protease Inhibitor Cocktail 
(Roche, Mannheim, Germany). The cells were scraped with a rubber 
cell scraper and left on ice for 1 hour with periodic mixing, followed 
by centrifugation at 6000 rpm for 10 minutes.  The protein 
concentrations were determined with a BCA protein quantification 
assay (Pierce, Rockford IL).  Equal amounts of total protein lysates 
were electrophoresed on 10% SDS-PAGE under reducing condition 
(100 mM DTT).  After electroproresis, the proteins were transferred to 
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a PVDF membrane, blocked with 5% skim milk powder in Tris 
Buffered Saline (TBS) containing 0.1% (v/v) Tween-20 (TBST).  
Membranes were incubated with primary antibodies overnight at 40 C, 
then probed with an HRP-conjugated secondary antibody (Pierce).  
Detection of the secondary antibody was performed using the 
ECL+Plus system (Pierce) and the membranes expose to ECL 
hyperfilm to visualize protein bands (Amersham Pharmacia Biotech). 
 

2.8  Conditioned medium isolation 
 
  Cells were plated for near confluence at 37o C overnight.  
After each treatment, cells were washed twice with serum-free medium 
(SFM: unsupplemented DMEM), then replaced with fresh SFM.  
Recombinant full-length pro-MMP-2 (kindly, provided by Dr.  Rafael 
Fridman, Wayne State University, Detroit, MI, USA ) was added at 
100 ng/ml concentration.  At the appropriate time point, the 
conditioned medium was collected, transferred to a microcentrifuge 
tube and centrifuged at 6000 rpm for 10 minutes at 4o C in order to 
remove any cells in suspension.  For the MMP-2 activation assay, 
equal amounts of conditioned media were mixed with non-reducing 
sample buffer and analyzed by gelatin zymography as described below. 
 

2.9  Gelatin Zymography for MMP-2 activation analysis 
 

Cells were plated and grown to confluence and then washed  
twice with SFM, incubated with fresh SFM containing 25% 
conditioned-medium from MCF-7 cells stably expressing MMP-2.  At 
the appropriate time point, the conditioned medium was collected and 
transferred to an Eppendorf tube and centrifuge at 6000 rpm for 10 
minutes at 4o C in order to remove any cells in suspension.  Equal 
amounts of conditioned media were analyzed by gelatin zymography 
using 5% polyacrylamide stacking gel and a 10% polyacrylamide 
resolving gel (Bio-Rad Co., Richmond, VA) containing 1 mg/ml 
gelatin (BDH Laboratory Supplies, Poole, UK).  Conditioned-medium 
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or cellular proteins were mixed with SDS sample buffer under non-
reducing conditions.  After electroproresis, gels were washed twice in 
50 mM Tris-HCl pH 7.5, 5 mM CaCl2 and 2.5% (v/v) Triton X-100  
for 30 minutes each wash, and then incubated in 50 mM Tris-HCl pH 
7.5, 5 mM CaCl2 at 37o C overnight.  Gels were stained with 0.25% 
(w/v) Coomassie Brilliant Blue (R-250) dye in 10% (v/v) acetic acid 
and 10% (v/v) isopropanol, then destained in 10% (v/v) acetic acid and 
10% (v/v) isopropanol until clear bands of MMP-2 were visualized. 

 
2.10  Collagen gel contraction assay for functional activity of 

1 integrin on ECM remodeling  Determination 
 

Collagen gels were made from collagen type I (vitrogen 100,  
3 mg/ml), neutralized with 1M sodium hydroxide, pH 8.0 and then 
dilution in PBS to a final concentration of 2 mg/ml of Col I in 10 mM 
of sodium hydroxide.  Cells were resuspended such that one part of the 
cell suspension was mixed with nine parts of the collagen solution, to 
give a final concentration of  4x105 cell/ml.  A total of 500 μl of cell-
collagen mixture was added to 24 well plates and gels were allowed to 
polymerize for 60 min at 370 C.  In order to release the gels, a yellow 
tip was inserted around and underneath the gels.  The relaxed, floating 
gels were immersed with 1 ml medium and incubated at 370 C.  The gel 
diameters were measured daily for 5 days using an inverted 
microscope.  Collagen gel contraction is indicated as the decrease in 
gel area expressed as a percentage.  Each experiment was performed in 
triplicate and with 3 independent experiments.  Statistical analysis was 
performed by student t-test.   
  
 2.11 Adhesion assay for functional activity of 1 integrin  
 

Matrix molecules were collagen type I, fibronectin, and  
vitronectin. ECM molecules were serially diluted in serum-free 
DMEM containing 0.1% BSA (DMEM/BSA), and 50 μl of each 
dilution was added in triplicate to 96-well plates.  The coated-plates 
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were incubated at 37o C for 60 minutes.  Wells were then washed with 
100 μl PBS containing 3% (w/v) BSA for 30 minutes at 37o C.  Cells 
were detached from culture by VERSENE (PBS containing 0.2 mg/ml 
EDTA), then washed twice with DMEM/BSA, and resuspended at 2.5x 
10 5 cells/ml in DMEM/BSA.  Cells were incubated at 37o C for 60 
minutes to allow recovery of cell surface proteins, after which 100 μl 
(2.5x 104  cells) were added to each of the triplicate wells, which were 
then incubated at 37o C for 60 minutes.  The adherent cells were 
stained with 0.5% (w/v) Crystal Violet in 25% (v/v) methanol for 5 
minutes at room temperature.  Wells were then gently rinsed 5 times 
and allowed to air-dry overnight at room temperature.  The 
determination of cell adhesion was achieved by solubilizing the 
remaining crystal violet with 0.1 M sodium citrate containing 50%(v/v) 
ethanol for 15 minutes and measuring absorbance at 540 nm by 
microplate reader (Power Wave X, Bio-Tek Instruments, Inc., 
Winooski, VT, USA).  Each experiment was performed in triplicate 
and 3 independent experiments were performed.  A student t-test was 
used for statistical analysis. 
 

2.12  Point mutations of human 1 integrin DNA  
 
  Human 1 integrin cDNA was amplified by RT-PCR and 
subsequently subcloned into a pcDNA3.1 vector (Fig. 7) (Invitrogen, 
Melbourne, Australia) after ECOR I restriction. Human 1 integrin 
point mutation was generated by QuickChange Site-directed 
Mutagensis kit (Invitrogen, Melbourne, Australia). Two synthetic 
oligonucleotide primers were designed to generate the desired point 
mutation of 1/6 integrin siRNA recognition site.  These primer 
sequences are as follows: human 1 integrin mutant forward primer 
TGC TGA TAT GGA AAC TAC TTA TGA TTA TAC ACG ACA 
GAA GGGAGT, human 1 integrin mutant reward primer ACT CCC 
TTC TGT CGT GTA TAA TCA TAA GTA GTT TCC ATA TCA 
GCA.  To generate the human 1 integrin mutation, 50 ng of pcDNA-

1 was used and amplified by PCR reaction in 50 μl of 1X reaction 
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buffer, 125 ng of oligonucleotide forward and reward primers, 2.5 units 
of PfuTurbo DNA polymerase and dNTPs.  The PCR conditions were 
95 o C for 30 seconds, followed by 12 cycles of 95o C for 30 seconds,  
55o C for 1 minute and 68 o C for 18 minutes.  Following temperature 
cycling, the samples were cooled down 2 minutes at 37o C.  10 units of 
Dpn I restriction enzyme was added to digest the methylated, non-
mutated parental DNA, then incubated at 37o C for 60 minutes.  The 
mutated-pcDNA- 1 plasmid was transformed into the XL-1 Blue 
supercompetent cells where the repair of the nicks in mutated-plasmid 
occurred.  Subsequently, the successful of mutagenesis was determined 
by restriction enzyme method. 
 

2.13 Co-transfection of human 1 integrin and 1 integrin 
siRNA 

 
  MCF-7-MT1 and MDA-MB-231 were tested, cells were 
trypsinized, diluted with fresh medium without antibiotics and seeded 
(4x105 cells/well) in 2 ml of culture medium into 6-well culture plates.  
Following day, cells were transfected with 1/6-integrin  siRNA, 
Lipofectamine TM 2000 ( Invitrogen, Life Technologies) was used for 
transfection as described above (3.2). The transfected cells were then 
incubated at 37oC in a CO2   incubator for 24 hours. Medium was 
removed and added with 2 ml of fresh supplement medium. The 
siRNA-transfectd  cells were subsequently transfected with either wild-
type or mutant human 1 integrin as indicated. FuGENE 6 (Roche) 
was used for transfection as per the manufacturer’s instruction using 2 

g plasmid DNA with 6 l FuGENE 6 per treatment. After 24 hours 
transfection, cells were washed twice with serum-free medium (SFM: 
unsupplemented DMEM), then replaced with fresh SFM.  
Recombinant full-length pro-MMP-2 (kindly, provided by Dr.  Rafael 
Fridman, Wayne State University, Detroit, MI, USA ) was added at 
100 ng/ml concentration. At the appropriate time point, the conditioned 
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Figure 12:  Overview of site-direct mutagenesis method 
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medium and cell lysates were collected for MMP-2 activation by 
Zymograpgy and 1 inetgrin expression by Western blot  respectively. 
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CHAPTER 4  
RESULTS  

 
 
1. Three candidates of 1 integrin siRNAs, namely 1/4, 1/5 and 

1/6 were efficiently knockdown 1 integrin expressin at 72, 96 
and 120 hours.  

  
  The 1 integrin is an important partner of the collagen-
binding integrin receptors.  However, the involvement of 1 integrin in 
collagen-stimulated MMP-2 activation is still unclear. 1 integrin 
siRNA technology was used to determine the influence of 1 integrin 
on MMP-2 activational responses to type I collagen stimulation. Six 
different 1 siRNAs were designed, namely 1/1, 1/2, 1/3, 1/4, 

1/5 and 1/6 siRNA, and transfected in MCF-7-MT1 breast cancer 
cells which had previously been stably transfected MT1-MMP.  
Although, all 6 siRNAs showed decreased 1 integrin expression at 
both the RNA and protein levels, only 3 of them ( 1/4, 1/5 and 1/6 
siRNAs) showed substantial knockdown of the 1 integrin expression, 
with the most efficient knockdown being from 1/6 siRNA (Fig. 13 A 
and 13 B).   

To determine the interval time for suppression of 1  
integrin expression by siRNA technology, only 1/4, 1/5 and 1/6 
siRNAs were selected. Both MCF-7-MT1 and MDA-MB-231 breast 
cancer cells were used. MCF-7-MT1 which lack of endogenous MT1-
MMP and also showed low level of 1 integrin expression, while 
MDA-MB-231 present high level of endogenous MT1-MMP and 1 
integrin expression. All of the 1/4, 1/5 and 1/6 siRNAs initiated 
knockdown of 1 integrin expression at 24, 48, 72, 96 and 120 hours 
after transfection. However, 1 integrin expression was completely 
knocked down at 72, 96 and 120 hours in both MCF-7-MT1 (Fig. 14 A) 
and MDA-MB-231cells (Fig. 14 B). 
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Figure 13:  Knockdown of 1 integrin expression by 1 siRNA 
technology in MCF-7-MT1 cells. All 6 different 1 siRNAs were 
transfected into MCF-7-MT1 cell.  RNA was collected after 24 hours 
transfection, and 100 ng was analyzed for 1 integrin expression by 
qRT-PCR (A). Proteins were harvested at 48 hours after transfection 
and analyzed for 1 integrin expression by Western Blot (B). 
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Figure 14:  Time course of 1 integrin knockdown after 1siRNA 
transfection. MCF-7-MT1 and MDA-MB-231 cells were plated in 6 
well plates and transfected on the following day with 1/4, 1/5, and 

1/6 siRNAs. Controls included cell alone and control siRNA. At 
appropriate time points, cell lysates were collected for analysis of 1 
integrin levels by Western blot in MCF-7-MT1 (A) and MDA-MB-231 
(B). 
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2. Abrogation of 1 integrin expression reduced cells adhesion to 
Type I collagen, Fibonectin, but not Vitronectin. 

 
The specificity of integrin binding to ECM components  

including laminins, collagens, and fibronectin depends on the 
extracellular domains of the  and  integrin subunits. Integrins 1 1, 

2 1, 10 1 and 11 1 represent the primary collagen receptors [145, 
150]; integrins 3 1, 6 1, 6 4 and 7 1 are the major laminin 
receptors [147]; and integrins 5 1, 8 1, IIb 3 are the major 
fibronectin receptors and the v 3 is specific for vitronectin receptor 
that bind in an RGD-dependent manner [145]. Since, 1 integrin is 
ubiquitously expressed and can bind multiple a partners. To examined 
the functional activity of abrogated- 1 expressing, adhesion analysis 
was performed with ECM substrates including VN, FN, and Col I after 

1 integrin siRNAs transfection, where 1 integrin was completely 
knockdown. Cells expressing 1 integrin (control and siRNA  control) 
showed significantly stronger adhesion to type I Col and FN compared 
to abrogated- 1 expressing cells. However, 1/6 integrin siRNA 
showed the lowest adhesion to both  type I Col and FN. Specifically in 
type I Col adhesion, only 1/6 integrin siRNA showed the lowest 
adhesion significantly (p < 0.05), while 1/4 and 1/5 siRNAs were 
not clearly decrease adhesion (p> 0.05) (Fig. 15 A). Decreasing 
adhesion to FN was also observed, all of 1/4, 1/5 and 1/6 siRNAs 
adhered less than 1-integrin expressing cells statistically significance, 
p< 0.05, 0.05 and 0.01 respectively. Similarly, 1/6 integrin siRNA 
showed the lowest adhesion to FN compared to 1/4 and 1/5 
knockdown cells (Fig. 15 B). Vitronectin is specific for the v 3 cell 
receptor, thus it was used for control in this experiment. All of 
abrogated- 1 expressing cells were not different adhesion to VN, 
confirm that abrogation of 1 expressions were not effect to unspecific 
ECM molecule of 1 integrin (Fig. 15 C). 
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Figure 15: Functional activity reduction of abrogated- 1 integrin 
expressing cells: Adhesion assay of 1 expression in MCF-7-MT1.  
Adhesion analysis was performed to ECM substrates including Col I, 
FN, and VN which were used at o.5 ug/ml as shown. Each experiment 
was performed in triple and student t-test was used for statistical 
analysis. 
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3. The 1/6 siRNA was the most efficient reduction of collagen gel 
contraction, while 1/4 and 1/5 siRNAs were only partial 
reduction of collagen gel contraction. 

 

  Remodeling of the ECM plays a critical role in the 
reorganization of connective tissue in tumor invasion [105, 106].  
Collagen gel contraction is a process of reorganizing the collagen 
fibrils and contraction of the gel. It is used as an in vitro model of cell-
mediated tissue remodeling, including wound contraction and 
maintenance of tissue homeostasis [107]. Several studies have 
demonstrated a role for 1 integrin, in particular 1 1 and 2 1 
integrin, in mediating collagen gel contraction by fibroblast and 
osteoblastic cells [111-113].  To determine the functional effects of 1 
integrin knockdown by siRNA technology. Contraction of a relaxed or 
free-floating gel experiment was performed. Abrogation of 1 integrin 
expressions were induced by 1/4, 1/5 and 1/6 siRNAs transfection. 
After 72 hours trasfection, both MCF-7-MT1 and MDA-MB-231 cells 
were grown in 3 dimensional (3D) collagen gels, and free-floating gel 
contractions were monitored for 5 days. Collagen gel contraction was  
clearly observed with MDA-MB-231 cells. While, MCF-7-MT1 cells 
invaded through the collagen gel and some cells stayed inside collagen 
gel, and only partial contraction of collagen gel was seen. All of 
abrogated- 1 integrin expressing cells show less contractile than 1 
integrin expressing cells (cell and siRNA control) (Fig. 16 A). 
However, only 1/6 siRNA initiated failing of contraction at the first 
day and keep failing until the last day,    while 1/4 and 1/5 siRNAs 
initiated failing of contraction only at the first day, then started to 
contract at the second day until the last day (Fig. 16 B). Interestingly, 
only 1/6 siRNA indicated the most efficient reduction of collagen gel 
contraction significantly (16.49 %, p <0.001), while 1/4 and 1/5 
siRNAs were not significant difference from 1 integrin expressing 
cells (cell and siRNA control)  as shown in Figure 16 C. 
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Figure 16:  Knockdown of 1 expression by 1/6 siRNA reduced 
collagen gel contraction in MDA-MB-231 cells. Abrogation of 1 
expression was induced by 1/4, 1/5 and 1/6 siRNAs trasfection.  
After 72 hours transfection, MDA-MB-231 cells were plated within 3D 
type I collagen gels.  On the following day, gels were released as free-
floating gels (A).  Measurements of gel diameters were performed as 
indicated daily for 5 days (B).  Collagen gel contractions were 
calculated as mean values in relation to the gel diameters before 
releasing. Three independent experiments were performed, and 
student’s t-test was used for statistical analysis (C). 
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4. 1/4, 1/5 and 1/6 siRNA each efficiently knocked down 1   
integrin, however, only 1/6 effected a reduction in Col I-
induced MMP-2 activation.   

 
The 1 integrin is an important partner of the collagen- 

binding integrin receptors.  However, the involvement of 1 integrin in 
collagen-stimulated MMP-2 activation is still unclear. Since, all of 

1/4, 1/5 and 1/6 siRNAs initiated knockdown of 1 integrin 
expression at 24, 48, 72, 96 and 120 hours after transfection (Fig. 14 A, 
B). Thus, to determine the interval time for suppression of 1 integrin 
and subsequent effects on MMP-2 activation by 1 siRNA,   only 1/6 
siRNA was transfected in to MCF-7-MT1 and MDA-MB-231 cells.  
The 1/6 siRNA showed a reduction of MMP-2 activation at 72 and 96 
hours after transfection in parallel with 1 integrin expression in both 
MCF-7-MT1 and MDA-MB-231 cells (Fig. 17 B), where 1 integrin 
expression was completely knocked down at 72 hours (Fig. 17 A) . No 
effect on MMP-2 activation was seen at 24 or 48 hours after 
transfection, at which times 1 integrin expression was not completely 
knocked down. This indicated that, substantially knock down of 1 
integrin expression showed a reduction of Type I Col-induced MMP-2 
activation in both MCF-7-MT1 and MDA-MB-231 cells. 

To determined further the effects of 1/4, 1/5 and 1/6  
siRNAs on MMP-2 activation in MCF-7-MT1 cells.  As described 
above, MCF-7-MT1 is a breast cancer cell line which lack of 
endogenous MT1-MMP expression and induced MT1-MMP 
expression by stably transfected with MT1-MMP. In this cell model, 
Col I causes activation of MMP-2 despite MT1-MMP being under the 
control of a heterologous promoter.  Furthermore, when these cells 
were treated with cycloheximide to block new protein synthesis, some 
reduction in MMP-2 activation was seen, but the Col I response was 
still observed. Thus, MCF-7-MT1cells provide a model for non- VV    
Vtranscriptional regulation of Col I-induced MMP-2 activation. As the 
result found that 1 integrin expression was completely knocked down 
at 72 hours after transfection (Fig. 18 A). An MMP-2 activation time 
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course analysis was conducted at 72, 96 and 120 hours after 
transfection. All 3 types of 1 integrin siRNA; 1/4, 1/5 and 1/6 
were knockdown 1 inetgrin at 72, 96 and 120 hours as shown in 
Figure 15 A. Although, 1/4, 1/5 and 1/6 siRNA each were efficient 
in the knockdown of 1 integrin, however, only 1/6 had a convincing 
effect on MMP-2 activation reduction at all time points (Fig. 18 B).   
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 17:  Time course of 1 integrin knockdown after 1/6 
siRNA transfection in MCF-7-MT1 and MDA-MB-231 cell. MCF-
7-MT1 and MDA-MB-231cells were plated in 6 well plates and 
transfected on the following day with 1/6 siRNA. Controls included 
cell alone and control siRNA.  Cells were washed and 100 ng/ml of 
rMMP-2 was added where indicated, then cells were untreated and 
treated with 100 g/ml of Col I. At appropriate time points, cell lysates 
were collected for analysis of 1 integrin levels by Western blot (A).  
Conditioned media were also harvested for MMP-2 activation status 
determination by gelatin zymogram (B). Pro, Intermediate, and Active 
MMP-2 are indicated by arrow. 
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Figure 18:  Time course of 1 integrin knockdown and MMP-2 
activation in MCF-7-MT1 cell.  (A). Western Blot.  MCF-7 cells 
were transfected with 1/4, 1/5 and 1/6 siRNAs.  Cell lysates were 
collected at 72, 96 and 120 hours after transfection. (B). Zymogram.  
100 ng of rMMP-2 was added at 72, 96 and 120 hours after 1 integrin 
siRNA transfection, then cells were untreated or treated 100 g/ml of 
Col I. Conditioned-medium was collected at 24 hours incubation and 
MMP-2 activation status in response to type I collagen stimulation 
assessed by zymogram.  Pro, Intermediate, and Active MMP-2 are 
indicated by arrow. 
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5. 1/4, 1/5 and 1/6 siRNAs were not only efficient in the 
knockdown of 1 integrin at the cell surface, but also knocked 
down 2 and 3 integrin subunits. 

 
  Integrin 1 1, 2 1, 10 1 and 11 1 are the major 
collagen-binding integrin receptors. Because 1/4, 1/5 and 1/6 
siRNAs were all efficient in the knockdown of 1 integrin, but only 

1/6 reduced MMP-2 activation in response to type I collagen. We 
hypothesized that these 3 different 1 siRNAs have different effects on 
the 1 integrin knockdown and also on the  subunits which comprise 
collagen-binding integrin heterodimers.  FACS analysis was performed 
to assess the 2, 3, and V integrins, since MCF-7-MT1 cells were 
found to have very low levels of 1 integrin, and no detectable levels 
of 10 and 11 integrin subunits when examined by qRT-PCR (data 
not shown).  Interestingly, 1/4, 1/5 and 1/6 siRNAs each not only 
knocked down 1 integrin, but also the 2 and 3 integrin subunits.  
However, no effect on the levels of the V integrin subunit was 
observed (Fig. 19).  This data indicated that each of the 1 integrin 
siRNAs ( 1/4, 1/5 and 1/6) had closely similar effects on collagen-
binding integrin receptors, 2 1 and 3 1 integrin heterodimers.   
 
6. Dose response effect of 1 integrin siRNA on knockdown of 1 

integrin expression. 
 
  There are several factors that may influence the efficiency 
of RNAi in mammalian system including the choice of the target site 
of degradation, the transfection method and the turn over rate of the 
protein [170]. In addition, the mRNA degradation rate is an important 
factor influencing target gene knockdown by siRNA technology [170-
172].   This effect is dependent on the dose response to siRNA 
concentration.  To determined 1/4, 1/5 and 1/6 siRNAs had dose-
dependent effects on the abrogation of 1 integrin mRNA expression, 
and whether this was relative to the reduction seen in MMP-2 
activation. We hypothesized that the 1/6 siRNA showed a quicker 
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mRNA degradation rate than either 1/4 or 1/5 siRNA. Serial 
concentrations of 1/6 siRNA (2.5, 5, 10, 15 and 20 μM) were tested.  
The data showed that at the lowest concentration (2.5 μM), 1/6 
siRNA was able to knockdown 1 integrin expression to an extent 
comparable to the highest concentration (20 μM) of 1/4 or 1/5 
siRNA (Fig. 20 A).  The 1 integrin expression was below the 
threshold of detection 72 hours after transfection with 2.5 and 5 μM of 

1/6 siRNA, and this was also seen with 1/4 and 1/5 siRNA at 20 
μM. In contrast to 1 integrin expression, MMP-2 activation 
reductions were observed only at 20 μM of 1/6 integrin siRNA (Fig. 
20 B).  These results indicated that the reduction of type I collagen-
induced MMP-2 activation seen only with 1/6 may require the more 
rapid and complete knock down of 1 integrin seen with this siRNA. A 
threshold of 1 integrin which cannot be surpassed by 1/4 or 1/5 
siRNAs may exist for the MMP-2 activation effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19:  FACS analysis of 1 integrin expression at cell surfaces.  
MCF-7-MT1 cells were transfected with 1/4, 1/5 and 1/6 siRNAs.  
Cells were washed and incubated with specific antibodies toward 2, 

3, V and 1 integrin, and analyzed by FACScan flow cytometer. The 
1 as well as 2 and 3 integrin subunits were knockdown, but not V 

integrin.  

Negative control               1 integrin 2 integrin

3 integrin V integrin
Black = Cell alone
Red    = 1/4siRNA
Violet = 1/5siRNA
Green= 1/6siRNA

Negative control               1 integrin 2 integrinNegative control               1 integrin 2 integrin

3 integrin V integrin
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Red    = 1/4siRNA
Violet = 1/5siRNA
Green= 1/6siRNA

3 integrin V integrin
Black = Cell alone
Red    = 1/4siRNA
Violet = 1/5siRNA
Green= 1/6siRNA
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Figure 20:  Dose response effect of 1 integrin siRNA on MMP-2 
activation in MCF-7-MT1 cells. Cells were plated and transfected 
with 1 integrin siRNA. Serial dilutions of 1/6 siRNA (2.5, 5, 10, 15 
and 20 μM) were used in comparison with the 20 μM concentrations of 

1/4 and 1/5 siRNAs. After 72 hours transfection, 1 integrin 
expressions were determined by Western Blot (A). MMP-2 activation 
was analyzed by Zymography method. Pro, Intermediate, and Active 
MMP-2 are indicated by arrow (B). 
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7.  The target cleavage site of 1/6 siRNA was specific to 1 
integrin gene. 

 
Although 1/4, 1/5 and 1/6 siRNAs each provided good  

knockdown of 1 integrin expression, only the 1/6 integrin siRNA 
reduced MMP-2 activation in response to type I collagen stimulation.  
In addition, the results demonstrated that the reduction in MMP-2 
activation by 1/6 siRNA was dose-dependent on siRNA concentration.  
Because of the lack of effect of 1/4 and 1/5 siRNAs on MMP-2-
activation, we concerned that the 1/6 integrin siRNA may elicit a 
nonspecific gene knockdown which caused the reduction in MMP-2 
activation.  To assess this, a point mutation technique was used to 
codon-swap the DNA sequence at the siRNA target site, with no effect 
on the protein sequence.  Co-transfection of the 1 integrin-mutant 
with 1 integrin siRNA should avoid the mRNA degradation by 1 
integrin siRNA, and rescue the effect on MMP-2 activation reduction.  
In contrast, co-transfection of wild type 1 integrin with 1 integrin 
siRNA should also lead to mRNA degradation by 1/6 integrin siRNA.  
MCF-7-MT1 cells were transfected with either wild-type 1 integrin 
(Wt) or 1 integrin mutant (Mt), and also either wild-type 1 integrin 
or 1 integrin mutant were co-transfected with the 1/6 integrin siRNA. 
Then, the effect on MMP-2 activation in response to type I collagen 
stimulation was assessed.  Co-transfection of 1 integrin mutant and 

1/6 siRNA failed to knockdown 1 integrin, whereas co transfection 
of wild-type 1 integrin and 1/6 siRNA, or transfection with 1/6 
integrin siRNA alone, successfully knocked down 1 integrin (Fig. 21 
A). Expectedly, Co-transfection of 1 integrin mutant and 1/6 siRNA 
could rescue MMP-2 activation reduction (Fig. 21 B). Even though, a 
reduction of MMP-2 activation rescue effect by 1 integrin mutant was 
not convincing. This may be due to complications of the effects of the 
co-transfection conditions on MMP-2-activation, which was elevated. 
However, the same result was also observed in MDA-MB-231 cells. 
(Fig. 21 C). These results indicated that the target cleavage site of 1/6 
integrin siRNA was specific to 1 integrin gene. 
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Figure 21:  The target site of 1/6 integrin siRNA was specific to 1 
integrin gene.  Human 1 integrin cDNA was subcloned into the 
pCDNA3.1 vector.  Site-specific mutagenesis primers were designed 
around the target site of the 1/6 siRNA. Co-transfections of 1/6 
siRNA and either wild type 1 integrin or the 1 integrin mutant were 
performed. (A) Western blot analysis of 1 integrin expression, and the 
effects on MMP-2 activation were examined by gelatin zymography in 
both MCF-7-MT1 cells (B) and MDA-MB-231 cells (C). Pro, 
Intermediate, and Active MMP-2 are indicated by arrow. 
 
 
 
 
 
 
 
 
 
 
 

C. Zymogram: MDA-MB-231 
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8. A reduction of MMP-2 activation by 1/6 siRNA was specific to 
Type I Col stimulation.   

 
Although Collagen type I was reported induction of MMP-2  

activation [45], artificial activation of MMP-2 can be effected by a 
variety of agents. Cellular activation of MMP-2 has been documented 
recently upon treatment of different cell types with TPA, TGF-0, Con 
A and APMA [173, 174]. It was suggested that the response to 
interstitial collagen and Con A may be mediated by integrins, since a 
number of integrin family members are their cell surface receptors. 
Thus, to investigated that a reduction of MMP-2 activation by 
abrogation of 1 integrin expression was specific to Type I Col 
stimulation. Non-specific substrates include Con A and TPA were used 
to generate induction of MMP-2 activation. MCF-7-MT1 cells were 
treated with Type I Col, Con A or TPA after 72 hours after 1/6 siRNA 
transfcetion. Interesting, knockdown of 1 integrin expression by 1/6 
siRNA abolished substantially only Type I Col-induced MMP-2 
activation. Importantly, MMP-2 activation in regarding of either Con A 
or TPA induction, abrogation was not seen by 1/6 siRNA transfection 
(Fig. 22 A). Nevertheless, to investigate unspecific effect of gene 
knockdown by siRNA technology that may be manipulate on Type I 
Col-induced MMP-2 activation. Other unspecific siRNAs including 
Vimentin-1, Vimentin-2, Slug-1, Gal3-1 and Gal3-2 were further tested 
effect on Type I Col-induced MMP-2 activation. It was found that, 
only 1/6 siRNA transfection convinced abrogation of Type I Col-
induced MMP-2 activation. While all of other unspecific siRNAs were 
not seen, except Slug-1 showed a little reduction (Fig. 22 B). Theses 
data were support that, knockdown of 1 integrin expression by 1/6 
siRNA had specific effect on MMP-2 activation reduction in response 
to Type I collagen stimulation.  
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Figure 22:  Abrogation of 1 integrin was specific effect to Type I 
Col-induced MMP-2 activation reduction.  MCF-7-MT1 cells were 
treated with Type I Col, Con A or TPA after 72 hours of 1/6 siRNA 
transfection at 100 ng/ml, 10 M/ml and 10 -7 M/ml respectively. 
Conditioned medium was collected at 24 hours incubation after 100 ng 
of rMMP-2 was added and cells were untreated or treated with Col I, 
Con A or TPA.  The effects on MMP-2 activation were examined by 
gelatin zymography (A). Other unspecific siRNAs were transfected in 
MCF-7-MT1 cells at 20 M. MMP-2 activation effect was performed 
in the same pattern and examined by gelatin zymography. Pro, 
Intermediate, and Active MMP-2 are indicated by arrow (B). 
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 (B). Abrogation of 1 integrin expression suppressed Type I Col-
induced MMP-2 activation via MT1-MMP up-regulation. 

 
Collagen type I can stimulate MMP-2 activation via MT1- 

MMP activity in several cell types [25, 44-46], involves both a 
transcriptional increase in MT1-MMP expression, and a non-
transcriptional response mediated by pre-existing MT1-MMP.  Type I 
collagen stimulated MMP-2 activation functions principally via MT1-
MMP in fibroblasts, as no MMP-2 activation occurs in MT1-MMP-
deficient mouse fibroblasts in response to Col I and reduced levels of 
active MMP-2 are seen in MT1-MMP-deficient mice [46, 55, 114]. In 
this study, it found apparently abrogation of 1 integrin expression was 
able to suppress Type I Col-stimulated MMP-2 activation. Thus, the 
influence of 1 integrin on MMP-2 activation in regarding of MT1-
MMP activity was examined. Again, MCF-7-MT1 which stably 
transfected MT1-MMP was used as the non-transcriptional response of 
MT1-MMP regulation model. MCF-7-MT1 cells were transfected with 

1/4, 1/5 and 1/6 siRNAs, protein levels of both 1 integrin and 
MT1-MMP were examined by Western blot at 72 hours after 
transfection. Interestingly, all of 1/4, 1/5 and 1/6 siRNAs showed 
decrease MT1-MMP levels, particularly, the 1/6 siRNA was the 
strongest weakness of MT1-MMP which correspond to  1 integrin 
level compared to controls (Cell alone and siRNA control) (Fig 23 A). 
Subsequently, 1/6 siRNA was obvious suppression of Col I-induced 
MMP-2 activation (Fig. 23 B). However, due to rapid turnover rate of 
active MT1-MMP, its concentration on cell surface is very low, and the 
active form of MT1-MMP predominantly localizes on the cell surface.  
Even through, western blotting may be a more suitable alternative 
method, however, the preferred method for analyzing a protein 
knockdown is immunofluorescence detection using a specific antibody 
that recognizes the targeted gene. Thus, detection of cell surfaces 1 
integrin and MT1-MMP were also investigated using 
Immunofluorescence method at 6 hours and 24 hours incubation after 
cells were untreated or treated with Col I. All abrogated- 1 integrin 
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expressing cells displayed different morphology comparison with cells 
expressing 1 integrin (Cell alone and siRNA control). Cells 
expressing 1 integrin demonstrated better spread, whereas, all 
abrogated- 1 integrin expressing cells displayed rounder and less 
spread morphology, somehow the 1/6 siRNA was predominant (Fig. 
24 A). In addition, the cell surface expression of 1 integrin localized 
to the cell periphery was strongly observed, while MT1-MMP was 
more diffusely distributed on the cell surface, somehow concentration 
of MT1-MMP was associate with 1 integrin. Althrough, abrogated- 1 
integrin expressing cells knocked down 1 integrin, but the cell surface 
expression of 1 integrin was still detected. However, cell surfaces of 

1 integrin and MT1-MMP were similar between untreated and treated 
with Col I.  Interestingly, only 1/6 siRNA indicated less of 1 integrin 
and MT1-MMP at the cell surface compared to 1/4 and 1/5 siRNAs 
in both untreated and treated with Col I conditions (Fig. 24 B). 
 
 
 
 
 
 
 
 
 
 
 
Figure 23.  MT1-MMP levels were reduced in abrogated- 1 
integrin expressing cells. MCF-7-MT1 cells were transfected with 

1/4, 1/5 and 1/6 siRNAs, protein levels of both 1 integrin and 
MT1-MMP were examined by Western blot at 72 hours after 
transfection (A). Conditioned media were collected at 24 hours after 
cells were untreated and treated with Col I and gelatin zymography 
was performed for MMP-2 activation.  Pro, Intermediate, and Active 
MMP-2 are indicated by arrow (B). 

Cell alone      siRNA-control    1/4siRNA  1/5siRNA   1/6siRNA                
- +          - +          - +         - +          - + Col I

Cell alone      siRNA-control    1/4siRNA  1/5siRNA   1/6siRNA                
- +          - +          - +         - +          - +

Cell alone      siRNA-control    1/4siRNA  1/5siRNA   1/6siRNA                
- +          - +          - +         - +          - + Col I

 

B. Zymogram 

Cell 
alone

siRNA

control

1/4

siRNA

1/5

siRNA

1/6

siRNA

1

MT1

Actin

Cell 
alone

siRNA

control

1/4

siRNA

1/5

siRNA

1/6

siRNA

1

MT1

Actin

Cell 
alone

siRNA

control

1/4

siRNA

1/5

siRNA

1/6

siRNA
Cell 

alone
siRNA

control

1/4

siRNA

1/5

siRNA

1/6

siRNA

11

MT1MT1

ActinActin

A. Western Blot 

MMP-2
 Pro 
 Intermediate
 Active 

110 kDa

42 kDa

63 kDa



 85

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cell alone siRNA control 1/4siRNA 1/5siRNA 1/6siRNACell alone siRNA control 1/4siRNA 1/5siRNA 1/6siRNACell alone siRNA control 1/4siRNA 1/5siRNA 1/6siRNA
A. 

B. 

Cell alone

siRNA
control

1/4siRNA

1/5siRNA

1/6siRNA

6 hours 
incubation 1 MT1 Merge

- Col I
1 MT1 Merge

+ Col I

Cell alone

siRNA
control

1/4siRNA

1/5siRNA

1/6siRNA

6 hours 
incubation

Cell alone

siRNA
control

1/4siRNA

1/5siRNA

1/6siRNA

Cell alone

siRNA
control

1/4siRNA

1/5siRNA

1/6siRNA

6 hours 
incubation 1 MT1 Merge

- Col I
1 MT1 Merge

- Col I
1 MT1 Merge1 MT1 Merge

- Col I
1 MT1 Merge

+ Col I
1 MT1 Merge

+ Col I
1 MT1 Merge1 MT1 Merge

+ Col I



   86

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Immunofluorescence analysis for 1 integrin and MT1-
MMP at the MCF-7-MT1 cell surface. All different types of 1/4, 

1/5 and 1/6 siRNAs were transfected into MCF-7-MT1 cells. After 
72 hours, cells were plated on Teflon printed glass slides.  The 
following day, cells were untreated and treated with Col I. At 
appropriate time points, cells were incubated with primary antibodies 
toward MT1-MMP (AB815) or 1 integrin (AB2511).  Primary 
antibody was detected with a donkey anti-rabbit secondary Alexa Fluor 
488 (green for 1 integrin) or Alexa Fluor 568 (red for MT1-MMP) 
conjugated antibody for 1 hour at room temperature.  Cells were then 
mounted and viewed by confocal microscopy. Cell morphologies were 
captured at 6 hours incubation (A). Immunofluorescence analysis were 
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performed after 6 hours (B) and 24 hours (C) stimulation with and 
without Col I.   
  Since usage of siRNA technology, the transient reduction in 
mRNA levels can be detected in less than a day and lasts for several 
days depending on the turnover rate of the RNA and/or the protein. 
Immunofluorescence detection was further performed at 24 hours 
incubation of 1 integrin and MT1-MMP at the cell surface (Fig. 24 C). 
At this time, 1 integrin localized to the cell periphery was strongly 
observed in control include cell alone and siRNA control. In the other 
hand, all abrogated- 1 integrin expressing cells showed little 1 
integrin at the cell periphery. Obviously, 1 integrin was more 
diffusely distributed on the cell surface and disappear from cell 
periphery in 1/6 siRNA knockdown cells. When cells were stimulated 
with Col I, only 1/6 siRNA knockdown cells distinctly displayed 
MT1-MMP less than untreated with Col I condition which related to 
the most efficiently knockdown of 1 integrin. Importantly, both 1/4 
and 1/5 siRNAs expressing cells were able to knock down 1 
integrin, however, 1 integrin localized at cell periphery was still 
detected. Additionally, 1 integrin and MT1-MMP levels examined by 
immunofluorescence were corresponding to Western blot 
determination (Fig 23 A). Thus, it was conceivable that 1/6 siRNA 
was not only the most efficient knockdown of 1 integrin but also the 
highest significantly effected down regulation of MT1-MMP level. 
Taken together, only knockdown 1 integrin by 1/6 siRNA showed 
significantly MMP-2 activation reduction, while 1/4 and 1/5 siRNAs 
were not.  

However, to confirm that this knockdown of 1 integrin  
was up-regulation of MT1-MMP. The reciprocal experiment was 
further investigated. Human MT1-MMP cDNA was subcloned into a 
pCEP-4 plasmid under neomycin selection. MCF-7-MT1 cells were 
transfected with 1/4 and 1/5 1/6 siRNAs, subsequently, cell were 
transiently transfceted with pCEP-MT1-MMP upon indication, 
controls were also including. Untreated and treated with Col I 
conditions were parallel set up. Ectopic expression of MT1-MMP were 



   88

determined by Western blot, the reduction of MT1-MMP in all 
different 1 integrin siRNAs knockdown cells were increasing back 
(Fig 25A). Expectedly, suppression of MMP-2 activation by 1/6 
siRNA was rescued by MT1-MMP induction in both non- and 
stimulation with Col I. (Fig. 25 B). More over, to confirm that 1 
integrin was up regulation of MT1-MMP activity, the reciprocal 
induction of 1 integrin was further investigated. Human 1 integrin 
cDNA was subcloned into a pcDNA3.1 vector. Transient expression of 

1 integrin in MCF7-MT1 cells, full length 1 integrin plasmid DNA 
(pcDNA 1) and empty vector (pcDNA-VC) transfected counterparts, 
were generated. MCF-7-MT1 cells were transiently transfected with 
either pcDNA-VC or pcDNA- 1, subsequently, rMMP-2 was added 
and MMP-2 activation was performed at serial times include 6, 12, 24, 
48 and 72 hours incubation. The 1 integrin protein levels were also 
determined at serial time points in parallel with MMP-2 activation. The 

1 integrin strongly increased at 12 and 24 hours, and then start to go 
down at 48 hours and reach to baseline at 72 hours after transfection 
(Fig. 26 A). Interestingly, increasing of 1 integrin induced MT1-
MMP parallel together at 12 hours until 72 hours. This effect, 
subsequently, enhance Col I-induced MMP-2 activation by MT1-MMP 
activity. Col I-induced MMP-2 activations were convincingly observed 
at 12 and 48 hours, then MMP-2 activation levels were similar between 
non- and induction of 1 integrin (Fig. 26 B). These results indicated 
that 1 integrin was up regulation of MT1-MMP, subsequently, effect 
on MMP-2 activation in response to Col I stimulation. Thus, it strongly 
recommends that the 1 integrin involve in Col I-induced MMP-2 
activation via up regulation of MT1-MMP activity. 
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Figure 25. Ectopic MT1-MMP expression rescued suppression of 
Col I-induced MMP-2 activation by 1/6 siRNA. MCF-7-MT1 cells 
were transfected with all different 1/4, 1/5 and 1/6 siRNAs. 
Following day, cells were subsequently transient transfected with 
pCEP-MT1-MMP as indication. Then, cells were untreated or treated 
with Col I. Efficiency of MT1-MMP inductions were determined by 
Western Blot (A.) and MMP-2 activation was analyzed by gelatin 
zymography. Pro, Intermediate, and Active MMP-2 are indicated by 
arrow (B.) 
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Figure 26. The 1 integrin was up regulation of MT1-MMP 
activity.  MCF-7-MT1 cells were transient transfected with either 
pcDNA-VC or pcDNA- 1 integrin. Cells were untreated or treated 
with Col I and Conditioned media were collected at appropriate time 
points.  Inductions of 1 integrin were determined by Western Blot at 
serial times including 12, 24, 48 and 72 hours (A). MMP-2 activation 
was also investigated at similar time points by Zymogram method. Pro, 
Intermediate, and Active MMP-2 are indicated by arrow (B.) 
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CHAPTER 5 
DISCUSSION 

 
 
1. Three candidates of 1/4, 1/5 and 1/6 integrin siRNAs were 

efficiently knockdown 1 integrin expression at 72, 96 and 120 
hours.  

 
Integrin 1 is ubiquitously expressed and can bind multiple  

a partners. One important function of 1 integrin is partner of the 
collagen-binding receptors, to date they are four integrin receptor 
including 1 1, 2 1, 10 1 and 11 1 are the major collagen-
binding receptors [145, 150]. Even through,  physical associations 
between 1-integrin and several classes of proteases, endogenous 
inhibitors of those proteases or protease binding partners have been 
identified, yet a mechanism for 1-integrin involvement in the 
proteolytic remodeling of ECM has not been established [164]. It was 
postulated that culturing a variety of cell types within a three-
dimensional gel of type I collagen stimulates cellular activation of 
MMP-2 [44-46].  Several studies have shown that collagen-binding 
integrins interact with collagen involve in this mechanism [55-60]. 
However, the involvement of 1 integrin in type I collagen-stimulated 
MMP-2 activation is still unclear. Thus, this study aimed to elucidate 

1 integrin involve in Col I-induced MMP-2 activation. siRNA 
technology was used to determine 1 integrin function in this  study. 
Since this method is a powerful technique used to investigate gene 
function by degrading a specific mRNA target in a cell or organism 
and thus knocking out or knocking down the level of the encoded 
protein [175]. Despite the high success rate of this technique, still 
controls are important. It was recommended that it is   essential to find 
an optimal siRNA sequence, and several different siRNAs should be 
used in the experimental system [176].  
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Thus, six different 1 siRNAs were designed, namely 1/1,  
1/2, 1/3, 1/4, 1/5 and 1/6 siRNA, and transfected in MCF-7-MT1 

breast cancer cells which had previously been stably transfected MT1-
MMP.  Although, all 6 siRNAs showed decreased 1 integrin 
expression at both the RNA and protein levels, only 3 of them ( 1/4, 

1/5 and 1/6 siRNA) showed substantial knockdown of the 1 
integrin expression, with the most efficient knockdown being from 

1/6 siRNA (Fig. 10 A and 10 B).  This is due to the efficiency of 
target RNA cleavage, even for single-nucleotide displacements of the 
siRNA relative to the target, is quite variable [175]. Apparently, 
siRNAs can target genes as effectively as long dsRNAs [175] and are 
widely used today for assessing gene function in cultured mammalian 
cells. Several biological roles for this short RNA triggered gene 
silencing mechanism have been elucidated and/or postulated. 
Mechanistically, RNAi involves a multistep process, briefly; the 
dsRNA is recognized by an RNase III family member and is cleaved 
into siRNAs of 21–23 nucleotides. In the nextstep, the siRNAs are 
incorporated into an RNAi targeting complex known as RISC (RNA-
induced silencing complex), which destroys mRNAs that are 
homologous to the integral siRNA [177, 178]. The target mRNA is 
cleaved in the center of the region complementary to the siRNA [176] 
with the net result being a rapid degradation of the target mRNA and a 
decrease in protein expression. The most potent siRNA duplexes are 21 
nucleotides long, comprising a 19 bp sequence with a 2-uridine 3  
overhang at each end [176]. After target RNA cleavage, the mRNA 
cleavage products are released and RISC may be reactivated for 
another round of catalytic target RNA cleavage. Nevertheless, in this 
study, all 6 putative 1-integrin siRNAs were designed to target all 
known 1 integrin transcript variants.  1-integrin siRNAs targets were 
selected from regions lacking strong local mRNA secondary structure.  
The 21 nucleotides of siRNA size were identical in all 6 1-integrin 
siRNAs. Apparently, the estimates of siRNA size vary in the literature 
between 21 and 25 nt [176-179]. SiRNA duplexes composed of 21-
nucleotide sense and 21-nucleotide antisense strands, paired in a 
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manner to have a two-nucleotide 3´ overhang, are the most efficient 
triggers of sequence-specific mRNA degradation in tissue culture 
systems [180]. The target RNA cleavage reaction guided by siRNAs is 
highly sequence-specific [177]. However, not all positions of an 
siRNA contribute equally to target recognition. Until now, duplexes of 
21 nt siRNAs with 2 nt 3’ overhangs were shown to be the most 
efficient triggers of RNAi-based mRNA degradation [178]. Somehow, 
only three candidates of 1 integrin siRNAs including 1/4, 1/5 and 

1/6 siRNAs were efficiently knockdown. Thus, 1/4, 1/5 and 1/6 
siRNAs were reasonably selected for further examined. Since, the 
reduction in target mRNA and protein should be followed over time to 
define the window of effective knockout of siRNA [175, 176]. 
Determination of the interval time for suppression of 1 integrin 
expression by siRNA technology was performed. Both MCF-7-MT1 
and MDA-MB-231 breast cancer cells were used. MCF-7-MT1 which 
lack of endogenous MT1-MMP and stably transfected with MT1-MMP, 
thus, it was used as the non-transcriptional response of MT1-MMP 
regulation model. Moreover, this cell also showed low level of 
endogenous 1 integrin expression, while MDA-MB-231 present high 
level of endogenous MT1-MMP and 1 integrin expression (data not 
show). The results showed that, all of 1/4, 1/5 and 1/6 siRNAs 
initiated knockdown of 1 integrin expression at 24, 48, 72, 96 and 120 
hours after transfection. However, 1 integrin expression was 
completely knocked down at 72, 96 and 120 hours in both MCF-7-
MT1 (Fig. 14 A) and MDA-MB-231cells (Fig. 14 B). This indicated 
that all of 1/4, 1/5 and 1/6 were highly efficient siRNAs. The 
presence of this knockdown behavior and, therefore, these time points 
were conducted in next experiments. Since, protein knockdowns 
mediated by exogenous siRNAs are transient because the targeted 
protein levels of siRNA-treated cells recover, typically between 5 and 
7 days after siRNA transfection [179]. Reasonably, 1/1, 1/2 and 1/3 
siRNAs were excluded, due to, they displayed low efficiency. One 
mechanistic explanation for the existence of inactive siRNAs is that 
this asymmetry in the ends of the duplex leads to differential loading 
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into RISC of one RNA strand over the other, in Drosophila embryo 
lysates [181].  
 
 
2. The 1/6 siRNA was the most efficient effect to 1 integrin 

functional activity reduction, while 1/4 and 1/5 siRNAs were 
less effectively. 

 
Since, it was found that three candidate siRNAs showed  

effectively knock down of 1 integrin both at the level of mRNA and 
protein. The reduction in target mRNA and protein were followed over 
time, 72 hours after transfection was accomplished knockout. Even 
through, siRNA induce RNA degradation through a natural gene-
silencing pathway and has rapidly become the most widely used 
approach for gene knockdown because of its potency. However, 
several recent reports have suggested that non-specific effects can be 
induced by siRNAs, both at the level of mRNA and protein [184-186]. 
The functional effects of 1 integrin depleting were further 
investigated. Apparently, integrins are highly regulated receptors that 
can function in both cell–substrate and cell– cell adhesion. Since, 1 
integrin is ubiquitously expressed and can bind multiple a partners. 
Heterodimer of 1 integrins include 1 1, 2 1, 10 1 and 11 1 
represent the primary collagen receptors [145, 150]; integrins 3 1, 

6 1, and 7 1 are the major laminin receptors [147]; and integrins 
5 1, 8 1, are the major fibronectin receptors and the v 3 is specific 

for vitronectin receptor that bind in an RGD-dependent manner [145]. 
Moreover, the collagen gel contraction was widely used an in vitro 
model to investigate of cell-mediated tissue remodeling, including 
wound contraction and maintenance of tissue homeostasis [107]. 
Several studies have demonstrated a role for 1 integrin, in particular 

1 1 and 2 1 integrin, in mediating collagen gel contraction by 
fibroblast and osteoblastic cells [111-113]. Thus, in order to investigate 
the biological consequences of integrin depleting by 1 integrin 
siRNAs, analysis of cell adhesion and collagen gel contraction were 



 
 

95

performed. It was clearly that, abrogation of 1 integrin expression 
reduced cells adhesion to specific substrate of 1 integrin including, 
type I collagen and fibonectin, but not vitronectin, a nonspecific of 1 
integrin substrate.  Even though, all of 1/4, 1/5 and 1/6 siRNAs 
were efficient knockdown, reduction of functional adhesion to FN and 
Col I were statistically in only 1/6 siRNA (Fig. 15). Moreover, 
collagen gel contraction effects were also clearly observed. All of 
abrogated- 1 integrin expressing cells showed less contractile than 1 
integrin expressing cells (cell and siRNA control) (Fig. 16 A). 
Similarly, only 1/6 siRNA displayed the most efficient reduction of 
collagen gel contraction significantly (16.49 %, p <0.001), while 1/4 
and 1/5 siRNAs were not significant difference from 1 integrin 
expressing cells (Fig. 16 C). These data indicated that, knockdown of 

1 integrin by 1/4, 1/5 and 1/6 siRNAs were specific target to 1 
integrin gene, consequently, abrogated functional 1 integrin activities.  
Since, one of biological function of integrins is cell adhesion which 
plays a fundamental role in regulating cell survival, migration, 
proliferation, and differentiation as well as during disease states such 
as tumor progression, atherosclerosis, asthma, and rheumatoid arthritis 
[187]. It was postulated that, integrins mediate many adhesive 
interactions via recognition both cell–surface and extracellular matrix 
ligands [188, 189]. In fact, a number of anti- 1 mAbs have been 
identified that can activate integrins directly, resulting in increased cell 
adhesion, presumably through increased integrin-binding affinity for 
ligand [190]. Integrin activation can be defined as the enhanced ability 
of integrins to mediate ligand binding and/or cell adhesion. However, 
not all 1 integrin activating antibodies can stimulate cell– cell 
adhesion, may be several variable factors that involve [183]. 
Conversely, this study successfully abrogated cell and ligand adhesions 
by knock down of 1 integrin, therefore, presume efficiency of these 

1 integrin siRNAs, especially 1/6 siRNA which the most efficient. 
Furthermore, it found that only 1/6 siRNA initiated failing of 
contraction at the first day and keep failing until the last day, while 

1/4 and 1/5 siRNAs initiated failing of contraction only at the first 
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day, then started to contract at the second day until the last day (Fig. 13 
B). Similarly, only 1/6 siRNA indicated the most efficient reduction 
of collagen gel contraction significantly (16.49 %, p <0.001), while 

1/4 and 1/5 siRNAs were not significant difference from 1 integrin 
expressing cells (Fig. 16 C). Collagen gel contraction is a process of 
reorganizing the collagen fibrils and contraction of the gel. It is used as 
an in vitro model of cell-mediated tissue remodeling, including wound 
contraction and maintenance of tissue homeostasis [107]. In cancer, 
remodeling of the ECM plays a critical role in the reorganization of 
connective tissue in tumor invasion [105, 106]. Several studies have 
demonstrated a role for 1 integrin, in particular 1 1 and 2 1 
integrin, in mediating collagen gel contraction by fibroblast and 
osteoblastic cells [111-113].  Reorganization of collagen fibrils, seen as 
a contraction of a floating collagen gel, reflects the ability of cells to 
interact with the collagen matrix. In accordance to several studies have 
been demonstrated a role for 1 integrin, in particular 1 1 and 2 1 
integrin, in mediating collagen gel contraction by fibroblast and 
osteoblastic cells [111-113]. However, it seems that the function of 
integrins may vary in different cell types. In some cell types 1 1 
integrin or V 3 integrin, a principal receptor for fibronectin and 
vitronectin, can also mediate collagen gel contraction [191]. 
Nonetheless, MCF-7-MT1 cell lines that used in this study had none 
endogenous 3 integrin expression, therefore, only 1 integrin plays a 
critical role in this process. Previous studies have been suggested the 
importance of high affinity binding of the 2 1  integrin to fibrillar 
collagen is essential for biological integrin function, a collagen gel 
contraction process [112, 113]. Independently, only 1/6 siRNA 
demonstrated strongly abrogation of functional 1 integrin both of Col 
I adhesion and collagen gel contraction. These revealing data indicate 
that, successful abrogation of 1 integrin among three different 1/4, 

1/5, and 1/6 siRNAs, but they had different efficiency rates on 
biological of 1 integrin activities.  
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3. 1/4, 1/5 and 1/6 siRNA each efficiently knocked down 1   
integrin, however, only 1/6 effected a reduction in Col I-
induced MMP-2 activation.   

 
Indeed, MMPs in cancer were first associated with tumor  

cell invasion and metastasis by enabling tumor cells to invade through 
the ECM and vascular basement membrane [9]. The recent insights 
gained on cancer invasion and metastasis processes modulated by 
MMPs, including, MMPs affect on growth signals, apoptosis 
regulation, tumor vasculature, initiate of neoplastic progression and 
tumor invasion and metastasis, which are likely to have significant 
consequences on the tumor microenvironment [115]. MMP-2 and 
MMP-9, which have been associated predominantly with the ability of 
tumors to invade and become neovascularized [192]. Thus, this study 
focuses on MMP-2 activity in regarding of Col I stimulation. Since 
type I collagen is a prevalent matrix encountered by invasive 
carcinomas. Previous works have shown that a three-dimensional 
collagen matrix can stimulate pro-MMP-2 activation in a variety of cell 
lines [44-46].  In addition, 1 integrin is an important partner of the 
collagen-binding integrin receptors.  However, the involvement of 1 
integrin in collagen-stimulated MMP-2 activation is still unclear and 
yet investigating. Determinations the interval time for suppression of 

1 integrin and subsequent effects on MMP-2 activation by 1 siRNA 
were performed. As the result found that 1 integrin expression was 
completely knocked down at 72 hours after transfection (Fig. 18 A). 
An MMP-2 activation time course analysis was conducted at 72, 96 
and 120 hours after transfection. All 3 types of 1 integrin siRNA; 

1/4, 1/5 and 1/6 were knockdown 1 inetgrin at 72, 96 and 120 
hours as shown in Figure 18 A. Although, 1/4, 1/5 and 1/6 siRNA 
each were efficient in the knockdown of 1 integrin, however, only 

1/6 had a convincing effect on MMP-2 activation reduction at all time 
points (Fig. 18 B).  As described above, MCF-7-MT1 is a breast cancer 
cell line which lack of endogenous MT1-MMP expression and induced 
MT1-MMP expression by stably transfected with MT1-MMP. In this 
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cell model, Col I causes activation of MMP-2 despite MT1-MMP 
being under the control of a heterologous promoter.  Furthermore, 
when these cells were treated with cycloheximide to block new protein 
synthesis, some reduction in MMP-2 activation was seen, but the Col I 
response was still observed. Thus, MCF-7-MT1-MMP cells provide a 
model for non-transcriptional regulation of Col I-induced MMP-2 
activation. However, MDA-MB-231 cells which different from MCF-
7-MT1 cells since they had endogenous MT1-MMP, therefore it was 
used for transcriptional regulation of Col I-induced MMP-2 activation. 
Similar result was found, only 1/6 siRNA showed a reduction of 
MMP-2 activation at 72 and 96 hours after transfection in parallel with 

1 integrin expression in both MCF-7-MT1 and MDA-MB-231 cells 
(Fig. 17 B), where 1 integrin expression was completely knocked 
down at 72 hours (Fig. 17 A) . No effect on MMP-2 activation was 
seen at 24 or 48 hours after transfection, at which times 1 integrin 
expression was not completely knocked down. Again, only 1/6 
siRNA was the effective reduction of Col I-induced MMP-2 activation, 
whereas, 1/4 and 1/5 siRNAs had no effect in any time point. 
Therefore, we hypothesized that these 3 different 1 siRNAs have 
different effects on the 1 integrin knockdown and also on the  
subunits which comprise collagen-binding integrin heterodimers.  
FACS analysis was performed to assess the 2, 3, and V integrins, 
since MCF-7-MT1 cells were found to have very low levels of 1 
integrin, and no detectable levels of 10 and 11 integrin subunits 
when examined by qRT-PCR (data not shown).  Interestingly, 1/4, 

1/5 and 1/6 siRNAs each not only knocked down 1 integrin, but 
also the 2 and 3 integrin subunits. Expectedly, no effect on the levels 
of a non partner of collagen-binding integrin, the V integrin subunit 
was observed (Fig. 19). This data indicated that each of the 1 integrin 
siRNA ( 1/4, 1/5 and 1/6) had closely similar effects on collagen-
binding integrin receptors, 2 1 and 3 1 integrin heterodimers. 
Generally, integrin-mediated adhesion is thought to be initiated on the 
cell membrane by the engagement of individual integrin dimers with 
their respective ligand.  The number of receptor–ligand pairs may then 
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grow by increasing the cell–substrate contact area and by receptor 
diffusion within that zone. Subsequent adhesion strengthening occurs 
through integrin clustering and linkage to the cytoskeleton. In addition, 
the ligand affinity of the integrins may increase as a result of 
intracellular regulatory pathways [194]. In this study, abrogation of 1 
integrin by 1/4, 1/5 and 1/6 siRNAs were also depleting 2 and 3 
subunit integrin partners. Thus, all these siRNAs were accomplished 
abrogation of heterodimers at the cell surface, subsequently; fail to 
engage of individual integrin dimers with their respective substrates.  
Col I is the specific substrate of 2 1 and 3 1 integrin heterodimers 
and fibronectin, is different specific substrate for V 1 integrin. 
Although, V integrin subunit was not altered, however, abrogated- 1 
integrin expressing cell still indicated less adherent to FN comparison 
to 1 integrin expressing cell. Similarity data was observed, 1/6 
siRNA demonstrated strongly depletion of both Col I and FN adhesion.  
Moreover, only 1/6 siRNA was strongly rescindable of collagen gel 
contraction. Even though, 1/4, 1/5 and 1/6 siRNAs each had 
closely similar effects on 2 1 and 3 1 integrin heterodimers, but 
only 1/6 siRNA reach threshold effect on inetgrin heterodimers 
engagement failure. Recently, using the high-force resolution of the 
AFM was able to observe adhesion events mediated by single 2 1 
integrins. This study show that cells adhere to the collagen type I in a 
two-step process: 2 1-mediated adhesion as weak initial during first 
contact times 60 s, cell adhesion increase slowly. Afterward, single-
integrin–mediated binding events are superseded by strong adhesive 
interactions involving receptor cooperativity. When substrate contact is 
sustained for 60 s, overall cell adhesion strongly increases as cells 
switch to an “activated” adhesion state. In activated cells the smallest 
discrete rupture events rise above the single-integrin level, suggesting 
the establishment of cooperative integrin receptor binding [195]. From 
this report, knockdown threshold of integrin heterodimers by 1 
integrin siRNAs are obvious importance. That may be only 1/6 
siRNA is completely knockdown 1 integrin heterodimers which reach  
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threshold effect depleting cell adhesion to Col I and subsequently, fail 
to contacts collagen gel. In contrast, 1/4 and 1/5 siRNAs were able 
to knockdown 1 integrin heterodimers, somehow they still leave some  

1 integrin heterodimers at cell surface, therefore, turn on activated 
cell adhesion state and allow the establishment of cooperative integrin 
receptor binding. However, non-specific gene suppressions by these 
siRNAs that may be involve in this phenomenon still be concern. 
 
4. Dose response effect of 1 integrin siRNA on knockdown of 1 

integrin expression. 
 
 

This study used siRNA technology to knockdown 1  
integin and explored its roles in MMP-2 activation in response to type I 
collagen to increase an understanding.  6 types of 1 integrin siRNA 
were designed, somehow, only 3 types of them were good efficient 
knockdown 1 integrin expression in both RNA and protein levels.  
Interestingly, all 3 types of 1 integrin siRNA not only knockdown 1 
integrin but also 2 and 3, no effect on V integrin were observed 
(Fig. 19).  Although, 3 types of 1 integrin siRNA were good 
knockdown 1 integrin, only one type was able to reduce MMP-2 
activation in response to type I collagen stimulation in MCF-7-MT1 
breast cancer cell line. The important thing should be considered is off-
target effect of siRNAs. Several reports have been indicated that 
siRNAs can affect the expression of unintended targets. An early 
glimpse into the possible existence of off-target gene regulation by 
siRNAs came from gene expression profiling of siRNA studies [184]. 
The non-specific effects of siRNAs on gene expression depend on 
siRNA concentration and specific sequence. It is highly recommended 
to identify the most potent sequences and to ensure that the sequence is 
specific to the target gene by performing a BLAST search [198].  Thus, 
the specificity of each putative 1-integrin siRNAs target was already 
confirmed using blasta (www.ncbi.nlm.nih.gov). So, dose response 
effect of siRNAs must be concerned to avoid ineffective siRNAs that 
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can lead to false negative conclusions, whereas non-specific siRNAs 
can produce false-positive conclusions regarding the role of the target 
gene in functional assays [186]. To explaine this effect, determination 
of the dose response of 1 integrin siRNA was investigated.  Serial 
concentrations of MMP-2-reduced- 1 integrin siRNA ( 1/6) were 
performed; usual concentration of 1/4, 1/5 and 1/6 were also 
included for comparative relation.  This result found that lower 
concentration include 2.5 and 5 μM showed similar levels of 1 
integrin expression compare to usual concentration (20 μM) of non-
reduced-MMP-2- 1 integrin siRNA ( 1/4 and 1/5).  As expectation, 
at lower concentration of MMP-2-reduced- 1 integrin siRNA failed to 
decrease MMP-2 activation, whereas, at 20 μM still able to so doing 
this effect, even though 1 integrin expression similarly disappear.  
Two studies have investigated siRNAs concentration on non-specific 
gene effect [196, 197]. Five different siRNAs that were designed 
against each of three endogenous genes, this revealed that many non-
specific transcripts were significantly regulated only at a high 
concentration of siRNA (100 nM). Some of these genes were regulated 
by multiple siRNAs, and this was interpreted to reflect a cellular 
response to the toxic effects of siRNA. At lower concentrations of 
siRNA, target transcripts were silenced efficiently without generating 
the siRNA response signature, and all five siRNAs for the same gene 
produced similar gene expression patterns [196]. It also demonstrated 
concentration-dependent regulation of numerous genes in HeLa cells 
that were transfected with an siRNA for luciferase, which should not 
contain significant homology to any gene in the human genome [197]. 
In this study, siRNAs concentration was used at 20 μM. Even though, 
the siRNAs concentration seems slightly high, however, toxic effects 
were not appearing. All abrogated-expressing cells ( 1/4, 1/5 and 

1/6) displayed only rounder morphology compared with control and 
siRNA control that used as the same concentration. This effect should 
be form 1 integrin knockdown effect which decrease cell surface 
adhesion molecules, subsequently influence spreadable cell function. 
Since, at lower concentration of 1/6 siRNA include 2.5 and 5 μM 
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failed to decrease MMP-2 activation, whereas, at 20 μM able to so 
doing this effect, even though 1 integrin expression similarly 
disappear.  This data correlate to 1/4 and 1/5 siRNA effect, at 20 μM 
failed to reduce MMP-2 activation even though 1 integrin expressions 
similarly disappear. Apparently, an effective siRNA should be titrated; 
siRNAs are functional at surprisingly low concentrations and they 
should be used at the lowest effective level in order to minimize 
potential side effects since there is experimental evidence that the 
RISC complex is saturable [186]. Considering 1/4 and 1/5 siRNAs 
potency, they were efficiency knockdown 1 integrin expression, but 
not reach threshold to reduce Col I-induced MMP-2 activation. 
However, higher concentration should not be used, due to the toxic 
effects of siRNA that may be inducing off-target effect. This finding 
supports that 1 integrin knockdown threshold was depend on dose of 
siRNA which significantly effect on mRNA degradation efficiency.  
Somehow, 1 inetrgin expression knockdown threshold was necessary 
for MMP-2 activation reduction.   
 
5. The target cleavage site of 1/6 siRNA was specific to 1 

integrin gene. 
 

The current challenge facing the use of siRNA  need to  
combine high specificity with high efficacy. Ineffective siRNAs can 
lead to false negative conclusions, whereas non-specific siRNAs can 
produce false-positive conclusions regarding the role of the target gene 
in functional assays [186]. Ideally, siRNAs would be absolutely 
specific, regulating only the target gene of interest. SiRNAs were first 
reported to affect unintended mRNA transcripts that are partially 
complementary in sequence [184] . More recently, siRNAs have been 
reported to affect translation of unintended transcripts containing 
partial complementarily [185], and to induce the non-specific 
interferon response [199]. Taken together, these various reports 
indicate that siRNAs can affect the expression of unintended targets. 
Mindful attention to these liabilities is very important to prevent 
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mistake and permit enhanced experimental design and interpretation of 
gene silencing data. Considering all data, it seems to be 1/6 siRNA is 
the most effective compare to 1/4 and 1/5 siRNAs in regarding to 
depletion of 1 integrin expression and also biological function.  
Experimental design to affirmative specific target site of 1 integrin 
siRNA was further examined. Site-direct mutation was used to 
mutagenized at desire site.  Importantly, the mutant 1 inetrgin was 
successful to protect 1 integrin knockdown when co-transfection with 

1 integrin siRNA, while the wild type 1 integrin still able to 
knockdown 1 integrin expression. Expectedly, Co-transfection of 1 
integrin mutant and 1/6 siRNA could rescue MMP-2 activation 
reduction (Fig. 21 B). Even though, a reduction of MMP-2 activation 
rescue effect by 1 integrin mutant was not convincing. This may be 
due to complications of the effects of the co-transfection conditions on 
MMP-2-activation, which was elevated. Moreover, because of MCF-7-
MT1 not only has low level of endogenous 1 integrin expression, but 
also low level of glycosylated form (130 kDa).  Several roles for 
integrin glycosylation have been suggested, this was particularly well-
illustrated for 1 integrin function.  In addition, it had been reported 
that N-glycosylation of 1 integrin is essential for optimal function 
[200, 201].  It found that overexpression of either 1 integrin wild type 
or mutant, only precursor form (110 kDa) of 1 integrin was increased.  
When co-tranfection of 1 integrin mutant and 1 integrin siRNA, 
precursor form of 1 integrin was detected and limittation of 
glycosylation was also seen. In addition, MMP-2 becomes three forms 
after it was activated including pro, intermediate and active MMP-2. 
Strongly bands of active MMP-2 were observed; therefore, they were 
saturation and could not further stronger than their limit. However, 
when tried to avoid this effect by decrease volume loading, they 
showed very little amount of different (data not show). For this reason, 
finding of rescue effect on MMP-2 activation reduction in co-
transfection of 1 integrin mutant and 1 integrin siRNA were not 
convincing.  However, to ensure this result, MDA-MB-231 cells which 
have very high endogenous 1 integrin were repeated examined, the 
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same result was also observed (Fig. 21 C). These results indicated that 
the target cleavage site of 1/6 integrin siRNA was specific to 1 
integrin mRNA degradation and subsequently specific to reduced Col 
I-induced MMP-2 activation. 

Experimental design was further performed to insist  
whether a reduction of MMP-2 activation by 1/6 siRNA was  specific 
to Type I Col stimulation.  Although Collagen type I was reported 
induction of MMP-2 activation [45], artificial activation of MMP-2 can 
be effected by a variety of agents. Cellular activation of MMP-2 has 
been documented recently upon treatment of different cell types with 
TPA, TGF-0, Con A and APMA [173, 174]. It was suggested that the 
response to interstitial collagen and Con A may be mediated by 
integrins, since a number of integrin family members are their cell 
surface receptors. Non-specific substrates include Con A and TPA 
were used to generate induction of MMP-2 activation. Interestingly, 
knockdown of 1 integrin expression by 1/6 siRNA abolished 
substantially only Type I Col-induced MMP-2 activation. Importantly, 
MMP-2 activation in regarding of either Con A or TPA induction, 
abrogation was not seen by 1/6 siRNA transfection (Fig. 22 A). 
Nevertheless, to investigate unspecific effect of gene knockdown by 
siRNA technology that may be manipulate on Type I Col-induced 
MMP-2 activation. Other unspecific siRNAs including Vimentin-1, 
Vimentin-2, Slug-1, Gal3-1 and Gal3-2 were further tested effect on 
Type I Col-induced MMP-2 activation. It was found that, only 1/6 
siRNA transfection convinced abrogation of Col I-induced MMP-2 
activation. While all of other unspecific siRNAs were not seen in Col 
I-induced MMP-2 activation reduction, except Slug-1 showed a little 
reduction (Fig. 22 B). These data were support that, knockdown of 1 
integrin expression by 1/6 siRNA had specific effect on MMP-2 
activation reduction in response to Type I collagen stimulation.  
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6. Abrogation of 1 integrin was up-regulation of MT1-MMP, 

subsequently, effect on reduction of Col I-induced MMP-2 
activation.  

 
MMP-2 activation is important for degradation of denatured  

and cleaved type I collagen, in parallel type I collagen is also activates 
MMP-2. It was postulated that culturing a variety of cell types within a 
three-dimensional gel of type I collagen stimulates cellular activation 
of MMP-2 [44-46].  Collagen type I can activate MMP-2 in certain cell 
types. MMP-2 activation is induced when cultured on type I collagen 
in human skin fibroblasts [45] and endothelial cells [166].  Several 
studies have shown that collagen-binding integrins interact with 
collagen involve in this mechanism.  To date there are four integrins 
know to bind triple-helical interstitial collagen, and all of these 
integrins are closely related structurally. They share the common 1 
integrin subunit and have four unique  subunits, resulting in the four 
heterodemers: 1 1, 2 1, 10 1 and 11 1 [85, 86]. In this study, it 
was found that three candidate 1 inetgrin siRNAs displayed unique 
knockdown, however, the 1/6 siRNA is the best effective. In addition, 
abrogation of 1 inetgrin by siRNAs reduced MMP-2 activation in 
response to type I collagen stimulation. This finding correlate with 
previous studies that indicated Collagen-induced MMP-2 activation 
occurs either directly or indirectly through integrin signaling [25, 59].  
Cellular interaction with type I collagen is mediated largely through 
integrin 1 1, 2 1 and 3 1 receptors, cross linking of integrin  1 
could activate MMP-2 in ovarian carcinoma cells, suggesting direct 
involvement of integrin signaling in MMP-2 activation [25, 59]. 
However, these argue recent study that indicated inhibition of integrin 

1 function and expression by 1 siRNA did not affect 3-D collagen-
induced cell surface localization of MT1-MMP and MMP-2 activation, 
by which MMP-2 activation occur in abundant cell surface MT1-
MMP-dependent manner, rather than a manner regulated by integrin 1 
function [60]. Because of this study investigate MMP-2 activation at 
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24 hours incubation and no longer time was further determined, 
therefore MMP-2 activation reduction could not observed. Moreover, 
interval time points of knockdown effect was only elucidate at short 
time including 5 and 24 hours after transient transfection. This revealed 
that successful knockdown both 1 integrin at cell surface and protein 
level, while MMP-2 activation was not effect at 24 hours. It seems 
apparent that collagen might directly interact with MT1-MMP, leading 
to increased surface expression of MT1-MMP and MMP-2 activation. 
Actually, this finding correlate with us, due to at this time point, even 
though, 1 integrin was knocked down, but was not complete. Thus, 
MMP-2 activation was still activated, while at longer times include 72, 
96, and 120 hours, 1 integrin was completely knocked down whereas 
MMP-2 activation reduction strongly occur.  
  Mechanism of abrogated- 1 integrin expressing cells 
reduced Col I-induced MMP-2 activation was further elucidated. 
Collagen type I can stimulate MMP-2 activation via MT1-MMP 
activity in several cell types [25, 44-46], involves both a transcriptional 
increase in MT1-MMP expression, and a non-transcriptional response 
mediated by pre-existing MT1-MMP.  Type I collagen stimulated 
MMP-2 activation functions principally via MT1-MMP in fibroblasts, 
as no MMP-2 activation occurs in MT1-MMP-deficient mouse 
fibroblasts in response to Col I and reduced levels of active MMP-2 are 
seen in MT1-MMP-deficient mice [46, 55, 114]. In this study, it found 
apparently abrogation of 1 integrin expression was able to suppress 
Type I Col-stimulated MMP-2 activation. Thus, the influence of 1 
integrin on MMP-2 activation in regarding of MT1-MMP activity was 
examined. Interestingly, all of 1/4, 1/5 and 1/6 siRNAs showed 
decrease MT1-MMP levels, particularly, the 1/6 siRNA was the 
strongest weakness of MT1-MMP which correspond to  1 integrin 
level compared to controls (Cell alone and siRNA control) (Fig 23 A). 
Subsequently, 1/6 siRNA was obvious suppression of Col I-induced 
MMP-2 activation (Fig. 23 B). However, due to rapid turnover rate of 
active MT1-MMP, its concentration on cell surface is very low, and the 
active form of MT1-MMP predominantly localizes on  the cell surface.  
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Even though, western blotting may be a more suitable alternative 
method, however, the preferred method for analyzing a protein 
knockdown is immunofluorescence detection using a specific antibody 
that recognizes the targeted gene. All abrogated- 1 integrin expressing 
cells displayed different morphology comparison with cells expressing 

1 integrin (Cell alone and siRNA control). Cells expressing 1 
integrin demonstrated better spread, whereas, all abrogated- 1 integrin 
expressing cells displayed rounder and less spread morphology, 
somehow the 1/6 siRNA was predominant (Fig. 24 A). In addition, 
the cell surface expression of 1 integrin localized to the cell periphery 
was strongly observed, while MT1-MMP was more diffusely 
distributed on the cell surface, somehow concentration of MT1-MMP 
was associate with 1 integrin. Although, abrogated- 1 integrin 
expressing cells knocked down 1 integrin, but the cell surface 
expression of 1 integrin was still detected. However, cell surfaces of 

1 integrin and MT1-MMP were similar between untreated and treated 
with Col I.  Interesting, only 1/6 siRNA indicated less of 1 integrin 
and MT1-MMP at the cell surface compared to 1/4 and 1/5 siRNAs 
in both untreated and treated with Col I conditions (Fig. 24 B). Since 
usage of siRNA technology, the transient reduction in mRNA levels 
can be detected in less than a day and lasts for several days depending 
on the turnover rate of the RNA and/or the protein. 
Immunofluorescence detection was further performed at 24 hours 
incubation of 1 integrin and MT1-MMP at the cell surface (Fig. 24 C). 
At this time, 1 integrin localized to the cell periphery was strongly 
observed in control include cell alone and siRNA control. In the other 
hand, all abrogated- 1 integrin expressing cells showed little 1 
integrin at the cell periphery. Obviously, 1 integrin was more 
diffusely distributed on the cell surface and disappear from cell 
periphery in 1/6 siRNA knockdown cells. When cells were stimulated 
with Col I, only 1/6 siRNA knockdown cells distinctly displayed 
MT1-MMP less than untreated with Col I condition which related to 
the most efficiently knockdown of 1 integrin. Importantly, both 1/4 
and 1/5 siRNAs expressing cells were able to knock down 1 
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integrin, however, 1 integrin localized at cell periphery was still 
detected. Additionally, 1 integrin and MT1-MMP levels examined by 
immunofluorescence were corresponding to Western blot 
determination (Fig 23 A). Thus, it was conceivable that 1/6 siRNA 
was not only the most efficient knockdown of 1 integrin but also the 
highest significantly effected down regulation of MT1-MMP level. 
Taken together, only knockdown 1 integrin by 1/6 siRNA showed 
significantly MMP-2 activation reduction, while 1/4 and 1/5 siRNAs 
were not. However, to confirm that MT1-MMP was down regulation 
of this knockdown 1 integrin. The reciprocal experiment was further 
investigated. Human MT1-MMP were transiently transfceted upon 
indication in MCF-7-MT1 cells, controls were also including. 
Untreated and treated with Col I conditions were parallel set up. 
Ectopic expression of MT1-MMP were determined by Western blot, 
the reduction of MT1-MMP in all different 1 integrin siRNAs 
knockdown cells were increasing back (Fig 25A). Expectedly, 
suppression of MMP-2 activation by 1/6 siRNA was rescued by 
MT1-MMP induction in both non- and stimulation with Col I. (Fig. 25 
B). More over, to confirm that 1 integrin was up regulation of MT1-
MMP activity, the reciprocal induction of 1 integrin was further 
investigated. Transient expression of 1 integrin in MCF7-MT1 cells, 
full length 1 integrin plasmid DNA (pcDNA 1) and empty vector 
(pcDNA-VC) transfected counterparts, were generated. MCF-7-MT1 
cells were transiently transfected with either pcDNA-VC or pcDNA-

1, subsequently, rMMP-2 was added and MMP-2 activation was 
performed at serial times include 6, 12, 24, 48 and 72 hours incubation. 
The 1 integrin protein levels were also determined at serial time 
points in parallel with MMP2-activation. The 1 integrin strongly 
increased at 12 and 24 hours, then start to go down at 48 hours and 
reach to baseline at 72 hours after transfection (Fig. 26 A). 
Interestingly, increasing of 1 integrin induced MT1-MMP parallel 
together at 12 hours until 72 hours. This effect, subsequently, enhance 
Col I-induced MMP-2 activation by MT1-MMP activity. Col I-induced 
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MMP-2 activations were convincingly observed at 12 and 48 hours, 
then MMP-2 activation levels were similar between non- and induction 
of 1 integrin (Fig. 26 B). These results indicated that 1 integrin was 
up regulation of MT1-MMP, subsequently, effect on MMP-2 
activation in response to Col I stimulation. Thus, it strongly 
recommends that the 1 integrin involve in Col I-induced MMP-2 
activation via up regulation of MT1-MMP activity. 
 
 
 
 
 



CHAPTER 6 
CONCLUSIONS

Breast cancer is the most common malignancy with the  
highest incidence among women in the world. Tumors can develop 
in different stages; these stages may or may not eventually lead to 
invasive and metastatic cancer. Metastasis is the major reason for 
breast cancer-related deaths [63].  Tumor invasion can be defined 
as the active migration of neoplastic cells out of their tissue of 
origin and into adjacent tissues of different types.  The invading 
tumor cells, therefore, end up in a tissue where they do not belong.  
During the process of invasion, tumor cells must traverse the matrix 
barriers as they cross tissues boundaries.  After traversing these 
barriers, tumor cells gain access to lymphatic and blood vessels for 
further dissemination, and finally colonies a distant organ – the so-
called metastasis process.  MMPs are the enzyme which play 
important roles in tumor invasion and metastasis, due to their 
ability to degrade several matrix and non-matrix proteins.  To 
invade and penetrate the surrounding tissues, both cancer cells and 
stroma cell release theses enzymes to degrade and remodel the 
ECM.  Therefore, ECM degradation and tissue remodeling are 
important phenomena in malignant progression.   

MMP-2 is a widely studied matrix metalloproteinase. It  
was first described and purified from highly metastatic murine 
tumors [9]. MMP-2 is abundantly expressed in fibroblasts, 
endothelial and epithelial cells [135, 136]. Studies in breast cancer 
found increased levels of MMP-2 in invasive regions rather than 
the benign regions, and the same was found in gastric carcinomas, 
colorectal carcinoma and non small cell lung carcinoma [7, 8].  
Many cell types constitutively synthesize MMP-2 as a latent 
proenzyme, requiring proteolytic removal of the propeptide for 
activation.  It has become well-accepted that MMP-2 activation 
requires MT1-MMP and TIMP-2 and is tightly regulated [32-35]. 
Moreover, Type I collagen (Col I)-stimulated MMP-2 activation via 



 111

MT1-MMP involves both a transcriptional increase in MT1-MMP 
expression, and a non-transcriptional response mediated by pre-
existing MT1-MMP.  

The involvement of 1 integrin in MMP-2 activation in  
regarding to collagen stimulation is still investigation. Treatment of 
human endothelial cells with function blocking 2 1 integrin 
antibody can inhibit MMP-2 activation, whereas blocking ligand 
interaction to 3 1 integrin had no effect.  Previous studies have 
indicated that cellular interaction with type I collagen is mediated 
largely through integrin 1 1, 2 1 and 3 1 receptors, cross 
linking of integrin  1 could activate MMP-2 in ovarian carcinoma 
cells, suggesting direct involvement of integrin signaling in MMP-2 
activation [25, 59]. However, recent study indicated that inhibition 
of integrin 1 function and expression did not affect 3-D collagen-
induced cell surface localization of MT1-MMP and MMP-2 
activation, and strongly suggest that 3-D collagen scaffolding 
provide the direct and multivalent interaction with MT1-MMP, by 
which MMP-2 activation occur in abundant cell surface MT1-
MMP-dependent manner, rather than a manner regulated by matrix 
stiffness and integrin 1 function [60]. Considering these reports, 
the involvement of 1 integrin in MMP-2 activation in response to 
type I collagen stimulation is still not precisely understood.  

 In this study demonstrated  the involvement of 1 
integrin on MMP-2 activation in response to type I collagen 
stimulation. 1 integrin siRNA technology was utilized and 
examined the 1 integrin knockdown effect on MMP-2 activation 
mechanism.  The results can be summarized as follows. 

1. Six different 1 integrin siRNAs were designed and  
tested, and each successfully knocked down 1 integrin at both 
RNA and protein levels. Three showed high efficiency knockdown 
of 1 integrin, and were chosen for further study. 

2. The 1 integrin siRNA not only knocked down 1  
integrin, but also resulted in the detectable reduction of  subunits 
including 2 and 3 integrins, but not V integrin (detected by 
FACS analysis). 
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3. The 3 different 1 integrin siRNAs tested further  
showed knockdown of 1 integrin expression after 24 transfection, 
however, complete knockdown of 1 integrin was observed at 72 
hours after transfection. 

4. The 3 different 1 integrin siRNAs tested further  
showed good knockdown of 1 integrin, but only one caused a 
reduction in collagen-stimulated MMP-2 activation. The reduction 
in MMP-2 activation occurred at 72 hours of MMP-2 addition, 
commensurate with the complete abrogation of 1 integrin.  

5. The 1 integrin siRNA which blocked collagen-induced  
MMP-2-activation was more potent in terms of both dose response 
and time course to inhibition than the other 2 tested, suggesting that 
an important threshold may exist for the level of 1 integrin 
required to mediate collagen-stimulated MMP-2-activation.  

6. The one 1 integrin siRNA with MMP-2-activation  
inhibition could be reversed with transfection of a 1 integrin 
constructed in which the specific target site of the siRNA had been 
mutated, therefore, co-transfection of the 1 integrin mutant and the 

1 integrin siRNA could  rescue the reduction in MMP-2 activation. 
7. The one 1 integrin siRNA with MMP-2-activation  

suppression was specific to type I collagen stimulation, but not Con 
A or TPA. Non-specific other siRNAs were also no effect on Col I-
induced MMP-2 activation.  

8. Abrogation of 1 integrin was up-regulation of MT1- 
MMP, subsequently, suppressed Col I-induced MMP-2 activation. 
Reciprocal test by transfection of MT1-MMP back, it returned 
MT1-MMP to base line could rescue Col I-induced MMP-2 
activation reduction. Moreover, ectopic of 1 integrin induction 
also increase MT1-MMP, subsequently, increase MMP-2 activation 
in response to Col I stimulation. 

In conclusion, . this study demonstrated in regarding the  
MMP-2 activation effects of 1 integrin, knockdown of 1 integrin 
expression was able to reduce MMP-2 activation.  However, 
knockdown of 1 integrin that inhibited MMP-2 activation 
depended on a precise dose threshold effect of 1 integrin siRNA. 
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These findings suggest that the 1 integrin is an important molecule 
that involve in MMP-2 activation in response to collagen type I 
stimulation. Abrogation of 1 integrin reduced MMP-2 activation 
was specific to type I collagen stimulation. A reduction of Col I-
induced MMP-2 activation is via MT1-MMP up regulation. This 
reveal provides insight into certain mechanism involved in the 
reciprocal  regulation of integrin and MMPs of tumor cells 
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RESEARCH OUTPUTS 

  The reveal data from this work recommend that 1 integrin 
is an important adhesion cell receptor involve in MMP-2 activation in 
response to type I collagen stimulation. Despite compelling evidence 
that 1 integrin plays multipotent roles in cancer progression, recently, 

1 integrin was thought as a molecular therapeutic target in cancer. 
Thus, the advantage output of this study was as follow: 

1. This study will be publishing in international journal for  
distribution of knowledge to better understanding of functional role of 

1 integrin in cancer. The detail of this publishes paper as below. 
 
Borrirukwanit, K., Pavasant, P., Sripairojthikoon, W., Lafleur, M. and 
Thompson, E. Abrogation of 1 integrin suppressed Col I-induced 
MMP-2 activation via up-regulation of MT1-MMP. Matrix Biology. 
(This paper is still approving from reviewers)  
 

2. This work has been presented for knowledge sharing at  
Kanazava University, Japan in 2009. Since we received research fund 
from Kanazava University for oversea knowledge sharing. This 
research group focus on involvement of integrin and MMPs in cancer, 
therefore this work has been presented and discuss for advantage 
from this work at Kanazava University. 


