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RESUMEN (en español) 
 

Durante esta Tesis doctoral, hemos intentado contribuir al estudio de las claves moleculares que 
subyacen a la progresión tumoral mediante dos perspectivas diferentes pero complementarias. 
Así, en la primera parte de este trabajo hemos llevado a cabo una aproximación experimental 
muy específica centrada en el análisis de la relevancia oncológica in vivo de la metaloproteasa 
Mmp-1a, a través de la generación y caracterización de ratones deficientes en el gen que la 
codifica. Tras inducir diversos modelos de cáncer en ratones deficientes en Mmp1a y en los 
correspondientes controles, hemos demostrado que esta proteasa desempeña una función pro-
tumoral en cáncer de pulmón y hemos descrito los mecanismos moleculares responsables de 
dicha actividad. No obstante, el cáncer es una enfermedad causada por la acumulación de 
múltiples daños genéticos en las células tumorales. Por ello, en la segunda parte de esta Tesis 
doctoral y gracias al desarrollo y puesta a punto de las técnicas de ultrasecuenciación en nuestro 
laboratorio, nos propusimos abordar desde una perspectiva global el estudio del paisaje 
mutacional del cáncer de cabeza y cuello. Este trabajo nos ha llevado a describir dos genes 
implicados en adhesión celular como nuevos supresores tumorales recurrentemente mutados en 
esta agresiva enfermedad. Finalmente, la integración de los estudios genómicos y funcionales 
con la información clínica de los pacientes estudiados, nos ha permitido abordar una nueva 
aproximación a la investigación oncológica que en un futuro puede conducir a terapias 
personalizadas para cada paciente.  

 
RESUMEN (en Inglés) 

 
In this Thesis, we have tried to contribute to a better understanding of the mechanisms 
underlying cancer progression through two opposite but complementary perspectives. Thus, in 
the first part of this work, we have performed a very specific experimental approach focused on 
the in vivo analysis of the oncological relevance of the mouse metalloproteinase Mmp-1a, 
through the generation and characterization of Mmp1a-deficient mice. Based on the results 
obtained from several cancer-induction protocols in these mutant animals and in their 
corresponding controls, we have shown that this protease plays a pro-tumorigenic role in lung 
cancer. Moreover, we have defined the molecular mechanisms responsible for this oncogenic 
activity of Mmp-1a. Nevertheless, cancer is a genetic disease caused by accumulation of 
multiple alterations in the genome of somatic cells. Accordingly, in the second part of this work, 
and by taking advantage of the recent development of new-generation sequencing approaches, 
we have moved from the functional study of specific genes involved in cancer to the global 
genomic analysis of aggressive tumors such as head and neck carcinomas. This study has 
allowed us to identify CTNNA2 and CTNNA3 as novel recurrently mutated genes in these 
human malignancies. The integration of these genomic data with the functional analysis of the 
mutated genes and with the clinical information of the corresponding patients may serve as a 
representative example of the forthcoming and necessary personalized medicine for cancer 
patients. 
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cancer (Mención de Calidad) 
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Genetic instability is a key phenomenon for tumor development and 

progression. The whole set of point mutations, chromosomal rearrangements and 

epigenetic variations occurring within a neoplastic cell and leading to changes in 

gene sequence, structure, copy number and expression, provide transformed cells 

with a wide range of potent biological abilities that convert them into entities with 

ability to proliferate autonomously. These functional capabilities include the 

development of an unlimited proliferative potential, the ability to circumvent 

negative growth regulation, host-induced cell death and immune destruction, the 

induction of angiogenesis and the activation of mechanisms of invasion and 

metastasis (1). Acquisition of these multiple hallmarks largely depends on a 

succession of random alterations in the genome of neoplastic cells. At the end of 

this competitive race, mutant genotypes that have conferred the most powerful 

selective advantages will enable malignant cells to dominate basic physiological 

processes of the host, finally assuming the control of a local tissue environment or, 

in a worst scenario, of the whole organism. 

Understanding how cancer cells acquire the properties that enable them to 

survive and proliferate despite the mechanisms that have emerged to constrain 

them, is critical to develop strategies aimed at recovering the physiological 

balance. Accordingly, the identification of genes and signaling pathways implicated 

in cancer progression has been an important focus of research along the last 

decades in the field of cancer (2). 

Tumor progression is a complex multistep genetic process in which both 

cancer cells and the tumor microenvironment undergo molecular changes that 

facilitate the invasive properties of malignant cells. Thus, cancer invasion and 

metastasis are landmark events that transform a locally growing tumor into a 

systemic, metastatic and life-threatening disease. Most cancer deaths are 

consequence of the completion of a metastasis program carried out by neoplastic 

cells (3). The selective process of metastasis requires that cancer cells 

successfully complete several sequential steps: they must detach from the primary 

tumor, locally invade the surrounding tissue, intravasate into lymphatic or blood 

vessels, survive to the host immune defense, spread to the capillary bed of distant 



Introduction 
 

4 

 

organs, extravasate in a new tissue and finally, adapt to this foreign 

microenvironment in ways that allow cell proliferation and the formation of a 

macroscopic secondary tumor (Figure 1). However, tumor cells do not act in 

isolation, but rather subsist in a rich microenvironment provided by resident 

fibroblasts, endothelial and immune cells, as well as by the extracellular matrix (4). 

In fact, tumor cells initiate an active cross-talk with the surrounding stroma, mainly 

mediated by direct cell-cell contact or paracrine cytokine and growth factor 

signaling. Such signaling may activate the tumor microenvironment at the primary 

and secondary tumor sites, generating morphological changes and allowing or 

even supporting tumor outgrowth, invasion and metastasis. Hence, extracellular 

matrix turnover is a necessary step for tumor progression and requires the 

cooperation of multiple proteolytic systems such as cathepsins, serine proteases, 

ADAMs (a disintegrin and metalloprotease), ADAMTSs (ADAMs with 

thrombospondin domains) and matrix metalloproteinases (MMPs) (5-7).  

 

 

Figure 1. The different steps of the metastatic process 

 

The extracellular matrix (ECM) is a complex meshwork of proteins and 

proteoglycans that provides structure and support to cells and tissues. In this 

context, MMPs were initially considered as demolition agents responsible for the 

matrix degradation to create pores allowing neoplastic cells to reach blood 

vessels, and facilitating the metastatic process. However, nowadays it is well 

known that MMPs are implicated in all stages of cancer progression, including 
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tumor growth, cell migration and invasion and angiogenesis (Figure 2) (8). To this 

aim, MMPs are able to regulate cell-cell and cell-matrix junctions, as well as cell 

proliferation and apoptosis, either directly or through the processing of a wide 

variety of bioactive molecules such as growth and angiogenic factors, cytokines or 

cell receptors (9). As an example of this activity, PAR1 (protease-activated 

receptor 1) receptor, located at the surface of breast cancer cells, undergoes 

proteolytic activation mediated by MMP-1 produced by surrounding stromal cells, 

triggering an intracellular signalling pathway which promotes cell proliferation (10). 

Notwithstanding, MMPs may also play antitumor roles throughout the different 

cancer progression steps, being then associated with good clinical evolution. 

Thus, expression of MMP-8 in breast cancer is associated with a lower incidence 

of metastasis in lymph nodes (11). Hence, in addition to their classic role as 

degradative enzymes of the extracellular matrix, MMPs play more specific and 

subtle functions in tumor progression and metastasis than initially considered. 

Therefore, the contribution of these proteases to tumor development must be 

specifically analyzed in each stage of the progression of this disease. 

 

Figure 2. Dual roles displayed by MMPs during tumor progression 
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Matrix metalloproteinases: classification and properties 

MMPs comprise a large family of zinc-dependent endoproteinases, 

collectively capable of degrading all extracellular matrix components. These 

enzymes are found in all kingdoms of life and belong to the metzincin superfamily 

of metalloproteinases, which are characterized by the presence of a catalytic zinc 

atom in their active center followed by a conserved methionine residue (12). To 

date, at least 25 different vertebrate MMPs have been identified, 24 of which are 

present in humans, including two recently duplicated genes encoding MMP-23 

(13).  

MMPs are synthesized as zymogens with a signal peptide which leads them 

to the secretory pathway. Then, these enzymes can be secreted from the cell or 

anchored to the plasma membrane, thereby confining their catalytic activity to the 

extracellular space or to the cell surface, respectively. Interestingly, recent studies 

have reported that several MMP family members, such as MMP-1 (14), MMP-2 

(15), MMP-11 (16) and MMP-13 (17), can be found as intracellular proteins, 

although their functions at this subcellular location are still unclear. The archetypal 

MMPs consist of a propeptide with a cysteine-switch motif, a catalytic 

metalloproteinase domain with the characteristic zinc-binding site, a linker peptide 

of variable length and a hemopexin domain.  

Nevertheless, the family of MMPs has evolved into different groups by 

removing some domains or by incorporating others that are absent in the 

previously described basic structural core, highlighting the complexity of this group 

of enzymes (Figure 3). On the basis of their domain organization, MMPs  can be 

classified in four different groups: archetypal MMPs, matrilysins, gelatinases and 

furin-activatable MMPs. 

Due to the large number of diseases in which MMPs are implicated, 

production of these enzymes must be strictly controlled in time and space to 

maintain a proper homeostasis of the extracellular and pericellular environment. 

To this end, MMP expression and activity can be regulated at different levels 
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Figure 3. Characteristic domain arrangement of an archetypal MMP. 

 

including gene transcription, proenzyme activation and endogenous inhibition, 

which act in a coordinated manner to confine the diverse MMP proteolytic activities 

to those conditions and locations where they are necessary. Tissue specificity is 

achieved through the combination of multiple signaling pathways with a wide 

repertoire of transcription factors that regulate the expression of MMPs by binding 

to their promoters (18). Furthermore, epigenetic regulatory mechanisms as DNA 

methylation (19) or acetylation of histones (20) can also contribute to modulate 

both activation and repression of MMP gene expression. Similarly, mRNA stability, 

translational efficiency and microRNA-mediated regulatory mechanisms have 

been described as modulators of MMP expression (21,22). Nevertheless, these 

stringent regulatory mechanisms are frequently altered in many pathological 

conditions, contributing to the development of diseases where extracellular matrix 

is substantially modified, such as pulmonary fibrosis, atherosclerosis or cancer.  

Polymorphisms in human MMP genes may also modify its expression by 

altering the interaction between transcription factors and their binding sites located 

in the corresponding promoter regions. The resulting higher or lower 

transcriptional activity of MMP genes is in turn associated with a higher or lower 

susceptibility to cancer development and, in some cases, with a better or worse 

prognosis. A correlation between single nucleotide polymorphisms (SNPs) and 

susceptibility to cancer has been described for several MMPs (23,24). 
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Therefore, taking into account the precise and sometimes subtle role that 

MMPs play in a large number of different diseases, as well as the dual activities 

they can display, acting as protumor or antitumor proteases, their function should 

be carefully analyzed. In this regard, it is remarkable that genetically-engineered 

mouse models have significantly contributed to our understanding of cancer 

biology. They have been proven to be useful in validating gene functions, 

identifying novel cancer genes and tumor biomarkers, gaining insight into the 

molecular and cellular mechanisms underlying tumor initiation and multistage 

processes of tumorigenesis, and providing better clinical models in which to test 

novel therapeutic strategies (25). 

 

Mouse models for functional analysis of MMPs 

Over the last two decades, the generation of genetically-modified mouse 

models has become one of the most powerful strategies to study gene function in 

vivo. Genetic engineering approaches have allowed the modulation of gene 

expression through gain-of-function (transgenic) or loss-of-function (knock-out) in 

vivo models. To date, many transgenic and knock-out mice have been generated 

to analyze the effects of altering MMP activity in a variety of physiological and 

pathological processes. Likewise, these strategies have provided the opportunity 

to validate candidate substrates, which are the essential partners to uncover 

protease function (26).   

A total of 17 out of the 23 murine Mmp genes have already been knocked-

out. However, despite this broad landscape of gene targeting, the vast majority of 

these constitutive knock-out mice display subtle spontaneous phenotypes. Among 

the collagenases, deficiency in collagenase-3 (Mmp-13) leads to developmental 

defects characterized by impaired bone formation and remodeling due, in part, to 

the lack of appropriate type II collagen cleavage (27,28). However, mice deficient 

in collagenase-2 (Mmp-8) show no overt physiological abnormalities (29). 

Likewise, the absence of any of the three stromelysins does not cause major 

alterations, with the exception of Mmp3-null mice, whose mammary glands show 

deficient secondary branching morphogenesis (30). Deficiency in any of the two 
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gelatinases is also characterized by certain defects in bone biology. Thus, mice 

deficient in Mmp9 have delayed long bone growth and development due to 

impaired vascular invasion in skeletal growth plates (31). Mmp2 deficiency causes 

disruption of the osteocytic networks and reduced bone density (32). Interestingly, 

the most severe phenotype among Mmp knock-outs is also associated with 

defects in skeletal development. In this sense, targeted inactivation of the Mmp14 

gene causes multiple abnormalities in the remodeling of skeletal and connective 

tissues, as well as defective angiogenesis, leading to premature death by 3-12 

weeks after birth (33,34). In addition, mice deficient in Mmp20 have defects in 

tooth development due to impaired amelogenin processing (35). Remarkably, 

these bone abnormalities shown in Mmp knock-outs phenocopy the human 

skeletal syndromes caused by loss-of-function Mmp mutations (36-38). The 

remaining Mmp-null mice generated to date show no major physiological 

alterations, although it is important to emphasize that all available Mmp knock-out 

models are constitutive, thus leading to the possibility of enzymatic compensation 

as a way to circumvent the absence of the targeted gene. Another possible 

explanation for the lack of severe phenotypes in Mmp-null mice is the enzymatic 

redundancy among different members of the family, which share many substrates 

in vitro. The recent generation of double Mmp mutants has supported this 

hypothesis, and future studies in this direction may also argue for essential roles of 

certain MMPs in embryonic development, in addition to their known functions in 

postnatal tissue remodeling (39,40). 

Despite early characterization of Mmp knock-outs did not provide major 

evidences about the biological relevance of this family of proteases, further 

analyses of these mouse models challenged by a series of pathogenic conditions 

have revealed the essential contribution of MMPs to a broad number of 

pathological processes. Among them, over the last 25 years, cancer has been the 

central disease supporting the promising field of MMP research. The first 

transgenic mouse models overexpressing different members of the family 

validated the initial assumption for the contributory effect of these matrix degrading 

enzymes to tumor progression (41-43), since high levels of MMPs often correlated 

with poor clinical outcome in cancer patients. However, the generation of new 
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genetically-modified animal models has demonstrated that certain MMPs, such as 

MMP-8 or MMP-12, contribute to tumor suppression (29,44-46). Furthermore, it 

has also been reported that other MMPs, including MMP-3 (47), MMP-9 (48), 

MMP-11 (49) and MMP-19 (50,51) play dual roles as pro- or anti-tumorigenic 

enzymes depending on tissue type and stage of the disease. Likewise, gain- or 

loss-of-function mouse models have allowed the identification of some of the in 

vivo substrates for these enzymes. This is another step forward in the complex 

relationship between MMPs and cancer, since many non-matrix bioactive 

molecules, such as growth factor receptors, chemokines, cytokines, apoptotic 

ligands or angiogenic factors, have been identified as substrates for MMPs (52). 

Altogether, these findings illustrate the diversity of MMP functions associated with 

cancer and provide explanations for the disappointing results of the first clinical 

trials based on the use of broad spectrum MMP inhibitors (53). 

The increasing complexity of the in vivo functions of MMPs also affects 

many other pathological contexts, particularly those involving inflammatory 

conditions where MMP expression is frequently deregulated (54). In this sense, 

genetically-modified mice have been essential to demonstrate the relevance of 

these enzymes in prevalent human pathologies, such as rheumatic, pulmonary, 

cardiovascular and neurodegenerative disorders. Remarkably, these studies have 

also shown opposing and unexpected effects among different members of the 

MMP family on the progression of these diseases. Thus, and somewhat 

surprisingly, mice deficient in Mmp2 or Mmp3 develop more severe arthritis than 

control animals (55,56). Likewise, deficiency in Mmp3 or Mmp13 results in more 

stable atherosclerotic plaques (57,58). By contrast, deletion of Mmp2 or Mmp9 

reduces the formation of the plaques and attenuates cardiac fibrosis after 

experimental myocardial infarction (59,60). In neuroinflammatory diseases, such 

as experimental autoimmune encephalomyelitis, which represents a murine model 

of human multiple sclerosis, MMPs also show opposite roles. Indeed, certain 

mouse MMPs, including Mmp-2, Mmp-7, Mmp-8 and Mmp-9 (61-63), contribute to 

the severity of the clinical symptoms of paralysis, whereas others, such as Mmp-

12 (64), play protective functions. Similarly, the role of MMPs in respiratory 

disorders is very complex, since it is not clear yet whether MMPs up-regulation is 



Introduction 
 

11 

 

harmful in acute and chronic lung pathologies. Genetically-modified mice have 

demonstrated that lack of Mmp2, Mmp8 or both Mmp2/Mmp9 (65-67) increases 

the allergic response in a mouse model of asthma due to the failure in clearing 

inflammatory cells. Mice deficient in Mmp10 also show more severe pulmonary 

inflammation and greater susceptibility to death following bacterial infection (68). 

By contrast, deletion of Mmp7 or Mmp12 is beneficial in chronic lung diseases, 

such as pulmonary fibrosis or emphysema (69,70).  

Overall, the generation of gain- or loss-of-function mouse models has been 

essential to demonstrate the complex and even paradoxical roles that MMPs play 

in physiological and pathological processes (71). Likewise, these approaches have 

allowed the in vivo validation and identification of specific substrates, providing a 

better understanding of the mechanisms involved in the development of the 

diseases. Therefore, it is necessary to continue the detailed analysis of available 

Mmp-null mice, as well as to generate those Mmp-deficient mice that are currently 

unavailable. In this regard, it is noteworthy that to date, no mutant mice deficient in 

the mouse ortholog of human MMP-1 have been described. This is especially 

surprising if we consider that this collagenase was the founder member of the 

MMP family and many reports have described its strong association with the 

development and progression of human malignancies (72,73). 

 

MMP-1 as an important mediator of tumorigenesis 

Proteolytic remodeling of peritumoral extracellular matrix is an essential 

process in the development of a malignant tumor. Numerous studies have shown 

the overexpression of interstitial collagenases in neoplastic tissues, suggesting a 

possible involvement of these proteases in the ability of such tumors to invade and 

spread. However, in addition to its participation in the later stages of the disease, 

we now know that collagenases are also involved in the generation of complex 

microenvironments that promote malignant transformation at the earliest stages of 

tumor formation (74). 

Among the three identified interstitial collagenases, MMP-1 or collagenase-

1 is the most widely expressed and its preferential ECM substrate is collagen type 
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III. This metalloproteinase is produced by a variety of cell types, including 

fibroblasts, macrophages, endothelial and epithelial cells, as well as by tumor cells 

themselves, suggesting the great variety of biological processes in which MMP-1 

is involved (75,76). Interestingly, and despite basal expression of MMP-1 is low, 

multiple tumors produce high levels of this enzyme, being induced by many 

bioactive molecules, such as phorbol esters, growth factors and inflammatory 

cytokines (77). 

The expression of MMP-1 is increased in colorectal carcinomas (78), 

esophageal carcinomas (79), metastatic melanomas (80) and lung 

adenocarcinomas (81). Similarly, several studies have associated its expression 

with the invasive capacity of breast cancer cells, enhancing the colonization of 

adjacent lymph nodes (82). Moreover, recent studies have identified MMP1 as one 

of the four key genes required for the colonization in lung metastatic breast cancer 

(83). In all these circumstances, the expression of MMP1 is associated with poor 

prognosis. However, the main limitation of these studies correlating MMP-1 levels 

with cancer progression derives from the lack of in vivo models that can contribute 

to exclude these findings from the list of secondary effects and prove them as the 

causative agent. The generation of these animal models has been severely 

hampered by the limited and sometimes contradictory information available on this 

collagenolytic system in the mouse. For a long time, the murine ortholog gene for 

human MMP-1 was attributed to a protease mainly expressed in uterine 

postpartum involution. However, the discovery in our laboratory of human 

collagenase-3 (MMP-13) completely changed this perspective and inaugurated a 

new stage in the investigation of the role of matrix metalloproteinases in cancer 

and other diseases (84). Currently, we know that the murine collagenolityc system 

is equivalent or even more complex than that of humans and consists of at least 

four genes located on chromosome 9. Two of these genes are the orthologs of 

collagenase-2 (MMP-8) and collagenase-3 (MMP-13), whereas surprisingly, 

detailed studies by Balbin et al. (85) showed the existence of two potential mice 

orthologs of human MMP-1. These genes encode proteins that were initially called 

McolA and McolB, and are currently known as MMP-1a and MMP-1b, respectively. 

Both proteins maintain a similar percentage of identities with human MMP-1 (63% 
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and 58% for the catalytic domain), but the subsequent functional analyses showed 

that only Mmp-1a has a significant collagenolytic activity.This fact is probably 

related to substantial changes occurred in MMP-1b at essential residues for the 

catalytic activity of MMPs. Furthermore, expression analyses of MMP1 revealed 

that both isoforms showed nearly undetectable levels in virtually all tissues 

analyzed; however, MMP-1a was clearly detected in placenta (85). Collectively, 

these results strongly suggested that Mmp-1a was the functional ortholog of 

human MMP-1, and opened a new avenue for the creation of in vivo models that 

may facilitate the study of the functional relevance of this protease in normal and 

pathological conditions, including cancer. 

 

Cancer research: from genes to genomes 

During the last years, our laboratory has been implicated in the analysis of 

protease-mediated mechanisms in life and disease, including cancer progression 

(26). However, the growing information about tumor biology as well as the 

development of new experimental approaches has prompted the necessity to 

adopt a new perspective in cancer research. Thus, to further understand the 

molecular mechanisms underlying tumor pathogenesis, we need to move from the 

analysis of individual genes to the global landscape offered by the study of cancer 

genomes.  

It is almost forty years since the first studies demonstrating that cancer is a 

genetic disease, as assessed by the observation of specific chromosomal 

alterations associated with different types of leukemia (86). However, it is just four 

years since the first whole-genome sequence of a human malignant tumor was 

reported (87). Since then, the creation of the International Cancer Genome 

Consortium and the launching of The Cancer Genome Analysis project, have 

provided critical insights into the etiology of this complex disease (88,89). The 

impressive development of the field of cancer genomics has been enormously 

facilitated by the application of next-generation sequencing technology. Hence, 

there has been a rapid progression from targeted gene re-sequencing using PCR 

and Sanger sequencing to either targeted, whole-genome, or whole-transcriptome 
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sequencing using these massive parallel sequencing platforms. Over the past few 

years, we have seen next-generation technologies being applied in a variety of 

contexts, including de novo whole-genome sequencing, re-sequencing of 

genomes for variant identification, profiling mRNAs and other small and non-

coding RNAs and methylation patterns. All these experimental approaches have 

had an extraordinary influence at multiple levels in cancer research. 

 

Next-generation sequencing for cancer genome analysis 

The introduction in 1977 of the Sanger method for DNA sequencing, based 

on the chain-terminating didesoxynucleotide analogues, transformed biomedical 

research (90). Over the past 30 years, this first-generation sequencing technology 

has been universally used for elucidating the nucleotide sequence of DNA 

molecules. However, the launching of new large-scale projects, including those 

implicating whole-genome sequencing of cancer samples, has made necessary 

the development of new methods that are widely known as next-generation 

sequencing technologies (91). These techniques are more sensitive than Sanger 

methods and can detect somatic mutations even when they are present only in a 

subset of tumor cells. Moreover, these new sequencing strategies are quantitative 

and can be used to simultaneously determine both nucleotide and copy number 

variations. They can also be coupled to other procedures such as those involving 

paired-ends reads, allowing the identification of multiple structural alterations such 

as insertions, deletions and rearrangements, commonly occurring in cancer 

genomes. The aforementioned next-generation or massive parallel DNA 

sequencing technology is embodied in several different instrument platforms: 

Roche 454, Illumina/Solexa, Life/APG´s SOLiD3, Helicos BioSciences/Heliscope, 

and Pacific Bioscience/PacBio RS. The main features of these sequencing 

platforms are shown in Table 1. It is also remarkable the very recent introduction 

of the Polonator G.007 instrument, an open source platform with freely available 

software and protocols, the Ion Torrent´s semiconductor sequencer, as well as 

those involving self-assembling DNA nanoballs or nanopore technologies. These 

new machines are driving the field toward the era of third-generation sequencing, 
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which brings enormous clinical interest as it can substantially increase speed and 

accuracy of analysis at reduced costs and facilitate the possibility of single 

molecule sequencing of human genomes (92).  

 

Table 1. Comparative analysis of next-generation sequencing platforms 

 

Accordingly, next generation sequencing approaches represent the newest 

entry into the cancer genome decoding area and have already been widely applied 

to cancer research. Thus, and as mentioned above, the first group to apply these 

methodologies to whole cancer genomes was that of Ley et al., who in 2008 

reported the sequencing of the entire genome of a patient with acute myeloid 

leukemia (AML) using the Illumina/Solexa platform (87). The comparison of this 

sequence with of the one from the normal tissue from the same patient enabled to 

identify eight genes with point mutations harboured only in the tumor genome. 

Follow-up whole genome studies for this malignancy, identified three frequently 

mutated genes (IDH1, IDH2 and DNMT3A) that, either alone or in combination 

with other recurrent mutated genes, predict poor outcomes for those AML patients 

whose genomes contain the mutation (93-95). These works established the basic 

approach to whole-genome somatic mutation studies and since then, numerous 

whole-genome data from different tumors have been reported for a high variety of 

human malignancies. 

Platform Library/template  
preparation 

Sequencing 
method 

Average 
read-
length 
(bases) 

Run time 
(days) 

Gb per   
run 

Instrument   
cost (US$) 

 
Comments 

Roche 
454 GS FLX 

Fragment, Mate-pair 
Emulsion PCR 

Pyrosequencing 400 0.35 0.45 500,000 Fast run times 
High reagent cost 

Illumina 
HiSeq2000 

Fragment, Mate-pair 
Solid-phase 

Reversible 
terminator 

100-125 8 (mate-pair 
run) 

150-200 540,000 Most widely used platform 
Low multiplexing capability 

Life/APG’s 
SOLiD 5500xl 

Fragment, Mate-pair 
Emulsion PCR 

Cleavable probe, 
sequencing by 

ligation 

35-75 7 (mate-pair 
run) 

180-300 595,000 Inherent error correction 
Long run times 

Helicos 
BioSciences 
HeliScope 

Fragment, Mate-pair 
Single molecule 

Reversible 
terminator 

32 8 (fragment 
run) 

37 999,000 Non-bias template 
representation 

High error rates 
Pacific 
Biosciences 
PacBio RS 

Fragment 
Single molecule 

Real-time 
sequencing 

1000 1 0.075 N.A. Greatest potential for long 
reads 

Highest error rates 
Polonator 
G.007 

Mate-pair 
Emulsion PCR 

Non-cleavable 
probe, sequencing 

by ligation 

26 5 (mate-pair 
run) 

12 170,000 Least expensive platform 
Shortest read lengths 
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The first solid cancer to undergo whole-genome sequencing was a malignant 

melanoma that was compared to a lymphoblastoid cell line from the same patient 

(96). Impressively, a total of 33,345 somatic base substitutions were identified, 

with 187 non-synonymous substitutions in protein-coding sequences, at least one 

order of magnitude higher than any other cancer type. Most somatic base 

substitutions were C>G changes, which is consistent with ultraviolet light exposure 

mutation signatures previously reported in melanoma. Likewise, lung, prostate, 

and breast adenocarcinomas (97-99), as well as hematological neoplasias such as 

chronic lymphocytic leukemia (100), are among the first human tumors for which 

whole-genome sequence information has been made available. Additionally, the 

recent introduction of efficient methods of capture and sequencing of whole-

exomes has provided an additional dimension to the study of genomic alterations 

present in cancer (101). In fact, whole-exome sequencing studies have allowed 

the rapid expansion of data on the mutational landscape characteristic of many 

different tumors (102,103).   

All these works have opened a new avenue to more ambitious initiatives. 

Thus, recent studies have begun to elucidate the genomic changes that 

accompany metastasis evolution, through comparative analysis of primary and 

metastatic lesions. The first study applying next-generation sequencing methods 

to deciphering the mutation evolution of neoplastic cells throughout different 

cancer stages involved the analysis of three samples derived from the same 

patient: the primary basal-like ductal breast carcinoma, a brain metastasis 

generated eight months after the primary tumor was diagnosed, and a xenograft-

propagated tumor derived from the primary lesion (104). The comparative 

sequence analysis showed a wide range of mutant allele frequencies in the 

primary tumor, which was narrowed in the metastatic and xenograft samples. 

These findings suggested that the primary tumor was significantly more 

heterogeneous in its cell populations compared to its matched metastatic and 

xenograft samples as these underwent selection processes during metastasis or 

transplantation (104). The second work aimed at evaluating, under a whole-

genomic perspective, the genetic relationship between primary and metastatic 

lesions in human cancer, was based on sequencing the genomes of seven 
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pancreatic carcinomas and their corresponding metastatic lesions (105). This 

study revealed that clonal populations which give rise to distant metastases are 

mostly represented within the primary carcinoma, concluding that the genetic 

heterogeneity of metastases reflects the heterogeneity already existing within the 

primary carcinoma. 

Thus, the main lesson learned from these first whole-genome metastasis 

studies has been that, although metastatic lesions harbour an increased number 

of genetic alterations, the majority of the alterations are already presented in the 

primary tumor. However, additional studies along this line are clearly needed to 

fully understand the potential for metastasis and the roles of specific mutations in 

the tendency of certain tumors to metastasize. In this regard, it is well-established 

that malignancies arising from epithelial tissues, such as head and neck 

carcinomas, progress to higher pathological grades of malignancy, finally resulting 

in local invasion and metastasis. Unfortunately, the available information about the 

genomic alterations and molecular mechanisms underlying these events is still 

very limited.  

 

Molecular pathology of head and neck carcinomas 

Head and neck carcinomas are a heterogeneous group of malignancies 

involving the oral cavity and oropharynx, nasopharynx, hypopharynx, larynx, nasal 

cavity and paranasal sinuses, as well as ear and salivary glands. Head and neck 

squamous cell carcinoma (HNSCC) represents more than 90% of all head and 

neck cancers and arises from the mucosa of the upper aerodigestive tract. With a 

worldwide incidence exceeding half a million cases annually, HNSCC poses a 

major health risk and is one of the leading causes of mortality in developing 

nations (106). The most significant risk factors to develop HNSCC remain tobacco 

and alcohol abuse. Nevertheless, oncogenic human papillomavirus (HPV) is now 

considered a potential causative agent in certain HNSCC subsites, specifically the 

oropharynx (107). In fact, oropharyngeal cancers are becoming more prevalent, 

which may be related to an increase in oral HPV infections. Other risk factors 

associated with this disease include dietary deficiencies, poor oral hygiene, 
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asbestos and indoor air pollution from fossil fuel combustion (108). Notably, and 

despite several therapeutic advances, survival has remained relatively unchanged 

over the past few decades. Accordingly, it is expected that a better understanding 

of the molecular and genetic alterations underlying the pathogenesis of head and 

neck carcinomas may result in the development of more effective preventative, 

diagnostic, and treatment strategies. 

It is now well established that HNSCC is a heterogeneous disease, both at 

the molecular and clinical level, which arises from a multistage pathogenesis 

process (Figure 4). Thus, various subclasses of HNSCC can be distinguished at 

the histological level, from hyperplasia, dysplasia, carcinoma in situ, and invasive 

carcinoma to metastasis (109).  Analysis of the genetic alterations underlying this 

tumor evolution has also convincingly demonstrated the existence of additional 

subclasses of HNSCCs. The first and most prominent distinction is the difference 

between tumors that are caused by infection with high-risk types of HPV (20%) 

and those that do not contain HPV (80%) (110). The HPV contains two 

oncogenes, E6 and E7, whose expression inactivates p53 and retinoblastoma 

(RB) respectively, causing perturbation of the cell cycle regulation, which is 

considered to be the onset of HPV-mediated carcinogenesis. These HNSCC 

cases usually have wild-type TP53 and a favourable prognosis (111). The 

remaining 80% may be in turn split into two subgroups: those tumors that are 

characterized by many numerical genetic changes caused by high chromosome 

instability, which have mainly mutated TP53 and show a poor prognosis, and 

those characterized by low number of genetic changes with TP53 found mainly in 

a wild-type form (112).  
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Figure 4.  Multistep progression model in head and neck carcinomas (113) 

 

A plethora of studies have been published on the identification of candidate 

cancer genes in the HNSCC pathogenesis. Point mutations, together with 

chromosomal alterations leading to activation or inhibition and loss or gain of 

crucial genes involved in the regulation of key cancer pathways, are the principal 

known genetic events driving this HNSCC-multistep process. Thus, genes 

involved in the regulation of cell cycle like TP53 are found recurrently mutated in 

60-80% of HNSCC cases (114). The same is true for CDKN2A located on 

chromosome 9p21 and encoding p16INK4A, and PTEN located on 10q, which are 

commonly inactivated by mutation or chromosome loss (115,116). These genetic 

alterations are already frequently found in pre-neoplastic lesions (117). Likewise, 

FHIT mapping at 3p, SMAD4 and transforming growth factor-� (TGF�) receptor 

located at 18q, and tyrosine phosphatase receptor S (PTPRS) on chromosome 

19p13, are other target locus which undergo recurrent loss of heterozygosity 

(LOH) or inactivating mutations in HNSCCs (118-120). Despite loss of function 

seems to be the most prominent event in HNSCC carcinogenesis, some 

oncogenes are also  implicated in the process. Among the most common 

chromosomal amplifications, CCND1 located at 11q13 and encoding cyclin D1, 

epithelial growth factor receptor (EGFR) and transforming growth factor-alpha 

(TGF-�) at 7p12 locus play an important role in the progression and treatment 

efficiency of this malignancy (121-123). Indeed, PTPRS loss promotes EGFR/PI3K 

pathway activation, modulating resistance to EGFR inhibition treatment, an 

important molecular therapy introduced for HNSCC (120). Among the most 



Introduction 
 

20 

 

recurrent activating mutations, those affecting the classical PIK3CA gene involved 

in the PI3K-PTEN-AKT pathway seem to be at the top of the list (124).   

There is also a growing body of literature providing mechanistic insights into 

the molecular pathogenesis of the metastatic process in HNSCC. Down-regulation 

of genes encoding E-cadherin and catenins has been found in patients with 

metastatic HNSCC (125). Likewise, up-regulation of integrins has been proposed 

to be responsible for the increase in cell motility and growth of HNSCC cells (126). 

Overexpression of MMPs such as collagenase-1 and collagenase-3 has also been 

associated with invasion, metastasis and poor prognosis (127,128). In addition, 

several signal transduction pathways, including those mediated by receptor 

tyrosine kinases (RTKs), signal transducer and activator of transcription 3 (Stat3), 

Rho GTPases, protein kinase C� (PKC�), and nuclear factor-�B (NF-�B) have 

been reported to play critical roles in the evolution of HNSCC (129). 

Nevertheless, a more global genomic perspective is still needed to shed light 

over the whole mutational landscape characteristic of this type of tumor. In this 

regard, recent works of whole-exome sequencing of HNSCC have been published 

(130,131). In addition to identifying gene previously known to be involved in 

HNSCC, such as TP53, CDKN2A, PTEN, PIK3CA and HRAS, both groups have 

proposed NOTCH1 as a possible key tumor suppressor gene in the HNSCC 

carcinogenic process. Other genes such as IRF6, TP63 and FBXW7 have also 

been described in these reports as important HNSCC-mutated genes. However, 

these next-generation sequencing HNSCC studies have failed to identify novel 

cancer-related genes. Likewise, metastasis causative genes have not yet been 

described in these works, thereby making necessary to provide a more 

comprehensive view of HNSCC mutational evolution along tumor progression from 

a genomic perspective 

. 
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Despite the many efforts invested in deciphering the molecular clues 

underlying tumor progression and the large amount of information accumulated 

during the last decades, the “cancer puzzle” remains still unsolved. In this work, 

and as part of the long-term studies of our laboratory focused on the functional 

analysis of protease genes deregulated in human malignancies, we have first 

proposed to study the in vivo role of MMP-1 in cancer development and 

progression. In addition, and in an attempt to obtain a global perspective of the 

cancer landscape, we have intended to apply next-generation sequencing 

techniques to analyze tumor evolution, using as a model head and neck 

carcinomas. 

  

The specific objectives proposed for this work were the following: 

   

� Generation of mice deficient in Mmp1a, as an in vivo model to 

analyze the role of this metalloproteinase in cancer. 

 

� Global study of HNSCC from a genomic perspective, employing next-

generation sequencing techniques. 

 

� Functional characterization of relevant genes implicated in HNSCC 

carcinogenesis. 
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Molecular Biology Methods 

General methods 

The basic techniques of molecular biology employed in this work including 

digestion with restriction enzymes, DNA ligations, agarose gel electrophoresis or 

Southern blot hybridization, which are not detailed below, were performed 

following manufacturers’ instructions or standard protocols.  

 

Northern blot analysis  

Total RNA was isolated from frozen placenta samples obtained from wild-

type and knock-out female mice at 13.5 days of embryonic development by using 

a commercial kit (RNeasy Mini Kit; Qiagen). A total of 15 μg of denatured RNA 

was separated by electrophoresis on 1.2% agarose gels and transferred to 

Hybond N+ (Amersham Pharmacia Biotech). Blots were prehybridized at 42 °C for 

3 h in 50% formamide, 5X SSPE (1X = 150 mM NaCl, 10 mM NaH2PO4, 1 mM 

EDTA, pH 7.4), 10X Denhardt’s solution, 2% SDS, and 100 μg/mL denatured 

herring sperm DNA, and then hybridized with a random primed 32P-labeled cDNA 

probe for mouse Mmp1a (40090601, Geneservice) for 20 h under the same 

conditions. Blots were washed with 0.1X SSC, 0.1% SDS for 2 h at 50 °C and 

exposed to autoradiography. RNA integrity and equal loading was assessed by 

hybridization with a �-actin cDNA probe. 

 

RT-PCR 

Total RNA was reverse-transcribed using the Thermoscript RT-PCR system 

(Invitrogen). A PCR reaction was then performed with the following Mmp1a-

specific primers: Mmp1a-Exon4, 5´-GGACCTAACTATAAGCTTGCTC ACA-3´; 

Mmp1a-Exon7, 5´-CTGGAAGATTTGGCCAGAGAATAC-3´. The PCR reaction 

was performed in a GeneAmp 9700 PCR system from Applied Biosystems for 35 

cycles of denaturation (95 ºC, 30 s), annealing (60 ºC, 30 s), and extension (72 ºC, 

1 min). As a control, �-actin was PCR amplified from all samples under the same 

conditions. 
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Immunohistochemistry 

Lungs samples were fixed in 4% paraformaldehyde and embedded in 

paraffin. Deparaffined and rehydrated sections were rinsed in PBS (pH 7.5). 

Endogenous peroxidase activity and nonspecific binding were blocked with 

peroxidase block buffer (DakoCytomation) and 1% bovine serum albumin, 

respectively. Sections were incubated overnight at 4 ºC with a rabbit polyclonal 

antibody anti-mouse CD31 (Abcam), diluted 1:100. Then, sections were incubated 

with an anti-rabbit EnVision system labeled polymer-HRP (DakoCytomation) for 30 

min, washed and visualized with diaminobenzidine. Sections were counterstained 

with Mayer’s hematoxylin, dehydrated and mounted in Entellan®. Sections were 

examined using a Nikon Eclipse E400 microscope and images were acquired with 

a Nikon DS-Si1 camera and Nikon NIS-Elements F2.20 software. Paraffin-

embedding, sectioning, and immunohistochemistry for von Willebrand Factor 

(vWF) were performed by the Tufts Medical Center Pathology Department. 

Quantification of the number of vWF-positive blood vessels was performed in a 

blinded fashion by counting the number of blood vessels per 50 fields at 40X 

magnification, in viable/non-necrotic regions of the tumors. 

 

Difference gel electrophoresis 

Lungs from WT and KO mice were rinsed in TAM (10 mM Tris pH 8.5, 5 

mM magnesium acetate) and homogenized in TUCT (2 M thiourea, 7 M urea, 4% 

CHAPS, 30 mM Tris pH 8.5). 50 μg of each sample were labeled with 400 pmol of 

a specific fluorophore (GE Healthcare): CyDye 3 (WT sample), CyDye 5 (KO 

sample) and CyDye 2 (pool of WT and KO sample 1:1).  Labeled samples were 

combined and UCDA (8 M urea, 4% CHAPS, 130 mM DTT, 2% IEF buffer) was 

added in a 1:1 ratio. UCda (8 M urea, 4% CHAPS, 13 mM DTT, 1% IEF buffer) 

was used to reach 450 μL of final volume. Samples were loaded in a strip holder 

and 24 cm IPG strips, non linear pH gradient 3–11 (GE Healthcare), were placed 

over them. After strip rehydration, protein isoelectrofocusing was allowed to 

proceed for 26 h on an IPGphor Unit (GEHealthcare) in the dark at 18 ºC. Then, 

strips were equilibrated for 15 min in SES-DTT (6 M urea, 30% glycerol, 2% SDS, 
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75 mM Tris pH 6.8, 0.5% DTT and bromophenol blue) and 15 min in SES-IA  (SES 

with 4.5% iodoacetamide), mounted on top of a 13% SDS–PAGE and 

electrophoresed at 80 V overnight in the dark at 18 ºC. After SDS–PAGE, cyanine 

dye-labeled proteins were visualized directly by scanning using a TyphoonTM 9400 

imager (GE Healthcare), and analyzed with Progenesis SameSpots software 

(Nonlinear dynamics) and stained with SYPRO Ruby (Molecular Probes). 

 

Tryptic digestion and MALDI-ToF analysis 

Differential spots were manually excised over a transilluminator. Gel pieces 

were washed twice with 25 mM ammonium bicarbonate/acetonitrile (70:30), dried 

for 15 min at 90 ºC, and incubated with 12 ng/�L trypsin (Promega) in 25 mM 

ammonium bicarbonate for 1 h at 60 ºC. Peptides were purified with ZipTip C18 

(Millipore) and eluted with 1 �L of CHCA (�-cyano-4-hydroxycinnamic acid) to be 

placed onto MALDI-ToF´s plate. Once dried, they were analyzed by mass 

spectrometry on a time-of-flight mass spectrometer equipped with a nitrogen laser 

source (Voyager-DE STR, Applied Biosystems). Data from 200 laser shots were 

collected and analyzed with data explorer version 4.0.0.0 (Applied Biosystems). 

 

Western blotting 

Samples were electrophoresed and transferred to PVDF (0.45 �m pore 

size) membranes (Millipore). Blots were blocked with 5% non-fat dry milk in TBS-T 

buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl and 0.05% Tween-20), for 1 h at 

room temperature. 0.2 �g /mL of anti-CHI3L3 (R&D Systems), anti-S100A8 (R&D 

Systems), anti-CTNNA2 (Origene), anti-CTNNA3 (Proteintech Europe) and 1:1000 

anti-RAGE (Cell Signaling) and anti �-actin (Sigma) were used for overnight 

incubations at 4 ºC with 3% BSA in TBS-T. Finally, blots were incubated for 1 h at 

room temperature in 2.5% non-fat dry milk in TBS-T buffer with 10 ng/mL of goat 

anti-rat horseradish peroxidase (GE Healthcare), rabbit anti-goat (Thermo 

Scientific), and donkey anti-rabbit (GE Healthcare). Then, blots were washed with 

TBS-T and developed with Immobilon Western chemiluminescent HRP substrate 
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(Millipore). Chemiluminescent images were taken with a Fujifilm LAS3000 mini 

apparatus. 

 

Enzymatic assays  

For in vitro proteolysis assays, we used recombinant S100A8 and S100A9 

kindly provided by Dr. P. Tessier, and recombinant CHI3L3 and MMP-1 from R&D 

Systems. Briefly, 100 ng of rMMP-1 per reaction was activated with 4-

aminophenylmercuric acetate (APMA) at 37 ºC for 2 h. Then, purified CHI3L3, 

S100A8 and S100A9 (1 μg) were incubated with activated MMP-1 at 37 ºC for 24 

h, and analyzed by SDS-PAGE and Western-blot.  

 

Analysis of cytokine levels 

To evaluate the levels of different Th1/Th2 cytokines, we used a Mouse 

Th1/Th2/Th17/Th22 13plex FlowCytomix Multiplex kit and a TGF-�1 kit 

(eBioscience), following manufacturer instructions. Briefly, snap-frozen lungs were 

homogenized at 4 ºC in T-PER (Tissue Protein Extraction Reagent; Thermo 

Scientific) containing Complete Mini Protease Inhibitor Cocktail tablets (1 tablet / 

50 mL of T-PER stock reagent) and centrifuged at 9,000 x g for 15 min. Total 

protein concentration in supernatant was determined using BCA kit. A total of 100 

μg of each homogenate was incubated with antibody-coated bead complexes and 

biotinylated secondary antibody for 2 h. After washing, 100 �L streptavidin-

phycoerythrin was added to each well and incubated for 1 h. Samples were then 

transferred to appropriate cytometry tubes and analyzed using the FC500 Celular 

Cytomics analyzer (Beckman Coulter). A minimum of 300 events (beads) were 

collected for each cytokine/sample and median fluorescence intensities were 

obtained. Cytokine concentrations were calculated based on standard curve data 

using FlowCytomix Pro 3.0 Software (eBioscience). The results were expressed 

as mean ± SE (n = 5).  
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DNA isolation from human specimens   

We obtained from each patient surgically resected tumor samples and 

matched blood samples. To obtain tumor genomic DNA, approximately 10 mg of 

fresh-frozen tumor tissue were lysed in 360 �L of ATL buffer supplemented with 40 

�L of proteinase K for 2-16 h. After complete macroscopic digestion, the lysate 

was mixed with 400 �L of AL buffer to homogeneization, and then 400 �L of 100% 

EtOH were added, followed by thorough vortexing for 15 s and 5 min incubation at 

room temperature. Genomic DNA was then precipitated by 10 min centrifugation 

at 4 ºC and 20,000 x g, washed with 70% EtOH, air-dried and resuspended in 50-

100 �L of AE buffer. ATL, AL, proteinase K and AE buffer were from Qiagen. 

Germline genomic DNA was obtained from blood samples using the Flexigene kit 

(Qiagen), according to manufacturer's instructions. The experiments were 

conducted in accordance with the Hospital Universitario Central de Asturias Ethics 

Committee, and written informed consent was obtained from each individual 

providing biological samples. 

 

Exome-enrichment 

Three μg of genomic DNA from each sample were sheared and used for the 

construction of a paired-end sequencing library as previously described in the 

Paired-End sequencing sample preparation protocol provided by Illumina. 

Enrichment of exonic sequences was then performed for each library using the 

Sure Select Human All Exon Kit 50 Mb (Agilent Technologies) following the 

manufacturer´s instructions. Exon-enriched DNA was pulled down by magnetic 

beads coated with streptavidin (Invitrogen), and was followed by washing, elution 

and 18 additional cycles of amplification of the captured library. Exon enrichment 

was validated by real-time PCR in a 7300 Real-Time PCR System (Applied 

Biosystems) using a set of two pairs of primers to amplify exons and one pair to 

amplify an intron. Enriched libraries were sequenced using two lanes of an 

Illumina GAIIx. 
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Somatic mutation identification in pooled samples (SMIPS) 

To discover recurrent somatic mutations in the validation series of genomic 

analysis, we performed a screening in a set of 86 additional HNSCC cases using a 

combination of pooled samples, PCR amplification and high-throughput 

sequencing. We used a modified method for the analysis of pooled samples. 

Briefly, we amplified each selected exon from two pools containing equal amounts 

of tumor and normal DNA respectively from the patients. To obtain sufficient 

coverage, we mixed equal amounts of the resulting amplicons in four pools for 

each sample. Each pool was sequenced in one lane of an IlluminaGAIIx 

sequencer for an average coverage of about 105 over more than 200,000 bases. 

 

Mutation validation  

To deconvolute the sequencing data generated by SMIPS, we analyzed 

each tumor DNA from the validation set by using SNaPShot (Life Technnologies), 

according to manufacturer's instructions. We performed two separate SNaPShot 

reactions per tumor DNA, one for CTNNA2 and one for CTNNA3, using the 

appropriate primers in each case. The presence of the corresponding mutation 

identified by SNaPShot was verified by Sanger sequencing using a 3130XL 

Genetic Analyzer. 

 

 

Cell Biology Methods 

Cells and cell culture conditions 

The human squamous cell carcinoma cell line SCC-2 was cultured in 

complete medium Dulbecco´s Modified Eagle Medium, (DMEM, Invitrogen) 

containing 10% fetal bovine serum (FBS), 2% HEPES, 1% non-essential amino 

acids and 1% penicillin-streptomycin-glutamine. For overexpression experiments, 

cells at 80% confluence were transfected using Lipofectamine 2000 (Invitrogene) 

with the full-length human cDNA of CTNNA2 and/or CTNNA3 (Origene RC208731 

and RC226241, respectively). For knockdown experiments, cells were transduced 
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with a set of four retroviral short-hairpin RNA (shRNA) vectors based on the 

pLKO.1 vector and designed to specifically target human CTNNA2 and/or 

CTNNA3 transcripts (Origene TG313667 and TG313666,respectively), using HEK-

293T cells for virus packaging. CTNNA2 and CTNNA3 mutant DNAs were created 

using a Stratagene Quik Change II Site-Directed Mutagenesis kit (Agilent 

Technologies). Transfected clones were selected during 5-7 days with 400 μg/mL 

of G418 for overexpressing clones, and 1.1 μg/mL puromycin for silencing clones. 

All cell lines were analyzed by Western blot to confirm expression or silencing. 

Lewis lung carcinoma LLC1 cells were purchased from American Type Culture 

Collection. Cells were maintained in DMEM supplemented with 10% FBS and 1% 

penicillin/ streptomycin. To generate mouse embryonic fibroblasts (MEFs), 

embryos were harvested from Mmp1a heterozygote crosses at embryonic day 

12.5. Cells were maintained in DMEM supplemented with 10% FBS, 1% Pen-

Strep. 

 

Endothelial tube formation 

MatTek plates were chilled and coated with 100 �L Matrigel.  HUVEC cells 

(3.5 x 104, p2-5) in EBM2 media with 0.5% BSA were placed on top.  The cells 

were stimulated with MEF conditioned media (diluted 1:2, from 1 x 106 MEFs 

following 24 h conditioning in 0.5% BSA DMEM). Endothelial tubes were observed 

after 6 h under phase contrast inverted microscopy (4X magnification). ImageJ 

software was used to quantify tubal length and branch complexity from digital 

images.   

 

Cell adhesion assays 

The adhesion capacity of different cell pools was analyzed with the ECM 

Cell Adhesion Array kit (Colorimetric) (EMD Biosciences, ECM540 96 wells) 

following manufacturer’s instructions. Briefly, 6 x 105 cells were incubated in the 

ECM Array during 3 hours. After cell lysis, the absorbance was measured at 485 
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nm using a Synergy H4 Hybrid reader. All data were the mean of three 

independent experiments. 

 

Time-lapse migration assays 

For cell migration assays, laminin (15 μg/mL; Sigma L2020) was added for 

2 h at 37 ºC on Ibidi uncoated μ-Dishes (Ibidi 81151). 6 x 105 cells were seeded 6 

h before performance of the experiment on coated dishes with culture inserts (Ibidi 

80209) until complete adhesion. Inserts were removed defining a cell free gap of 

around 500 μm, and cells were covered with 2 mL of culture media. Migration of 

cells were time-lapse recorded in a Zeiss Axiovert 200 microscope during 12 h, 

with a XL-multi S1 incubator and using Axiovision software. Migration areas at 

different time points were calculated using ImageJ. 

 
In vitro invasion assays 

The in vitro invasion potential of different SCC-2 cell lines was evaluated 

using Matrigel-coated invasion chambers with an 8-Am pore size (BD 

Biosciences). For each experiment, 2.5 x 105 cells per well were allowed to 

migrate for 27 h through the Matrigel-coated membranes using 3% FBS as 

chemoattractant. For LLC1 cells, 2 x 104 cells were placed in the upper chamber 

and allowed to invade for 48 h using MEF conditioned media as a chemoattractant 

in the lower well.  Cells that reached the lower surface of the membrane were 

stained. The total number of cells in the lower chamber was determined by visible 

microscopy (magnification 4x). 

 

Cell proliferation assays  

To quantify cell proliferation, we used a CellTiter96AQ nonradioactive cell 

proliferation kit (Promega Corp.). For each experiment, one hundred B16F10 cells 

were seeded in triplicate in 96-well plates and incubated at 37 ºC, 5% CO2 for 4 

days. Cell proliferation was quantified by measuring the conversion of 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxyme-thoxyphenyl)-2-(4-sulfophenyl)-2H 
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tetrazolium, inner salt (MTS) into water-soluble formazan catalyzed by 

dehydrogenase in living cells. The reaction was monitored by measuring the 

absorbance at 490 nm using a Synergy H4 Hybrid reader. All experiments were 

repeated three times independently. 

 

Luciferase reporter gene assay 

To measure the transcriptional activity of the �-catenin/Wnt signaling 

pathway, SCC-2 cell lines transfected with different constructs were seeded in 24-

well plates, at 1.0 x 105 cells/well. After 24 h, 0.6 μg of TCF/LEF-1 reporter (pTOP-

FLASH) or control vector (pFOP-FLASH) were transiently cotransfected with 0.06 

μg of TLRK vector and 0.2 μg of each DNA construct (shRNAs, full-length wild-

type and mutated cDNAs, respectively for both CTNNA2 and CTNNA3) following 

the standard Lipofectamine 2000 protocol (Invitrogen). Cells were incubated for 24 

h, and then 10 μL out of the 100 μL cell extract were used for measuring luciferase 

activity using the Dual Luciferase Reporter Assay System kit (Promega). 

 

 

Animal Model Methods 

Generation of mutant mice 

To generate Mmp1a-/-mice, we first isolated a genomic PAC clone encoding 

Mmp1a from a mouse 129/SvJ library (HGMP Resource Centre) by using a murine 

Mmp1a cDNA fragment as a probe. Then, we used the plasmid pKO scrambler 

V916 (Lexicon Genetics) to construct the Mmp1a targeting vector. A 1.4 kb HindIII 

fragment from the 5’-flanking containing exon 2, 3 and part of exon 4 was used as 

the 5’-homologous region, whereas a 6.8 kb EcoRI-RsrII fragment containing part 

of the exon 6 and exon 7 was used as the 3’-region of homology. The PGK-neo 

cassette was subcloned into an AscI site of the vector with the transcriptional 

orientation opposite to that of Mmp1a and replaced a 1.7 kb fragment containing 

exons 4, 5 and part of the exon 6 of the gene. The targeting vector was linearized 

by digestion with NotI and electroporated into HM-1 (129/Ola) embryonic stem 
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cells. Resistant clones were selected for homologous recombination with G418 

and ganciclovir, and screened by Southern blot analysis. The heterozygous stem 

cells were aggregated to CD1 morulas and transferred into uteri of 

pseudopregnant females to generate chimeras. Chimeric males were mated with 

C57BL/6J females and the offspring was screened by Southern blot analysis of tail 

genomic DNA. The heterozygous littermates were mated to generate homozygous 

mutant mice. 

 

Urethane carcinogenesis model 

Mouse experimentation was done in accordance with the guidelines of the 

Universidad de Oviedo (Spain), regarding the care and use of laboratory animals. 

For urethane (ethylcarbamate; Sigma) chemical carcinogenesis, 12-week-old mice 

were injected intraperitoneally with two doses (separated by 48 h) of a freshly 

prepared solution of 1 mg of urethane/g body weight, dissolved in sterile 0.9% 

NaCl (saline). Mice were sacrificed 32 weeks after urethane exposure, and their 

lungs were either snap-frozen in liquid nitrogen for further RNA and protein 

analysis or fixed in 4% paraformaldehyde and processed for histological studies. 

After conventional staining with hematoxylin and eosin, cells were morphologically 

identified by an expert pathologist with no previous knowledge of mice genotypes. 

 

Lewis lung carcinoma model 

Six to nine week old female animals were injected with 2x105 LLC1 cells in 

sterile PBS in the abdominal fat pad (2 inoculations per mouse). Starting at day 

12, palpable tumors were measured every other day and tumor volume was 

calculated using the equation (LxW2)/2. At the day 26 endpoint, animals were 

sacrificed. Finally, tumors were harvested, weighed, and formalin-fixed for 

histology. 
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Other pathological models  

For B16F10 melanoma experimental model, mice were injected with 5 × 

104 cells in the tail vein and mice were sacrificed 3 weeks later. The two-stage 

chemical skin carcinogenesis induced by DMBA/TPA (9,10-dimethyl-1,2-

benzanthracene/12-O-tetradecanoylphorbol-13-acetate) was performed by pipette 

application of 100 �g of DMBA in 200 �L acetone onto the shaved-back skin of 

mice. Tumor promotion was performed twice weekly with 25 �g of TPA from week 

1 to week 12. Mice were assessed weekly for papilloma development for up to 20 

weeks. For MCA-induced fibrosarcoma, 100 �g of MCA (3-methyl-cholanthrene) 

were subcutaneously injected in each mouse flank in 100 �L of corn oil. Mice were 

assessed weekly for fibrosarcoma development for up to 30 weeks. For the oral 

squamous cell carcinogenesis model, 4-NQO (4-nitroquinoline 1-oxide) stock 

solution was prepared weekly in propylene glycol at 5 mg/mL and then diluted at 

100 �g/mL in the drinking water, which was changed once a week. Mice were 

allowed access to the drinking water at all times during the 16 weeks of 4-NQO 

treatment. For DEN-induced hepatocarcinoma (N,N-diethylnitrosamine), mice at 

15 days of age were treated with a single intraperitoneal injection of 5 mg/kg DEN 

in 0.1 mL of saline; animals were euthanized after 9 months. For azoxymethane-

induced colon carcinomas, mice were intraperitoneally injected with 12.5 mg/kg 

body weight. After 5 days, dextran sulphate was diluted at 2.5% in the drinking 

water and administered to the mice during 5 days, following by a free dextran 

sulphate-water time for 16 days. This cycle was repeated three times and after last 

16 days of free-water time, mice were sacrificed. For hepatic fibrosis, mice 

received 1 mL/kg of CCl4 diluted 1:4 in olive oil twice a week during 4 weeks and 

then, animals were sacrificed. Bleomycin lung fibrosis was induced in mice by 

intratracheal instillation of a sub-lethal dose of bleomycin (2 U/kg dissolved in 400 

μL of sterile saline) under fluorane anaesthesia. Mice were sacrificed at 48 h for 

the acute protocol and 3 weeks later for the chronic model. MMTV-PyMT 

(mammary tumor virus-polyoma middle T antigen) breast cancer and K14-HPV16 

(keratin 14-human papillomavirus type 16) skin cancer samples were kindly 

provided by Dr. Agnés Noël (University of Liege, Belgium). All these protocols 
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were performed using as minimum of n=10 mice with ages ranging between 8 and 

10 weeks, except for DEN-induced hepatocarcinoma model.  

 

Bioinformatics and Statistical Analysis  

Sequence reads mapping and processing 

For exome sequencing, reads from each library were mapped to the human 

reference genome (GRCh37) using BWA with the sampe option, and a BAM file 

was generated using SAM tools. Reads from the same paired-end libraries were 

merged and optical or PCR duplicates were removed using Picard 

(http://picard.sourceforge.net/index.shtml). Statistics about the number of mapped 

reads and depth of coverage for each sample are shown in the corresponding 

Thesis manuscripts. For the identification of somatic substitutions, we used the 

Sidrón algorithm, which has been previously described in our laboratory (100). The 

frequencies of machine error were estimated by examining 3 x 105 likely 

homozygous positions (coverage higher than 15, fraction of non-reference bases 

lower than 0.1). Due to the contamination of tumor samples with normal tissue, the 

cutoff S values were lowered to 11 for positions with coverage higher than 20. The 

validation rate of the somatic mutations detected by Sidrón was higher than 90% 

as assessed by Sanger sequencing. 

 

Statistical analysis 

We used the Prism Program (GraphPad) to compare mean samples 

between groups, applying t-Student or Mann-Whitney U test depending on sample 

distribution characteristics. The SPSS Statistics 17.0 (SPSS Inc) package was 

employed to correlate clinical and biological variables by means of Fisher’s test or 

non-parametric test when necessary. Survival curves were analyzed according to 

the Kaplan and Meier method and compared using the log-rank test. All statistical 

tests were two-sided and the level of statistical significance was 0.05. The 

probability of concurrent CTNNA2 and CTNNA3 mutations in the validation series 

was estimated with a Monte Carlo simulation. 
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I. The complex family of matrix metalloproteinases 

Over the last years, the intensive research dedicated to understand the 

complex proteolytic universe has allowed to characterize, genetically and 

functionally, a large number of proteolytic systems. Among them, the family of 

matrix metalloproteinases (MMPs) has achieved a great relevance in both 

physiological and pathological processes owing to their ability to degrade all 

extracellular matrix components as well as a high variety of bioactive molecules.  

The growing interest for this family has generated a significant amount of 

information. Accordingly, and as a first objective of this thesis, we proposed the 

collection, revision and integration of the recent literature about this family of 

metalloproteinases. 

 

Article 1. Miriam Fanjul-Fernández, Alicia R. Folgueras, Sandra Cabrera, Carlos 
López-Otín. “Matrix metalloproteinases: evolution, gene regulation and functional 
analysis in mouse models”. 
 

Biochimica et Biophysica Acta 1803: 3–19 (2010) 
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metalloproteinases. I also outlined the main topics which were reviewed in this 

manuscript, prepared the figures and performed most part of the writing with the 

collaboration of Drs. Alicia R. Folgueras and Sandra Cabrera, and under the 

supervision of Dr. Carlos López-Otín. 
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Matrix metalloproteinases (MMPs) are a large family of zinc-endopeptidases which play important roles in
multiple physiological and pathological processes. These enzymes are widely distributed in all kingdoms of
life and have likely evolved from a single-domain protein which underwent successive rounds of duplication,
gene fusion and exon shuffling events to generate the multidomain architecture and functional diversity
currently exhibited by MMPs. Proper regulation of these enzymes is required to prevent their unwanted
activity in a variety of disorders, including cancer, arthritis and cardiovascular diseases. Multiple hormones,
cytokines and growth factors are able to induce MMP expression, although the tissue specificity of the
diverse family members is mainly achieved by the combination of different transcriptional control
mechanisms. The integration of multiple signaling pathways, coupled with the cooperation between several
cis-regulatory elements found at the MMP promoters facilitates the strict spatiotemporal control of MMP
transcriptional activity. Additionally, epigenetic mechanisms, such as DNAmethylation or histone acetylation,
may also contribute to MMP regulation. Likewise, post-transcriptional regulatory processes including mRNA
stability, protein translational efficiency, and microRNA-based mechanisms have been recently described as
modulators of MMP gene expression. Parallel studies have led to the identification of MMP polymorphisms
and mutations causally implicated in the development of different genetic diseases. These genomic analyses
have been further extended through the generation of animal models of gain- or loss-of-function for MMPs
which have allowed the identification of novel functions for these enzymes and the establishment of causal
relationships between MMP dysregulation and development of different human diseases. Further genomic
studies of MMPs, including functional analysis of gene regulation and generation of novel animal models will
help to answer the multiple questions still open in relation to a family of enzymes which strongly influence
multiple events in life and disease.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Matrixmetalloproteinases (MMPs) comprise a large family of zinc-
dependent endoproteinases, collectively capable of degrading all
extracellularmatrix (ECM) components. MMPs (also calledmatrixins)
are found in all kingdoms of life and belong to the metzincin
superfamily of metalloproteinases, which is characterized by the
presence of a catalytic zinc atom in their active center followed by a
conserved methionine residue [1]. To date, at least 25 different
vertebrate MMPs have been identified, 24 of which are present in
humans, including two recently duplicated genes encoding MMP-23
[2].

The proteolytic activities of MMPs influence essential cellular
processes like cell proliferation, migration and adhesion, as well as
many fundamental physiological events involving tissue remodeling,

such as angiogenesis, bone development, wound healing, and uterine
and mammary involution [3,4]. However, the increasing relevance of
this family of proteases mainly derives from the high number of
pathological conditions where these enzymes have been implicated
[5,6]. Thus, upregulation of MMPs has been reported in cancer,
vascular diseases and many different types of inflammatory pathol-
ogies, supporting the need of a precise spatiotemporal regulation of
MMPs to maintain a proper homeostasis of the extracellular and
pericellular environment. MMP expression and activity can be
regulated at different levels including gene transcription, proenzyme
activation and endogenous inhibition, which act in a coordinated
manner to confine the diverse MMP proteolytic activities to those
conditions and locations where they are necessary. Unfortunately,
these restrictive regulatory mechanisms are frequently lost in multi-
ple pathological conditions, as assessed from studies based on the use
of gain- or loss-of-function of MMPs in animal models [7]. These
models have also provided important clues about the functional
relevance of MMPs in a variety of physiological processes taking place
in all organismswith ability to produce these proteases. In this review,
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and after a general introduction to the biochemical properties of
MMPs, we will focus on genomic characteristics of this family of
proteolytic enzymes, paying special attention to gene organization
and evolution. Likewise, we will discuss different levels of MMP gene
regulation with particular emphasis on the mechanisms responsible
for their transcriptional control and on the presentation of data on
epigenetic and post-transcriptional regulation of these protease
genes. Finally, we will present the most recent information about
MMP polymorphisms and mutations associated with human pathol-
ogies, as well as those mouse models generated by genetic manipula-
tion which have shed light on the functional relevance of these
enzymes in life and disease.

2. Matrix metalloproteinases: Classification and biochemical
properties

MMPs or matrixins are synthesized as zymogens with a signal
peptide which leads them to the secretory pathway. Then, these en-
zymes can be secreted from the cell or anchored to the plasma
membrane, thereby confining their catalytic activity to the extra-
cellular space or to the cell surface, respectively. Interestingly, recent
studies have reported that several MMP family members, such as
MMP-1 [8], MMP-2 [9], MMP-11 [10] and MMP-13 [11], can be found
as intracellular proteins, although their functions at this subcellular
location are still unclear. The archetypal MMPs consist of a propeptide
(∼80 amino acids) with a cysteine-switch motif, a catalytic metallo-
proteinase domain (∼170 amino acids), a linker peptide of variable
length and a hemopexin domain (∼200 amino acids). Nevertheless,
the family of MMPs has evolved into different groups by remo-
ving some domains or by incorporating others which are absent in
the previously described basic core (Fig. 1). Thus, based on their
domain organization, MMPs can be classified in four different groups:
archetypal MMPs, matrilysins, gelatinases and furin-activatable
MMPs.

2.1. Archetypal MMPs

Within this category, and according to their substrate specificities,
we can establish three different subgroups: collagenases, stromelysins
and other archetypal MMPs.

2.1.1. Collagenases
This subgroup is composed of three enzymes, MMP-1, MMP-8 and

MMP-13 (also known as collagenases-1, 2, and 3, respectively) whose
name reflects their ability to cleave the collagen triple helix into
characteristic 3/4 and 1/4 fragments. In addition, collagenases are
also able to proteolytically process other ECM proteins, as well as a
number of bioactive molecules such as interleukin-8 (IL-8) [12], pro-
tumor necrosis factor (TNF)-α [13], protease-activated receptor-1
[14], and several insulin-like growth factor binding proteins (IGFBPs)
[15]. Removal of the hemopexin domain turns these MMPs into
enzymes unable to degrade native collagen, suggesting that the
cooperation between the catalytic and hemopexin domains is
essential to carry out their collagenolytic activity [16]. A fourth type
of collagenase (MMP-18) has been identified in Xenopus [17], but it
does not have any known orthologue in mammals.

2.1.2. Stromelysins
Stromelysin-1 (MMP-3) and stromelysin-2 (MMP-10) show the

same structural design as collagenases and can degrade many
different ECM components, but they are not able to cleave native
collagen. In addition, stromelysin-1 also processes several bioactive
substrates including stromal-cell derived factor-1, E-cadherin, and
pro-interleukin-1 beta (IL-1β) [15]. Likewise, stromelysins participate
in proMMP activation through their ability to remove the propeptide
domain of the three procollagenases [18] and proMMP-9 [19],
generating the fully active form of these enzymes. Stromelysins are
expressed by both fibroblast and epithelial cells, and are secreted to
the extracellular space where they play important roles in biological

Fig. 1. The mammalian family of matrix metalloproteinases. Structural classification of MMPs based on their domain arrangement.
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processes such as mammary gland development, immunity and
wound healing [3]. There is another MMP called stromelysin-3
(MMP-11) which shares some structural characteristics with strome-
lysins but due to the presence of additional features, it is classified into
the category of furin-activatable MMPs.

2.1.3. Other archetypal MMPs
There are four matrixins (MMP-12, -19, -20, -27) which cannot be

classified in the previous subgroups because of their divergence in
sequence and substrate specificity. MMP-12 or metalloelastase is the
most potent elastolytic enzyme of the family although, as otherMMPs,
it can also degrade many other ECM proteins, including aggrecan,
fibronectin, laminin, and type IV collagen [15]. MMP-12 is mainly
expressed by macrophages [20] but it is also produced by hyper-
trophic chondrocytes and osteoclasts [21]. MMP-19 was first isolated
from human cDNA liver libraries [22] and, afterwards, it was detected
in the inflamed synovium from patients with rheumatoid arthritis
[23]. This MMP is expressed in a wide variety of human tissues and
exhibits a potent degradative activity against components of base-
ment membranes, such as type IV collagen or tenascin, as well as
gelatin and aggrecan [24]. MMP-20, also named enamelysin because
of its first isolation from a porcine enamel organ, is secreted by
ameloblasts and odontoblasts of the dental papila, which are involved
in tooth enamel formation [25,26]. MMP-27 was first cloned from a
chicken embryo fibroblasts cDNA library [27]. It has been reported
that this chicken enzyme is able to degrade gelatin and casein, but
little information is available about the activity of its human
orthologue, which is highly expressed in B-lymphocytes [28].

2.2. Matrilysins

MMP-7 and MMP-26, also known as matrilysins-1 and -2, are
expressed under normal and pathological conditions and have been
implicated in the progression of several types of human cancers. Both
proteases exhibit the simplest domain arrangement of all MMPs since
they lack the carboxy-terminal hemopexin domain [29]. Matrilysins
play important roles in the degradation of ECM proteins like type IV
collagen, laminin and entactin [15], as well as in the processing of non-
ECM proteins. Thus, MMP-7 catalyzes the ectodomain shedding of
several cell surface molecules like Fas ligand [30], E-cadherin [31] and
syndecan-1 [32], whereas MMP-26 has been reported to be an
activator of proMMP-9 under pathological conditions [33]. In addition,
matrilysins have been associated with the remodeling of the post-
partum uterus and with embryo implantation [34].

2.3. Gelatinases

MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B) are constitu-
tively expressed by many cell types including fibroblasts, keratino-
cytes, endothelial cells, chondrocytes and monocytes in the case of
MMP-2, and alveolar macrophages, polymorphonuclear leukocytes
and osteoclasts in the case of MMP-9. These MMPs have an additional
fibronectin domain located inside the catalytic domain, which allows
the binding and processing of denatured collagen or gelatin [1],
suggesting that these enzymes also play a key role in the remodeling
of collagenous ECM. Thus, gelatinases degrade a broad spectrum of
ECM molecules such as collagen types I, IV, V, VII, X, IX, elastin,
fibronectin, aggrecan, vitronectin, laminin [15], but also many non-
ECM molecules including pro-TNF-α [13], transforming growth factor
(TGF)-β [35], pro-IL-1β, pro-IL-8 and monocyte chemoattractant
protein (MCP)-3 [36]. Likewise, these enzymes are able to release or
generate several factors with pro- or anti-angiogenic properties [37].
Both gelatinases have been associated with multiple pathologies,
including cancer, bone diseases, inflammatory disorders and vascular
alterations such as atherosclerosis, aortic aneurysm and myocardial
infarction [5].

2.4. Furin-activatable MMPs

All MMPs belonging to this category contain a furin recognition
motif inserted between the propeptide and the catalytic domain. This
sequence is recognized and cleaved by convertase proteases, provid-
ing the basis for furin-dependent activation of latent enzymes prior to
secretion. These furin-activatable MMPs include three secretedMMPs,
six membrane-type-MMPs and two unusual type II transmembrane
MMPs.

2.4.1. Secreted MMPs (MMP-11, -21, and -28)
Unlike the other secreted MMPs, these three furin-activatable

enzymes are processed intracellularly by furin-like proteases and
secreted as active forms. MMP-11, also known as stromelysin-3, is
expressed during embryogenesis, tissue involution and wound healing,
and has been proposed to play an important role in cancer [38]. Recent
studies have reported that MMP-11 is induced in adipose tissue by
cancer cells and contributes to tumor progression through the
degradation of collagen VI, suggesting a molecular link between obesity
and cancer [39]. MMP-21 is the human orthologue of Xenopus XMMP
and it has been detected during embryo development in several organs
such as kidney, intestine and skin, aswell as in various epithelial cancers
[40]. MMP-28, also known as epilysin, is expressed in several adult
tissues such as testis, lung, heart, colon, intestine, brain and epidermis
[41]. MMP-28 is also produced by several carcinomas but its functional
role in transformation events has not been clearly defined. In addition,
recent data have reported that epilysinmay be an importantmediator in
certain diseases of the central nervous system, such asmultiple sclerosis,
where it may participate in demyelinating processes [42].

2.4.2. Membrane-type MMPs (MMP-14, -15, -16, -17, -24, and -25)
These MMPs incorporate membrane-anchoring domains that

locate them at the cell surface. This feature makes these enzymes as
optimal pericellular proteolytic machines, able to control the local
environment that surrounds normal and tumoral cells. On the basis of
their type of attachment to the plasma membrane, MT-MMPs can be
classified into two groups: type I transmembrane MT-MMPs and
glycosylphosphatidylinositol (GPI) MT-MMPs [43]. The first group
comprises MT1-, MT2-, MT3-, and MT5-MMP (MMP-14, -15, -16 and
-24, respectively). These enzymes are characterized by a long
hydrophobic sequence followed by a short cytoplasmic tail which is
involved in numerous cellular events, such as the activation of MERK/
ERK and src-tyrosine kinase pathways or the protein trafficking to
discrete regions of the cell surface [44,45]. Moreover, it has been
reported that the cytoplasmic domain of MT1-MMP is essential for the
regulation of protease activity through a dynamin-mediated process
of internalization in clathrin-coated vesicles [46]. Besides their
capacity to cleave a variety of substrates including ECM components,
these membrane-associated MMPs are the major physiological
activators of proMMP-2 [47]. MT-MMPs are expressed by different
tissues under normal conditions, but they are also frequently
upregulated in tumors. Thus, MT1-MMP expression has been asso-
ciated with poor prognosis in several types of cancer [48, 49] and its
overexpression strongly promotes cellular invasion and experimental
metastasis [50,51]. Likewise, MT-MMPs have been involved in the
formation of new blood vessels in both physiological and pathological
conditions [47]. On the other hand, MT4-MMP and MT6-MMP (MMP-
17 and -25, respectively) constitute the second subgroup of mem-
brane-type MMPs which are bound to the cell surface via a GPI-
anchor. MT4-MMP is expressed in brain, colon, ovary, testis, and
leukocytes [52], whereas MT6-MMP is predominantly expressed in
leukocytes, lung and spleen [53]. MT4-MMP has shown a low
enzymatic activity against ECM components, and its contribution to
ECM turnover seems to be indirectly mediated by its ability to activate
aggrecanase-1 (ADAMTS-4) [54]. In contrast, MT6-MMP is able to
process gelatin, collagen IV, fibronectin, fibrin, and proteoglycans [55].
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Although little is known about the in vivo function of these proteases,
recent data have detected the expression of MT4-MMP andMT6-MMP
in breast and colon cancer, respectively, and, in both cases, these
MMPs appear to be associated with tumor growth [56].

2.4.3. Type II transmembrane MMPs (MMP-23A and -23B)
MMP-23AandMMP-23Bhave identical aminoacid sequence, but are

encoded by distinct genes in the human genome. These proteases are
unique among thematrixin family because they lack the signal peptide,
the cysteine-switch motif and the hemopexin domain characteristic of
all MMPs, but contain cysteine-array (CA) and immunoglobulin (Ig)
domains in their shortened C-terminal tail. Besides, their type II
transmembrane domain is located at the N-terminal of the propeptide.
Expression analysis has demonstrated that MMP-23 is predominantly
produced by ovary, testis, and prostate, suggesting that this MMP may
play a specialized role in reproductive processes [57]; however, the in
vivo functions of this protease still remain undetermined.

3. Gene evolution and genomic organization of MMPs

Comparative genomic analyses have indicated that the impressive
diversity characteristic of the family of vertebrate MMP genes mainly
derives of a series of evolutionary events that occurred during early
stagesof vertebrate emergence.Nevertheless, these comparative studies
have also revealed amore ancient origin for these endopeptidaseswhich
predates the emergence of vertebrates. Thus, the identification of plant
MMPs orthologues to both vertebrate and invertebrate MMPs clearly
supports the proposal of an ancient evolutionary history for these
enzymes. Moreover, the finding that MMPs in plants and invertebrates
have a closer relationship between them than with vertebrate MMPs,
coupled with the absence of hemopexin domains in their structure,
suggests that they could be modern representatives of an ancient MMP

ancestor, common to the three groups [58]. Likewise, it is tempting to
speculate that the earliest forms of MMPs were based on very simple
architectural designs conformed by catalytic devices without any
ancillary domains. These primitiveMMPswere subsequently increasing
their complexity through gene fusion events that led to the incorpora-
tion of the variety of modules currently exhibited by most family
members. It is also remarkable that most MMP genes found in
vertebrates have an orthologue in Ciona intestinalis, one of the closest
invertebrate relatives of vertebrates [59]. Thus, these enzymes likely
evolved before the divergence between the vertebrate and urochordate
lineages (Fig. 2). Prior to the emergence of vertebrates, theMMP family
had remained relatively stable throughout evolution as assessed by the
low number of conservedMMP genes present in protostomes (2MMPs
in Drosophila melanogaster) [60] and urochordates (5 MMPs in C.
intestinalis) [59]. Nevertheless, it is noteworthy the presence in the sea
urchin genome of at least 26 MMP genes with significant similarity to
vertebrate MMPs, although they are clustered together and separated
from vertebrate MMP groups. These findings suggest that MMP genes
found in the last common ancestor to vertebrates and echinoderms
underwent independent duplication and divergence, following separa-
tion of these two groups [61]. Thus, and as discussed above, it appears
thatMMP vertebrate geneswere amplified from a commonprotostome-
deuterostome ancestor (Fig. 2).

The major evolutionary event in the generation of the MMP gene
repertoire of vertebrateswas thewidespread duplication of pre-existing
genes (Fig. 2). In particular, most MMP subfamilies show a further
expansion along the early teleost lineage. Nevertheless, it should be
noted that both teleost- and tetrapod-specific duplications have
occurred after the divergence of both lineages. The expansion in teleosts
of MMP orthologues related to human MMP7 and MMP20, an
evolutionary event likely linked to the continuous teeth replacement
in these vertebrates, is remarkable. Similarly,MT-MMP genes underwent

Fig. 2. Evolution of MMPs. Schematic representation of key events occurring throughout the evolutionary history of MMPs.
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Although little is known about the in vivo function of these proteases,
recent data have detected the expression of MT4-MMP andMT6-MMP
in breast and colon cancer, respectively, and, in both cases, these
MMPs appear to be associated with tumor growth [56].

2.4.3. Type II transmembrane MMPs (MMP-23A and -23B)
MMP-23AandMMP-23Bhave identical aminoacid sequence, but are

encoded by distinct genes in the human genome. These proteases are
unique among thematrixin family because they lack the signal peptide,
the cysteine-switch motif and the hemopexin domain characteristic of
all MMPs, but contain cysteine-array (CA) and immunoglobulin (Ig)
domains in their shortened C-terminal tail. Besides, their type II
transmembrane domain is located at the N-terminal of the propeptide.
Expression analysis has demonstrated that MMP-23 is predominantly
produced by ovary, testis, and prostate, suggesting that this MMP may
play a specialized role in reproductive processes [57]; however, the in
vivo functions of this protease still remain undetermined.

3. Gene evolution and genomic organization of MMPs

Comparative genomic analyses have indicated that the impressive
diversity characteristic of the family of vertebrate MMP genes mainly
derives of a series of evolutionary events that occurred during early
stagesof vertebrate emergence.Nevertheless, these comparative studies
have also revealed amore ancient origin for these endopeptidaseswhich
predates the emergence of vertebrates. Thus, the identification of plant
MMPs orthologues to both vertebrate and invertebrate MMPs clearly
supports the proposal of an ancient evolutionary history for these
enzymes. Moreover, the finding that MMPs in plants and invertebrates
have a closer relationship between them than with vertebrate MMPs,
coupled with the absence of hemopexin domains in their structure,
suggests that they could be modern representatives of an ancient MMP

ancestor, common to the three groups [58]. Likewise, it is tempting to
speculate that the earliest forms of MMPs were based on very simple
architectural designs conformed by catalytic devices without any
ancillary domains. These primitiveMMPswere subsequently increasing
their complexity through gene fusion events that led to the incorpora-
tion of the variety of modules currently exhibited by most family
members. It is also remarkable that most MMP genes found in
vertebrates have an orthologue in Ciona intestinalis, one of the closest
invertebrate relatives of vertebrates [59]. Thus, these enzymes likely
evolved before the divergence between the vertebrate and urochordate
lineages (Fig. 2). Prior to the emergence of vertebrates, theMMP family
had remained relatively stable throughout evolution as assessed by the
low number of conservedMMP genes present in protostomes (2MMPs
in Drosophila melanogaster) [60] and urochordates (5 MMPs in C.
intestinalis) [59]. Nevertheless, it is noteworthy the presence in the sea
urchin genome of at least 26 MMP genes with significant similarity to
vertebrate MMPs, although they are clustered together and separated
from vertebrate MMP groups. These findings suggest that MMP genes
found in the last common ancestor to vertebrates and echinoderms
underwent independent duplication and divergence, following separa-
tion of these two groups [61]. Thus, and as discussed above, it appears
thatMMP vertebrate geneswere amplified from a commonprotostome-
deuterostome ancestor (Fig. 2).

The major evolutionary event in the generation of the MMP gene
repertoire of vertebrateswas thewidespread duplication of pre-existing
genes (Fig. 2). In particular, most MMP subfamilies show a further
expansion along the early teleost lineage. Nevertheless, it should be
noted that both teleost- and tetrapod-specific duplications have
occurred after the divergence of both lineages. The expansion in teleosts
of MMP orthologues related to human MMP7 and MMP20, an
evolutionary event likely linked to the continuous teeth replacement
in these vertebrates, is remarkable. Similarly,MT-MMP genes underwent

Fig. 2. Evolution of MMPs. Schematic representation of key events occurring throughout the evolutionary history of MMPs.
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a greater amplification along teleost lineage, reaching a number of 10
MT-MMPs compared to 6 MT-MMPs in humans [59]. In contrast, there
are no orthologues to human MMP19, -26 and -28 in the zebrafish
genome, although the presence of these genes in some invertebrates
strongly suggests that they have been specifically lost in the teleost
lineage. Interestingly, there are several tetrapod-specific innovations
within theMMP gene family. This is the case ofMMP26which has only
been detected in humans and other primates like chimpanzee,
orangutan and rhesus monkey genomes, strongly suggesting that this
small MMP is the result of a recent evolutionary event circumscribed to
the primate lineage [62]. Another remarkable innovation occurred
during early evolution of tetrapods is the introduction of CA and Ig-like
domains inbothhumanMMP23genes, sincezebrafishhas anorthologue
for this gene which lacks these C-terminal domains. Furthermore, the
identification of a single MMP23 copy in rodent and chimpanzee
genomes, suggests that the two human copies evolved from a recent
duplication event in the human lineage. The presence of two almost-
identical genes (CDC2L1 and CDC2L2) adjacent to both human MMP23
genes provides additional support to the idea that this region has been
specifically duplicated in the human lineage [62]. Interestingly, recent
studies have also found two putative MMP23 copies in the Xenopus
genome. The observation that one of these genes is closer to its human
orthologue than to its Xenopus paralogue, has suggested that MMP23
might have duplicated before the separation of amphibians and
mammals, an event that was then followed by the loss of one copy of
this mammalian gene, which emphasizes the relevance of genomic
losses during the evolutionary history of mammals [63,64].

In any case, and beyond these specific changes affecting individual
MMP genes, the most prominent evolutionary event among those
giving rise to the current MMP gene families was an extensive gene
tandem duplication in the tetrapod lineage (Fig. 2). Accordingly,
several members of the MMP family have likely evolved from a single
gene similar to zebrafish MMPLe which, in successive rounds of
duplications, led to the formation of a genomic cluster ofMMPswhose
organization is preserved from amphibians to mammals. The sinteny
of the common MMP genes within this cluster is also conserved
among all species of sequenced mammals to date, from platypus to
human [65]. This MMP cluster is not composed of the same members
in the different organisms, as there are species-specific enzymes
encoded in the cluster and distinct events involving loss- and gain-of-
certain MMPs have occurred in the different genomes. Thus, the gene
encoding collagenase-4 (MMP18) has only been identified in frog,
whereas MMP20 (coding for enamelysin) has not been found in
chicken because its lack of teeth makes unnecessary the occurrence of
an enzyme involved in enamel formation. Likewise, a rodent-specific
duplication event has generated two MMP1 copies, MMP1a and
MMP1b [2,66]. The human cluster is located at chromosome 11q22
and contains MMP13, MMP12, MMP3, MMP1, MMP10, MMP8, MMP27,
MMP20, and MMP7 (Fig. 3). The fact that most of these MMPs are
able to target protein components of the ECM, coupled with the wide
number of ECM components present in most vertebrates, suggests
that a co-evolution event could have played a role in this process [67].
As an illustrative example supporting this idea, there are three colla-
genolytic enzymes encoded in this cluster (MMP-1, MMP-8 andMMP-
13) which have preferential activity against one of the three major
types of fibrillar collagen: MMP-1 is mainly active against type III
collagen, MMP-8 targets type I collagen and MMP-13 preferentially
cleaves type II collagen [68]. MMP genes are not exclusively clustered
in a few regions of the vertebrate genomes as they are widely
distributed along the different chromosomes. This is the case of
human MMPs which are distributed in 10 distinct chromosomes
(Fig. 3). It is also noteworthy the localization of functionally related
MMP genes in different chromosomes, as illustrated for the two
gelatinase genes MMP2 and MMP9 which map at chromosomes 16
and 20, respectively. Moreover, the sequences encoding the catalytic
and hemopexin domains of both gelatinases are not clustered

together. Collectively, these observations suggest that these
MMPs likely evolved in parallel, indicating that the selection pres-
sure was distinct in the course of the diversification of this family of
metalloproteinases [58].

In addition to mechanisms based on gene duplication, the
evolution of MMP genes has also been driven by exon shuffling and
duplication of protein modules to form new arrangements. In this
regard, it is well known that proteases link their catalytic domains to a
range of specialized functional modules generating an extraordinary
diversity of specialized enzymes [69]. In the case of MMPs, some of
these modules, including the hemopexin, Ig-like and fibronectin
domains, act as ancillary domains that allow these enzymes to interact
with other proteins and expand their functional relevance (Fig. 1).
Nevertheless, evolution has also progressed in the reverse direction as
illustrated by the case of the hemopexin domain which is present in
most MMPs, but was specifically lost in both members of the
matrilysin subfamily (MMP-7 and MMP-26) [2].

In summary, genomic studies are consistent with the idea that most
part of the large complexity currently observed in MMP families of
tetrapods arose during early stages of vertebrate evolution. It is also
likely that these enzymes first appeared as simple proteins with a
catalytic domain that, after several rounds of duplication, gene fusion
and exon shuffling events, acquired a more complex structural
architecture based on the introduction of additional functional domains
of diverse sizes and shapes. The incorporation of ancillary domains,
coupled with the subsequent parallel evolution of each member of the
family, originated the increasingly specialization of these proteases. The
amplification in the number of genes that has occurred from C.
intestinalis to H. sapiens, together with the presence of duplicated
genes in paralogous regions of the genome, suggests that one or two
rounds of whole genome duplication took place. In the case of
mammalianMMP genes, these processes of duplication and reorganiza-
tion have led to a wide distribution of these genes into different
chromosomes, although a number of them are clustered in a specific
genome region. The large complexity arisen during MMP evolution
made also necessary the evolutionary incorporation of precisemechan-
isms of regulation to control the expression and activity of these
enzymes. These regulatory mechanisms, which are only partially
understood, will be discussed in the next sections of this review.

4. Regulation of MMP gene expression

MMP gene expression is primarily regulated at the transcriptional
level, which usually results in low basal levels of these enzymes in
normal physiology. Most members of the MMP family share common
cis-elements in their promoter sequences, which allow a tight control
of cell-specific expression. As a result,MMPs are often co-expressed or
co-repressed in response to multiple stimuli, including inflammatory
cytokines, growth factors, glucocorticoids or retinoids [70]. This res-
ponse at the transcriptional level occurs several hours after exposure
to a stimulus, suggesting thatMMP promoters are downstream targets
within signaling pathways of early response genes, which are induced
shortly after cellular stimulation and in the absence of new protein
synthesis. These early response genes encode signaling proteins that
phosphorylate the different transcription factors, which are then able
to bind the promoters of MMP genes. These signaling intermediates
involved in the activation of transcription factors include the nuclear
factor kappa B (NF-κB), the mitogen activated protein kinases
(MAPK), the signal transducers and activators of transcription
(STAT) and the Smad family of proteins. These intermediates belong
to signaling pathways that are activated by a large variety of ligands,
such as IL-1β, TNF-α and oncostatin M. The blockade of these
signaling pathways by decreasing the synthesis of some downstream
mediators, by sequestering the transcription factors to prevent their
binding or by inhibiting their phosphorylation, may repress the
expression of MMP genes [71]. Some of the key transcription-binding
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sites involved in the regulation of MMP genes are: the activator pro-
teins (AP) -1 and -2 sites, the polyomavirus enhancer-A binding
protein-3 (PEA3) site, the NF-κB site, and the STAT site [72]. Interes-
tingly, MMPs that are co-regulated in their expression under certain
conditions share several transcription-binding sites in their promoter
sequences, whilst functionally related MMPs, such as gelatinases
(MMP-2 and -9) or collagenases (MMP-1 and -8), differ greatly in the
composition of the cis-elements present in their respective promoter
regions (Fig. 4).

4.1. AP-1 response elements

The AP-1 site appears to be the major mediator of the regulation of
MMP genes. Thus, most MMP promoters harbor an AP-1 site in the
proximal promoter, located close to a typical TATA box (Fig. 4).
However, the composition of the AP-1 complex itself, as well as the
juxtaposition of transcription factor binding sites, may determine the
specificity among different genes [73]. An example of AP-1 regulation
can be found in the MMP1 promoter. Thus, it has been reported that
inflammatory cytokines enhance the trans-activation of MMP1
through the MAPK signaling pathway, by increasing the levels of
different AP-1 proteins, such as c-jun, jun-B and c-fos [74]. In this
sense, c-Jun has been described to be an independent activator of
MMP1 expression as demonstrated by its capacity to induce minimal
MMP1 promoter activity as a Jun/Jun homodimer. However, jun-B
requires the interaction with other members of the AP-1 family, such
as c-fos, to promote MMP1 transcription [75]. Likewise, these
heterodimers may form ternary complexes with additional transcrip-
tion factors, thus increasing their binding capacity to the regulatory
cis-elements [76].

4.2. PEA3 response elements

The PEA3 site binds members of the Ets family of oncoproteins. In
several MMPs, the PEA3 site is located adjacent to the AP-1 site, and
both may act cooperatively to promote MMP production by cancer
cells, allowing their migration and invasiveness [77]. In this sense,

although PEA3 proteins have been shown to trans-activate artificial
promoter constructs only containing the PEA3 element, they do not
usually dimerize and bind to DNA alone, but prefer to form complexes
with other transcription factors, thereby enhancing their effect [78].
Consistently, PEA3 sites are able to bind multiple Ets factors and these
proteins contribute to provide the required specificity. For example,
Ets1 increases MMP1 expression through c-Jun, whereas ErgB
enhances the trans-activation of this promoter only via JunB, and
Pu1 represses its induction by both c-Jun and JunB. These examples of
functional interaction between Ets and AP-1 factors indicate thatMMP
gene expression may be specifically modulated in situations such as
tumor cell growth and invasion, where both types of factors can be
simultaneously induced [79, 80].

4.3. NF-κB response elements

The NF-κB pathway is involved in the regulation of several MMPs,
upon activation by a number of growth factors and cytokines in
pathological conditions, such as arthritis,muscular disorders and cancer
[81–83]. In addition, this family of transcription factors, including NF-
κB1 and 2, RelA, c-Rel, and Rel-B, can interact with other proteins to
increase MMP expression. Thus, IL-1β-induced MMP1 gene expression
in chondrocytes requiresNF-κB homodimers binding to Bcl-3 to activate
MMP1 transcription [84]. Likewise, interaction between juxtaposed sites
allows the specific expression of this MMP in osteosarcoma and
hepatoma cells after its stimulation with TNF-α, which increases the
activity of both NF-κB and Sp-1 transcription factors [85].

4.4. STAT response elements

STAT proteins are transcription factors that translocate to the
nucleus following tyrosine phosphorylation and dimerization [86].
This family of proteins frequently collaborates with different factors to
promote gene-specific expression. Thus, epidermal growth factor
(EGF)-mediated-MMP1 transcription through STAT-3 is stimulated by
the binding of c-Jun to the AP-1 element, which is located close to the
STAT site [87]. It seems that the stimulation of the STAT pathway is an

Fig. 4. Regulatory elements in the promoter regions of human MMP genes. Transcription start sites are indicated with a bent arrow and the main functionally validated cis-elements
are represented within boxes. The relative positions of the different binding sites are not drawn to scale.
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additional mechanism for increasing the transcription of MMP1 in
pathological conditions [71]. Similarly, a complex composed of c-Jun/
Fra-1 and STAT-3 proteins has been shown to bind the promoter-
proximal AP-1 site of MMP9, thereby confirming the existence of a
STAT binding site in juxtapositionwith the AP-1 site [88]. Interestingly,
activation of STAT proteins does not always induce MMP gene expres-
sion. Thus, MMP9 and MMP13 expression can be repressed as a result
of sequestration of co-activators, such as CBP/p300, by STAT proteins,
which impair their binding to cis-elements on the promoters [89].

4.5. Other regulated cis-elements

MMP7 is regulated by Wnt signaling through the binding of beta-
catenin and its partners like Tcf/Lef-1, to its promoter region [90]. Tcf/
Lef-1 also synergizes with other factors, particularly those that bind to
PEA3 or AP-1 sites, to enhance the expression of MMP7 in colorectal
tumors [91]. Similarly, soluble E-cadherin fragments increase MMP14
expression in lung cancer cells under the control of the beta-catenin
pathway [92]. On the other hand, MMP13 expression is stimulated by
p38 signaling through the recruitment of AP-1 proteins and the
chondrocyte/osteoblast-specific transcription factor Runx-2, empha-
sizing the tissue-specific mechanisms regulating MMP13 gene ex-
pression [93,94].MMP9 expression is also regulated by Runx2 binding
elements, which agrees with its proposed role in bone remodeling
during endochondral ossification [95]. MMPs are also regulated by
Smads, a small family of co-regulatory proteins that can enhance or
inhibit TGF-β-mediated gene expression, providing a mechanism by
which TGF-β may play a dual role in the regulation of MMP genes
during connective tissue remodeling and cancer [96–98]. As men-
tioned above, TGF-β counteracts the IL-1β-induced MMP1 transcrip-
tion through activation of Smad2 and Smad3, which, in turn, are able
to block the binding of the CBP/p300 co-activator [99]. Opposite to
MMP1, MMP13 gene expression is induced by TGF-β in connective
tissue cells, through the activation of Smad3 and the participation of
MAPK signaling pathways [96,100]. It is also remarkable that the
proximal promoters of several MMPs have multiple GC boxes with
ability to bind Sp-1 and Sp-3 transcription factors (Fig. 4). Interes-
tingly, some genes such as MMP2, MMP14 and MMP28, do not harbor
TATA box or otherMMP-characteristic cis-regulatory elements in their
proximal promoters, which can explain the fact that they are constitu-
tively expressed and can only be occasionally induced by certain
growth factors or cytokines [70]. In summary, the integration of mul-
tiple signaling pathways controlling MMP transcriptional regulation,
provides a wide range of potential interactions between transcription
factors, which may explain how tissue specificity is achieved among
the different members of the MMP family.

5. Epigenetic regulation of MMPs

In general, MMPs have been considered as inducible genes on the
basis of a series of experiments that have demonstrated that their
expression is transient upon exposure to external stimuli. However, in
cancer, both tumor and peritumor cells constitutively express high
levels of MMPs, indicating that additional mechanisms are involved in
their regulation. Thus, epigenetic mechanisms, such as DNA methyla-
tion or histone acetylation, may contribute to modulate both acti-
vation and repression of MMP gene expression.

Methylation of CpG islands in the promoter region of multiple genes
has been widely recognized as an efficient mechanism of repressing
transcription. Thus, an inverse correlation between promoter methyla-
tion ofMMP9 and expression levels has been found in lymphoma cells,
providing evidence that methylation of the promoter region is
functionally relevant for MMP9 gene expression [101]. Likewise, MMP2
hypomethylation increases its expression and contributes to cancer cell
invasiveness and tumorigenesis [102]. Similarly, a colon cancer cell line
defective in two key DNA methytransferases (Dmt-1 and Dmt3b)

showed increased expression ofMMP3. In addition, treatment of normal
colorectal cellswithDNAmethyltransferase inhibitors recapitulated this
effect, whereas in vitro methylation of the MMP3 promoter suppresses
its transcriptional activity. However, this increased expression ofMMP3
appears to be cell-specific since treatmentwith the samedemethylating
agent failed to induceMMP3 transcription in a lymphoma cell line [103].

An additional level of epigenetic control of gene expression derives
from post-translational modifications of histones through acetylation
processes. Histone acetyl transferases (HAT) are the enzymes respon-
sible for the reversible union of acetyl groups to histones (mainlyH3and
H4), leaving the chromatin in amore relaxed state that allows the access
of transcription factors and other transcriptionalmachinery to promoter
regions [104]. The effect of the chromatin remodeling in the control of
MMP expression has been reported for some MMP genes. Thus, Yan et
al. [105] first showed that MTA1, a component of the NuRD repression
complex, binds to the MMP9 promoter causing the recruitment of
histone deacetylase (HDAC) 2 and the decrease of H3/H4 acetylation
levels, which finally results in a reduction of DNA accessibility and gene
expression. Likewise, MMP10 expression is repressed as a result of the
recruitment of HDAC7–MEF2 complex to theMEF2-binding site present
in the MMP10 promoter [106]. Similarly, the induction of MMP1 and
MMP13 by IL-1α and oncostatin M is almost completely abolished by
two independent HDAC inhibitors [107]. Nevertheless, acetylation per se
is not sufficient to induceMMP1 expression inhuman glioblastomacells,
since treatment with HDAC inhibitors had no effect in MMP1 mRNA
levels despite an increase in local H3 acetylation at theMMP1 promoter
is observed. This finding suggests that MMP1 transcription requires a
prior activation of certain transcription factors, such as c-Jun, c-Fos, TBP,
RNAPII and SET9, that bind the MMP1 promoter and recruit CBP/p300
and RSK2 histone acetyltransferases,finally leading to a permissive state
of DNA for transcription initiation [108]. In this sense, the histone
acetyltransferase p300 has been recently demonstrated to play a key
role in ultraviolet-induced MMP1 promoter activity [109]. Likewise,
analysis of the sequential assembly of transcription complexes onMMP9
promoter has revealed that, after PMA-induced MMP9 expres-
sion, transcription factors, chromatin-remodeling complexes, and co-
activators are recruited to the pre-assembled MMP9 promoter in a
stepwise and coordinatedmanner, which is dependent on the activation
of the MEK-1/ERK and NF-κB signaling pathways. Interestingly, both
HDAC1 and HDAC3 are pre-assembled on the MMP9 promoter as
repressive complexes in a basal cell state, being removed upon PMA
stimulation [110]. Additional studies have supported the role of
transcription factors in the control of gene expression by recruiting
chromatin-remodeling complexes to the promoters and the synergy
among these co-activators [111,112]. Taken together, thesefindings show
the interconnection between the diverse MMP gene regulatory
mechanisms operating at the transcriptional level, and confirm that
this complexity is increased by cell-specific induction. Nevertheless,
further studies will be required to fully understand the epigenetic
mechanisms that controlMMP gene expression.

6. Post-transcriptional regulation of MMPs

Although MMPs are mainly regulated at the transcriptional level, a
series of post-transcriptional events have been recently described as
relevant mechanisms in the regulation ofMMP expression.MMP trans-
cripts harbor specific sequences in their 5′- or 3′-untranslated regions
(UTRs), which are potential targets of different UTR-binding proteins
with ability to stabilize or destabilize these mRNAs. Thus, the ratMMP9
transcript contains several copies of AU-rich elements (ARE) within its
3′-UTR, which are important determinants for RNA turnover [113]. In
this regard, it has been reported that IL-1β-inducedMMP9 expression is
enhanced by theATPanalog ATPγS through an increase in the bindingof
the HuR stabilizing factor to the AREmotifs present in the 3′-UTR of the
MMP9 mRNA, providing protection against rapid degradation [114].
Likewise, oncogenic Ras-dependent MERK/ERK signaling maintains

10 M. Fanjul-Fernández et al. / Biochimica et Biophysica Acta 1803 (2010) 3–19



Results 

52 

 

 

high levels of MMP-9 production in transformed cells, by cooperating
with α3β1 integrinwhich promotes mRNA stability [115]. In contrast, a
decline in the MMP9 mRNA levels has been reported to be caused by
nitric oxid in mesangial cells, which is responsible for the reduction of
the HuR protein content and its subsequent binding to the 3′-UTR of
MMP9 transcripts [113]. Recent studies have also shown that IL-10
contributes to improve the fibrotic processes that follow acute
myocardial infarction, by reduction of MMP9 expression via repression
of HuR protein [116]. Parallel studies have revealed that cortisol induces
MMP13 steady state mRNA in osteoblasts by increasing protein binding
to ARE elements in its 3′-UTR region [117].

In addition to mRNA stability, regulation of translational efficiency
may be also a mechanism for controlling MMP expression. Thus,
elevated binding of nucleolin to the 3′-UTR of humanMMP9mRNA has
been observed in fibrosarcoma cells in response to an iron chelator.
Nucleolin recruits inactive MMP9-mRNA complexes into the rough
endoplasmic reticulum, enhancing the efficiency of MMP9 translation
[118]. Likewise, more rapid MMP9 translation has been described in
murine prostate carcinoma cells where an increase in the binding of
mRNA to polysomes results in elevated MMP-9 protein levels [119].

Finally, recent experimentalwork has demonstrated thatmicroRNAs
(miRNAs)may also participate inMMP regulation. Studies on the role of
miRNAs in the regulation of eukaryotic genes have impressively in-
creased over the last few years. These small RNA molecules are capable
of negatively regulatinggeneexpression at the post-transcriptional level
through either translation repression or degradation of their mRNA
targets. Bioinformatic analyses have predicted potentialmiRNA-binding
sites in the 3′-UTR regions of certainMMPs [120]; however, to date, only
one study has demonstrated thatMMPsmay be direct targets ofmiRNAs
[121]. Indeed, the remaining reports in this field have only shown how
MMP expression is modulated indirectly through miRNAs that target
genes involved in different signaling pathways responsible for MMP
activation. For instance, MMP2 expression is upregulated by mir-21 in
response to the high levels of phospho-Akt caused by the knockdown of
PTENmRNA,which is targeted by thismiRNA aftermyocardial infarction
inmice [122]. Similarly, mir-21 downregulates TIMP3 (tissue inhibitor of
metalloproteinase3),which, in turn, leads to the activation ofMMPs and
the subsequent promotion of cancer cell invasiveness [123]. Likewise,
MMP-13 secretion is modulated by mir-9 in human osteoarthritic
processes, through the reduction of TNF-α [124]. Nevertheless, and
basedon the growing relevanceofmiRNAs in the regulation of biological
processes, it is tempting to speculate that further work in this field will
reveal the occurrence of additionalmiRNAswith ability to target specific
MMPs, thus contributing to regulate their functions in the different
physiological and pathological contexts in which they are implicated.

7. Mutations in MMP genes and human diseases

There are several hereditary disorders caused by autosomal muta-
tions in humanMMP genes. All of them result from the loss-of-function
of the corresponding protease activity, which finally leads to marked
deficiencies in the turnover of specific ECM components. The first
MMP mutation associated with a human inherited disease was identi-
fied in two consanguineous Saudi Arabian families with nodulosis–
arthropathy–osteolysis syndrome (NAO), an autosomal-recessive form
of multicentric osteolysis. A genome-wide analysis had previously
identified the chromosome 16 as carrier of the disease gene, and sub-
sequent studies narrowed the critical region close to the gene encoding
MMP-2 [125]. To date, several MMP2 mutations have been reported in
three different skeletal disorders, collectively known as inherited
osteolysis syndromes and characterized by progressive resorption of
bones. The common pathogenic mechanism in the three genetic
disorders seems to be the loss of MMP-2 activity, as no detectable
MMP-2 enzymatic activity can be found in serum and fibroblasts from
patients homozygous for mutations in this gene. Thus, the Y244X
mutationdescribed in the abovementionedNAOsyndrome introduces a

premature stop codon that removes most functional protein domains
[125]. The E404K mutation observed in patients with Winchester
syndrome changes the key glutamate residue in the catalytic domain of
theMMP-2 protein and leads to a complete loss of its peptidase activity
[126]. Additionally, two MMP2 heterozygous mutations have been
reported in a patientwith Torg syndrome. Thefirstmutation, R101H, has
also been found in patients with NAO syndrome and affects a residue
adjacent to the key cysteine in the propeptide, thereby resulting in
destabilization of the cysteine-zinc interaction. The second mutation,
1957delC, causes a frameshift which creates a truncated nonfunctional
protein. In combination, the two mutations should cause the complete
loss of MMP-2 activity in this patient with Torg syndrome [127]. Based
on the finding that all these mutations abolish MMP-2 proteolytic
activity, NAO, Winchester and Torg syndromes have been considered
allelic disorders that form a continuous clinical spectrum.

Parallel studies have revealed that another genetic disease of bone
metabolism is caused by mutations in a humanMMP gene. Thus, muta-
tions in theMMP13 gene are responsible for theMissouri type of human
spondyloepimetaphyseal dysplasia (SEMD), an autosomal dominant
disorder characterized by defective growth and remodeling of vertebrae
and long bones. The F56S missense mutation results in an abnormal
intracellular autoactivation and autodegradation of themutantMMP-13
protein, with the resultingMMP-13 deficiency. Nevertheless, before it is
fully proteolytically degraded, the mutant protein intracellularly de-
grades the MMP-13 product of the wild-type allele, explaining the
haploinsufficiency of the gene and thereby, the dominant phenotype of
the disorder [128].

Finally,MMP-20or enamelysin is the thirdMMP familymember that
has been implicated in a human inherited disease: autosomal-recessive
amelogenesis imperfecta (ARAI). The ARAIs are a group of clinically and
genetically heterogeneous disorders that affect enamel development,
resulting in abnormalities in the amount, composition, and structure of
enamel. To date, at least three different MMP20 mutations have been
reported in families with ARAI. The first identified mutation was found
at the 3′-end of intron 6, where AG changed to TG, causing defective
splicing events that introduce an upstream translation termination
codon in the transcript [129]. Likewise, the W34X mutation is a single
nucleotide substitution that generates a stop codon in exon 1 ofMMP20
[130]. The third characterized mutation in this gene (H226Q) changes
one of the three-conserved histidine residues in the catalytic domain,
thereby destroying the zinc-ligand site required formetal binding [131].
Thus, all MMP20 mutations described to date lead to complete lack of
proteolytic activity on amelogenin, the in vivo substrate for enamelysin.

In addition to these interesting cases of MMP alterations in inhe-
rited human diseases, very recent studies have shown that these genes
can also be target of sporadic mutations in cancer. The first indication
that MMPs could be mutated in cancer derived from the observation
thatMMP2was one of the so-called CAN genes found to be mutated in
a small set of breast and colorectal cancers [132]. Further studies have
extended the mutational analysis of MMPs to other malignant tumors
with the finding that some family members including MMP8, MMP14
andMMP27 aremutated albeit at low frequency in differentmalignan-
cies including lung carcinomas and melanoma (http://www.sanger.
ac.uk/genetics/CGP/cosmic/). These yet unpublished results, together
with those recently obtained in the ADAMTS family of metalloprotei-
nases, have supported the innovative proposal that extracellular pro-
teases are direct target of genetic mutations in cancer [6, 133].
Nevertheless, to date, no functional analysis have been reported to
validate these preliminary genetic findings and further studies will be
necessary to provide functional support to the putative relevance of
MMP mutations during cancer progression.

8. MMP polymorphisms and human disease susceptibility

Polymorphisms in human MMPs can modify gene expression by
altering the interaction between transcription factors and transcription-

11M. Fanjul-Fernández et al. / Biochimica et Biophysica Acta 1803 (2010) 3–19



Results 
 

53 

 

 

binding sites in the corresponding promoters, resulting in higher or
lower transcriptional activity and having dual roles in disease. A number
of functional polymorphisms have been identified in the promoters of
MMP genes and several of them are associated with increased suscep-
tibility to the development of different pathologies and their prognosis
(Table 1). Thus, correlations between single nucleotide polymorphisms
(SNPs) and cancer susceptibility have been reported for several MMPs.

The first described SNP for MMP1 is an insertion of a G residue
at −1607 in the MMP1 promoter which creates a binding site for Ets
transcription factors adjacent to an AP-1 site located at −1602. The 2G
allele leads to higher levels of MMP1 mRNA and protein in several
tumors, and is associated with increased lung and colorectal cancer
susceptibility [134,135]. The association between 2G/2G genotype and
poor prognosis in patients with melanoma or breast and ovarian car-
cinomas has also been observed, although data are inconsistent for all
tumor types [136–138]. Furthermore, the−1607 1G/2G polymorphism
has been implicated in other non-tumor pathologies, such as fibrotic
disorders. Thus,MMP1 is overexpressed in idiopathic pulmonaryfibrosis
and the frequency of 2G/2G genotype is higher in patients with this
disease [139]. The 2G/2G genotype may also contribute to cirrhosis
[140].

In the case ofMMP2, three functional SNPs have been mapped in its
promoter region. Two of them are C toT transitions located at−735 and
−1306, which abolish Sp1 binding, with the T allele being associated
with diminished promoter activity. Interestingly, these SNPs are in
linkagedisequilibriumwith the−1306T/−735Thaplotype resulting in
a lower promoter activity comparing with the single−1306 or−735 T
allele haplotypes.High riskof developing lungandesophageal cancer for
−1306CCor−735 CC genotype carriers has been reported, suggesting a
protective role for −1306 T and −735 T alleles. Importantly, a greater
risk of lung and esophageal cancer has been associated with−1306 C/
−735C haplotype [141,142]. The third SNP found in theMMP2 promoter
is a G to A transition at −1576, which disrupts estrogen receptor α
binding, and also results in lower transcriptional activity [143].

A functional SNP in the MMP3 promoter has also been described,
but in this case, the insertion of an A residue at −1171 generates a 6A
allele that enhances the affinity for the repressor ZBP-89 and decreases
MMP-3 protein levels. This 6A allele would play a protective role in
lung, oral and breast cancer, whereas the 5AMMP3 allele is linkedwith
an increased risk for these cancers [144–146]. Additional studies have
suggested that the 6A/6A MMP3 genotype is associated with worse
rheumatoid arthritis outcome aswell aswith atherosclerotic processes
[147,148]. On the other hand, two polymorphisms have been found in
the MMP7 promoter region, an A to G substitution at position −181

and a C toT substitution at position−153, both of them increasing the
promoter activity [149]. A relationship of the −181 G allele with
increased susceptibility for gastric, cervical, lung, oral and esophageal
cancer has also been described [150–153].

For the MMP8 gene, three functional SNPs (−799C/T, −381A/G
and +17C/G) have been identified. The haplotype with the three less
frequent alleles of these SNPs increases MMP8 promoter activity in
trophoblast cells and is associatedwith higher risk of pretermpremature
rupture of membranes [154]. Individually, the G allele of the +17 C/G
SNP is linked to a decreased risk for lung cancer, and the−799 T to lower
susceptibility to metastasis and better survival in breast cancer patients
[155,156]. These results are in agreement with the proposal that MMP-8
has antitumor properties [157–159]. With respect to MMP9, a poly-
morphism has been observed in the promoter region located at position
−1562. This variant is a C/T transitionwhich leads to a higher promoter
activity in the T allele which has been associated with increased
susceptibility to atherosclerosis [160], abdominal aortic aneurysm [161]
andmyocardial ischemia [162]. Additionally, amicrosatellite polymorph-
ism of variable number of CA repeats (from 14 to 25 at position −131)
and localized immediately adjacent to the proximal AP-1 binding site,
has been described to increase the transcriptional activity of theMMP9
gene in a manner proportional to the number of CA repeats. TheMMP9
microsatellite (≥24 CA repeats) has been associatedwith a higher risk of
bladder cancer invasiveness [163]. This polymorphism has also been
associated with susceptibility to a number of conditions, including
atherosclerosis [164], multiple sclerosis [165], aneurysmal disease [166],
and age-related macular degeneration [167]. For MMP12, an A to G
substitution at position −82, located in the AP-1 binding site, has been
linked to decreased expression in vitro. Several studies have also shown
that the GG genotype is associated with increased bladder cancer
invasiveness and this has been attributed to the loss of putative
angiostatic effects of MMP-12 [163]. Finally, it is important to consider
that MMP polymorphisms may not occur as independent events and
could be associated with other polymorphisms in the genome.

9. Transgenic models for functional analysis of MMPs

Over the last two decades, the generation of genetically modified
mouse models has become one of the most powerful strategies for
studying gene function in vivo. Genetic engineering approaches have
allowed the modulation of gene expression through gain-of-function
(transgenic) or loss-of-function (knock-out) in vivo models. To date,
many transgenic and knock-out mice (Table 2) have been generated to
analyze the effects of altering MMP activity in a variety of physio-

Table 1
Functional polymorphisms in MMP promoters.

Gene Polymorphism Promoter
activity

Associated pathology

Tumor-disease Non-tumor disease

MMP1 −1607 1G/2G Higher ↑ Risk: lung [134] and colorectal [135] cancer ↑ Risk: idiopathic pulmonary fibrosis [139]
Poor prognosis: breast [136] and ovarian [137] cancer,
cutaneous malignant melanoma [138]

Poor prognosis: cirrhosis [140]

MMP2 −1575 G/A Lower Breast cancer [143] (in vitro MCF-7 cells)
−1306 C/T Lower ↓ Risk: esophageal [141] and lung [142] cancer, gastric cardia

adenocarcinoma [204], oral squamous cell carcinoma [205]
↓ Risk: lumbar disc disease [206]

−735 C/T Lower ↓ Risk: esophageal [141] and lung [142] cancer
MMP3 −1171 5A/6A Lower ↓ Risk: lung [144] breast [145] and oral [146] cancer ↑ Risk: atherosclerosis [147]

Poor prognosis: rheumatoid arthritis [148]
MMP7 −181 A/G Higher ↑ Risk: gastric [150], cervical [151] and oral [152] cancer, esophageal

squamous cell carcinoma and non-small cell lung carcinoma [153]
Poor prognosis: atherosclerosis [149]

MMP8 −799C/T Higher Better prognosis: breast cancer [155] ↑ Risk: preterm premature rupture of membranes (haplotype) [154]
−381A/G Higher ↑ Risk: preterm premature rupture of membranes (haplotype) [154]
+17C/G Higher ↓ Risk: lung cancer [156] ↑ Risk: preterm premature rupture of membranes (haplotype) [154]

MMP9 −1562 C/T Higher ↑ Risk: oral cancer [207] ↑ Risk: atherosclerosis [160, 162], abdominal aortic aneurysm [161]
(CA)n
microsatellite

Higher≥20
CA repeats

↑ Risk: bladder cancer [163] ↑ Risk: carotid atherosclerosis [164], multiple sclerosis [165],
cerebral aneurysm [166], age-related macular degeneration [167]

MMP12 −82A/G Lower Poor prognosis: bladder cancer [163]

12 M. Fanjul-Fernández et al. / Biochimica et Biophysica Acta 1803 (2010) 3–19



Results 

54 

 

 

logical and pathological processes. Likewise, these strategies have
provided the opportunity to validate candidate substrates, which are
the essential partners to uncover protease function [69].

A total of 17 out of the 23 murine Mmp genes have already been
knocked-down. However, despite this broad landscape of gene
targeting, the vast majority of these constitutive knock-out mice
display subtle spontaneous phenotypes (Table 2). Among the three
collagenases, only the deficiency in collagenase-3 leads to develop-
mental defects characterized by impaired bone formation and remo-
deling due, in part, to the lack of appropriate type II collagen cleavage
[168, 169]. However, mice deficient in collagenase-1 (C. López-Otín,
unpublished data) or collagenase-2 show no overt physiological
abnormalities [157]. Likewise, the absence of any of the three stro-

melysins does not produce major alterations, with the exception of
Mmp3-null mice whose mammary glands show deficient secondary
branching morphogenesis [170]. Deficiency in any of the two
gelatinases is also characterized by certain defects in bone biology.
Thus, mice deficient in Mmp9 have delayed long bone growth and
development due to impaired vascular invasion in skeletal growth
plates [171]. In addition, Mmp2 deficiency causes disruption of the
osteocytic networks and reduced bone density [172]. Interestingly, the
most severe phenotype among MMP knock-outs is also associated
with defects in skeletal development. In this sense, targeted inactiva-
tion of the Mmp14 gene causes multiple abnormalities in the
remodeling of skeletal and connective tissues, as well as defective
angiogenesis, leading to premature death by 3–12 weeks after birth

Table 2
Genetically modified mouse models of MMPs.

Genetically modified mice Spontaneous phenotype Pathological-induced phenotype

Tumoral Non-tumoral

Haptoglobin-MMP1 Hyperkeratosis [178] ↑ Skin carcinogenesis [178]
Pulmonary emphysema [208]

TypeIγ-GT-MMP2/cmyc Chronic kidney disease [209]
WAP-MMP3 Mammary carcinogenesis [180]
K5⁎-MMP3301.24 ↓ Skin carcinogenesis [210]
SREP-MMP9 ↓ Pulmonary fibrosis [211]
MMTV-MMP14 Mammary carcinogenesis [179]
Mmp2−/−/RIP-TAg ↓ Pancreatic carcinogenesis [212]
Mmp2−/−/ApoE−/− ↓ Atherosclerotic plaques [192]
Mmp3−/−/ApoE−/− ↑ Atherosclerotic plaques [190]

↓ Aneurism formation [190]
Mmp7−/−/ApcMin ↓ Intestinal adenomas [213]
Mmp9−/−/ApoE−/− ↓ Atherosclerotic plaques [191]
Mmp9−/−/K14-HPV16 ↓ Skin carcinogenesis [183]
Mmp9−/−/RIP-TAg ↓ Pancreatic carcinogenesis [212]
Mmp11−/−/MMTV-ras ↓Mammary carcinogenesis [184]

↑ Number of metastasis [184]
Mmp13−/−/ApoE−/− ↑ Atherosclerotic plaques [189]
Mmp14−/−/MMTV-PyMT ↓ Lung metastasis [214]
Mmp1a−/− No overt phenotype (C. Lopez-Otin, unpublished)
Mmp2−/− ↓ Body size [215] ↓ Tumor growth [216] ↑ Arthritis [187]

↓ Bone density [172] ↓ Angiogenesis [216] ↓ Resolution of lung allergic inflammation [197]
Altered mammary branching [170] ↓ Acute hepatitis [217]

Mmp2−/−/Mmp9−/− ↓ Resolution of lung allergic inflammation [198]
Mmp2−/−/Mmp14−/− Death at birth [176] Resistance to EAE [193]
Mmp3−/− Altered mammary branching [170] ↑ Skin carcinogenesis [218] Impaired contact dermatitis [219]

↓ Acute hepatitis [217]
↑ Arthritis [188]

Mmp7−/− ↓ Innate intestinal immunity [220] Impaired tracheal wound repair [222]
Defective prostate involution [221] ↓ Pulmonary fibrosis [202]

↓ EAE [195]
Mmp8−/− ↑ Skin carcinogenesis [157] ↑ Asthma [199]

↑ Experimental metastasis [158] ↓ Acute hepatitis [223]
↓ EAE [194]

Mmp9−/− Delayed growth plate vascularization [171] ↓ Experimental metastasis [225] ↓ Aortic aneurysms [226]
Defective endochondral ossification [171] ↓ Arthritis [187]
Delayed myelinization [224] ↓ Acute hepatitis [217]

Prolonged contact dermatitis [219]
↓ Colitis [227]

Mmp9−/−/Mmp13−/− Shortened bones [169]
Mmp10−/− ↑ Pulmonary inflammation and mortality [200]
Mmp11−/− Accelerated neointima formation after vessel injury [228]
Mmp12−/− Delayed myelinization [224] ↓ Pulmonary emphysema [201]

↑ EAE [196]
Mmp13−/− Bone remodeling defects [168, 169] ↓ Hepatic fibrosis [229]
Mmp14−/− Severe abnormalities in bone and connective tissue [173]

Defective angiogenesis [174]
Premature death [173]

Mmp14−/−/Mmp16−/− Perinatal lethality [177]
Mmp16−/− Growth retardation [177]
Mmp17−/− No overt phenotype [230]
Mmp19−/− ↓ Skin carcinogenesis [185] ↑ Induced obesity [185]

↑ Angiogenesis [186]
Mmp20−/− Amelogenesis imperfecta [175]
Mmp24−/− Absence of mechanical allodynia [231]
Mmp28−/− ↑ Macrophage recruitment in lung [232]

13M. Fanjul-Fernández et al. / Biochimica et Biophysica Acta 1803 (2010) 3–19



Results 
 

55 

 

 

[173,174]. In addition, mice deficient in Mmp20 have defects in tooth
development due to impaired amelogenin processing [175]. Remar-
kably, these bone abnormalities shown in MMP knock-outs pheno-
copy the human skeletal syndromes caused by loss-of-function MMP
mutations [125,128,129]. The remaining Mmp-null mice generated to
date show no major physiological alterations, although it is important
to emphasize that all available MMP knock-out models are constitu-
tive, thus leading to the possibility of enzymatic compensation as a
way to circumvent the absence of the targeted gene. Another possible
explanation for the lack of severe phenotypes inMmp-null mice is the
enzymatic redundancy among different members of the family, which
share many substrates in vitro. The recent generation of double MMP
mutants has supported this hypothesis, and future studies in this di-
rection may also argue for essential roles of certain MMPs in embryo-
nic development, in addition to their known functions in postnatal
tissue remodeling [176,177].

Despite early characterization of MMP knock-outs did not provide
major evidence about thebiological relevanceof this family of proteases,
further analyses of these mouse models challenged by a series of
pathogenic conditions have revealed the essential contributionofMMPs
to a broad number of pathological processes. Among them, over the last
25 years, cancer has been the central disease supporting the promising
field of MMPs research. In this sense, the first transgenic mouse models
overexpressing different members of the family (Table 2) validated the
initial assumption for the contributory effect of these ECM degrading
enzymes to tumor progression [178–180], since high levels of MMPs
often correlatedwith poor clinical outcome in cancer patients. However,
the generation of new genetically modified animal models has demon-
strated that certain MMPs, such as MMP-8 or MMP-12, contribute to
tumor suppression [6,157,158,181]. Furthermore, it has also been re-
ported that otherMMPs, includingMMP-3 [182],MMP-9 [183],MMP-11
[184] or MMP-19 [185,186] play dual roles as pro- or anti-tumorigenic
enzymes depending on tissue type and stage of the disease (Table 2).
Likewise, gain- or loss-of-function mouse models have allowed the
identification of some of the in vivo substrates for these enzymes. This is
another step forward in the complex relationship between MMPs and
cancer, since many non-matrix bioactive molecules, such as growth
factor receptors, chemokines, cytokines, apoptotic ligands or angiogenic
factors, have been identified as substrates for MMPs [37]. Altogether,
these findings illustrate the diversity of MMP functions associated with
cancer and provide explanations for the disappointing results of the first
clinical trials based on the use of broad spectrum MMP inhibitors [72].

The increasing complexity of the in vivo functions of MMPs also
affects many other pathological contexts, particularly those involving
inflammatory conditions where MMP expression is frequently dere-
gulated [5]. In this sense, genetically modified mice have been essential
to demonstrate the relevance of these enzymes in prevalent human
pathologies, such as rheumatic, pulmonary, cardiovascular and neuro-
degenerative disorders. Remarkably, these studies have also shown
opposing and unexpected effects among differentmembers of theMMP
family on the progression of these diseases (Table 2). Thus, and
somewhat surprisingly, mice deficient inMmp2 orMmp3 develop more
severe arthritis than control animals [187,188]. Likewise, deficiency in
Mmp3 or Mmp13 results in more stable atherosclerotic plaques
[189,190]. By contrast, deletion ofMmp2 orMmp9 reduces the formation
of the plaques and attenuates cardiac fibrosis after experimental
myocardial infarction [191,192]. In neuroinflammatory diseases, such
as experimental autoimmune encephalomyelitis (EAE), the murine
model of multiple sclerosis, MMPs also show opposite roles. Indeed,
certain mouse MMPs, including Mmp-2, Mmp-7, Mmp-8 and Mmp-9
[193–195], contribute to the severity of the clinical symptoms of
paralysis whereas others, such as Mmp-12 [196], play protective func-
tions. Similarly, the role of MMPs in respiratory disorders is very
complex, since it is not clear yet whetherMMPs upregulation is harmful
in acute and chronic lung pathologies. Genetically modified mice
have demonstrated that lack of Mmp2, Mmp8 or both Mmp2/Mmp9

[197–199] increases the allergic response in a mouse model of asthma
due to the failure in clearing inflammatory cells. In this sense, mice
deficient in Mmp10 also show more severe pulmonary inflammation
and greater susceptibility to death followingbacterial infection [200]. By
contrast, deletion of Mmp7 or Mmp12 [201,202] resulted beneficial in
chronic lung diseases, such as pulmonary fibrosis or emphysema.

Overall, the generation of gain- or loss-of-function mouse models
has been essential to demonstrate the complex and even paradoxical
roles thatMMPsplay inphysiological andpathological processes [203].
Likewise, these approaches have allowed the in vivo validation and
identification of specific substrates, providing a better understanding
of the mechanisms involved in the development of the diseases.
Therefore, it is necessary to continue analyzing and generating the
remaining MMP knock-outs, but also to improve the experimental
approaches through the creation of new biological models with the
crossing ofMmp-targetedmice and transgenic animals overexpressing
oncogenes that mimic human malignancies. Nevertheless, it is impor-
tant to emphasize that a constitutive deletion of a gene may not have
the same effect as inhibiting the enzyme in a specific spatiotemporal
context during the adult life. Thus, additional in vivo strategies able to
modulate MMPs activity, such as conditional targeting or RNA inter-
ference delivery, will be required in order to improve the extrapolation
of mice experimentation to therapeutic advances in human diseases.

10. Conclusions and perspectives

The availability of the complete genome sequences of different
organisms has recently allowed the identification of their entire pro-
tease complements including that of MMPs, and the establishment of
novel insights into their evolutionary diversification in all kingdoms of
life. The family portrait of this group of metalloproteinases has
revealed that, beyond an archetypal design, they exhibit a structural
diversity which allows them to participate in multiple biological and
pathological functions. Over the last years, there has been a substantial
change in our view of these MMP functions. Thus, the initial concept
that MMPs were mainly implicated in the demolition of the structural
groundwork that supports cells and generates tissue barriers has been
replaced by a new vision of these enzymes as signaling scissors con-
trolling multiple processes. The generation of animal models of gain-
or loss-of-function for MMPs has been crucial for the identification of
some novel and unexpected functions of these metalloproteinases.
Likewise, these models have been very useful for the identification of
in vivo substrates of MMPs and for the establishment of causal
relationships between dysregulation of these enzymes and develop-
ment of different human diseases. Nevertheless, the generation of new
animal models is still necessary to evaluate the function of several
MMP family members such as MMP-23, MMP-27 or MT6-MMP which
are largely uncharacterized yet. Some of these newmodelswill require
the generation of double or even triple knock-out models to minimize
the putative occurrence of functional redundancy or compensatory
mechanisms between members of the MMP family. The generation of
conditional mouse models to better understand the role of some
enzymes, and especially MT1-MMP, in the diverse conditions inwhich
they are presumably involved is also urgent. These genetic approaches
to MMP function will also need to be complemented with strategies
derived from the application of RNA interferencemethods to theMMP
field. Genomic studies coupled to functional analysis of promoter re-
gions of MMP genes have already provided important information
about themolecularmechanisms controlling their expression in health
and disease. Nevertheless, it will be necessary to complete these
regulatory studies onMMPs and extend them to other levels of control
including those based on epigenetic or miRNA-mediatedmechanisms,
which have acquired a great relevance in many eukaryotic genes but
whose influence on the MMP gene family is still largely unknown.
Likewise, and despite the recent progress in the identification of
MMPmutations and polymorphisms associated with different genetic
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diseases, further functional analysis will be necessary to clarify the
relevance of these alterations in the context of themultiple genetic and
epigenetic changes detected in complex diseases such as cancer.
Hopefully, all these studies will provide new insights into the multiple
questions still open in relation to a family of enzymes which had a
modest irruption into the protease scene owing to their implication in
tail resorption of tadpoles, and noware considered essentialmediators
of multiple events in all living organisms.
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II. MMP-19:  a paradigm of dual protease in cancer 

For many years, MMPs were widely considered as demolition agents in 

cancer due to their ability to degrade all major components of extracellular matrix 

and basement membranes. However, a growing body of literature has indicated 

that these enzymes can also play protective roles during tumor progression. Even 

more, some recent works have provided conclusive evidence that some specific 

MMPs may exert dual roles in cancer, acting as pro- or anti-tumor enzymes 

depending on the context, cell of origin or microenvironmental changes. On this 

basis, and as a previous step to the experimental work on MMPs performed in this 

Thesis, we performed an exhaustive revision of the structural and functional 

properties of MMP-19, a paradigm of proteolytic enzyme with dual roles in cancer.  

 

Article 2. Miriam Fanjul-Fernández and Carlos López-Otín. “MMP-19”. 

Handbook of Proteolytic Enzymes, 3ª edition. Editors: A J. Barret, N. D. 

Rawlings and J. F. Woessner. Editorial: Academic Press (London); 2012. in press. 
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Name and History 
 
 

Matrix metallopeptidase 19 (MMP-19) belongs to the Matrix Metalloproteinase 

(MMP) family, a large group of zinc-endopeptidases, also known as matrixins, 

collectively capable of degrading all extracellular matrix components. To date, at least 

25 different vertebrate MMPs have been identified and their activities have been 

implicated in a broad range of biological functions like cell proliferation, migration and 

adhesion as well as in the regulation of many fundamental physiological events 

including angiogenesis, inflammation and apoptosis (1-3). MMP-19 was first isolated 

from human cDNA liver libraries (4) and, afterwards, it was detected as an autoantigen 

in blood vessels from inflamed synovium of a patient with rheumatoid arthritis (5), 

suggesting that it may be involved in inflammatory processes and angiogenesis. This 

peptidase exhibits the archetypal domain structure characteristic of the MMP family. 

However, due to the lack of several structural features common to members of the 

diverse MMP subclasses, it presents a low sequence homology to any other known 

MMP and it cannot be classified in previously defined subgroups. The MMP19 gene 

maps to chromosome 12q14  and harbours nine exons along 7.6 kb (6). All of them are 

highly conserved across mammalian species. However, no orthologues to human MMP-

19 are found in zebra finch genome although the presence of this gene in some 

invertebrates suggests that it has been specifically lost in the bird lineage. In addition to 

its distinctive structural features, MMP-19 also shows an atypical tissue expression. 

Thus, in contrast to most MMPs, which are only strongly induced under matrix 

remodelling or pathological processes, MMP-19 is detected in several normal tissues 

like placenta, lung, pancreas, ovary, spleen, and intestine under normal quiescent 

conditions (4). Therefore, according to its unusual characteristics, MMP-19 was 

proposed to represent the first member of a new MMP subfamily with a putative novel 

role in physiological or pathological circumstances (4). 

 

 

Activity and Specificity 

 

Like all members of the MMP family, MMP-19 is synthesized as a zymogen 

with a signal peptide that leads the protein to the secretory pathway. Once the latent 

form is located at the extracellular matrix (ECM), the proMMP-19 requires a 
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proenzyme activation process, although it also has a tendency to self–activation. 

Biochemical studies have revealed that MMP-19 may be a potent player in the 

degradation of basement membrane components. Thus, MMP-19 is able to cleave 

collagen type IV, a major component of basement membranes, into two main high 

molecular mass fragments of 94 and 56 kDa (7). Interestingly, this enzyme was found to 

be co-expressed with collagen type IV in the tunica media of blood vessels of RA 

synovium (8). Additionally, laminin and nidogen, another two components of the 

basement membrane network, are cleaved by MMP-19 in a highly efficient manner. 

Moreover, since nidogen is thought to stabilize microvessels, MMP-19 might act as an 

inhibitory factor of the formation or stabilization of blood capillaries. In addition to 

these proteolytic activities, MMP-19 is also capable of degrading other ECM proteins, 

such as tenascin-C and fibronectin, as well as two cartilage components, namely, 

cartilage oligomeric matrix protein  and aggrecan, supporting the substantial role of this 

metalopeptidase in the turnover of ECM and tissue remodelling processes (7, 9). 

Beyond this classical role in ECM disruption, the identification of novel non-matrix 

substrates for MMPs including MMP-19, has converted these proteases in sophisticated 

modulators of more specific processes. Thus, MMP-19 cleaves in vitro insulin-like 

growth factor binding protein-3 (IGFBP-3) suggesting that it could control the activity 

of insulin-like growth factors and thereby regulate cancer cell growth (10). Unlike other 

MMPs, MMP-19 catalytic domain is not able to activate most of the latent MMPs tested 

in vitro, with the exception of proMMP-9. Finally, the active form of the enzyme is 

strongly inhibited by tissue inhibitors of MMPs (TIMPs) –2, -3, and weakly blocked by 

TIMP-1 (7). 

 

 

Structural Chemistry 

 

MMP-19 is secreted as a 58 kDa proform presenting the typical domain 

organization of soluble MMPs including a prodomain region with the essential cysteine 

residue for maintaining enzyme latency, a catalytic domain of about 160 residues with 

the conserved zinc-binding motif HEXGHXXXXXHS, a linker region, and a COOH-

terminal fragment of about 200 amino acids with sequence similarity to hemopexin (Fig 

1A). However, as mentioned above, this matrixin does not display the structural features 

distinctive of the main MMP subfamilies such as the fibronectin-like repeats of 
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gelatinases, the Asp, Tyr, and Gly residues near the active site of collagenases, the furin 

activation consensus sequence between the propeptide and the catalytic domain typical 

of furin-activatable MMPs, or the COOH-terminal extension rich in hydrophobic 

residues characteristic of MT-MMPs. In contrast, MMP-19 presents unique structural 

variations within the MMP family (Fig 1B). Thus, MMP-19 shows a) an insertion of 

glutamic acid residues in the linker region joining the catalytic and hemopexin domains 

that are not found in other MMPs, b) an unusual latency motif in the propeptide domain, 

c) an additional cysteine residue in the catalytic region, and d) a 36 residue threonine-

rich region following the final conserved cysteine at the COOH-terminal of the 

 

 

 

Structural features of the MMP-19.  A) Domain arrangement of the MMP-19 showing 

the archetypal assembly of the MMPs. B) Alignment of the main motifs of the MMPs where is 

shown the unusual amino acid variations of the MMP-19 (red box).   

 

 

 hemopexin domain that has not sequence similarity to equivalent regions in other 

human MMPs. Furthermore, MMP-19 contains two potential N-linked glycosylation 

sites within the hemopexin domain which are absent in all other MMPs (4). On this 
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propeptide catalytic domain hinge region hemopexin domain

Zn2+

Propeptide Catalytic� HemopexinHingeZn2+ Zinc�ionSignal�peptide Cysteine

A.

B.



Results 
 

67 

 

 

 5

basis, MMP-19 does not fit in any previously defined MMP subclass and is classified 

together with other unusual MMPs in the category of  “other MMPs” (1).  

 

 

Preparation 

 

Human recombinant MMP-19 can be obtained from cultured medium 

conditioned by NS0 mouse myeloma cells that have been transfected with MMP-19 

cDNA, essentially as described previously (11). Briefly, serum-free culture medium 

from cells expressing high levels of proMMP-19 was dialyzed and loaded onto a S-

Sepharose fast flow column. The column was washed three times to remove impurities. 

After elution, a silver-stained SDS-PAGE was performed to check the purity. A final 

purification step was achieved by gel filtration chromatography using Sephacryl S-200.  

 

 

Biological Aspects 

 

 The functional relevance of MMP-19 can be deduced from a series of studies 

aimed at evaluating the implication of this metallopeptidase in tumor progression as 

well as in other pathological conditions. Some remarkable aspects in this regard are the 

following: 

 

  MMP-19 and cancer.  

 The MMPs play a complex role in cancer development due to their ability to 

participate in the proteolytic processing of a wide variety of substrates. MMPs are 

generally considered as pro-oncogenic factors, since they can degrade the ECM 

molecules to facilitate tumor cell migration and invasion. However, this pro-oncogenic 

role of MMPs has been challenged by the emerging antitumor properties reported for 

some MMPs (12). The role of MMP-19 in cancer is controversial. Thus, MMP19 is 

upregulated during the later stages of melanoma progression facilitating the vertical 

migration of tumor cells (13). However, MMP19 is downregulated in basal and 

squamous cell carcinoma during neoplastic dedifferentiation as well as in colon and 

nasopharyngeal cancers (14-16). In this regard, recent studies have proposed allelic 

deletion and promoter hypermethylation as mechanisms for MMP19 silencing during 
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tumor progression. Moreover, it has proposed that MMP-19 has anti-angiogenic 

properties that can be responsible for its tumor suppressor activity (16). Additionally, 

different in vivo studies of cancer susceptibility performed in mutant mice deficient in 

Mmp19 have confirmed the dual role of this metallopeptidase in cancer. Thus, in a 

methylcholanthrene-induced fibrosarcoma model, Mmp19-null mice develop less 

fibrosarcomas and with longer latency period than their control littermates whereas, 

conversely, they exhibit an early onset of angiogenesis and tumor invasion after 

transplantation of malignant murine PDVA keratinocytes (17, 18). Altogether, these 

data suggest that MMP-19 negatively regulates early stages of tumor cell invasion, but 

cancer cells could become less sensitive to MMP-19 activity once tumor develops. 

These apparently paradoxical results may reflect different roles of MMP-19 in the 

evolution of various cancer types as well as throughout different steps of cancer 

progression, highlighting the requirement to understand the individual functions of each 

MMP to improve anticancer strategies.   

 

  

MMP-19 and inflammation 

 Several works have also suggested that MMP-19 may also play a role driving 

inflammatory processes. Thus, this enzyme was initially identified as an autoantigen in 

patients with rheumatoid arthritis (19). More recently, it has been shown that MMP-19 

acts as a molecular mediator of the airway inflammation, preventing the deposition in 

the airway walls of tenascin-C, a glycoprotein that promotes inflammatory cell adhesion 

and accumulation through their capacity to interact with integrins (20, 21). Moreover, 

the lack of MMP-19 increases the levels of interleukin-13 (IL-13), a prototypic Th2 

cytokine that induces eosinophilic inflammation in the airways, suggesting a link 

between MMP-19 and the Th2 proinflammatory response (22). In this sense, Beck and 

colleagues (23), have proposed that MMP-19 is also an important factor in cutaneous 

immune responses and influences the development of T cells. Nevertheless, in the skin 

context, the lack of MMP-19 reduces the influx of inflammatory cells, decreases 

keratinocyte proliferation and diminishes activation of CD8+ T cells, which are 

responsible for this type of reaction. MMP19 has also been reported to be expressed in 

myeloid cells (24) and is upregulated under inflammatory conditions such as arthritis 

and multiple sclerosis, where the expression of the protease by microglia may contribute 
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to the formation of new lesions by enhancing leucocyte migration, axonal damage and 

ECM remodeling (24-26). 

 

 

 MMP-19 and other pathological conditions 

 MMP-19 has been implicated in several skin disorders in which proliferation and 

differentiation of keratinocytes is disturbed. Thus, in both tinea corporis and eczema, 

MMP-19 is expressed in the stratum basale and in the healthy epidermis, but also in the 

spinous layers (27). Likewise, it has been reported that MMP19 is upregulated in 

psoriasis, a disease characterized by keratinocyte hyperproliferation, angiogenesis, and 

infiltration of inflammatory cells (28). MMP-19 is also dysregulated in chronic wounds 

where is induced in the proliferating epithelium. However, its expression is lost during 

malignant transformation of the epithelium cells, being absent from invasive areas of 

squamous cell carcinoma (SCC) (14). Finally, MMP-19 has also been implicated in a 

panoply of diseases such as renal dysplasia, Dupuytren’s disease, Paget’s disease, 

chronic limb ischemia or Henoch-Schönlein purpura (29-33). 

 

 Related Peptidases  

 

 MMPs comprise a large family of endopeptidases belonging to the superfamily 

of metzincins, which are characterized by the HExxHxxxGxxH/D consensus zinc-

binding sequence in their active centre. They are widely distributed in all kingdoms of 

life and have likely evolved from a single-domain protein which underwent successive 

rounds of duplication, gene fusion and exon shuffling events to generate the 

multidomain architecture and functional diversity currently exhibited by MMPs. It 

appears conceivable that the domain assemblies occurred at an early stage of the 

diversification of different MMPs and that they progressed through the evolutionary 

process independent of one another, and perhaps parallel to each other (1). Between all 

members of MMPs, MMP-28 seems to be the closest peptidase to MMP-19. Thus, and 

despite they are classified into distinct MMP subgroup as MMP-28 is a furin-activatable 

enzyme, both MMPs have the highest percentage of amino acid sequence identities 

among all secreted MMPs, as well as similar expression pattern. Thus, MMP-28, also 

known as epilysin, is highly expressed in the skin and in a number of other normal 

human tissues and is also implicated in the development and regeneration of the nervous 
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system (34, 35). Also similar to MMP-19, epilysin is found in both cartilage and 

synovium tissues where the expression is increased in patients with osteoarthritis (36). 

Likewise, MMP-28 expression is increased in demyelinating lesions in multiple 

sclerosis and strikingly, all tested forms of MMP-28 increased expression of MMP-19 

(37, 38). Finally, both proteins have been shown to associate with the surface of some 

cells in a C-terminal domain-dependent manner (24, 39). 
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III. Generation and characterization of Mmp1a-deficient mice 

The matrix metalloproteinase MMP-1 has emerged as a potential new target 

in a variety of human cancers. Previous studies from our laboratory, confirmed and 

extended by other groups, have demonstrated that Mmp-1a is the mouse ortholog 

of human MMP-1. However, more than 10 years after the discovery of Mmp-1a, 

minimal information is still available about its functional role in mouse physiology 

and pathology, including cancer. This is especially puzzling since human MMP-1 

was cloned and associated with tumor invasion and metastasis more than two 

decades ago, despite these cancer-related functions have not been formally 

demonstrated in vivo. One possibility to explain this lack of information about 

MMP-1 in cancer is the absence of an in vivo model of MMP-1 deficiency, an 

aspect which has been largely attributed to the wide assumption that no MMP-1 

ortholog was present in rodents. Here, we report the first mouse strain genetically 

deficient in Mmp1a and demonstrate that Mmp-1a plays a critical role in lung 

cancer. 
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Background: MMP1 is overexpressed in 
malignant tumors and is levels are associated with 
poor prognosis. 
Results: Mice deficient in Mmp-1a, the ortholog 
of human MMP-1, develop less lung carcinomas 
than controls and show a Th1 anti-inflammatory 
response. 
Conclusion: Mmp-1a is a protumoral protease 
which alters Th1/Th2 cytokine balance.  
Significance: Mmp1a-deficient mice are a new 
model for the functional analysis of this 
metalloproteinase in cancer. 

 
ABSTRACT 

Human MMP-1 is a matrix 
metalloproteinase repeatedly associated with 
many pathological conditions including cancer. 
Thus, MMP1 overexpression is a poor 
prognosis marker in a variety of advanced 
cancers, including colorectal, breast and lung 
carcinomas. Moreover, MMP-1 plays a key 
role in the metastatic behavior of melanoma, 
breast and prostate cancer cells. However, 
functional and mechanistic studies on the 

relevance of MMP-1 in cancer have been 
hampered by the absence of an in vivo model. 
In this work, we have generated mice deficient 
in Mmp1a, the murine ortholog of human 
MMP1. Mmp1a-/- mice are viable and fertile 
and do not exhibit obvious abnormalities, 
which has facilitated studies of cancer 
susceptibility. These studies have shown a 
decreased susceptibility to develop lung 
carcinomas induced by chemical carcinogens in 
Mmp1a-/- mice. Histopathological analysis 
indicated that tumors generated in Mmp1a-/- 
mice are smaller and less angiogenic than those 
of wild-type mice, both characteristics being 
consistent with the idea that the absence of 
Mmp-1a hampers tumor progression. 
Proteomic analysis revealed decreased levels of 
chitinase-3 like 3 (CHI3L3) and accumulation 
of the receptor for advanced glycation end-
products (RAGE) and its ligand S100A8 in 
lung samples from Mmp1a-/- mice compared to 
those from wild-type. These findings suggest 
that Mmp-1a could play a role in tumor 
progression by modulating the polarization of 
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a Th1/Th2 inflammatory response to chemical 
carcinogens. On the basis of these results, we 
propose that Mmp1a-knockout mice provide an 
excellent in vivo model for the functional 
analysis of human MMP-1 in both 
physiological and pathological conditions.   

 
INTRODUCTION 

 The matrix metalloproteinases (MMPs) 
are a family of structurally related enzymes that 
can collectively degrade the main protein 
components of the extracellular matrix and 
basement membranes (1). On the basis of these 
degrading activities, MMPs have been considered 
as essential enzymes in the invasive and 
metastatic properties of tumor cells (2). These 
findings, together with multiple clinical and 
experimental data associating MMPs with tumor 
progression, stimulated the search for MMP 
inhibitors with ability to block the activities of 
these enzymes in cancer. However, most clinical 
trials with synthetic MMP inhibitors failed to 
provide appreciable benefits to patients with 
advanced cancer (3). These negative results have 
forced a profound re-evaluation of the functional 
and clinical relevance of MMPs in cancer as well 
as a reformulation of the MMP inhibition 
strategies used in these clinical trials (3,4). As a 
direct consequence of these post-trial studies, new 
paradigms have recently emerged in relation to 
the cancer relevance of the different members of 
this complex family of endoproteases. First, many 
experimental data have shown that MMPs are not 
exclusively implicated in the proteolytic 
breakdown of tissue barriers for metastatic spread. 
Thus, these enzymes may target a diversity of 
non-matrix substrates and influence other critical 
steps in tumor evolution such as cell proliferation, 
differentiation, angiogenesis or apoptosis (5). 
Additionally, these new studies have revealed the 
occurrence of MMPs, such as MMP-8, MMP-12 
and MMP-26, which play a protective role during 
tumor progression (6). Furthermore, other MMPs 
such as MMP-3, MMP-9 and MMP-19, which 
were originally recognized as pro-tumorigenic 
enzymes, may also function as tumor-suppressive 
proteases in some specific situations (7-10).   

These recent experimental findings have 
provided some explanations for the lack of 
success of clinical trials based on the use of 

broad-range MMP inhibitors in patients with 
advanced stages of cancer, as they would also 
reduce the host-protective antitumor properties of 
certain MMPs (3,4). Likewise, the administration 
of these MMP inhibitors to patients with advanced 
cancer would be of limited value for those cases 
in which MMPs play important roles during early 
stages of the disease (3,4). Accordingly, it is 
necessary to perform a detailed analysis of the 
specific role of each individual MMP in the 
multiple stages of tumor evolution. This is the 
case for fibroblast or interstitial collagenase 
(MMP-1), the first member of the MMP family 
identified in human tissues and widely associated 
with cancer, but whose functional relevance in the 
progression of the disease is still largely unknown 
(11,12).  

Human MMP-1 is produced by a variety of 
tumor cells as well as by adjacent stromal 
fibroblasts in response to factors derived from 
transformed cells. Clinical studies have reported 
that MMP-1 is overexpressed in a number of 
malignant tumors and its presence is associated 
with poor prognosis in different cancers such as 
colorectal, breast and lung carcinomas (13-15). 
Moreover, MMP1 has been identified as one of 
the four key genes required for lung metastatic 
colonization in breast cancer (16). Additionally, 
MMP-1 together with ADAMTS-1 proteolytically 
engage EGF-like growth factors in an osteolytic 
signaling cascade which facilitates bone 
metastasis (17). Furthermore, MMP-1 produced in 
the stromal-tumor microenvironment activates the 
proinvasive functions of protease-activated 
receptor 1 and promotes invasion and 
tumorigenesis of breast cancer cells (18). 
Likewise, experimental manipulation of the 
expression levels of this protease alters the 
metastatic behavior of melanoma, breast and 
prostate cancer cells (19-21). However, functional 
and mechanistic studies on the relevance of 
MMP-1 in cancer have been hampered by the 
absence of an in vivo model of MMP1-deficiency. 
To address this question, we have undertaken 
studies to generate mutant mice deficient in 
Mmp1a, the mouse orthologous gene of human 
MMP1 (22). In this work, we describe the 
generation of Mmp1a-/- mice and analyze their 
cancer susceptibility, with the finding that loss of 
Mmp1a partially protects mice against 
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development of lung carcinomas induced by 
chemical carcinogens. We have also performed a 
series of histopathological and proteomic analysis 
that have provided information about the 
mechanisms underlying Mmp-1a implication in 
lung cancer development. Finally, we propose that 
Mmp1a-/- mice represent a novel in vivo model to 
elucidate the functional relevance of human 
MMP-1 in the context of the large complexity and 
diversity of proteolytic enzymes.   

 
EXPERIMENTAL PROCEDURES 

Animals-To generate Mmp1a-/- mice, we first 
isolated a genomic PAC clone encoding Mmp1a 
from a mouse 129/SvJ library (HGMP Resource 
Centre) by using a murine Mmp1a cDNA 
fragment as a probe. Then, we used the plasmid 
pKO scrambler V916 (Lexicon Genetics) to 
construct the Mmp1a targeting vector. A 1.4 kb 
HindIII fragment from the 5’-flanking containing 
exon 2, 3 and part of exon 4 was used as the 5’-
homologous region, whereas a 6.8 kb EcoRI-RsrII 
fragment containing part of the exon 6 and exon 7 
was used as the 3’-region of homology. The PGK-
neo cassette was subcloned into an AscI site of the 
vector with the transcriptional orientation opposite 
to that of Mmp1a and replaced a 1.7 kb fragment 
containing exons 4, 5 and part of the exon 6 of the 
gene. The targeting vector was linearized by 
digestion with NotI and electroporated into HM-1 
(129/Ola) embryonic stem cells. Resistant clones 
were selected for homologous recombination with 
G418 and ganciclovir, and screened by Southern 
blot analysis. The heterozygous stem cells were 
aggregated to CD1 morulas and transferred into 
uteri of pseudopregnant females to generate 
chimeras. Chimeric males were mated with 
C57BL/6J females and the offspring was screened 
by Southern blot analysis of tail genomic DNA. 
The heterozygous littermates were mated to 
generate homozygous mutant mice. 

Northern blot analysis-Total RNA was 
isolated from frozen placenta samples obtained 
from wild-type and knock-out female mice at 13.5 
days of embryonic development by using a 
commercial kit (RNeasy Mini Kit; Qiagen). A 
total of 15 μg of denatured RNA was separated by 
electrophoresis on 1.2% agarose gels and 
transferred to Hybond N+ (Amersham Pharmacia 

Biotech). Blots were prehybridized at 42 °C for 3 
h in 50% formamide, 5X SSPE (1X = 150 mM 
NaCl, 10 mM NaH2PO4, 1 mM EDTA, pH 7.4), 
10X Denhardt’s solution, 2% SDS, and 100 μg 
/ml denatured herring sperm DNA, and then 
hybridized with a random primed 32P-labeled 
cDNA probe for mouse Mmp1a (40090601, 
Geneservice) for 20 h under the same conditions. 
Blots were washed with 0.1X SSC, 0.1% SDS for 
2 h at 50 °C and exposed to autoradiography. 
RNA integrity and equal loading was assessed by 
hybridization with a �-actin cDNA probe. 

RT-PCR- Total RNA was reverse-transcribed 
using the Thermoscript RT-PCR system 
(Invitrogen). A PCR reaction was then performed 
with the following Mmp1a-specific primers: 
Mmp1a-Exon4, 5´-GGACCTAACTATAAGCTT 
GCTCACA-3´; Mmp1a-Exon7, 5´-CTGGAAGA 
TTTGGCCAGAGAATAC-3´. The PCR reaction 
was performed in a GeneAmp 9700 PCR system 
from Applied Biosystems for 35 cycles of 
denaturation (95 ºC, 30 s), annealing (60 ºC, 30 s), 
and extension (72 ºC, 1 min). As a control, �-actin 
was PCR amplified from all samples under the 
same conditions. Induction of cancer or other 
pathologies in mice was performed as indicated in 
the corresponding references: B16F10 and LLC 
lung cancer cell models (23), MCA-induced 
fibrosarcoma and DMBA-induced skin cancer 
(24), DEN-induced hepatocarcinoma (25), 4-NQO 
induced oral squamous carcinoma (26), CCl4-
induced hepatic fibrosis (27), for bleomycin-
induced lung fibrosis (28), MMTV-PyMT breast 
cancer (29), and K14-HPV16 skin cancer (30). 

Urethane carcinogenesis model-Mouse 
experimentation was done in accordance with the 
guidelines of the Universidad de Oviedo (Spain), 
regarding the care and use of laboratory animals. 
For urethane (ethylcarbamate; Sigma) chemical 
carcinogenesis, 12-week-old mice were injected 
intraperitoneally with two doses (separated by 48 
h) of a freshly prepared solution of 1 mg of 
urethane/g body weight, dissolved in sterile 0.9% 
NaCl (saline). Mice were sacrificed 32 weeks 
after urethane exposure, and their lungs were 
either snap-frozen in liquid nitrogen for further 
RNA and protein analysis or fixed in 4% 
paraformaldehyde and processed for histological 
studies. After conventional staining with 
hematoxylin and eosin, cells were 
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morphologically identified by an expert 
pathologist with no previous knowledge of mice 
genotypes. 

Immunohistochemistry-Lungs samples were 
fixed in 4% paraformaldehyde and embedded in 
paraffin.  Deparaffined and rehydrated sections 
were rinsed in PBS (pH 7.5). Endogenous 
peroxidase activity and nonspecific binding were 
blocked with peroxidase block buffer 
(DakoCytomation) and 1% bovine serum 
albumin, respectively. Sections were incubated 
overnight at 4 ºC with a rabbit polyclonal 
antibody anti-mouse CD31 (Abcam), diluted 
1:100. Then, sections were incubated with an anti-
rabbit EnVision system labeled polymer-HRP 
(DakoCytomation) for 30 min, washed and 
visualized with diaminobenzidine. Sections were 
counterstained with Mayer’s hematoxylin, 
dehydrated and mounted in Entellan®. Sections 
were examined using a Nikon Eclipse E400 
microscope and images were acquired with a 
Nikon DS-Si1 camera and Nikon NIS-Elements 
F2.20 software. 

Difference gel electrophoresis-Lungs from 
WT and KO mice were rinsed in TAM (10 mM 
Tris pH 8.5, 5 mM magnesium acetate) and 
homogenized in TUCT (2 M thiourea, 7 M urea, 
4% CHAPS, 30 mM Tris pH 8.5). 50 μg of each 
sample were labeled with 400 pmol of a specific 
fluorophore (GE Healthcare): CyDye 3 (WT 
sample), CyDye 5 (KO sample) and CyDye 2 
(pool of WT and KO sample 1:1).  Labeled 
samples were combined and UCDA (8 M urea, 
4% CHAPS, 130 mM DTT, 2% IEF buffer) was 
added in a 1:1 ratio. UCda (8 M urea, 4% 
CHAPS, 13 mM DTT, 1% IEF buffer) was used 
to reach 450 μL of final volume. Samples were 
loaded in a strip holder and 24 cm IPG strips, non 
linear pH gradient 3–11 (GE Healthcare), were 
placed over them. After strip rehydration, protein 
isoelectrofocusing was allowed to proceed for 26 
h on an IPGphor Unit (GE Healthcare) in the dark 
at 18 ºC. Then, strips were equilibrated for 15 min 
in SES-DTT (6 M urea, 30% glycerol, 2% SDS, 
75 mM Tris pH 6.8, 0.5% DTT and bromophenol 
blue) and 15 min in SES-IA  (SES with 4.5% 
iodoacetamide), mounted on top of a 13% SDS–
PAGE and electrophoresed at 80 V overnight in 
the dark at 18 ºC. After SDS–PAGE, cyanine dye-
labeled proteins were visualized directly by 

scanning using a TyphoonTM 9400 imager (GE 
Healthcare), and analyzed with Progenesis 
SameSpots software (Nonlinear dynamics) and 
stained with SYPRO Ruby (Molecular Probes). 

Tryptic digestion and MALDI-ToF analysis-
Differential spots were manually excised over a 
transilluminator. Gel pieces were washed twice 
with 25 mM ammonium bicarbonate/acetonitrile 
(70:30), dried for 15 min at 90 ºC, and incubated 
with 12 ng/�L trypsin (Promega) in 25 mM 
ammonium bicarbonate for 1 h at 60 ºC. Peptides 
were purified with ZipTip C18 (Millipore) and 
eluted with 1 �L of CHCA (�-cyano-4-
hydroxycinnamic acid) to be placed onto MALDI-
ToF´s plate. Once dried, they were analyzed by 
mass spectrometry on a time-of-flight mass 
spectrometer equipped with a nitrogen laser 
source (Voyager-DE STR, Applied Biosystems). 
Data from 200 laser shots were collected and 
analyzed with data explorer version 4.0.0.0 
(Applied Biosystems). 

Western blotting-� Samples were 
electrophoresed and transferred to PVDF (0.45 
�m pore size) membranes (Millipore). Blots were 
blocked with 5% non-fat dry milk in TBS-T 
buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl 
and 0.05% Tween-20), for 1 h at room 
temperature and incubated overnight at 4 ºC with 
3% BSA in TBS-T with either 0.2 �g /mL anti-
CHI3L3, 0.2 μg/ mL anti-S100A8 (R&D 
Systems) and 1:1000 anti RAGE (Cell Signaling). 
Finally, the blots were incubated for 1 h at room 
temperature in 2.5% non-fat dry milk in TBS-T 
buffer with 10 ng/mL of goat anti-rat horseradish 
peroxidase (GE Healthcare), rabbit anti-goat 
(Thermo Scientific), and donkey anti-rabbit (GE 
Healthcare), respectively. Then, blots were 
washed with TBS-T and developed with 
Immobilon Western chemiluminescent HRP 
substrate (Millipore). Chemiluminescent images 
were taken with a Fujifilm LAS3000 mini 
apparatus. 

Enzymatic assays-For in vitro proteolysis 
assays, we used recombinant S100A8 and 
S100A9 kindly provided by Dr. Philippe Tessier, 
and recombinant CHI3L3 and MMP-1 from R&D 
Systems. Briefly, 100 ng of rMMP-1 per reaction 
was activated with 4-aminophenylmercuric 
acetate (APMA) at 37 ºC for 2 h. Then, purified 
CHI3L3, S100A8 and S100A9 (1 μg) were 
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incubated with activated MMP-1 at 37 ºC for 24 
h, and analyzed by SDS-PAGE and Western-blot.  

Analysis of cytokine levels-To evaluate the 
levels of different Th1/Th2 cytokines, we used a 
Mouse Th1/Th2/Th17/Th22 13plex FlowCytomix 
Multiplex kit and a TGF-�1 kit (eBioscience), 
following manufacturer instructions. Briefly, 
snap-frozen lungs were homogenized at 4 ºC in T-
PER containing Complete Mini Protease Inhibitor 
Cocktail tablets (1 tablet/50 mL of T-PER stock 
reagent) and centrifuged at 9,000 x g for 15 min. 
Total protein concentration in supernatant was 
determined using BCA kit. A total of 100 μg of 
each homogenate was incubated with antibody-
coated bead complexes and biotinylated 
secondary antibody for 2 h. After washing, 100 
�L streptavidin-phycoerythrin was added to each 
well and incubated for 1 h. Samples were then 
transferred to appropriate cytometry tubes and 
analyzed using the FC500 Celular Cytomics 
analyzer (Beckman Coulter). A minimum of 300 
events (beads) were collected for each 
cytokine/sample and median fluorescence 
intensities were obtained. Cytokine concentrations 
were calculated based on standard curve data 
using FlowCytomix Pro 3.0 Software 
(eBioscience). The results were expressed as 
mean ± SE (n = 5).  

 
RESULTS 

Generation and phenotype analysis of 
Mmp1a-deficient mice- To analyze the in vivo role 
in cancer of Mmp-1a, the murine counterpart of 
human MMP-1, we generated mutant mice 
deficient in Mmp1a by replacing exons 4, 5 and 6, 
encoding the catalytic domain, with a PGK-
neomycin cassette (Fig. 1A). Following 
heterozygote intercrossing, Mmp1a-null, 
heterozygous and wild-type mice were obtained in 
the expected Mendelian ratios. We verified 
homozygosity with respect to the mutated allele 
by Southern-blot and the absence of functional 
transcripts by Northern-blot analysis of placenta, a 
positive control for expression of this gene (Fig. 
1B,C). Despite the Mmp1a deficiency, these 
mutant mice developed normally, were fertile and 
their long-term survival rates were 
indistinguishable from those of their wild-type 
littermates.  Furthermore, histopathological 
analysis of multiple tissues from Mmp1a-/- adult 

animals did not reveal any differences with wild-
type tissues (data not shown). Taken together, 
these results demonstrate that Mmp-1a is 
absolutely dispensable for embryonic and adult 
mouse development as well as for normal growth 
and fertility. 

 Analysis of cancer susceptibility of Mmp1a-
deficient mice- The dispensability of Mmp-1a for 
mouse development, growth and fertility opened 
the possibility to perform long-term studies aimed 
at analyzing cancer susceptibility in mice 
deficient in this metalloproteinase. For this 
purpose, and because previous results had 
suggested that the expression of mouse Mmp1a in 
normal and pathological conditions could be more 
restricted than that of human MMP1 (22), we first 
performed an RT-PCR expression analysis of 
Mmp1a in samples from wild-type mice in which 
cancer and other pathologies had been induced. 
As can be seen in Fig. 2, Mmp1a expression was 
clearly detected in samples from lung carcinomas 
induced by chemical carcinogens or by Lewis 
cancer cells, in skin tumors induced by 
DMBA/TPA or MCA, in oral carcinomas induced 
by 4-nitroquinoline 1-oxide and in some acute 
pulmonary lesions induced by bleomycin-
treatment. In contrast, no significant expression of 
this mouse metalloproteinase gene was detected in 
mammary tumors induced by MMTV-PyMT or in 
their metastasis (Fig. 2). According to these 
results, we focused our study on the analysis of 
the susceptibility of Mmp1a-mutant mice to lung 
cancer.  

To this end, Mmp1a-/- mice and their wild-
type littermates were subjected to a chemical 
carcinogenesis protocol with urethane and, after 8 
months, mice were sacrificed and the number and 
histopathological characteristics of their 
pulmonary lesions were examined. As can be seen 
in Fig. 3, the number of lung tumors per mouse 
was higher in wild-type than in mutant mice, 
especially in the case of male mice, a gender 
difference which we had already observed in our 
previous studies with Mmp8-mutant mice (24). 
Therefore, we can conclude that the loss of Mmp-
1a protects against lung cancer induced by 
chemical carcinogens such as urethane. To try to 
extend these observations, we next performed a 
histopathological analysis of tumors generated in 
both genetic backgrounds with the finding that the 
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size of tumors present in Mmp1a-mutant mice was 
smaller than that of wild-type mice (Fig. 4A). 
Likewise, we could observe the presence of many 
inflammatory infiltrate foci in the lungs of knock-
out mice (Fig. 4B). Furthermore, tumors of 
Mmp1a-/- mice were less angiogenic as assessed 
by CD31 immunostaining (Fig. 4C). These 
characteristics are fully consistent with the idea 
that the absence of Mmp-1a hampers tumor 
progression. 

Proteomic analysis of lung tissues from 
Mmp1a-deficient mice-As a first step to elucidate 
the molecular mechanisms underlying the above 
described tumor-promoting properties of Mmp-1a, 
we performed a proteomic analysis by difference 
gel electrophoresis (DiGE) of lung samples from 
urethane-treated mutant mice and the 
corresponding controls. After these DiGE 
experiments coupled to mass-spectrometry 
analysis, we could identify a series of differential 
proteins between tissues from normal and mutant 
mice (Supplementary Table 1). Specifically, we 
focused on chitinase-3 like protein 3 (CHI3L3) 
and the receptor for advanced glycation end-
products (RAGE), which were upregulated in 
wild-type and knock-out mice, respectively (Fig. 
5A and Supplementary Fig. 1A). To further 
validate these results, we performed bi-
dimensional Western-blot analysis with antibodies 
specific against the differential proteins identified 
by DiGE in the urethane-treated mice lungs 
(Supplementary Fig.1B). These analyses, together 
with those performed with other urethane-treated 
littermates, corroborated that both CHI3L3 and 
RAGE protein levels were increased in lung 
samples from wild-type and Mmp1a-/- mice, 
respectively (Fig. 5B). Additionally, we observed 
that CHI3L3 was the target of a processing event 
in the urethane-treated lung samples from wild-
type that was not present in the equivalent 
samples from Mmp1a-/- mice (Fig. 5B). By using 
mass spectrometry analysis, we identified these 
different forms of CHI3L3 as the complete protein 
or fragments thereof corresponding to the N-
terminal and C-terminal region (Supplementary 
Fig. 1A).We next evaluated the possibility that 
levels of the S100A8 and S100A9 ligands of the 
RAGE receptor could also be altered in the lung 
samples from knock-out mice. To this purpose, 
we performed a bi-dimensional Western-blot 

analysis which demonstrated the accumulation of 
high levels of S100A8, as well as the occurrence 
of a differential processing event of this 
chemotactic protein in samples from Mmp1a-/- 
mice (Fig. 5C). By contrast, S100A9 levels did 
not exhibit any significant difference in mice from 
both genotypes (not shown). To investigate if any 
of these proteins could be a substrate for MMP-1, 
we performed an in vitro digestion with the 
recombinant protease and found that S100A8, but 
not S100A9 nor CHI3L3, is cleaved by this 
collagenolytic enzyme (Fig. 5D). Taken together, 
these results could indicate the occurrence of an 
imbalance in the inflammatory response induced 
in wild-type and Mmp1a-/- mice by chemical 
carcinogens.  

Inflammatory response evaluation after 
urethane-lung carcinogenesis-Since the high 
levels of CHI3L3 in wild-type mice could be 
indicative of a Th2 pro-tumoral inflammatory 
response (31,32) and the increased levels of 
RAGE and its ligand S100A8 in mutant mice 
could point to the occurrence of a Th1 anti-
tumoral response (32,33), we next evaluated the 
levels of Th1 and Th2 cytokines in lungs from 
wild-type and Mmp1a-knockout mice. To this 
aim, a total of 14 different mouse cytokines were 
simultaneously analysed by flow cytometry. As 
can be seen in Fig. 6A, levels of well-established 
Th1-associated cytokines such as IL-1�, IL-2, IL-
27 and IFN-�, are increased in lungs from Mmp1a-

/- mice compared with their corresponding 
controls. Likewise, levels of IL-5, IL-10, IL-13 
and TGF-�1, which are archetypal Th2-response 
cytokines, are higher in wild-type mice than in 
Mmp1a-deficient mice. Then, and because IL-17 
has been described to be highly dependent on 
IFN-� (34), we evaluated the levels of both 
cytokines at different time-points during the 
development of the urethane-induced lung cancer 
models, with the finding that IL-17 and IFN-� 
showed a parallel increase in Mmp1a-/- mice in the 
course of the carcinogenesis experiment (Fig. 6B). 

To further evaluate the putative Th1-
polarized inflammatory response occurring in 
Mmp1a-/- mutant mice during urethane 
carcinogenesis, we analyzed levels of most 
significant cytokines found at increased levels in 
lung from Mmp1a-knockout mice. Thus, we 
measured IL-17, IL-27 and IFN-� levels in the 
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lungs from two different groups of mutant mice 
based on the lung inflammatory phenotype 
presented by them. To this end, we compared 
mutant mice showing a high number of 
inflammatory infiltrate foci in the lungs with those 
animals that did not present any of these foci. 
Interestingly, the levels of these Th1-related 
cytokines displayed by the group with 
inflammatory infiltrate were higher than those 
found in the group in which that infiltrate was not 
observed (Fig. 6C). Taken together all these 
results, it seems that Mmp1a-/- mice develop a Th1 
antitumoral response which in turn would 
contribute to explain the significantly low number 
of chemically-induced lung carcinomas observed 
in mice deficient in this metalloproteinase. 

 
DISCUSSION 

In this work, we have generated mutant mice 
deficient in Mmp1a and demonstrated that they 
represent a new and valuable in vivo model for the 
functional analysis of MMP-1 in cancer. Over the 
last years, evidence has accumulated that MMP-1 
is associated with tumor progression and 
metastasis (16,17,19). However, and somewhat 
surprisingly, very limited information is available 
about the putative functions mediated by MMP-1 
during cancer development and progression. This 
is especially puzzling if we consider that MMP-1 
was the first human MMP cloned and 
characterized at the biochemical level, and its 
correlative links with tumor invasion and 
metastasis were first reported more than 20 years 
ago (11,35). One possibility to explain this lack of 
functional information about MMP-1 in cancer is 
the absence of an in vivo model of MMP-1 
deficiency, an aspect which has been largely 
attributed to the wide assumption that no MMP-1 
ortholog was present in rodents. However, our 
finding of two murine genes (Mmp1a and Mmp1b, 
also known as McolA and McolB) similar to 
human MMP-1 opened a series of further studies 
which allowed us to conclude that Mmp1a is a 
bona fide counterpart of human MMP-1 (22). This 
finding was the starting point of a long-term work 
which has now led us to the generation and 
analysis of mutant mice deficient in Mmp1a. 

Similar to most cases of Mmp-deficiency (1), 
Mmp1a-/- mice are viable and fertile which has 
facilitated studies aimed at evaluating their cancer 

susceptibility. These studies first focused on lung 
carcinomas, because our previous Mmp1a 
expression analysis in tissues from mice subjected 
to several carcinogenesis protocols revealed high 
expression levels of this murine metalloproteinase 
in different samples of lung cancer. After 
application of a urethane-based protocol of lung 
cancer induction, we observed that Mmp1a-/- mice 
showed a lower incidence of lung carcinomas than 
their corresponding wild-type littermates. 
Interestingly, this difference was more marked in 
male than in female mutant mice, indicating the 
occurrence of a gender difference that has been 
previously reported in other models of Mmp-
deficiency (24). Histopathological analysis 
showed that tumors generated in Mmp1a-/- mice 
are smaller and less angiogenic than those of 
wild-type mice, both characteristics being 
consistent with the idea that the absence of Mmp-
1a hampers tumor progression. These in vivo 
findings agree perfectly with very recent in vitro 
data showing that silencing Mmp1a suppresses 
invasive growth of lung cancer cells in three-
dimensional matrices, whereas ectopic expression 
of this murine metalloproteinase confers invasive 
properties to epithelial cells (36).    

The pro-tumorigenic role of MMPs was 
originally ascribed to their ability to breakdown 
tissue barriers for metastatic spread. The fact that 
both human MMP-1 and mouse Mmp-1a are 
potent collagenases with ability to degrade 
different types of fibrillar collagens, would be 
consistent with a role for these metalloproteinases 
in promoting tumor progression (16,17,19). 
Nevertheless, the growing evidence that virtually 
all MMPs, including MMP-1, target many other 
proteins distinct from extracellular matrix 
components (37-39), prompted us to perform 
comparative proteomic studies between samples 
of Mmp1a-mutant and wild-type mice to try to 
identify putative in vivo substrates of Mmp-1a. 
Among the identified proteins, it is remarkable the 
finding of high levels of CHI3L3 and RAGE in 
lung samples from Mmp1a-wild type and mutant 
mice respectively, after treatment with urethane. 
Further studies demonstrated that the S100A8 
ligand for the RAGE receptor is also elevated in 
samples from Mmp1a-mutant mice. Accordingly, 
this chemotactic protein could be a substrate 
directly targeted by Mmp1a, a proposal that we 
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further assessed by performing a series of 
enzymatic assays which  demonstrated that the 
recombinant collagenase cleaves S100A8, but no 
other related proteins such as S100A9. The 
impaired degradation of this immunoregulatory 
protein in Mmp1a-deficient mice could also 
contribute to the generation of marked differences 
in the inflammatory response induced by chemical 
carcinogens in Mmp1a wild-type and mutant 
mice. Thus, the increased levels of CHI3L3 
together with high levels of several Th2-related 
cytokines in wild-type mice strongly suggests that 
urethane is inducing the archetypical Th2-
polarized inflammatory response which operates 
under protumoral stimuli (40).  In contrast, the 
absence of increased levels of CHI3L3 in Mmp1a-
mutant mice together with the presence of high 
levels of RAGE and its ligand S100A8, which are 
markers of Th1-polarized responses (32,33), as 
well as high levels of the well characterized Th1-
response IFN-�, together with some other 
antitumoral activity cytokines such IL-1�, IL-2, 
should be consistent with the possibility that the 
lack of this metalloproteinase hampers the 
development of the Th2-response triggered by 
carcinogen injection in Mmp1a-/- mice.  In this 
sense, and according to the antiangiogenic effect 
of IL-27 (41), the notably difference between 
levels of mutant and control mice could explain 
the reduced angiogenic phenotype showed by 
Mmp1a-/- mice. Likewise, our data should be 
consistent with the possibility that IL-17 acts as a 
tumor-inhibiting cytokine in the lung 
carcinogenesis model used in this work.  

MMPs have been associated with 
inflammatory responses in a wide variety of 
diseases (42). Likewise, several reports have 
described that cytokines released from different 
Th1/Th2 cell types can modulate MMP 
expression. Thus, it is well-established that Th2 
responses are associated with an increased 
expression of matrix degradative MMPs, 
including human MMP-1 (43). Moreover, MMPs 
may also act as direct inducers of this process, 
modulating chemokine gradients or processing 

specific cytokines, and finally switching the 
balance between both types of responses. This is 
the case of MMP-2, which is overexpressed in 
multiple cancers and induces a Th2 polarization 
through the degradation of type I IFN receptor in 
dendritic cells (44). In addition, MMP-9 
proteolytically activates TFG-�, which in turn 
promotes differentiation towards the Th2 pro-
tumorigenic phenotype (45). Accordingly, lungs 
from Mmp1a-deficient mice exhibit lower levels 
of active TFG-���than controls suggesting that 
these mutant mice lack the capacity to 
proteolytically activate TFG-����Finally, the fact 
that human MMP-1 also cleaves the latent form of 
TGF-� and facilitates tumor invasion and 
angiogenesis (38) would agree very well with our 
proposal that its mouse ortholog Mmp-1a acts in 
vivo as a switching protease, which changes the 
Th1/Th2 balance towards a protumoral state.  

 In summary, the generation of the first 
mouse model of MMP-1 deficiency has 
contributed to the in vivo validation of this 
enzyme as a pro-tumorigenic protease with 
potential impact in different stages of tumor 
progression, including growth, angiogenesis and 
regulation of inflammatory responses. These 
studies have also validated the concept that human 
MMP-1 is a target protease, at least in some types 
of cancer, in which its expression is profoundly 
deregulated. Nevertheless, further studies aimed at 
inducing other tumor types in Mmp1a-/- mice will 
be necessary to define the precise in vivo role of 
this protease in different malignancies, since it 
could have dual roles in tumor development (46). 
Likewise, studies involving mice simultaneously 
deficient in Mmp1a and other pro-tumorigenic 
MMPs will be required to evaluate the functional 
redundancy and relative relevance of MMP-1 in 
different stages of cancer progression. Hopefully, 
these studies will contribute to the appropriate 
targeting of this proteolytic enzyme as part of 
novel and combined targets for the treatment of 
malignant tumors (47). 
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FIGURES 

Figure 1. Targeted disruption of mouse Mmp1a gene. (A) Restriction maps of the Mmp1a gene region of interest 
(top), the targeting construct (center), and the mutant locus after homologous recombination (bottom). (B) EcoRI 
Southern-blot analysis of Mmp1a+/+, Mmp1a+/- and Mmp1a-/- mice. (C) Detection of Mmp1a mRNA in placenta by 
Northern-blot analysis. 

 
 
Figure 2. Mmp1a mRNA expression levels in tissues from wild-type mice subjected to different experimental 

protocols. MMTV-PyMT, mouse mammary tumor virus-polyoma middle T antigen; K14-HPV16, keratin 14-human 
papillomavirus type 16; MCA, 3-methyl-cholanthrene; DMBA, 9,10-dimethyl-1,2-benzanthracene. DEN, N,N-
diethylnitrosamine; 4-NQO, 4-Nitroquinoline 1-oxide; CCl4, carbon tetrachloride.  
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Figure 3. Susceptibility of Mmp1a-knockout mouse to urethane-induced lung tumorigenesis. (A) Number of total 
lung tumors per mouse after 8 months of urethane intraperitoneal treatment. (B) Representative images of lungs from 
mutant and control mice (n= 15 per group; ***, P < 0.001 by Student´s t-test). 

 

 
 
 

Figure 4. Phenotypic features of wild-type and knock-out urethane-induced tumors. (A) Graphic representation of 
size tumor incidence in males. Knock-out mice show a lower incidence of tumors with more than 103 cells. (B) 
Inflammatory infiltrate incidence in both sexes. We represent the number of mice which present inflammatory infiltrate 
foci in their lungs, showing an increased presence of inflammatory foci in lungs from knock-out mice. (C) 
Representative CD31 immunohistochemistry analysis of the tumor type most frequently found in mouse lung lesions. 
Adenocarcinomas with higher endothelial infiltrate were found in greater proportion in wild-type than in mutant mice.     
.  
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Figure 5. (A) DiGE analysis of lung tissue from urethane-treated mice. Overlaying green and red image 

highlights differences between wild-type and Mmp1a-/- mice. Yellow indicates no change, red spots, more abundant in 
knock-out mice, and green spots more abundant in wild-type mice. Selected proteins are labeled with white circles and 
bi-dimensional validation analysis is shown in Supplementary Fig.1. All differential analyzed spots are listed in 
Supplementary Table 1. (B) Western-blot analysis extended to other urethane-treated littermates showing the increased 
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CHI3L3 and RAGE levels in wild-type and knock-out mice, respectively, as well as the differential processing of 
CHI3L3 in wild-type lungs no present in the mutant lungs. Load control is shown at the bottom of each panel. (C) 
Western-blot analysis of the RAGE ligand S100A8 showing accumulation of different isoforms of this chemokine in 
lung from knock-out mice. (D) In vitro cleavage assays with human MMP-1. Purified S100A8, S100A9 and CHI3L3 (1 
�g) were incubated with 100 ng of activated MMP-1, which resulted in specific cleavage of S100A8 (*), but not 
S100A9 and CHI3L3. 

 
 
 

 
 
 
Figure 6. Analysis of cytokine levels in lung from Mmp1a wild-type and knockout mice treated with urethane. 

(A) Cytokine levels measured in lung mice after 8 months of urethane intraperitoneal treatment. (B) Measurement of 
IFN-� and IL-17 in the lungs of mutant and control mice at several time points along the urethane carcinogenesis model. 
(C) Levels of Th1 cytokines in lungs from two different groups of Mmp1a-deficient mice separated on the basis of their 
inflammatory phenotype. Mmp1a -/- group A (Mmp1a -/- A ) represents those mutant mice showing a notably high number 
of inflammatory infiltrate foci in the lungs while Mmp1a -/- group B (Mmp1a -/- B )  represents those mutant mice with no 
overt infiltrate foci in their lungs. IL-, interleukin; IFN-, interferon, TGF-, transforming growth factor. ( *, P < 0.001; 
**, P < 0.001 by Student´s t-test). 
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SUPPLEMENTARY DATA 

 
 
Supplementary Figure 1.Validation of selected proteomic alterations. (A) DiGE selected CHI3L3 and RAGE 

spot proteins of lung tissues from urethane-treated wild-type (green) and knock-out (red) mice. (B) Bi-dimensional 
Western-blot analysis with anti-CHI3L3 and anti-RAGE specific antibodies of the lung urethane-treated mice 
confirming the increased protein levels of these proteins in the lungs of Mmp1a+/+ (green) and Mmp1a-/- (red) mice, 
respectively.  
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IV. Molecular analysis of cancer susceptibility in Mmp1a-/- mice 

MMP-1 expression has been associated with a poor prognosis in a variety 

of human tumors. Nevertheless, the cellular source of MMP-1, either stromal or 

tumor cells, seems to be an important predictor factor for the outcome of the 

disease. Thus, MMP-1 expression in stromal cells has been associated with 

increased risk of metastasis in breast cancer. In addition, MMP-1 undergoes 

different processing depending on the cell origin. Based on these premises, we 

decided to evaluate the contribution of Mmp-1a to tumor progression according to 

the cell source. To this aim, we employed an orthotopic-lung cancer model to 

analyze the oncogenic relevance of tumor cells expressing Mmp1a in a genetic 

background proficient or deficient in Mmp-1a. 

 

Article 3: Caitlin J. Foley, Miriam Fanjul-Fernández, Andrew Bohm, Anika 

Agarwal, Karyn Austin, Georgios Koukos, Lidija Covic, Carlos López-Otín, and 

Athan Kuliopulos. “Matrix metalloprotease 1a-deficiency suppresses tumor growth 

and angiogenesis” 

Oncogene (2012, under revision). 
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ABSTRACT 

Matrix metalloprotease-1 (MMP1) is an 

important mediator of tumorigenesis and 

metastasis through its ability to degrade 

critical matrix components including 

fibrillar collagen, and cleave bioactive 

proteins such as the oncogenic receptor, 

protease-activated receptor-1 (PAR1).  

MMP1 is secreted as a proenzyme and is 

regulated in the extracellular milieu by 

enzyme activation and stability.  Although 

MMP1 has been identified as a key 

pathogenic factor in multiple human 

diseases, the study of MMP1 in disease 

models has been greatly hindered because 

little is known regarding the function of its 

rodent homologue, Mmp1a.  Here, we 

describe the role of stromal-produced 

Mmp1a in the growth of lung tumors using 

mice deficient in Mmp1a.  Stromal Mmp1a-

deficiency resulted in significantly 

decreased growth and angiogenesis of Lewis 

lung carcinoma (LLC1) allograft tumors. 

Co-implantation of LLC1 lung cancer cells 

with wild-type Mmp1a+/+ fibroblasts 

restored tumor growth in Mmp1a-deficient 

animals. Silencing of PAR1 expression in 

the LLC1 carcinoma cells phenocopied 
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stromal Mmp1a-deficiency, demonstrating 

the importance of PAR1 as an Mmp1a target 

in promoting tumorigenesis.  Exchange of 

the mouse Mmp1a prodomain with that of 

human MMP1 or introduction of a human 

point mutation predicted to stabilize 

interactions between the Mmp1a pro- and 

catalytic domains, significantly increased 

Mmp1a secretion and decreased auto-

cleavage. Together, these data demonstrate 

that stromal Mmp1a promotes in vivo 

tumorigenesis and that production of 

Mmp1a/MMP1 is controlled by the stability 

of prodomain-catalytic domain interactions. 

 

INTRODUCTION 
MMP1 is a zinc-dependent endopeptidase 

that is frequently overexpressed in a large 

number of human cancers (1-3).  High 

MMP1 levels in patient tumor samples has 

been associated with metastasis and 

decreased progression-free survival in 

melanoma, colorectal and esophageal 

cancers (4-6). Fibroblast MMP1 was 

originally defined as an interstitial 

collagenase due to its ability to cleave 

fibrillar collagens (7), but more recent 

studies found it also cleaves a variety of 

other substrates (8), including the oncogenic 

receptor, protease-activated receptor-1 

(PAR1) (9-11).   MMP1 is produced by 

many sources in tumors, including cancer 

cells, fibroblasts, inflammatory cells, and the 

endothelium, and because it is a secreted 

enzyme, can have both paracrine and 

autocrine effects in the microenvironment 

(10, 12-16).  In a clinical study of patients 

with lung cancer, 35% of tumors had MMP1 

expressed on the carcinoma cells, whereas 

70% had MMP1 overexpressed in the 

stromal cells (17). MMP1 expression in 

stromal cells has also been associated with 

increased risk of metastasis in breast cancer 

patients, highlighting the importance of 

tumor versus stromal MMP1 production 

(18).  Fibroblast-derived and cancer cell-

derived MMP1 have been shown to be 

differentially processed, suggesting that 

there may be functional differences in 

MMP1 depending on the source (19). 

 In order to effectively study the role 

of MMP1 in cancer and other diseases, it is 

important to develop a relevant rodent 

model. The rodent genome contains an 

MMP1 gene duplication, resulting in the 

Mmp1a and Mmp1b genes which are 82% 

identical (20).  Mmp1a is the most likely 

MMP1 homologue because unlike Mmp1a, 

Mmp1b has no known enzymatic activity 

(20, 21).  Mouse Mmp1a, is 58% identical to 

human MMP1 but is expressed less 

ubiquitously in healthy mouse tissue than in 
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humans (20, 22).  Elevated Mmp1a 

expression has been described in a number 

of inflammatory conditions in mice, 

including wound healing, lung injury, 

collagen-induced arthritis, and sepsis (16, 

23-25).  Mmp1a is induced in the mouse 

stroma of human breast and renal cell 

carcinoma xenografts (9, 25), suggesting 

that like MMP1, Mmp1a is upregulated in 

the tumor microenvironment. 

 In order to investigate the role of 

stromal-derived MMP1 in tumorigenesis, we 

generated Mmp1a-deficient mice.  Mmp1a-/- 

mice are grossly normal and born in 

Mendelian ratios.  However, Mmp1a-

deficiency caused significantly decreased 

LLC1 lung tumor growth and angiogenesis. 

This stromal defect was rescued by co-

implantation of Mmp1a+/+ fibroblasts with 

LLC1 cells in the Mmp1a-deficient mice.  

Biochemical analysis indicated that Mmp1a 

secretion is limited by the ability of the 

Mmp1a prodomain to suppress auto-

cleavage, whereas human MMP1 is 

efficiently secreted due to stable pro- and 

catalytic domain interactions.  Together, 

these data demonstrate that stromal Mmp1a 

strongly promotes tumorigenesis in vivo and 

that MMP1/Mmp1a secretion is controlled 

by the stability of prodomain-catalytic 

domain interactions. 

 

RESULTS 

Mmp1a-Deficient Mice Exhibit Impaired 

Tumorigenesis and Angiogenesis.Mmp1a-/-   

mice were generated by targeted 

replacement of Mmp1a exon 5 with a PGK-

neomycin cassette (26).  Exon 5 encodes the 

zinc-coordination motif and a major portion 

of the catalytic domain and is essential for 

metalloprotease activity. Mmp1a-deficient 

mice were back-crossed 10 generations into 

the C57BL/6 background and Mmp1a-null 

animals were born within close range of 

expected ratios from heterozygote parents 

(Supplemental Fig. S1).  Adult Mmp1a-/- 

males and females had no obvious 

abnormalities and were fertile (26).  This 

indicates that Mmp1a (collagenase-1) 

expression is dispensable for normal mouse 

development, as has been observed with 

individual deficiency of the two other 

secreted mouse collagenases, Mmp8 

(collagenase-2) and Mmp13 (collagenase-3) 

(27, 28).  

 Given that Mmp1a is often 

upregulated in the stroma of tumor 

xenografts (9, 25), we examined tumor 

growth in Mmp1a-deficient animals using 

LLC1 cells, a highly aggressive C57BL/6-

derived lung cancer cell line (29).  LLC1 

cells (2x105) were implanted into the 
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abdominal fat pads of Mmp1a-/- and wild-

type (WT) mice.  The tumors in Mmp1a-/- 

(KO) mice grew at a significantly slower 

rate relative to WT mice over the course of 

the entire experiment (Fig. 1A). The tumors 

from the KO mice also had significantly 

smaller tumor mass as compared to WT 

mice at terminal necropsy (Fig. 1B), thereby 

implicating stromal-derived Mmp1a as an 

important factor in promoting lung cancer 

tumorigenesis.   

 The human homolog, MMP1 has 

been shown to be a pro-angiogenic factor by 

activating endothelial proliferation and 

migration through PAR1 (15, 30, 31). LLC1 

tumors were assessed for possible defects in 

angiogenesis in the Mmp1a-deficient mice. 

Immunohistochemical staining of the tumors 

for von Willebrand Factor (vWF), a specific 

marker of endothelial cells, revealed a 

significant decrease in angiogenesis in both 

the tumor edges and tumor centers in the 

Mmp1a-knockout mice as compared to wild-

type mice (Figure 2A and B).  When human 

endothelial cells were stimulated with media 

from day 12.5 mouse embryonic fibroblasts 

(MEFs) isolated from wild type or Mmp1a-

knockout mice, the Mmp1a-deficient media 

resulted in significantly less tube formation, 

and tubes that formed had decreased 

complexity (Fig. 2C-E). Together, these data 

indicate that stromal-derived Mmp1a is also 

a proangiogenic factor in tumors and in 

nascent vessel formation. 

 

Restoration of Fibroblast Mmp1a Rescues 

Tumor Formation in Mmp1a-knockout 

Mice. Tumor stroma is a complex tissue 

composed of multiple cell types that could 

potentially produce Mmp1a, especially 

stromal fibroblasts and other mesenchymal 

cells (13).  The human homolog, stromal-

derived MMP1, is a potent inducer of cancer 

cell migration, invasion and mitogenesis, in 

large part through its activation of the PAR1 

oncogene (9, 10). To determine whether 

stromal fibroblasts expressing Mmp1a could 

rescue tumorigenesis in Mmp1a-null 

animals, we isolated MEFs at embryonic 

day 12.5 from WT and Mmp1a-deficient 

mice.  Media produced from KO MEFs 

resulted in >2-fold less chemoinvasion of 

LLC1 cells as compared to media from 

wild-type MEFs (Fig. 3A).  Likewise, an 

almost identical reduction in the migration 

of A549 human lung cancer cells towards 

media from Mmp1a-deficient MEFs was 

observed (Fig. 3B).  Migration of MCF7 

breast cancer cells ectopically expressing 

PAR1 was four-fold higher towards media 

from WT MEFs as compared to Mmp1a-KO 

MEFs and inhibition of PAR1 with a small 
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molecule antagonist, RWJ-58259, caused a 

decrease in migration by 50% towards WT 

MEF media (Fig. 3C).  The PAR1 

antagonist did not completely reduce 

migration to the level observed with 

Mmp1a-KO conditioned media, suggesting 

PAR1-independent effects for Mmp1a in 

migration.  Conversely, there was a small 

additional decrease in migration following 

treatment of knockout MEF conditioned 

media with the PAR1 inhibitor RWJ-58259.  

This could be due to suppression of 

constitutive activity of PAR1-chemokinesis 

(32). 

 Given the differences we observed in 

tumor growth in vivo, we also examined the 

ability of MEF conditioned media to induce 

LLC1 proliferation in vitro.  Wild type MEF 

conditioned media induced a significant 2.2-

fold induction of LLC1 proliferation (Fig. 

3D).  Conditioned media from Mmp1a-KO 

mice MEFs resulted in a significant 

reduction in proliferation to LLC1 cells as 

compared to wild type MEF conditioned 

media.  These data demonstrate that MEFs, 

like cancer-associated fibroblasts, can 

induce cancer cell migration, invasion, and 

proliferation and that these tumor-promoting 

functions are reduced in MEFs from 

Mmp1a-KO mice.  

 To confirm that the reduced 

tumorigenesis seen in Mmp1a-KO mice is 

due to a stromal defect, we next performed 

co-implantation experiments with LLC1 

cells and MEFs.  WT and Mmp1a-KO mice 

were injected in their abdominal fat pads 

with 2x105 LLC1 cells mixed with 1x105 

wild type or Mmp1a-KO MEFs.  

LLC1/Mmp1a-KO MEF co-implants in 

Mmp1a-KO mice formed significantly 

smaller tumors (Fig. 3E).  However, this 

phenotype was completely rescued by co-

implantation of LLC1 cells with WT Mmp1a 

MEFs in the Mmp1a-KO mice, thus 

demonstrating the importance of a stromal 

source of Mmp1a in promoting 

tumorigenesis. Co-implantation with WT 

Mmp1a MEFs did not result in supergrowth 

of the LLC1 tumors in WT mice suggesting 

a maximal effect of stromal Mmp1a on 

tumor growth. 

 

Stromal Mmp1a Promotes Tumorigenesis 

Through PAR1 in LLC1 Lung Cancer.  

Lung carcinoma cells from patients and 

tumors from mice, including LLC1 (21, 33), 

express high levels of the oncogenic 

receptor for MMP1, namely PAR1 (9). We 

assessed whether the observed 

protumorigenic properties of stromal-

produced Mmp1a were dependent on PAR1 
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expression in the lung tumors. Tumor 

xenograft experiments in WT and Mmp1a-

KO mice were performed with LLC1 cells 

that were stably tranduced with a short 

hairpin-RNA (shPAR1) that silenced PAR1 

expression.  LLC1 cells silenced for PAR1 

expression were injected into the abdominal 

fat pads of WT mice and tumor growth 

monitored over 26 days.  shPAR1 

knockdown tumors grew slower than control 

shLuc LLC1 tumors at all time points in WT 

mice (Fig. 4A).  At the day 26 endpoint, 

shPAR1 tumors weighed less than control 

shLuc tumors in WT mice (Fig. 4B), 

indicating that the growth rate of the lung 

tumors was dependent at least in part on the 

expression of PAR1. LLC1 cells silenced for 

PAR1 expression were then injected into the 

abdominal fat pads of Mmp1a-KO mice and 

tumor growth monitored over 26 days.  The 

relative decreases in lung tumor growth rates 

and mass were essentially identical between 

tumors that had PAR1 silenced on the lung 

carcinoma cells and those that grew in mice 

that lacked Mmp1a expression in the stroma 

(Fig. 4A-B). Double loss of Mmp1a in the 

stroma and PAR1 in the LLC1 cells 

(KO+shPAR1) did not result in further 

decreases in lung tumor growth and mass 

(Fig. 4A-B) indicating that stromal-Mmp1a 

and PAR1 on the carcinoma cells act on the 

same, e.g. paracrine, pathway in promoting 

tumorigenesis. 

 

The Prodomains of Mmp1a and MMP1 

have Divergent Effects on Protein 

Secretion and Autocatalysis.  As human 

and mouse collagenases exert their 

tumorigenic effects as secreted factors, we 

next compared the efficiency of protein 

secretion of human MMP1 with mouse 

Mmp1a, Mmp1b and the two other related 

collagenases from mice, Mmp8 and Mmp13. 

Three heterologous expression systems, 

HEK293T, CHO-K1, and COS7, were used 

to compare protein levels of all the secreted 

collagenases.  Surprisingly, secreted Mmp1a 

protein levels were markedly lower than 

human MMP1 or mouse Mmp1b, Mmp8, 

and Mmp13 across the three expression 

systems (Supplementary Fig. S2A). We 

tested the possibility that the Mmp1a signal 

peptide was responsible for its low secretion 

efficiency.  Mmp1b, which was highly 

secreted across all the tested expression 

systems, has a signal peptide identical to that 

of Mmp1a except for a serine residue at 

position 2 instead of proline.  However, 

mutation of the Mmp1a signal peptide to 

that of Mmp1b (P2S Mmp1a) had no effect 

on secretion of Mmp1a (Supplementary 

Fig. S2B), indicating that the signal peptide 
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of Mmp1a was not responsible for its low 

levels of secretion. 

We next examined the prodomains 

of mouse Mmp1a and human MMP1 which 

are 53% identical to each other (Fig. 5A-C).  

A hPro-Mmp1a chimera was generated in 

which the prodomain of Mmp1a (residues 1-

95) was exchanged with the prodomain of 

human MMP1 (residues 1-98).  We also 

generated the complementary mPro-MMP1 

chimera for human MMP1, with residues 1-

96 of Mmp1a replacing human MMP1 

residues 1-99. Replacement of the mouse 

Mmp1a prodomain with that of human 

MMP1 resulted in massive secretion of 

soluble hPro-Mmp1a (Fig. 5D).  Conversely, 

replacement of the human prodomain with 

mouse prodomain eliminated secretion of 

the mPro-MMP1 chimera.  These data 

indicate that the mouse and human 

prodomains have widely divergent and 

dominant effects on secretion of MMP1 and 

Mmp1a from cells. 

 We next tested the hypothesis that 

the prodomain of Mmp1a might associate 

less stably with its catalytic domain and 

thereby be less effective in maintaining 

Mmp1a in the zymogen or proteolytic-‘off’ 

state as compared to human MMP1. A 

structural model of proMmp1a (Fig. 5A-B) 

was created based on the highly homologous 

proMMP1 structure (34). The cysteine-lock 

motif which acts as the fourth coordination 

residue for the catalytic zinc effectively 

sealing off the catalytic pocket, is critical for 

the auto-inhibitory effects of MMP 

prodomains on their catalytic domains (35). 

The proximal residues and geometry of the 

cysteine-lock were completely conserved 

between human MMP1 and Mmp1a (Fig. 

5B-C). However, Mmp1a residue L67 

located at the C-terminal end of helix 2 (H2) 

at the interface between the prodomain and 

catalytic domains presents a much small 

hydrophobic surface than the analogous F70 

in human proMMP1, suggesting a 

potentially weaker interaction with the 

catalytic domain surface in the active site 

cleft than the corresponding human 

counterpart (Fig. 5B-C).  In the human 

proMMP1 crystal structure, F70 interacts 

with the critical H228S229T230 of the catalytic 

domain and this phenylalanine is conserved 

in the other mouse collagenases and 

mammalian homologues of MMP1.   

To determine whether the L67 

residue contributed to the low secretion 

levels of Mmp1a, we generated a L67F point 

mutant along with a non-interacting 

substitution at the opposite end of helix 2, 

A58V (Fig. 5B-C).  The humanized L67F 

mutant exhibited increased Mmp1a 
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expression, whereas the A58V substitution 

had no enhancing effect on Mmp1a protein 

secretion  (Fig. 5D).  The increased Mmp1a 

expression with L67F was still less than that 

observed with Mmp1b (Supplementary 

Fig. S2B), which also retains the L67 

residue.  However, unlike Mmp1a, Mmp1b 

does not have any identified enzymatic 

activity, suggesting that the proteolytic 

activity (e.g. autocleavage) of Mmp1a may 

reduce Mmp1a secretion.  Consistent with 

this notion, catalytically inactive Mmp1a 

(E216A) was expressed at much higher 

levels than WT Mmp1a (Fig. 5D).  To 

determine whether autocatalysis of Mmp1a 

in the cells may be reducing secretion, we 

examined cell lysates of WT Mmp1a and the 

point mutants. As shown in Fig. 5E, WT 

Mmp1a had significant zymogen activation 

(48 kDa active form) and cleavage at the 

linker separating the catalytic domain from 

the hemopexin domain as evidenced by 

appearance of the 26 kDa C-terminal 

hemopexin domain in the cell lysates. The 

cleaved hemopexin domain was completely 

absent in the inactive E216A mutant and the 

highly secreted hPro-Mmp1a chimera as 

well as WT hMMP1.  Likewise, the 

humanized Mmp1a L67F point mutant had 

nearly no hemopexin domain cleavage 

product and much less 48 kDa active form in 

the cell lysates, further suggesting that stable 

prodomain-catalytic domain interactions 

suppress autocatalysis prior to secretion 

(Fig. 5E). 

 

DISCUSSION 

Using mice deficient in the collagenase 

Mmp1a, we show that Mmp1a is a 

functional MMP1 homologue in driving 

lung tumorigenesis with significantly less 

tumor growth and angiogenesis in Mmp1a-

deficient animals.  Loss of stromal-produced 

Mmp1a from fibroblasts isolated from 

Mmp1a-deficient mice resulted in decreased 

invasion, migration, and proliferation of 

lung carcinoma cells, and defects in 

angiogenesis. Co-implantation of wild-type 

Mmp1a fibroblasts with lung cancer cells 

with completely restored tumor growth in 

Mmp1a-deficient animals. The decrease in 

tumor growth observed in Mmp1a-deficient 

mice is consistent with observations in 

patient samples that stromal MMP1 is 

upregulated in aggressive human cancers 

(10, 17, 18, 36). Together these results 

demonstrate the importance of stromal 

Mmp1a in driving lung tumorigenesis and 

angiogenesis and suggest that the Mmp1a-

deficient mouse will be a valuable tool in 

further interrogating the (patho)physiologic 

functions of MMP1 in the mouse. 
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 The lack of a phenotype for the 

Mmp1a-deficient mouse in embryonic 

development and fertility is somewhat 

surprising yet not entirely unexpected.  In 

this regard, the majority of MMP-deficient 

animals, including the Mmp8 and Mmp13 

collagenase-deficient mice, have not 

exhibited developmental or fertility 

phenotypes (27, 28).  The dispensability of 

individual MMPs is likely due to 

redundancy or overlap in enzyme-substrate 

activity within related members of the MMP 

family (37). A key exception to this is the 

Mmp14-knockout mouse, which exhibits 

dwarfism, osteopenia, arthritis, and death 

shortly after birth (38). 

 Despite the lack of obvious 

developmental abnormalties, the Mmp1a-

deficient mice or media produced from 

Mmp1a-deficient fibroblasts exhibited 

significant defects in tumor angiogenesis 

and endothelial tube formation. This is in 

agreement with previous studies that showed 

that MMP1 triggers PAR1-dependent breast 

tumor angiogenesis and endothelial cell 

activation (9, 15, 16, 31). Endothelial PAR1 

has been shown to be critical for 

angiogenesis in the developing mouse (39) 

and is an important mediator of 

proliferation, migration, and tube formation 

of endothelial cells in vitro upon activation 

by MMP1 (15, 30, 31). MMP1-PAR1 

induces an increase in intracellular calcium 

and vWF exocytosis from HUVECs (15) 

and causes production of other pro-

angiogenic chemokines including growth-

regulated oncogene-�, IL-8, and monocyte 

chemoattractant protein-1 (30).  

Pharmacologic blockade of MMP1 activity 

(e.g. Mmp1a) in septic mice suppressed 

endothelial barrier disruption, disseminated 

intravascular coagulation, multi-organ 

failure, systemic cytokine production, and 

improved survival which was lost in Par1-

deficient mice (16).  As MMP1 small 

molecule inhibitors have exhibited 

antagonist effects on related collagenases 

(40) including negating potentially 

protective effects by MMP8 (41), this new 

Mmp1a-deficient mouse strain may prove to 

be a useful tool in studying the specific 

effects of Mmp1a on endothelial biology in 

various pathological states such as sepsis. 

 Another unexpected finding of the 

present work was the identification of 

divergent effects of the human MMP1 

versus mouse Mmp1a prodomains in 

suppressing autocatalysis and protein 

section. Substitution of the prodomain of 

Mmp1a with that of human MMP1 resulted 

in major increases in protein secretion of 

Mmp1a and loss of auto-cleavage inside the 
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cell. Conversely, the efficient secretion of 

human MMP1 was ablated upon substitution 

of its prodomain with that of mouse Mmp1a. 

Analysis of the amino acids located at the 

interface between the pro- and catalytic 

domains revealed a key pro- and catalytic 

domain interaction site in which a 

phenylalanine in human MMP1 is 

substituted for a leucine in Mmp1a.  

Modification of this residue with the human 

side-chain resulted in increased Mmp1a 

protein secretion and improved proteolytic 

stability of Mmp1a in cell lystates, 

suggesting that prodomain instability may 

regulate constitutive Mmp1a secretion. 

Alternatively, the intrinsic instability of its 

prodomain may prime Mmp1a for 

activation, making it more difficult to 

negatively regulate its activity in the tissue 

or tumor microenvironment. 

 Lastly, we found that silencing of 

PAR1 in the lung carcinoma cells 

phenocopied stromal Mmp1a-deficiency, 

underscoring the importance of cancer cell-

expressed PAR1 as a stromal Mmp1a target 

in the tumor microenvironment. In addition 

to activating PAR1, Mmp1a may modulate 

tumor-stromal interactions, angiogenesis and 

inflammation through cleavage of other 

bioactive molecules.  For example, MMP1 

and several other MMPs cleave membrane 

bound pro-tumor necrosis factor-alpha 

(proTNF-�) into its active, soluble form 

(42).  MMP1 degrades insulin-like growth 

factor binding proteins (IGFBP) thereby 

increasing bioavailability of IGF and 

inducing fibroblast proliferation (43).  

MMP1 cleavage inactivates stromal cell-

derived factor 1 alpha (SDF-1�), leading to 

decreased leukocyte and hematopoietic stem 

cell chemotaxis (44). Interleukin 1� (IL1�	, 

which is a potent inducer of MMP 

transcription, is itself a target for both 

activation and degradation by MMP1, 

suggesting a regulatory mechanism by 

which IL1� induces MMP expression and 

thereby downregulates IL1� signaling once 

sufficient MMP levels have been reached 

(45, 46). Thus, it is anticipated that the 

Mmp1a-deficient mouse will be a highly 

useful tool to help delineate and validate the 

many in vivo functions ascribed to MMP1 in 

both tumor biology and other disease 

processes. 

 

MATERIALS AND METHODS 

Plasmid DNA and Reagents.  C-terminal 

Myc-His tagged MMP1, Mmp1a, E216A 

Mmp1a, and Mmp1b in pCMV6-Entry 

(Origene) were made as previously 

described (21). The Mmp1a point mutations, 

A58V and L67F were generated by 
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QuickChange site directed mutagenesis 

(Agilent).  Oligonucleotides were purchased 

from Integrated DNA Technologies.  

Sequencing was performed by the Tufts 

University Core Facility.  The rabbit 

monoclonal anti-Myc antibody was from 

Cell Signaling.  Polyethylenimine 

transfection reagent was purchased from 

Polysciences, Inc. 

Cell Culture. Lewis lung carcinoma LLC1 

cells, CHOK1 cells, and HEK293T cells 

were purchased from American Type 

Culture Collection.  A549 human lung 

cancer cells were obtained from the National 

Cancer Institute.  Cos7 cells were a gift from 

Dr. Martin Beinborn.  Human PAR1 was 

ectopically expressed in the PAR1-null 

human breast carcinoma cell line MCF7, by 

stable transfection, as described previously 

(9). LLC1, Cos7, and HEK293T cells were 

maintained in DMEM supplemented with 

10% FBS and 1% penicillin/streptomycin.  

A549 and MCF7+PAR1 cells were 

maintained in RPMI supplemented with 

10% FBS and 1% penicillin/streptomycin. 

CHOK1 cells were maintained in F12 media 

supplemented with 10% FBS and 1% 

penicillin/streptomycin. To generate mouse 

embryonic fibroblasts (MEFs), embryos 

were harvested from Mmp1a heterozygote 

crosses at embryonic day 12.5.  Cells were 

maintained in DMEM supplemented with 

10% FBS, 1% Pen-Strep. 

Mmp1a-deficient Mice. A targeting vector 

was generated in pKO scrambler V916 

(Lexicon Genetics) that was composed of 

1.4 kb short arm encompassing exons 1-4 

and introns 1-3 of Mmp1a and 6.8 Kb long 

arm encompassing exons 6 and 7 and intron 

6 as detailed elsewhere (26). The PGK-Neo 

cassette replaced most of introns 4 and 5 and 

exon 5.  The construct was linearized and 

electroporated into 129/SvJ-derived RW4 

embryonic stem cells. Clones were selected 

for G418 resistance and screened by 

Southern blot.  Heterozygous ES cells were 

injected into C57BL/6 blastocysts and 

transferred into the uteri of pseudo-pregnant 

females.  Chimeric males were mated to 

C57BL/6 females and pups were screened 

by PCR.  Heterozygotes were backcrossed 

for 10 generations into the C57BL/6 

background.  Homozygotes and wild type 

controls were obtained by crossing 

heterozygous littermates. 

Genotyping. Genotyping PCR was 

performed with a three primer strategy using 

genomic DNA isolated from tail fragments.  

The primer sequences used were: Wild type 

allele primer (5’-3’): 

acgcattctgcctactgcaagg; Knockout allele 

primer (5’-3’): tgaccgcttcctcgtgcttta; 
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Common primer (5’-3’): 

gcagaccatggtgacaacaacc. 

Tumor Xenograft Experiments. All mouse 

experiments were conducted in accordance 

with the National Institutes of Health 

guidelines and were approved by the Tufts 

University Institutional Animal Care and 

Use Committee.  Six to nine week old 

female C57BL/6 wild type (bred in house or 

obtained from Charles River Laboratories) 

and Mmp1a-/- animals were injected with 

2x105 LLC1 cells in sterile PBS in the 

abdominal fat pad (2 inoculations per 

mouse).  Starting at day 12, palpable tumors 

were measured every other day and tumor 

volume was calculated using the equation 

(LxW2)/2.  At the day 26 endpoint, animals 

were humanely sacrificed.  Tumors were 

harvested, weighed, and formalin-fixed for 

histology. 

 Tumor-MEF co-implantation 

experiments were performed by injection of 

2x105 LLC1 and 1x105 wild type or 

knockout MEFs in sterile PBS into the 

abdominal fat pad of six to nine week old 

wild type or Mmp1a knockout females. 

Tumor growth was measured every other 

day starting at day 12.  The experiment was 

terminated at day 22 due to protocol limits 

being reached. 

To stably silence PAR1 expression 

in the LLC1 cells, PAR1-targeted and 

control luciferase-targeted shRNAs in 

pLKO.1-Puro were constructed as described 

previously (21). Briefly, lentiviral particles 

were generated by triple transfection of 

pLKO.1-Puro, pMD.G, and pCMV-dR8.9 in 

HEK293T using the calcium phosphate 

method. Lentiviral   supernatants were 

harvested 24 h after transfection.  Cells were 

transduced overnight with viral supernatant 

diluted 1:1000 in the presence of 8 �g/mL 

polybrene.  Cells were selected with 3 

�g/mL puromycin for 5 d beginning 48 h 

after transfection.   

Histology. Parafin-embedding, sectioning, 

and immunohistochemistry for Von 

Willebrand Factor were performed by the 

Tufts Medical Center Pathology department.  

Quantification of the number of vWF-

positive blood vessels was performed in a 

blinded fashion by counting the number of 

blood vessels per 50 fields at 40X 

magnification, in viable/non-necrotic 

regions of the tumors. 

Endothelial Tube Formation. MatTek 

plates were chilled and coated with 100 �l 

Matrigel.  HUVEC cells (3.5 x 104, p2-5) in 

EBM2 media with 0.5% BSA were plated 

on top.  The cells were stimulated with MEF 

conditioned media (diluted 1:2, from 1 x 106 
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MEFs following 24h conditioning in 0.5% 

BSA DMEM). Endothelial tubes were 

observed after 6 hours under phase contrast 

inverted microscopy (4X magnification). 

ImageJ software was used to quantify tubal 

length and branch complexity from digital 

images (n=4).  

Migration and Invasion Assays. All 

migration and invasion assays were 

performed using Boyden chambers with 8 

�m pores (Costar) and all cells were starved 

overnight in 0.1% FBS (migration) or 1% 

FBS (invasion).  For migration, 5 x 104 

A549 or MCF7+PAR1 cells in 0.1% FBS 

were placed in the top chamber and allowed 

to migrate towards MEF conditioned media 

(harvested from 1 x 106 cells in 0.1% FBS 

over 24 h) in the lower chamber.  After 18h 

migration, unmigrated cells were removed 

from the upper chamber and membranes 

were stained using the Hema3 system 

(Fisher).  Chemo-invasion was performed by 

crosslinking 50 �g of type I rat tail collagen 

atop a Boyden membrane.  MEF 

conditioned media was used as a 

chemoattractant in the lower well.  LLC1 

cells (2 x 104) in 1% FBS DMEM were 

placed in the upper chamber and allowed to 

invade for 48 h.  Non-invasive cells were 

removed and membranes stained using the 

Hema3 system.  Both the migration and 

invasion assays were quantified by counting 

the number of cells per 9 fields at 16X 

magnification and this number was 

multiplied by 9.17 to determine the total 

number of cells on the membrane (47).  

Heterologous Expression System. 

HEK293T cells were passaged 1-3 h before 

transfection with C-terminal Myc-His 

tagged MMP constructs in pCMV6-Entry 

via calcium phosphate. CHOK1 and Cos7 

cells were transfected with polyethylenimine 

(PEI)  using a 1:3 DNA:PEI ratio.  The 

following day, the transfection media was 

removed and replaced with 0.1% FBS 

DMEM.  After 48 h, the conditioned media 

and cells were harvested.   Protein 

expression was determined by western 

blotting of 40 �l conditioned media or 40 �g 

lysate for Myc-tag expression. 

Mmp1a Modeling. Mmp1a was homology 

modeled using SWISS-MODEL 

(swissmodel.expasy.org) (48).  The human 

pro-MMP1 structure was used as the 

template structure (PDB code 1su3).  Images 

were generated using the PyMOL software 

package. 

Statistical Analysis. Significance was 

determine by two tailed, heteroscedastic T 

test with significance defined as p < 0.05. If 

multiple cohorts were compared, one-way 
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ANOVA was performed initially followed 

by T test using Kaleidagraph software 

package. 

 

REFERENCES 

 
1. Boström P, et al. (2011) MMP-1 expression has an independent prognostic value in 

breast cancer. BMC Cancer 11:348. 
2. Smith V, Wirth GJ, Fiebig HH, & Burger AM (2008) Tissue microarrays of human tumor 

xenografts: characterization of proteins involved in migration and angiogenesis for 
applications in the development of targeted anticancer agents. Cancer Genomics 
Proteomics 5(5):263-273. 

3. Kanamori Y, et al. (1999) Correlation between expression of the matrix 
metalloproteinase-1 gene in ovarian cancers and an insertion/deletion polymorphism in 
its promoter region. Cancer Research 59(17):4225-4227. 

4. Nikkola J, et al. (2002) High expression levels of collagenase-1 and stromelysin-1 
correlate with shorter disease-free survival in human metastatic melanoma. Int J Cancer 
97(4):432-438. 

5. Murray GI, Duncan ME, O'Neil P, Melvin WT, & Fothergill JE (1996) Matrix 
metalloproteinase-1 is associated with poor prognosis in colorectal cancer. Nat Med 
2(4):461-462. 

6. Murray GI, et al. (1998) Matrix metalloproteinase-1 is associated with poor prognosis in 
oesophageal cancer. J. Pathol. 185(3):256-261. 

7. Goldberg GI, et al. (1986) Human fibroblast collagenase. Complete primary structure and 
homology to an oncogene transformation-induced rat protein. J Biol Chem 261(14):6600-
6605. 

8. Egeblad M & Werb Z (2002) New functions for the matrix metalloproteinases in cancer 
progression. Nat Rev Cancer 2(3):161-174. 

9. Boire A, et al. (2005) PAR1 is a matrix metalloprotease-1 receptor that promotes 
invasion and tumorigenesis of breast cancer cells. Cell 120(3):303-313. 

10. Agarwal A, et al. (2008) Targeting a metalloprotease-PAR1 signaling system with cell-
penetrating pepducins inhibits angiogenesis, ascites, and progression of ovarian cancer. 
Molecular Cancer Therapeutics 7(9):2746-2757. 

11. Blackburn JS, Liu I, Coon CI, & Brinckerhoff CE (2009) A matrix metalloproteinase-
1/protease activated receptor-1 signaling axis promotes melanoma invasion and 
metastasis. Oncogene 28(48):4237-4248. 

12. Deryugina EI & Quigley JP (2006) Matrix metalloproteinases and tumor metastasis. 
Cancer Metastasis Rev 25(1):9-34. 

13. Eck SM, Blackburn JS, Schmucker AC, Burrage PS, & Brinckerhoff CE (2009) Matrix 
metalloproteinase and G protein coupled receptors: co-conspirators in the pathogenesis of 
autoimmune disease and cancer. J Autoimmun 33(3-4):214-221. 

14. Nguyen N, Kuliopulos A, Graham RA, & Covic L (2006) Tumor-derived Cyr61(CCN1) 
promotes stromal matrix metalloproteinase-1 production and protease-activated receptor 
1-dependent migration of breast cancer cells. Cancer Res 66(5):2658-2665. 



Results 
 

109 

 

 
Deficiency of Mmp1a suppresses lung tumorigenesis 

15 

15. Goerge T, et al. (2006) Tumor-derived matrix metalloproteinase-1 targets endothelial 
proteinase-activated receptor 1 promoting endothelial cell activation. Cancer Res. 
66(15):7766-7774. 

16. Tressel SL, et al. (2011) A matrix metalloprotease-PAR1 system regulates vascular 
integrity, systemic inflammation and death in sepsis. EMBO Mol Med 3(7):370-384. 

17. Bolon I, et al. (1995) Expression of c-ets-1, collagenase 1, and urokinase-type 
plasminogen activator genes in lung carcinomas. Am J Pathol 147(5):1298-1310. 

18. Vizoso FJ, et al. (2007) Study of matrix metalloproteinases and their inhibitors in breast 
cancer. Br J Cancer 96(6):903-911. 

19. Saarinen J, Welgus HG, Flizar CA, Kalkkinen N, & Helin J (1999) N-glycan structures of 
matrix metalloproteinase-1 derived from human fibroblasts and from HT-1080 
fibrosarcoma cells. Eur. J. Biochem. 259(3):829-840. 

20. Balbín M, et al. (2001) Identification and enzymatic characterization of two diverging 
murine counterparts of human interstitial collagenase (MMP-1) expressed at sites of 
embryo implantation. J Biol Chem 276(13):10253-10262. 

21. Foley CJ, et al. (2012) Matrix metalloprotease-1a promotes tumorigenesis and metastasis. 
J Biol Chem 287:24330-24338. 

22. Nuttall RK, et al. (2004) Expression analysis of the entire MMP and TIMP gene families 
during mouse tissue development. FEBS Letters 563(1-3):129-134. 

23. Hartenstein B, et al. (2006) Epidermal development and wound healing in matrix 
metalloproteinase 13-deficient mice. J Invest Dermatol 126(2):486-496. 

24. Tomita M, et al. (2007) Mouse model of paraquat-poisoned lungs and its gene expression 
profile. Toxicology 231(2-3):200-209. 

25. Pfaffen S, Hemmerle T, Weber M, & Neri D (2010) Isolation and characterization of 
human monoclonal antibodies specific to MMP-1A, MMP-2 and MMP-3. Experimental 
Cell Research 316(5):836-847. 

26. Fanjul-Fernandez M, et al. (2012) Mice deficient in matrix metalloproteinase Mmp1a 
show decreased susceptibiity to chemically-induced lung cancer. Submitted. 

27. Balbín M, et al. (2003) Loss of collagenase-2 confers increased skin tumor susceptibility 
to male mice. Nat Genet 35(3):252-257. 

28. Stickens D, et al. (2004) Altered endochondral bone development in matrix 
metalloproteinase 13-deficient mice. Development 131(23):5883-5895. 

29. Bertram JS & Janik P (1980) Establishment of a cloned line of Lewis Lung Carcinoma 
cells adapted to cell culture. Cancer Lett 11(1):63-73. 

30. Agarwal A, et al. (2010) Identification of a metalloprotease-chemokine signaling system 
in the ovarian cancer microenvironment: implications for antiangiogenic therapy. Cancer 
Research 70(14):5880-5890. 

31. Blackburn JS & Brinckerhoff CE (2008) Matrix metalloproteinase-1 and thrombin 
differentially activate gene expression in endothelial cells via PAR-1 and promote 
angiogenesis. Am. J. Pathol. 173(6):1736-1746. 

32. Kamath L, Meydani A, Foss F, & Kuliopulos A (2001) Signaling from Protease-activated 
Receptor-1 Inhibits Migration and Invasion of Breast Cancer Cells. Cancer Res. 61:5933-
5940. 

33. Cisowski J, et al. (2011) Targeting protease-activated receptor-1 with cell-penetrating 
pepducins in lung cancer. Am J Pathol 179(1):513-523. 



Results 
 

110 

 

 
Deficiency of Mmp1a suppresses lung tumorigenesis 

16 

34. Jozic D, et al. (2005) X-ray structure of human proMMP-1: new insights into 
procollagenase activation and collagen binding. J Biol Chem 280(10):9578-9585. 

35. Van Wart HE & Birkedal-Hansen H (1990) The cysteine switch: a principle of regulation 
of metalloproteinase activity with potential applicability to the entire matrix 
metalloproteinase gene family. Proc Natl Acad Sci USA 87(14):5578-5582. 

36. Heppner KJ, Matrisian LM, Jensen RA, & Rodgers WH (1996) Expression of Most 
Matrix Metalloprotease Family Members in Breast Cancer Represents a Tumor-Induced 
Host Response. Am. J. Pathol. 149:273-282. 

37. Gill SE, Kassim SY, Birkland TP, & Parks WC (2010) Mouse models of MMP and 
TIMP function. Methods Mol Biol 622:31-52. 

38. Holmbeck K, et al. (1999) MT1-MMP-deficient mice develop dwarfism, osteopenia, 
arthritis, and connective tissue disease due to inadequate collagen turnover. Cell 
99(1):81-92. 

39. Griffin CT, Srinivasan Y, Zheng Y-W, Huang W, & Coughlin SR (2001) A Role for 
Thrombin Receptor Signaling in Endothelial Cells During Embryonic Development. 
Science 293:1666-1670. 

40. Odake S, et al. (1994) Inhibition of matrix metalloproteinases by peptidyl hydroxamic 
acids. Biochem. Biophys. Res. Commun. 199:1442-1446. 

41. Vanlaere I & Libert C (2009) Matrix metalloproteinases as drug targets in infections 
caused by gram-negative bacteria and in septic shock. Clin Microbiol Rev 22(2):224-239, 
Table of Contents. 

42. Gearing AJ, et al. (1994) Processing of tumour necrosis factor-alpha precursor by 
metalloproteinases. Nature 370(6490):555-557. 

43. Fowlkes JL, Enghild JJ, Suzuki K, & Nagase H (1994) Matrix metalloproteinases 
degrade insulin-like growth factor-binding protein-3 in dermal fibroblast cultures. J Biol 
Chem 269(41):25742-25746. 

44. McQuibban GA, et al. (2001) Matrix metalloproteinase activity inactivates the CXC 
chemokine stromal cell-derived factor-1. J Biol Chem 276(47):43503-43508. 

45. Ito A, et al. (1996) Degradation of interleukin 1beta by matrix metalloproteinases. J Biol 
Chem 271(25):14657-14660. 

46. Schönbeck U, Mach F, & Libby P (1998) Generation of biologically active IL-1 beta by 
matrix metalloproteinases: a novel caspase-1-independent pathway of IL-1 beta 
processing. J Immunol 161(7):3340-3346. 

47. Kamath L, Meydani A, Foss F, & Kuliopulos A (2001) Signaling from protease-activated 
receptor-1 inhibits migration and invasion of breast cancer cells. Cancer Res 
61(15):5933-5940. 

48. Schwede T, Kopp J, Guex N, & Peitsch MC (2003) SWISS-MODEL: an automated 
protein homology-modeling server. Nucleic Acids Res 31(13):3381-3385. 

 
 
 
ACKNOWLEDGEMENTS. We are grateful to Sheida Sharifi for her expertise in quantifying 

tumor angiogenesis, and Rutika V. Pradhan and Namrata Nammi for analysis of endothelial tube 

formation . This work was supported in part by NIH grants F30-HL104835 (to CJF), CA122992, 

HL64701 (to AK) and CA104406 (to LC). 



Results 
 

111 

 

 
Deficiency of Mmp1a suppresses lung tumorigenesis 

17 

 
FIGURES  
 

 
Fig. 1. Stromal Mmp1a-deficiency attenuates growth of lung tumors. (A) Growth of Lewis lung 

carcinoma (LLC1) cells (2 x 105) implanted subcutaneously into the abdominal fat pad of Mmp1a+/+ 

(n=20) or Mmp1a-/- (n=12) C57BL/6 female mice. (B) Excised tumor mass at the experiment endpoint, 

day 26. ***p<0.001 by heteroscedastic T-Test at each time point in both genetic backgrounds. 
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Fig. 2. Tumor angiogenesis is suppressed in Mmp1a-deficient animals (A) Von Willebrand Factor 

(vWF) immunohistochemistry on LLC1 subcutaneous tumors from wild type or Mmp1a-/- mice (40X 

magnification). (B) Number of vWF-positive blood vessels as determined by the sum of 50 fields (40X) per 

tumor, n=10 per cohort.  (C-E) Tube formation of primary human endothelial cells (HUVECs) following 

6 h stimulation with media isolated from the embryonic fibroblasts (MEFs) of wild-type or Mmp1a-

deficient mice.  4X phase contrast micrographs of representative (C) cultures with corresponding 

quantification of (D) tubal length and (E) branch point complexity (arbitrary units). All P values were 

determined by heteroscedastic T-Test. 
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Fig. 3. Stromal Mmp1a promotes proliferation, migration, and tumorigenesis of lung cancer. (A) LLC1 

chemoinvasion through type I collagen towards Mmp1a+/+ (WT) or Mmp1a-/- (KO) MEF conditioned 

media (CM). (B) Migration of the human lung cancer cell line A549 toward WT or KO MEF conditioned 

media. (C) Migration of MCF7 breast cancer cells ectopically expressing PAR1 towards MEF 

conditioned media in the absence (black) or presence (white) of the small molecule PAR1 antagonist, 

RWJ-58259 (3 μM). (D) 96 h MTT proliferation of LLC1 cells in response to 10% FBS or MEF 

conditioned media. (E), Tumor growth in Mmp1a+/+ (WT) or Mmp1a-/- (KO) mice co-implanted with 2 x 

105 LLC1 and 1 x 105 Mmp1a+/+ (WT MEF) or Mmp1a-/- (KO MEF) fibroblasts (n=12-16 per cohort). * 

p<0.05, **p<0.005, ***p<0.001 by heteroscedastic T-Test. 
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Fig. 4. Stromal Mmp1a promotes the growth of lung cancer through PAR1.  (A) Tumor growth 

following subcutaneous implantation of 200,000 shLuc control (n=10-20) versus shPAR1 (n=10) 

transduced LLC1 cells in Mmp1a+/+ (WT) or Mmp1a-/- (KO) mice.  (B) Mass of excised LLC1 tumors at 

the day 26 endpoint.  # p=0.06, *p<0.05 by one-way ANOVA followed by T-test. 
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Fig. 5. Mmp1a and MMP1 prodomain-catalytic domain interactions regulate secretion and 

autocatalysis. (A) Structure of Mmp1a as predicted by homology modeling with human proMMP1 

showing the prodomain (yellow), catalytic domain (blue), linker (green), and hemopexin domain 

(orange). Black arrow-zymogen activating cleavage site; arrow head-linker cleavage site resulting in loss 

of hemopexin domain. (B) Docking of the Mmp1a prodomain (yellow) onto the catalytic domain/active 

site region (blue) of Mmp1a.  Residues A58 and L67 in helix 2 (H2) are highlighted in red while the 
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corresponding human residues V61 and F70, respectively are depicted in green. (C) Alignment of human 

MMP1, Mmp1a, and Mmp1b depicting the structural motifs within the prodomain; H=helix, L=linker.  

Point mutations are highlighted in black.  (D) Secretion of Mmp1a and MMP1 prodomain mutants into 

the media of transfected HEK293T cells as determined by anti-Myc Western blot. (E) MMP expression 

levels in cell lysates (40 mg) of transfected HEK293T cells, showing proMMP (56 kDa), active MMP 

(48 kDa), and hemopexin degradation product (26 kDa). 
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V. The mutational landscape of head and neck carcinomas 

HNSCC is an aggressive malignancy but the molecular mechanisms 

underlying its progression are largely unknown. HNSCC has been described as a 

multistep cancer process, but the few identified genes associated with the 

progression of this disease have not resulted in effective therapeutic approaches. 

Over the last few years, the development of next-generation sequencing 

techniques has improved our current knowledge of many tumor types. 

Accordingly, to better understand the molecular pathogenesis of HNSCC, we 

performed whole-exome sequencing of matched tumor and normal HNSCC 

samples. Among the more than 500 genes we found mutated in these tumors, we 

finally pointed to two genes encoding cell-cell adhesion proteins, as novel 

recurrently mutated genes in this aggressive malignancy.   

 

Article 5: Miriam Fanjul-Fernández, Víctor Quesada, Rubén Cabanillas, 

Juan Cadiñanos, Tania Fontanil, Álvaro Obaya, José L. Llorente, Aurora Astudillo, 

Santiago Cal and Carlos López-Otín. “Cell-cell adhesion genes CTNNA2 and 

CTNNA3 are novel tumor suppressors frequently mutated in head and neck 

carcinomas”. 
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Head and neck squamous cell carcinoma (HNSCC) is the sixth most common 

malignancy worldwide, representing a significant cause of morbidity and mortality. 

To explore the biological basis of HNSCC, we performed exome sequencing in four 

tumor-normal pairs. Among the 569 genes found to present somatic mutations, we 

selected 40 for further mutational analysis in 86 additional HNSCCs based on their 

recurrency or their potential cancer relevance. Notably, we detected frequent 

mutations in the cell-cell adhesion genes CTNNA2 and CTNNA3 (8% in each of them). 

Functional studies revealed a remarkable increase in the migration and invasive 

ability of HNSCC cells after CTNNA2 and CTNNA3 silencing. In addition, HNSCC 

cells overexpressing mutated forms of each gene show increased migration and 

invasive ability compared to HNSCC cells overexpressing their wild-type 

counterparts. Analysis of the clinical relevance of these mutations demonstrated that 

they are associated with poor prognosis. Taken together, these findings suggest that 

CTNNA2 and CTNNA3 are novel tumor suppressor genes which are commonly 

mutated in HNSCC.   

 

 
HNSCC is a frequent human malignancy, being smoking and alcohol abuse the 

most important risk factors1. Several studies have converged in the identification of key 

HNSCC-genes, which have contributed to a better understanding of the biological basis of 

this malignancy. Notwithstanding, survival rates for HNSCC have not markedly improved 

in recent decades and only 40-50% of patients survive over 5 years2. The large biological 

and clinical heterogeneity of this disease hampers accurate prognostication, treatment 

planning and identification of causative cancer genes. Moreover, given the metastatic 

potential of HNSCC, a deeper understanding of the molecular mechanisms that lead to 

invasion and spread of neoplastic cells could be instrumental in improving the clinical 

management of this disease. 

 

To better understand the molecular pathogenesis of HNSCC, we first performed 

whole-exome sequencing of matched tumor and normal samples from four individuals with 

a clinical history of tobacco and alcohol abuse (Supplementary Table 1). We achieved 
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106-fold mean sequence coverage of targeted exonic regions. On average, 89% of the 

exome positions were covered by more than 8 reads with Phred quality higher than 30 

(callable exome) (Supplementary Table 2). We identified a median of 260 somatic 

mutations per case, which represents about 7 mutations per Mb of sequenced DNA 

(Supplementary Table 3). This mutational rate agrees with data recently reported for this 

type of cancer as well as for other smoking-related malignancies3-5. Consistent with other 

smoker-related tumor studies, the most common substitution was G>T/C>A 

(Supplementary Fig. 1). Analysis of the identified somatic mutations predicted that 611 of 

them result in protein-coding changes in 569 genes (Supplementary Table 4). To 

determine whether any of these genes was recurrently mutated, we next analyzed a 

validation set of 86 HNSCC cases, in which tumors in most head and neck anatomic sites 

were represented (oral cavity, oropharynx, hypopharynx, larynx and sinonasal cavity) 

(Supplementary Table 5). We focused on 40 genes mutated in more than one of the four 

exome-sequenced HNSCCs, or whose biological function was presumed to be relevant for 

tumor development (Supplementary Table 6). Then, we used a pooled-sequencing 

strategy with ability to identify recurrently mutated genes, as assessed in previous genomic 

studies of chronic lymphocytic leukemia6. As a positive control, we used the well-known 

tumor suppressor TP53 which is recurrently mutated in HNSCC. Analysis of these 86 

HNSCC cases led us to identify CTNNA2 and CTNNA3, encoding cell-cell adhesion �-

catenins, as novel recurrently mutated genes in this aggressive malignancy (Fig. 1). We 

found seven tumors with mutations in CTNNA2 and six tumors with mutations in CTNNA3, 

including one case harboring two different missense mutations (Supplementary Table 7). 

These cell-cell adhesion genes were among the most frequently mutated genes (15% when 

considered together) in our patient series. Only the classical tumor suppressor p53 showed a 

clearly higher mutational frequency. Interestingly, we found three HNSCC cases harboring 

mutations in both genes (P=0.005), suggesting that these mutations could have synergic 

effects (Supplementary Table 7). Analysis of the mutational spectrum in both genes is 

consistent with the hypothesis that CTNNA2 and CTNNA3 might act as HNSCC-tumor 

suppressor genes (Fig. 1). Thus, thirteen of the identified mutations were predicted to result 

in damaged protein, three of them through premature stop codons (Supplementary Table 

7). Additionally, exploration of the COSMIC database revealed that mutations in both �-
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catenin genes have been annotated in different malignancies (Fig. 1), thereby expanding the 

oncological interest of these genes beyond HNSCC.   

 

CTNNA2 and CTNNA3 are key proteins of the adherens junctional complex in 

epithelial cells and play a crucial role in cellular adherence7. To investigate the functional 

relevance of CTNNA2 and CTNNA3 in HNSCC cells, we performed both RNA interference 

(CT2i and CT3i) and cDNA overexpression (CT2o and CT3o) studies of both genes and 

interrogated key biological processes for tumor progression. We first carried out a cell 

adhesion profile assay which revealed that silencing and overexpression of CTNNA2 and 

CTNNA3 mainly affect laminin-dependent adhesion (Supplementary Fig. 2). 

Subsequently, we analyzed by time-lapse microscopy the capacity of HNSCC cells to 

migrate through a scratch wound in laminin-coated plates. These experiments revealed that 

CTNNA2 and CTNNA3 silencing confers these malignant cells an enhanced ability to 

migrate through the wound compared with control cells (Supplementary Fig. 3, movies 1 

and 2). Conversely, clones overexpressing these �-catenin genes showed a marked 

decrease in their migration speed (Supplementary Fig. 3, movies 3 and 4). To study 

whether silencing of both genes has a synergic effect, as suggested by the relatively high 

frequency of concurrent somatic mutations in both genes, we generated CTNNA2 and 

CTNNA3 double-interfered HNSCC cells. Time-lapse migration experiments demonstrated 

that, when both genes are silenced, cells migrate faster than when either single gene is 

knocked down (Supplementary Fig. 3, movie 5).  

 

We next evaluated the invasive capacity of HNSCC cells with loss- or gain-of- 

function of these �-catenins. We found that CTNNA2- and CTNNA3-silenced clones 

showed enhanced ability to invade a Matrigel matrix, whilst cells overexpressing these �-

catenin genes exhibited a considerably reduced invasive ability (Fig. 2). We also observed 

that changes in the expression levels of both genes did not seem to affect the proliferation 

rate of HNSCC cells (data not show). To gain insight into the role of the identified 

mutations in CTNNA2 and CTNNA3, we performed site-directed mutagenesis experiments 

on some selected residues of both �-T-catenin genes. Cells overexpressing CTNNA2-

S132Y, CTNNA2-E266* or CTNNA3-R628P showed enhanced ability to migrate through 
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the wound compared with cells overexpressing wild-type cDNAs (Supplementary Fig. 3, 

movies 6-8). Likewise, these mutations increased the capacity of cells to invade a Matrigel 

matrix (Fig. 2). Collectively, these results are consistent with the hypothesis that CTNNA2 

and CTNNA3 are tumor suppressor genes, whose genetic inactivation endows HNSCC cells 

with migration and invasion advantages which may contribute to the progression of these 

aggressive malignancies.  

 

To further explore the molecular mechanisms underlying the observed alterations 

caused by CTNNA2 and CTNNA3 mutations, we next investigated how changes in these 

genes affect relevant biochemical pathways involving cell-cell adhesion. Since these �-

catenins interact with �-catenin8, we examined the phosphorylation status of this 

downstream component of the Wnt/Wingless pathway, which is altered in many types of 

cancer. We found that overexpression of CTNNA2 and CTNNA3 in HNSCC cells grown on 

laminin causes a substantial decrease in phosphorylation levels of �-catenin at Ser-552 

(Supplementary Fig. 4). Conversely, silencing of CTNNA2 and CTNNA3 in HNSCC cells 

increases phosphorylation levels of this �-catenin residue (Supplementary Fig. 4). 

Phosphorylation of �-catenin at Ser552 results in its translocation from cell-cell contacts 

into cytosol and nucleus9. This loss of �-catenin at cell adherens junctions might cause 

breaking down of cell-cell contacts, explaining the cell scattering phenotype associated 

with simultaneous CTNNA2 and CTNNA3 down-regulation10. It is well established that 

once �-catenin is translocated into the nucleus, it activates transcription factors of the 

TCF/LEF-1 family9. Therefore, we performed TCF/LEF-1 luciferase reporter assays to 

evaluate the putative changes in the activity of these transcription factors caused by 

CTNNA2 and CTNNA3 mutations in HNSCC. Silencing of CTNNA2 and CTNNA3 led to a 

significant increase of TCF/LEF-1 transcriptional activity when compared with control 

cells. In contrast, up-regulation of CTNNA2 and CTNNA3 in HNSCC cells was associated 

with reduced luciferase activity (Supplementary Fig. 5). Likewise, overexpression of 

S132A and E266* CTNNA2 mutants as well as that of C622F and R628P CTNNA3 mutants 

increased the TCF/LEF-1 transcriptional activity compared with cells overexpressing wild-

type genes (Supplementary Fig. 5). Thus, down-regulation of CTNNA2 and CTNNA3 

increases phosphorylation of �-catenin at Ser552, which might cause its disassociation from 
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cell-cell contacts, increasing its transcriptional activity and inducing the expression of 

genes that favor tumor progression. 

 

Finally, to evaluate the impact of CTNNA2 and CTNNA3 mutations in the clinical 

outcome of HNSCC patients, we examined the available clinical data of 86 patients in the 

validation series, including 7 with mutations in CTNNA2 and/or CTNNA3 (Supplementary 

Table 5). Then, we constructed a multivariate Cox proportional hazards model including 

the stage of each tumor as a co-variable. This analysis showed that patients in a given stage 

are 4 times more likely to die if they have tumors with CTNNA2 or CTNNA3 mutations  

(hazard ratio 4.209; 95% confidence interval, 1.045–16.949; P=0.027), which suggests that 

mutations in these genes are associated with worse clinical prognosis. 

 

High-throughput genomic experiments offer unprecedented opportunities to unveil 

tumor suppressors whose mutational frequencies preclude their identification using 

traditional techniques. Here, we have used whole-exome and pooled sequencing to identify 

for the first time CTNNA2 and CTNNA3 as moderately frequent and possibly synergic 

mutational targets in HNSCC. Functional and clinical studies suggest that both genes may 

act as tumor suppressors in this severe malignancy through their ability to affect cell-cell 

adhesion pathways. Therefore, these catenins may offer new candidate targets for the 

development of drugs that may help the treatment of HNSCC.  
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Supplementary Information 
(Fanjul-Fernández et al. Cell-cell adhesion genes CTNNA2 and CTNNA3 are 
novel tumor suppressors frequently mutated in head and neck carcinomas) 

 

DNA isolation from human specimens   
We obtained from each patient (Supplementary Table 1) surgically resected tumor 

samples and matched blood samples. To obtain tumor genomic DNA, approximately 10 mg 

of fresh-frozen tumor tissue were lysed in 360 �l of ATL buffer supplemented with 40 �l of 

proteinase K for 2-16 h. After complete macroscopic digestion, the lysate was mixed with 

400 �l of AL buffer to homogeneization, and then 400 �l of 100% EtOH were added, 

followed by thorough vortexing for 15 s and 5 min incubation at room temperature. 

Genomic DNA was then precipitated by 10 min centrifugation at 4 ºC and 20,000 x g, 

washed with 70% EtOH, air-dried and resuspended in 50-100 �l of AE buffer. ATL, AL, 

proteinase K and AE buffer were from Qiagen. Germline genomic DNA was obtained from 

blood samples using the Flexigene kit (Qiagen), according to manufacturer's instructions. 

The experiments were conducted in accordance with the Hospital Universitario Central de 

Asturias Ethics Committee, and written informed consent was obtained from each 

individual providing biological samples. 

 

Exome-enrichment 
Three μg of genomic DNA from each sample were sheared and used for the 

construction of a paired-end sequencing library as previously described in the Paired-End 

sequencing sample preparation protocol provided by Illumina1. Enrichment of exonic 

sequences was then performed for each library using the Sure Select Human All Exon Kit 

50 Mb (Agilent Technologies) following the manufacturer´s instructions. Exon-enriched 

DNA was pulled down by magnetic beads coated with streptavidin (Invitrogen), and was 

followed by washing, elution and 18 additional cycles of amplification of the captured 

library. Exon enrichment was validated by real-time PCR in a 7300 Real-Time PCR 

System (Applied Biosystems) using a set of two pairs of primers to amplify exons and one 

pair to amplify an intron. Enriched libraries were sequenced using two lanes of an Illumina 

GAIIx. 
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Read mapping and processing 
 For exome sequencing, reads from each library were mapped to the human reference 

genome (GRCh37) using BWA2 with the sampe option, and a BAM file was generated 

using SAMtools3. Reads from the same paired-end libraries were merged and optical or 

PCR duplicates were removed using Picard (http://picard.sourceforge.net/index.shtml). 

Statistics about the number of mapped reads and depth of coverage for each sample are 

shown in Supplementary Table 2. For the identification of somatic substitutions, we used 

the Sidrón algorithm, which has been previously described4. The frequencies of machine 

error were estimated by examining 3 x 105 likely homozygous positions (coverage higher 

than 15, fraction of non-reference bases lower than 0.1). Due to the contamination of tumor 

samples with normal tissue, the cutoff S values were lowered to 11 for positions with 

coverage higher than 20. The validation rate of the somatic mutations detected by Sidrón 

was higher than 90% as assessed by Sanger sequencing. 

 

Somatic mutation identification in pooled samples (SMIPS) 
To discover recurrent somatic mutations in the validation series, we performed a 

screening in a set of 86 additional HNSCC cases (Supplementary Table 5) using a 

combination of pooled samples, PCR amplification and high-throughput sequencing. We 

used a modified method for the analysis of pooled samples5. Briefly, we amplified each 

selected exon from two pools containing equal amounts of tumor and normal DNA 

respectively from the patients. The primers used in this step are described in 

Supplementary Table 8. To obtain sufficient coverage, we mixed equal amounts of the 

resulting 466 amplicons in four pools for each sample. Each pool was sequenced in one 

lane of an Illumina GAIIx sequencer for an average coverage of about 105 over 225,698 

bases. 

 

 

Mutation validation  
To deconvolute the sequencing data generated by SMIPS, we analyzed each tumor 

DNA from the validation set by using SNaPShot (Life Technnologies), according to 
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manufacturer's instructions. We performed two separate SNaPShot reactions per tumor 

DNA, one for CTNNA2 and one for CTNNA3, using the primers shown in Supplementary 

Table 9. The presence of the corresponding mutation identified by SNaPShot was verified 

by Sanger sequencing using a 3130XL Genetic Analyzer and the primers described in 

Supplementary Table 8. 

 

 

Cells and cell culture conditions 
The human squamous cell carcinoma cell line SCC-2 was cultured in complete 

medium Dulbecco´s Modified Eagle Medium (DMEM, Invitrogen) containing 10% fetal 

bovine serum (FBS), 2% Hepes, 1% non-essential amino acids and 1% penicillin-

streptomycin-glutamine. For overexpression experiments, cells at 80% confluence were 

transfected using Lipofectamine 2000 (Invitrogene) with the full-length human cDNA of 

CTNNA2 and/or CTNNA3 (Origene, RC208731 and RC226241, respectively). For 

knockdown experiments, cells were transduced with a set of four retroviral short-hairpin 

RNA (shRNA) vectors based on the pLKO.1 vector and designed to specifically target 

human CTNNA2 and/or CTNNA3 transcripts (Origene, TG313667 and TG313666 
respectively), using HEK-293T cells for virus packaging. CTNNA2 and CTNNA3 mutant 

DNAs were created using a Stratagene QuikChange II Site-Directed Mutagenesis kit 

(Agilent Technologies). Transfected clones were selected during 5-7 days with 400 μg/ml 

of G418 for overexpressing clones and 1.1 μg/mL puromycin for silencing clones. All cell 

lines were analyzed by Western blot to confirm expression or silencing. 

 

Cell adhesion assays 
 The adhesion capacity of different cell pools was analyzed with the ECM Cell 

Adhesion Array kit (Colorimetric) (EMD Biosciences, ECM540 96 wells) following 

manufacturer’s instructions. Briefly, 6 x 105 cells were incubated in the ECM Array during 

3 hours. After cell lysis, the absorbance was measured at 485 nm using a Synergy H4 

Hybrid reader. All data are the mean of three independent experiments. 

 

Time-lapse migration assays 
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 For cell migration assays, laminin (15 μg/ml; Sigma L2020) were coated for 2 h 

at 37 ºC on Ibidi uncoated μ-Dishes (Ibidi 81151). 6 x 105 cells were seeded 6 h before 

performance of the experiment on coated dishes with culture inserts (Ibidi 80209) until 

complete adhesion. Inserts were removed defining a cell free gap of around 500 μm, and 

cells were overlayed with 2 ml of culture media. Migration of cells were time-lapse 

recorded in a Zeiss Axiovert 200 microscope during 12 h, with a XL-multi S1 incubator 

and using Axiovision software. Migration areas at different time points were calculated 

using ImageJ. 

 

In vitro invasion assays 
The in vitro invasion potential of different SCC-2 cell lines was evaluated using 

Matrigel-coated invasion chambers with an 8-Am pore size (BD Biosciences). For each 

experiment, 2.5 x 105 cells per well were allowed to migrate for 27h through the Matrigel-

coated membranes using 3% FBS as chemoattractant. Cells that reached the lower surface 

of the membrane were stained. The total number of cells in the lower chamber was 

determined by visible microscopy (magnification 4x). 

 

Cell proliferation assays  
To quantitate cell proliferation, we used a CellTiter96AQ nonradioactive cell 

proliferation kit (Promega Corp.). For each experiment, one hundred B16F10 cells were 

seeded in triplicate in 96-well plates and incubated at 37 ºC, 5% CO2 for 4 days. Cell 

proliferation was quantified by measuring the conversion of 3-(4,5-dimethyl thiazol-2-yl)-

5-(3-carboxyme-thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) into 

water-soluble formazan catalyzed by dehydrogenase in living cells. The reaction was 

monitorized by measuring the absorbance at 490 nm using a Synergy H4 Hybrid reader. All 

experiments were repeated three times independently. 

 

Luciferase reporter gene assays 
To measure the transcriptional activity of the �-catenin/Wnt signalling pathway, 

SCC-2 cell lines transfected with different constructs were seeded in 24-well plates at 1 x 

105 cells/well. After 24 h, 0.6 μg of TCF/LEF-1 reporter (pTOP-FLASH) or control vector 



Results 
 

132 

 

 

14 

(pFOP-FLASH) were transiently cotransfected with 0.06 μg of TLRK vector and 0.2 μg of 

each DNA construction (shRNAs, full-length wild-type and mutated cDNAs, respectively 

for both CTNNA2 and CTNNA3) following the standard Lipofectamine 2000 protocol 

(Invitrogen). Cells were incubated for 24 h, and then 10 μl out of the 100 μl cell extract 

were used for measuring luciferase activity using the Dual Luciferase Reporter Assay 

System kit (Promega). 

 

Western blot 
Samples were subjected to SDS-PAGE and transferred to PVDF (0.45 �m pore size) 

membranes (Millipore). Blots were blocked with 5% non-fat dry milk in TBS-T buffer (20 

mM Tris-HCl pH 7.4, 150 mM NaCl and 0.05% Tween-20), for 1 h at room temperature 

and incubated overnight at 4 ºC with 5% BSA in TBS-T with either 0.2 �g/ml anti-

CTNNA2 (TA300943, Origene) or 0.2 μg/ml anti-CTNNA3 (13974-1-AP, Proteintech 

Europe) and 1:1000 anti �-actin (A5441, Sigma). To evaluate the phosphorylation status of 

�-catenin, we used �-catenin Antibody Sampler Kit (2951S, Cell Signaling). Finally, the 

blots were incubated for 1 h at room temperature in 2.5% non-fat dry milk in TBS-T buffer 

with 10 ng/ml of goat anti-mouse (115-035-062, Jackson Inmunores) and donkey anti-

rabbit (NA934V, GE Healthcare), respectively. Then, blots were washed with TBS-T and 

developed with Immobilon Western chemiluminescent HRP substrate (Millipore). 

Chemiluminescent images were taken with a Fujifilm LAS3000 mini apparatus. 

 

Statistical analysis 

The SPSS Statistics 17.0 (SPSS Inc) package was employed to correlate clinical and 

biological variables by means of Fisher’s test or non-parametric test when necessary. 

Survival curves were analyzed according to the Kaplan and Meier method and compared 

using the log-rank test6. All statistical tests were two-sided and the level of statistical 

significance was 0.05. The probability of concurrent CTNNA2 and CTNNA3 mutations in 

the validation series was estimated with a Monte Carlo simulation. A stochastic process 

where 86 random individuals were assigned 7 CTNNA2 and 7 CTNNA3 mutations was 

simulated ten thousand times. The reported P-value was the frequency of three or more 

individuals with both mutations in those simulations. 
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SUPPLEMENTARY DATA 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Mutational profile of whole-exome sequenced samples. Each mutational type 
is expressed as reference base > mutated base in either strand. The number in each group 
is the aggregate of all four exomes. 
 
 

 
 
 
Figure S2. Adhesion profile of cell lines after silencing (i) or overexpression (o) of 
CTNNA2 and CTNNA3. Affinity is expressed as relative fluorescence units (RFU). Col, 
collagen; LN, laminin; FN, fibronectin; TN, tenascin; VN, vitronectin. 
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Figure S3. Migration of cell lines after silencing (i), overexpression of wild-type (o) or 
overexpression of mutant forms of CTNNA2 and CTNNA3. Cell migration is represented 
as the percentage of the wound area covered by the cells at different time points.  
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Figure S4. Phosphorylation levels of �-catenin in cell lines after silencing (i) or 
overexpression (o) of CTNNA2 and CTNNA3. Each cell line was plated onto uncoated or 
laminin-coated wells, and the levels of phospho-�-catenin and total �-catenin were 
assessed by Western-blot. CTNNA2 and CTNNA3 levels in each cell line are shown on top.  
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Figure S5. �-catenin transcriptional activity in cell lines after silencing (i), 
overexpression of wild-type (o) or overexpression of mutant forms of CTNNA2 (top 
panel) and CTNNA3 (bottom panel). TOP, reporter with optimal Tcf-binding site; FOP, 
background assessed with Far-from-optimal Tcf-binding site. *, P < 0.05; ***, P < 0.005. 
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Supplementary Table 1. Biological characteristics of HNSCC samples included in whole-
exome analysis 
�� ��
�� ��
Code� Age� Location� pTNM� Stage� Surgery� Status� OS� ��
L000� 71� Supraglottic� T4�N2c�M0�G2�R0� 4A� T+BND� Dead� 6� ��
L004� 64� Supraglottic� T4a�N0�M0�G1�R0� 4A� T+BND� Alive� 26� ��
L005� 56� Supraglottic� T4a�N2c�M0�G2�R0� 4A� P+BND� Dead� 26� ��
L006� 65� Glottic� T4a�N2b�M0�G3�R0� 4A� T+BND� Dead� 18� ��
pTNM,�Pathological�tumor�node�metastasis�stage;�T,�Total�laryngectomy;�P,�Partial�
laryngectomy;�BND,�Bilateral�neck�disection;�OS,�Overall�survival�(months)�

��
 

 

 

 

Supplementary Table 2. Statistics for whole-exome sequencing 
��
��
Case� Sample� Number�of�mapped�reads� Average�depth Callable�exome
L000� Tumor� 133558862 185 91,2%
�� Normal� 77271946 107 82,8%
L004� Tumor� 68741551 93 90,6%
�� Normal� 75567031 102 90,9%
L005� Tumor� 59100524 80 89,4%
�� Normal� 66920489 91 90,2%
L006� Tumor� 62927897 87 85,1%
�� Normal� 44830623 62 82,8%
The callable exome includes all positions covered by more than 8 reads with Phred quality higher than 30 
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Supplementary Table 4. Somatic mutations in HNSCC with predicted functional consequences 

Case� Symbol� Mutation�Type� Effect� Chr Position� Ref� Obs�
L006� ABCA2� non_synonymous� W1464G� 9� 139908431� T� K�
L000� ABCA9� non_synonymous� S1136G� 17� 67003929� A� R�
L005� ABCB5� non_synonymous� F958L� 7� 20778612� T� W�
L000� ABCB7� non_synonymous� S544R� X� 74288872� C� S�
L000� ABCD1� non_synonymous� R381P� X� 153001626� G� S�
L004� AC003682.1� non_synonymous� H333R� 19� 58058614� A� R�
L005� ACAD11� non_synonymous� G730R� 3� 132278717� G� R�
L000� ACADS� non_synonymous� A276P� 12� 121176366� G� S�
L005� ACAT2� non_synonymous� E83Q� 6� 160184055� G� S�
L000� ACCN5� non_synonymous� R57L� 4� 156784777� G� K�
L000� ACCSL� non_synonymous� M78I� 11� 44069820� G� R�
L005� ACMSD� non_synonymous� V68E� 2� 135619542� T� W�
L004� ADAM18� non_synonymous� S132Y� 8� 39468098� C� M�
L000� ADAMTS3� non_synonymous� K823E� 4� 73164117� A� R�
L000� AFF2� non_synonymous� E774Q� X� 148037895� G� S�
L000� AHCYL2� non_synonymous� G404R� 7� 129046222� G� S�
L004� AKAP9� non_synonymous� W2984C� 7� 91714916� G� K�
L005� AMPD1� non_synonymous� K593N� 1� 115217493� G� K�
L000� AMPH� non_synonymous� S117F� 7� 38530696� C� Y�
L000� AMPH� non_synonymous� E79D� 7� 38534096� G� K�
L004� ANK1� non_synonymous� R1257L� 8� 41550254� G� K�
L000� ANK2� non_synonymous� R1865I� 4� 114275368� G� K�
L005� ANK2� non_synonymous� R3441*� 4� 114280095� C� Y�
L000� ANKRD18B� non_synonymous� D749Y� 9� 33558156� G� K�
L005� ANKRD26P1� non_synonymous� Q108E� 16� 46598141� C� S�
L000� ANO5� non_synonymous� K535E� 11� 22281260� A� R�
L000� APOB� non_synonymous� E1334Q� 2� 21236248� G� S�
L000� APOB� non_synonymous� K745*� 2� 21249671� A� W�
L006� APOB� non_synonymous� E120*� 2� 21263835� G� K�
L000� ARAP2� non_synonymous� W1036S� 4� 36149262� G� S�
L005� ARHGAP20� non_synonymous� S1162I� 11� 110450185� G� K�
L000� ARHGEF19� non_synonymous� E799K� 1� 16525096� G� R�
L005� ARHGEF2� non_synonymous� R228*� 1� 155935127� C� Y�
L005� ARID2� non_synonymous� G301C� 12� 46230652� G� K�
L000� ARMCX2� non_synonymous� G266A� X� 100911778� G� S�
L004� ARRDC3� non_synonymous� D279N� 5� 90670774� G� R�
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L000� ATP11C� non_synonymous� D823Y� X� 138845511� G� K�
L005� ATP2C1� non_synonymous� E393Q� 3� 130683842� G� S�
L005� ATP8A1� non_synonymous� T482A� 4� 42554597� A� R�
L000� ATRNL1� non_synonymous� Q354*� 10� 116925373� C� Y�
L005� AZIN1� non_synonymous� G84*� 8� 103851904� G� K�
L000� BANK1� non_synonymous� R218G� 4� 102783710� A� R�
L004� BCHE� non_synonymous� S356*� 3� 165547878� C� M�
L004� BCL11A� non_synonymous� K736E� 2� 60687841� A� R�
L004� BCL2L12� non_synonymous� R45G� 19� 50169213� C� S�
L000� BCORL1� non_synonymous� A429D� X� 129148034� C� M�
L000� BCS1L� non_synonymous� K34N� 2� 219525812� G� K�
L004� BEST3� non_synonymous� Y181H� 12� 70072614� T� Y�
L000� BEX1� non_synonymous� R54P� X� 102318042� G� S�
L000� BRWD3� non_synonymous� D755N� X� 79971718� G� R�
L006� BTBD10� non_synonymous� I265V� 11� 13435116� A� R�
L000� C10orf137� non_synonymous� D157N� 10� 127412464� G� R�
L005� C10orf90� non_synonymous� E216*� 10� 128193414� G� K�
L000� C10orf93� non_synonymous� A2587P� 10� 134622314� G� S�
L006� C14orf177� non_synonymous� L47M� 14� 99182667� C� M�
L000� C14orf50� non_synonymous� G85S� 14� 65031539� G� R�
L000� C15orf2� non_synonymous� E284D� 15� 24921866� G� K�
L000� C15orf2� non_synonymous� P958H� 15� 24923887� C� M�
L005� C16orf61� splice� �� 16� 81015410� C� M�
L006� C17orf47� non_synonymous� S179Y� 17� 56621012� C� M�
L004� C18orf54� non_synonymous� G36D� 18� 51887049� G� R�
L000� C1GALT1� non_synonymous� E272K� 7� 7278455� G� R�
L000� C1orf94� non_synonymous� P511T� 1� 34677817� C� M�
L000� C2orf85� non_synonymous� G498S� 2� 242815199� G� R�
L000� C2orf85� non_synonymous� G498V� 2� 242815200� G� K�
L005� C3AR1� non_synonymous� P213L� 12� 8212144� C� Y�
L000� C3orf20� non_synonymous� P308R� 3� 14745888� C� S�
L000� C4orf31� non_synonymous� E218*� 4� 121958474� G� K�
L004� C4orf37� non_synonymous� R411K� 4� 98633938� G� R�
L000� C5orf42� non_synonymous� E1519K� 5� 37183728� G� R�
L000� C6� non_synonymous� R850L� 5� 41149444� G� K�
L000� C6orf118� non_synonymous� A99S� 6� 165715516� G� K�
L004� C8A� non_synonymous� P145T� 1� 57341851� C� M�
L004� C8orf34� non_synonymous� H209N� 8� 69380944� C� M�
L005� C8orf80� non_synonymous� A186E� 8� 27925185� C� M�
L000� C9orf79� fs_del_1� A1125fs� 9� 90502775� GCC� GC�
L000� CACNG1� non_synonymous� I119F� 17� 65051269� A� W�
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L000� CAPRIN2� indel_splice� �� 12� 30869440� ACC� AC�
L004� CARD11� non_synonymous� D486V� 7� 2974148� A� W�
L006� CASC3� non_synonymous� N120Y� 17� 38318066� A� W�
L000� CCDC114� non_synonymous� D269H� 19� 48806979� G� S�
L000� CCDC27� non_synonymous� P85L� 1� 3669299� C� Y�
L000� CCDC40� non_synonymous� T50K� 17� 78013666� C� M�
L006� CCDC41� non_synonymous� E322*� 12� 94763782� G� K�
L004� CCNE1� non_synonymous� E408*� 19� 30314673� G� K�
L005� CD109� non_synonymous� A1253S� 6� 74521982� G� K�
L005� CD22� non_synonymous� L672V� 19� 35832847� C� S�
L000� CD226� non_synonymous� H67L� 18� 67614152� A� W�
L006� CD300LG� non_synonymous� S214P� 17� 41931333� T� Y�
L005� CD37� non_synonymous� P158Q� 19� 49841982� C� M�
L005� CD96� non_synonymous� D421E� 3� 111342635� T� W�
L004� CDH10� non_synonymous� S250T� 5� 24535287� T� W�
L000� CDH18� non_synonymous� V235F� 5� 19612651� G� K�
L005� CDH18� non_synonymous� T583N� 5� 19483544� C� M�
L005� CDH2� non_synonymous� V58E� 18� 25593873� T� W�
L004� CDK18� non_synonymous� R206Q� 1� 205495263� G� R�
L000� CELF6� non_synonymous� V422F� 15� 72580703� G� K�
L004� CENPF� non_synonymous� M1506T� 1� 214816198� T� Y�
L000� CEP112� non_synonymous� W122L� 17� 64171267� G� K�
L000� CEP128� non_synonymous� K257*� 14� 81307106� A� W�
L000� CHD3� non_synonymous� G1746V� 17� 7811245� G� K�
L006� CHL1� non_synonymous� E1080K� 3� 440053� G� R�
L000� CHM� non_synonymous� A87P� X� 85233826� G� S�
L000� CHN2� fs_del_1� E515fs� 7� 29552263� AGG� AG�
L005� CHST1� non_synonymous� N214I� 11� 45671833� A� W�
L006� CHST12� non_synonymous� T282P� 7� 2473118� A� M�
L000� CIT� non_synonymous� G2037W� 12� 120128033� G� K�
L000� CKAP2L� non_synonymous� I76L� 2� 113514722� A� M�
L005� CLCN5� non_synonymous� T727A� X� 49855362� A� R�
L006� CLDN8� non_synonymous� R146T� 21� 31587807� G� S�
L006� CLGN� non_synonymous� E266Q� 4� 141320093� G� S�
L005� CNGB1� non_synonymous� R552L� 16� 57954437� G� K�
L000� CNPPD1� non_synonymous� V252L� 2� 220037787� G� K�
L000� CNTNAP2� non_synonymous� P1112H� 7� 147926825� C� M�
L000� COL11A1� non_synonymous� P890T� 1� 103444639� C� M�
L000� COL12A1� non_synonymous� R56G� 6� 75904571� A� R�
L000� COL14A1� non_synonymous� I1389F� 8� 121301934� A� W�
L000� COL19A1� non_synonymous� W171C� 6� 70639439� G� K�
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L004� COL22A1� non_synonymous� G693D� 8� 139763708� G� R�
L004� COL4A4� non_synonymous� P127S� 2� 227983471� C� Y�
L000� COL5A2� non_synonymous� P857H� 2� 189917728� C� M�
L006� CPEB2� non_synonymous� D685H� 4� 15018830� G� S�
L004� CSMD1� splice� �� 8� 2815330� C� S�
L005� CSMD2� non_synonymous� A815D� 1� 34192211� C� M�
L000� CSMD3� non_synonymous� S78I� 8� 114326968� G� K�
L004� CSMD3� non_synonymous� Y2617N� 8� 113323243� T� W�
L005� CSMD3� non_synonymous� P255T� 8� 114111139� C� M�
L004� CTNNA2� non_synonymous� A761S� 2� 80831290� G� K�
L000� CTNNA3� non_synonymous� R628P� 10� 68040229� G� S�
L000� CTNND2� non_synonymous� V657L� 5� 11199566� G� S�
L000� CXorf66� non_synonymous� V357I� X� 139038072� G� R�
L004� CYLC1� non_synonymous� K434I� X� 83129017� A� W�
L006� CYLD� non_synonymous� P757R� 16� 50826536� C� S�
L000� CYP4B1� non_synonymous� R246C� 1� 47279696� C� Y�
L000� DACH2� non_synonymous� L465Q� X� 86068137� T� W�
L005� DAPK1� non_synonymous� R1410H� 9� 90322140� G� R�
L000� DBF4B� non_synonymous� T549I� 17� 42828419� C� Y�
L006� DCBLD1� non_synonymous� E315G� 6� 117859966� A� R�
L006� DCC� non_synonymous� F918L� 18� 50923743� C� M�
L005� DCP1B� non_synonymous� E287Q� 12� 2062247� G� S�
L006� DGKD� non_synonymous� R599L� 2� 234357930� G� K�
L006� DHDDS� non_synonymous� L283R� 1� 26795465� T� K�
L000� DHX29� non_synonymous� R986S� 5� 54566441� A� W�
L000� DICER1� non_synonymous� N282I� 14� 95592975� A� W�
L000� DMD� fs_ins_1� A648fs� X� 32583869� CAAA� CAAAA�
L000� DNAH3� non_synonymous� K1435N� 16� 21061273� G� S�
L000� DNAH5� fs_del_1� K3554fs� 5� 13753554� TCC� TC�
L000� DNMT3A� non_synonymous� R488P� 2� 25468900� G� S�
L000� DOK6� non_synonymous� I83S� 18� 67266693� T� K�
L005� DOK7� splice� �� 4� 3494485� G� R�
L005� DTNA� non_synonymous� L307M� 18� 32400797� C� M�
L000� DUSP9� non_synonymous� S325Y� X� 152915579� C� M�
L006� DYNC1I1� splice� �� 7� 95499194� G� S�
L000� DYRK2� non_synonymous� A432P� 12� 68051981� G� S�
L000� E2F3� non_synonymous� A53P� 6� 20402620� G� S�
L000� EBF1� non_synonymous� A431V� 5� 158140055� C� Y�
L000� EDA2R� non_synonymous� R47G� X� 65825017� C� S�
L005� EEF1A2� non_synonymous� A92S� 20� 62127259� G� K�
L000� EFCAB4B� non_synonymous� G6R� 12� 3806150� G� S�
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L005� EGFLAM� non_synonymous� A872S� 5� 38451463� G� K�
L005� EIF2B5� non_synonymous� I342M� 3� 183858388� C� S�
L004� EIF2C3� non_synonymous� R631G� 1� 36505439� A� R�
L000� ENPP3� splice� �� 6� 132045178� A� W�
L004� ENPP3� non_synonymous� E400*� 6� 132006581� G� K�
L005� EP300� non_synonymous� R335C� 22� 41523587� C� Y�
L005� EP300� non_synonymous� R335L� 22� 41523588� G� K�
L005� EP300� non_synonymous� Y1414C� 22� 41565575� A� R�
L000� EPB41L3� non_synonymous� E21D� 18� 5489120� G� K�
L005� EPB41L3� non_synonymous� A922V� 18� 5397133� C� Y�
L005� EPG5� non_synonymous� H1608R� 18� 43469892� A� R�
L005� ERGIC2� non_synonymous� Q64E� 12� 29523096� C� S�
L004� ERMAP� non_synonymous� R234L� 1� 43305956� G� K�
L004� EYS� fs_del_1� C270fs� 6� 66200539� GC� G�
L005� F13B� non_synonymous� Y460D� 1� 197021941� T� K�
L000� FAM120C� non_synonymous� M917V� X� 54112238� A� R�
L005� FAM124B� non_synonymous� D33Y� 2� 225266389� G� K�
L005� FAM169A� non_synonymous� M221V� 5� 74109674� A� R�
L005� FAM179B� non_synonymous� S1351*� 14� 45513971� C� S�
L004� FAM192A� non_synonymous� E47Q� 16� 57206775� G� S�
L000� FAM46D� non_synonymous� M215L� X� 79698681� A� W�
L000� FAM47B� non_synonymous� G615*� X� 34962791� G� K�
L000� FAM47C� non_synonymous� V483L� X� 37027930� G� K�
L000� FAM47C� non_synonymous� R710L� X� 37028612� G� K�
L000� FAM9A� non_synonymous� A183S� X� 8763403� G� K�
L004� FAT1� non_synonymous� W948*� 4� 187628138� G� R�
L004� FAT4� non_synonymous� H2469Q� 4� 126367661� C� M�
L005� FBN2� non_synonymous� R2822S� 5� 127595420� G� S�
L005� FBN2� non_synonymous� G1906C� 5� 127640733� G� K�
L005� FBXL2� non_synonymous� G78A� 3� 33406154� G� S�
L005� FGA� non_synonymous� E559Q� 4� 155506906� G� S�
L005� FGA� non_synonymous� E481Q� 4� 155507140� G� S�
L006� FGD2� non_synonymous� D606A� 6� 36995788� A� M�
L000� FGF13� non_synonymous� Y132F� X� 137785183� A� W�
L000� FILIP1� non_synonymous� R1154W� 6� 76018589� C� Y�
L000� FLT3� splice� �� 13� 28599082� T� W�
L005� FMO3� splice� �� 1� 171077218� A� W�
L000� FMOD� non_synonymous� P46Q� 1� 203317262� C� M�
L000� FMR1NB� non_synonymous� G253V� X� 147106510� G� K�
L006� FOXE1� non_synonymous� R86S� 9� 100616452� C� M�
L006� FTSJD2� non_synonymous� P554R� 6� 37440235� C� S�
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L000� FZD10� non_synonymous� M520I� 12� 130649047� G� K�
L005� GABRG2� non_synonymous� D48Y� 5� 161520868� G� K�
L005� GAK� non_synonymous� E825*� 4� 861143� G� K�
L006� GALR2� non_synonymous� Y164S� 17� 74072839� A� M�
L004� GATAD2B� non_synonymous� G561E� 1� 153782753� G� R�
L000� GDF3� non_synonymous� F4I� 12� 7848315� T� W�
L005� GDPD1� non_synonymous� R271P� 17� 57350187� G� S�
L005� GGH� non_synonymous� W252L� 8� 63930132� G� K�
L004� GIPC2� non_synonymous� T234N� 1� 78585170� C� M�
L005� GLP2R� non_synonymous� C330F� 17� 9765340� G� K�
L000� GNAQ� non_synonymous� R166S� 9� 80412545� C� M�
L000� GPATCH8� non_synonymous� G596R� 17� 42477659� G� S�
L000� GPHN� non_synonymous� R644W� 14� 67626186� A� W�
L000� GPR112� non_synonymous� D34V� X� 135404967� A� W�
L000� GPR50� non_synonymous� P356H� X� 150349122� C� M�
L004� GPR78� non_synonymous� S49Y� 4� 8582855� C� M�
L000� GRIA1� non_synonymous� Y547F� 5� 153085414� A� W�
L004� GRIA2� non_synonymous� N730K� 4� 158281194� C� M�
L000� GRIPAP1� non_synonymous� H447D� X� 48839786� C� S�
L000� GRM1� non_synonymous� S1157W� 6� 146755817� C� S�
L005� GRM3� non_synonymous� A299T� 7� 86416003� G� R�
L005� GRM3� non_synonymous� W355C� 7� 86416173� G� K�
L005� GRPR� non_synonymous� A274T� X� 16170433� G� R�
L004� GTF2F1� non_synonymous� A67E� 19� 6389581� C� M�
L005� GTF2IRD1� non_synonymous� P514S� 7� 73952500� C� Y�
L006� GTF3C3� non_synonymous� N406K� 2� 197645283� T� W�
L000� HDAC10� non_synonymous� F253L� 22� 50687317� T� W�
L000� HDX� non_synonymous� G344E� X� 83723700� G� R�
L000� HERC5� non_synonymous� V550F� 4� 89400569� G� K�
L000� HERC5� non_synonymous� P902L� 4� 89425505� C� Y�
L000� HFM1� non_synonymous� D367N� 1� 91844679� G� R�
L000� HIF3A� non_synonymous� R244S� 19� 46812576� C� M�
L005� HIST1H1B� non_synonymous� K149*� 6� 27834863� A� W�
L004� HIST1H3A� fs_del_1� G13fs� 6� 26020756� TGG� TG�
L005� HIVEP2� non_synonymous� I556F� 6� 143094210� A� W�
L000� HJURP� non_synonymous� R74I� 2� 234761230� G� K�
L006� HLA�DPA1� non_synonymous� D202A� 6� 33036819� A� M�
L005� HLA�DQB1� non_synonymous� Y62N� 6� 32632770� T� W�
L000� HMCN1� non_synonymous� T2358P� 1� 186024734� A� M�
L000� HSD17B14� non_synonymous� G254V� 19� 49316484� G� K�
L000� HSPG2� non_synonymous� H2677R� 1� 22173981� A� R�
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L006� HYAL4� non_synonymous� D445H� 7� 123517096� G� S�
L005� HYDIN� non_synonymous� L2585I� 16� 70954526� C� M�
L006� ID1� non_synonymous� I99M� 20� 30193487� C� S�
L000� IFNE� non_synonymous� E129*� 9� 21481309� G� K�
L006� IFT46� non_synonymous� H50L� 11� 118428502� A� W�
L000� IGF2� non_synonymous� A12V� 11� 2182167� C� Y�
L005� IL23R� non_synonymous� G495*� 1� 67724404� G� K�
L005� IMPG1� non_synonymous� S128N� 6� 76744423� G� R�
L000� IMPG2� non_synonymous� K106N� 3� 101038444� G� S�
L005� ING1� non_synonymous� I23M� 13� 111366565� C� S�
L005� INHBA� non_synonymous� R152S� 7� 41730075� C� M�
L000� IRF4� non_synonymous� K80*� 6� 394842� A� W�
L000� IRS4� non_synonymous� G706V� X� 107977458� G� K�
L000� IRS4� non_synonymous� G706W� X� 107977459� G� K�
L000� ITGA2B� non_synonymous� S803N� 17� 42453493� G� R�
L000� ITGBL1� non_synonymous� C455W� 13� 102366873� C� S�
L000� ITIH2� non_synonymous� I21F� 10� 7745458� A� W�
L004� ITIH2� non_synonymous� G653E� 10� 7780584� G� R�
L004� JRKL� non_synonymous� I468T� 11� 96125216� T� Y�
L004� KCNK10� non_synonymous� R424L� 14� 88652240� G� K�
L004� KCNMB4� non_synonymous� Q124K� 12� 70794022� C� M�
L000� KCNV1� non_synonymous� G336W� 8� 110980814� G� K�
L000� KDR� non_synonymous� A1031G� 4� 55956223� C� S�
L004� KDR� non_synonymous� L1272S� 4� 55948156� T� Y�
L004� KIAA1109� non_synonymous� G2067*� 4� 123176084� G� K�
L006� KIAA1109� non_synonymous� R3539C� 4� 123237962� C� Y�
L004� KIAA1217� non_synonymous� R430P� 10� 24762599� G� S�
L000� KIAA1409� non_synonymous� D1205N� 14� 94069623� G� R�
L005� KIF26B� non_synonymous� P405H� 1� 245704116� C� M�
L005� KLHL1� non_synonymous� K222M� 13� 70549767� A� W�
L000� KLHL15� non_synonymous� H73N� X� 24024594� C� M�
L006� KRBA2� non_synonymous� V308F� 17� 8273009� G� K�
L000� KRTAP11�1� non_synonymous� Q88H� 21� 32253580� A� W�
L000� KRTAP19�4� non_synonymous� G42R� 21� 31869305� G� S�
L006� KTN1� non_synonymous� D628H� 14� 56106689� G� S�
L000� L1CAM� non_synonymous� T677S� X� 153132924� C� S�
L000� LAIR1� non_synonymous� L186I� 19� 54868127� C� M�
L000� LAMA1� non_synonymous� E1291K� 18� 7010201� G� R�
L000� LBR� non_synonymous� R347L� 1� 225600200� G� K�
L000� LEKR1� non_synonymous� G638W� 3� 156763372� G� K�
L000� LEMD3� non_synonymous� I487M� 12� 65564837� A� R�
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L000� LPIN2� non_synonymous� R280*� 18� 2938020� C� Y�
L000� LRAT� non_synonymous� A145T� 4� 155665911� G� R�
L000� LRFN3� non_synonymous� A104P� 19� 36430637� G� S�
L000� LRRC15� non_synonymous� G388E� 3� 194080628� G� R�
L005� LRRC36� non_synonymous� Q352H� 16� 67401221� G� K�
L006� LRRIQ1� non_synonymous� D1499N� 12� 85546877� G� R�
L006� LRRN3� non_synonymous� H564Y� 7� 110764518� C� Y�
L005� LYPD3� non_synonymous� A301S� 19� 43965643� G� K�
L000� MAGEA1� non_synonymous� G193C� X� 152482434� G� K�
L000� MAGEB1� non_synonymous� Q59K� X� 30268785� C� M�
L000� MAGEB10� fs_ins_1� G215fs� X� 27840068� CAA� CAAA�
L005� MAGEB10� non_synonymous� P268T� X� 27840225� C� M�
L000� MAGEB3� non_synonymous� R67I� X� 30254241� G� K�
L000� MAGEB4� non_synonymous� N298H� X� 30261144� A� M�
L000� MAGEB6� non_synonymous� Y229*� X� 26212650� C� S�
L000� MAGEC1� non_synonymous� D573G� X� 140994908� A� R�
L006� MAML1� non_synonymous� Y974C� 5� 179201748� A� R�
L000� MAMLD1� non_synonymous� A262D� X� 149638705� C� M�
L004� MAP2� non_synonymous� P1323T� 2� 210560861� C� M�
L000� MAP7� non_synonymous� R143M� 6� 136710538� G� K�
L000� MAPK4� non_synonymous� Q177E� 18� 48190857� C� S�
L005� MAPK4� non_synonymous� E94K� 18� 48190608� G� R�
L006� MARCH6� fs_del_1� I473fs� 5� 10405756� AT� A�
L005� MARS2� non_synonymous� V255M� 2� 198570892� G� R�
L000� MBOAT1� non_synonymous� Q352L� 6� 20115540� A� W�
L000� MBTPS1� non_synonymous� V1052L� 16� 84088059� G� K�
L000� MBTPS2� non_synonymous� P404H� X� 21896760� C� M�
L000� MCHR2� non_synonymous� W93L� 6� 100395752� G� K�
L000� MDGA2� non_synonymous� R859S� 14� 47343266� C� M�
L004� MDGA2� non_synonymous� P188T� 14� 47687257� C� M�
L006� MERTK� non_synonymous� E571*� 2� 112760689� G� K�
L000� MINPP1� non_synonymous� R186C� 10� 89265228� C� Y�
L005� MIR299� �� �� 14� 101490173� T� K�
L000� MKS1� non_synonymous� V320F� 17� 56288341� G� K�
L005� MLL3� non_synonymous� E2718Q� 7� 151874386� G� S�
L000� MLLT4� non_synonymous� E1552*� 6� 168352709� G� K�
L000� MON2� non_synonymous� S774Y� 12� 62932242� C� M�
L000� MOSC2� non_synonymous� L94Q� 1� 220928297� T� W�
L004� MRPL51� non_synonymous� R81Q� 12� 6601582� G� R�
L005� MRPL55� non_synonymous� R126Q� 1� 228294579� G� R�
L005� MRPS11� non_synonymous� I133M� 15� 89018458� A� R�
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L000� MSH5� non_synonymous� A673G� 6� 31728969� C� S�
L000� MSN� non_synonymous� P22H� X� 64936732� C� M�
L000� MTF1� non_synonymous� V30L� 1� 38323243� G� K�
L005� MTF1� non_synonymous� K196*� 1� 38305653� A� W�
L004� MTHFD1L� non_synonymous� Y829C� 6� 151336729� A� R�
L000� MTM1� non_synonymous� G378R� X� 149826372� G� R�
L000� MTMR3� non_synonymous� W215R� 22� 30398954� T� W�
L000� MXRA5� non_synonymous� K919*� X� 3241046� A� W�
L000� MYADM� non_synonymous� L216Q� 19� 54377430� T� W�
L005� MYBBP1A� non_synonymous� Q1029H� 17� 4445759� G� S�
L004� MYH10� non_synonymous� T763I� 17� 8422254� C� Y�
L000� MYH3� non_synonymous� N603K� 17� 10545813� C� S�
L000� MYH8� non_synonymous� A1156V� 17� 10303975� C� Y�
L005� MYH8� non_synonymous� Q501K� 17� 10314180� C� M�
L005� MYH9� non_synonymous� E1496Q� 22� 36685202� G� S�
L006� NBPF3� non_synonymous� Q601E� 1� 21809778� C� S�
L000� NCAM2� non_synonymous� C734F� 21� 22881295� G� K�
L005� NCAPG� non_synonymous� L407V� 4� 17824706� C� S�
L000� NDST4� non_synonymous� P200T� 4� 115997595� C� M�
L000� NELL1� non_synonymous� R382Q� 11� 20959395� G� R�
L004� NETO1� non_synonymous� T341N� 18� 70417816� C� M�
L000� NID1� non_synonymous� I771K� 1� 236176803� T� W�
L000� NKRF� non_synonymous� P178A� X� 118724901� C� S�
L000� NLRP12� non_synonymous� L32V� 19� 54327335� C� S�
L000� NLRP13� non_synonymous� L508P� 19� 56423660� T� Y�
L004� NLRP14� non_synonymous� H480R� 11� 7064696� A� R�
L004� NLRP14� non_synonymous� H480Q� 11� 7064697� C� M�
L004� NPBWR1� non_synonymous� Y290*� 8� 53853337� C� S�
L005� NPHS1� non_synonymous� I434T� 19� 36339169� T� Y�
L000� NR2F1� fs_del_1� A223fs� 5� 92923828� CG� C�
L006� NTNG2� non_synonymous� D226N� 9� 135073815� G� R�
L005� NUP43� non_synonymous� L187V� 6� 150059858� C� S�
L000� OCA2� non_synonymous� H285Y� 15� 28261287� C� Y�
L000� ODZ1� non_synonymous� V2421L� X� 123517520� G� S�
L000� ODZ1� non_synonymous� T1892S� X� 123525916� A� W�
L004� OGN� non_synonymous� L8I� 9� 95165668� C� M�
L004� OR10AG1� non_synonymous� L292F� 11� 55735064� G� K�
L005� OR10R2� non_synonymous� E252K� 1� 158450421� G� R�
L000� OR10S1� non_synonymous� V112L� 11� 123848128� G� K�
L000� OR14A16� non_synonymous� M21R� 1� 247978970� T� K�
L000� OR2G2� non_synonymous� K310N� 1� 247752591� G� K�
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L000� OR2T10� non_synonymous� G233V� 1� 248756372� G� K�
L000� OR4C15� non_synonymous� L20*� 11� 55321841� T� K�
L000� OR4C15� non_synonymous� R39T� 11� 55321898� G� S�
L005� OR4K13� non_synonymous� L107Q� 14� 20502598� T� W�
L006� OR51F2� non_synonymous� S161R� 11� 4843098� C� M�
L000� OR56A3� non_synonymous� Y222D� 11� 5969240� T� K�
L000� OR5A1� non_synonymous� F34S� 11� 59210742� T� Y�
L000� OR5B2� non_synonymous� L185M� 11� 58190182� C� M�
L000� OR5D13� non_synonymous� S66N� 11� 55541110� G� R�
L000� OR5D16� non_synonymous� P192T� 11� 55606801� C� M�
L000� OR5T1� non_synonymous� G3V� 11� 56043122� G� K�
L005� OR6B1� non_synonymous� A265S� 7� 143701882� G� K�
L004� OR6F1� non_synonymous� P283A� 1� 247875211� C� S�
L000� OR6M1� non_synonymous� N135K� 11� 123676653� C� S�
L006� OR6Q1� non_synonymous� A151G� 11� 57798876� C� S�
L000� OR8J1� non_synonymous� R122L� 11� 56128087� G� K�
L006� P2RY1� non_synonymous� F40L� 3� 152553691� C� S�
L000� PACSIN3� non_synonymous� P338Q� 11� 47200469� C� M�
L000� PARP4� non_synonymous� S577C� 13� 25051899� A� W�
L000� PAX1� non_synonymous� S215I� 20� 21687433� G� K�
L000� PBLD� non_synonymous� F253L� 10� 70044042� T� W�
L000� PCBP2� non_synonymous� P327L� 12� 53865507� C� Y�
L004� PCDH11X� non_synonymous� P967S� X� 91134138� C� Y�
L000� PCDH12� non_synonymous� P242L� 5� 141336692� C� Y�
L004� PCDH15� non_synonymous� R967C� 10� 55721637� C� Y�
L005� PCDH8� non_synonymous� E888Q� 13� 53419737� G� S�
L006� PCDHB17� non_synonymous� S544R� 5� 140537208� C� M�
L000� PCDHB3� non_synonymous� P206A� 5� 140480849� C� S�
L004� PCDHB7� non_synonymous� Q73*� 5� 140552633� C� Y�
L000� PCNT� non_synonymous� K587*� 21� 47773980� A� W�
L005� PDE4A� non_synonymous� F262L� 19� 10565507� C� S�
L005� PDZD2� non_synonymous� A2658E� 5� 32098495� C� M�
L000� PGRMC1� non_synonymous� W156*� X� 118374410� G� R�
L000� PHACTR2� non_synonymous� N408H� 6� 144086925� A� M�
L000� PHACTR3� non_synonymous� P220S� 20� 58342357� C� Y�
L004� PHC3� non_synonymous� R296P� 3� 169854239� G� S�
L004� PHF3� non_synonymous� T1456I� 6� 64421851� C� Y�
L000� PHKA2� non_synonymous� D620H� X� 18938255� G� S�
L006� PHLDB2� non_synonymous� D464H� 3� 111632220� G� S�
L000� PIBF1� non_synonymous� N407I� 13� 73409503� A� W�
L000� PIK3CA� non_synonymous� N345K� 3� 178921553� T� W�
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L000� PIKFYVE� non_synonymous� L349H� 2� 209163499� T� W�
L000� PKHD1� non_synonymous� G1122C� 6� 51897828� G� K�
L005� PLCE1� non_synonymous� A1572S� 10� 96039587� G� K�
L000� PLCL1� non_synonymous� S978R� 2� 198966023� C� M�
L004� PLEKHA7� non_synonymous� Q706L� 11� 16824559� A� W�
L000� PLG� non_synonymous� A587S� 6� 161157996� G� K�
L004� PLXNA3� non_synonymous� E1291K� X� 153696475� G� R�
L000� PLXNC1� non_synonymous� G473V� 12� 94580228� G� K�
L000� POLR1B� splice� �� 2� 113322077� G� K�
L005� POTEC� non_synonymous� G81V� 18� 14542904� G� K�
L005� POU2F2� non_synonymous� L87V� 19� 42621446� C� S�
L000� PPFIBP2� non_synonymous� R527*� 11� 7663590� C� Y�
L005� PPP1R9A� non_synonymous� L1221F� 7� 94915569� C� Y�
L000� PPP2R4� non_synonymous� L201V� 9� 131897109� C� S�
L004� PPP3CB� non_synonymous� D106N� 10� 75238352� G� R�
L006� PQBP1� non_synonymous� E122*� X� 48759581� G� K�
L005� PRDM2� non_synonymous� V515A� 1� 14105834� T� Y�
L000� PROL1� non_synonymous� T201N� 4� 71275647� C� M�
L004� PRR14� non_synonymous� A372T� 16� 30666405� G� R�
L005� PRTG� non_synonymous� S420G� 15� 55970118� A� R�
L006� PTEN� non_synonymous� Q171*� 10� 89711893� C� Y�
L000� PTER� non_synonymous� M54I� 10� 16526545� G� K�
L004� PTER� non_synonymous� K62*� 10� 16526567� A� W�
L005� PTGS2� non_synonymous� F187L� 1� 186646859� T� W�
L000� PTPRM� non_synonymous� E1315K� 18� 8384580� G� R�
L000� PTPRS� non_synonymous� A812P� 19� 5225801� G� S�
L005� PTPRZ1� non_synonymous� M382V� 7� 121637964� A� R�
L004� PUS10� non_synonymous� E221K� 2� 61192574� G� R�
L006� PXMP4� splice� �� 20� 32302478� A� M�
L004� PYHIN1� non_synonymous� S386T� 1� 158913733� T� W�
L006� RAB22A� non_synonymous� D135E� 20� 56929239� C� S�
L000� RAB2A� non_synonymous� D51N� 8� 61484637� G� R�
L000� RAI2� non_synonymous� P379H� X� 17818995� C� M�
L000� RALGAPB� non_synonymous� R384L� 20� 37146248� G� K�
L000� RANBP2� non_synonymous� E1384K� 2� 109381145� G� R�
L000� RAPGEF4� non_synonymous� V827I� 2� 173891908� G� R�
L006� RBFOX1� non_synonymous� H314P� 16� 7703871� A� M�
L000� REG3G� non_synonymous� M13I� 2� 79253258� G� S�
L004� RFX4� non_synonymous� S696R� 12� 107155100� C� M�
L000� RFX6� non_synonymous� S201R� 6� 117215186� T� K�
L000� RHOJ� non_synonymous� T76S� 14� 63735876� C� S�



Results 
 

150 

 

 

32 

L006� RLIM� fs_del_2� R45fs� X� 73815679� CTATA� CTA�
L000� RNF213� non_synonymous� R780W� 17� 78272299� C� Y�
L000� RORB� non_synonymous� D414N� 9� 77286800� G� R�
L000� RPP30� non_synonymous� S82*� 10� 92635830� C� M�
L005� RPS6KA3� non_synonymous� G429R� X� 20190932� G� R�
L000� RPS6KA6� non_synonymous� L644F� X� 83351241� G� K�
L006� RRN3� non_synonymous� R632Q� 16� 15155662� G� R�
L000� RTN1� non_synonymous� I498N� 14� 60193909� T� W�
L005� RYR3� non_synonymous� Y4122*� 15� 34130547� C� M�
L004� SAMD4A� non_synonymous� S183Y� 14� 55169131� C� M�
L000� SCAND3� non_synonymous� K481N� 6� 28543039� G� K�
L005� SCN2A� non_synonymous� L1036S� 2� 166210889� T� Y�
L005� SCN5A� non_synonymous� E171*� 3� 38662434� G� K�
L005� SDAD1� non_synonymous� V377G� 4� 76885339� T� K�
L005� SDF2� non_synonymous� I92M� 17� 26982377� C� S�
L004� SEC23IP� non_synonymous� M225L� 10� 121658448� A� W�
L000� SELE� non_synonymous� S541T� 1� 169696514� T� W�
L004� SEMA3D� non_synonymous� D256E� 7� 84685126� T� W�
L006� SEMA5B� non_synonymous� E275Q� 3� 122646826� G� S�
L005� SEPN1� non_synonymous� T121M� 1� 26131693� C� Y�
L000� SEPT4� non_synonymous� R359P� 17� 56598653� G� S�
L005� SERINC3� non_synonymous� G147C� 20� 43139966� G� K�
L004� SFMBT2� non_synonymous� V481L� 10� 7247780� G� S�
L005� SGPL1� non_synonymous� E185Q� 10� 72619194� G� S�
L000� SI� non_synonymous� R132S� 3� 164786597� G� S�
L000� SIM1� non_synonymous� V760G� 6� 100838259� T� K�
L005� SIM1� non_synonymous� A450G� 6� 100841584� C� S�
L000� SIPA1L2� non_synonymous� G417R� 1� 232649837� G� R�
L006� SIPA1L3� non_synonymous� E1526Q� 19� 38682930� G� S�
L000� SIRPB1� non_synonymous� L375F� 20� 1546875� C� Y�
L005� SIRPG� non_synonymous� G200E� 20� 1616983� G� R�
L006� SLC12A5� non_synonymous� G1130S� 20� 44686212� G� R�
L000� SLC17A4� non_synonymous� G129C� 6� 25770382� G� K�
L005� SLC18A2� non_synonymous� S80A� 10� 119003598� T� K�
L000� SLC25A14� non_synonymous� H31Y� X� 129479180� C� Y�
L006� SLC25A24� non_synonymous� I247V� 1� 108697688� A� R�
L005� SLC27A6� non_synonymous� F96L� 5� 128302118� C� M�
L005� SLC30A6� non_synonymous� G2V� 2� 32396357� G� K�
L006� SLC35E4� non_synonymous� S272R� 22� 31042781� C� S�
L004� SLC39A12� non_synonymous� R76L� 10� 18242432� G� K�
L004� SLC39A12� non_synonymous� H284Y� 10� 18266929� C� Y�
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L006� SLC7A11� non_synonymous� L388V� 4� 139101899� C� S�
L000� SLC7A14� non_synonymous� W225C� 3� 170216540� G� S�
L000� SLC8A3� non_synonymous� D715E� 14� 70515746� T� W�
L000� SLIT3� non_synonymous� S277F� 5� 168233556� C� Y�
L000� SLITRK2� non_synonymous� G104A� X� 144904254� G� S�
L000� SLITRK4� non_synonymous� D354N� X� 142717865� G� R�
L004� SNAPC4� del_1res� E543�� 9� 139277994� GCT� ��
L000� SNCAIP� non_synonymous� C228F� 5� 121758974� G� K�
L000� SNTG1� non_synonymous� D184E� 8� 51449240� C� M�
L005� SNX27� non_synonymous� I202V� 1� 151630771� A� R�
L000� SOX9� non_synonymous� S448C� 17� 70120341� C� S�
L000� SP140� non_synonymous� L601F� 2� 231155257� A� W�
L000� SPAM1� non_synonymous� Y260*� 7� 123594404� C� S�
L000� SPANXN3� non_synonymous� D86Y� X� 142596814� G� K�
L005� SPATA17� non_synonymous� L284Q� 1� 217955643� T� W�
L000� SPTA1� non_synonymous� Q255*� 1� 158648240� C� Y�
L004� SPTA1� non_synonymous� R2016L� 1� 158592846� G� K�
L004� SRCRB4D� non_synonymous� E136A� 7� 76029671� A� M�
L000� SRPX2� non_synonymous� Y133N� X� 99919812� T� W�
L006� SRRT� non_synonymous� K343M� 7� 100482446� A� W�
L000� STAC� non_synonymous� S27F� 3� 36422215� C� Y�
L000� STK33� non_synonymous� D299N� 11� 8462277� G� R�
L006� STX3� non_synonymous� M216V� 11� 59560958� A� R�
L005� SUV420H2� non_synonymous� D195N� 19� 55857593� G� R�
L000� SYN3� fs_ins_1� N233fs� 22� 33260916� TGGGG� TGGGGG�
L000� SYNCRIP� non_synonymous� N344S� 6� 86329113� A� R�
L006� SYNPO� non_synonymous� E802D� 5� 150029511� G� S�
L000� SYT3� non_synonymous� P469S� 19� 51128819� C� Y�
L000� SYTL4� fs_ins_1� G300fs� X� 99944870� CT� CTT�
L000� TACR3� non_synonymous� P228T� 4� 104579427� C� M�
L000� TAF1� non_synonymous� R1163L� X� 70617187� G� K�
L005� TAF6L� non_synonymous� Y619F� 11� 62554755� A� W�
L000� TAGLN3� non_synonymous� I80V� 3� 111719676� A� R�
L000� TAS1R2� non_synonymous� L559P� 1� 19166937� T� Y�
L000� TBX22� non_synonymous� V325A� X� 79286021� T� Y�
L005� TDRD3� non_synonymous� R395I� 13� 61102543� G� K�
L005� TECPR2� non_synonymous� E450Q� 14� 102898396� G� S�
L000� TECTA� non_synonymous� G502C� 11� 120996311� G� K�
L006� TGFB2� non_synonymous� S403F� 1� 218614583� C� Y�
L000� TGFBR2� non_synonymous� D440G� 3� 30713811� A� R�
L005� TGFBR3� non_synonymous� K425N� 1� 92185588� G� K�
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L000� THNSL2� non_synonymous� D39H� 2� 88472784� G� S�
L000� THOC2� non_synonymous� T1049I� X� 122758432� C� Y�
L006� TIAM2� non_synonymous� Q52E� 6� 155154383� C� S�
L006� TIPIN� non_synonymous� D291N� 15� 66629331� G� R�
L000� TKTL2� non_synonymous� T132I� 4� 164394492� C� Y�
L000� TMLHE� non_synonymous� S94C� X� 154754195� A� W�
L000� TMPRSS11F� non_synonymous� Q90*� 4� 68956255� C� Y�
L005� TNFAIP8L3� non_synonymous� T39K� 15� 51397258� C� M�
L006� TOX� non_synonymous� S241C� 8� 59750842� C� S�
L006� TOX� non_synonymous� Q11H� 8� 60031514� G� S�
L004� TP53� non_synonymous� E204*� 17� 7578239� G� K�
L006� TP53� non_synonymous� H193L� 17� 7578271� A� W�
L004� TRAPPC1� non_synonymous� S136F� 17� 7833955� C� Y�
L000� TRIM58� non_synonymous� G442D� 1� 248039655� G� R�
L000� TRIM60� non_synonymous� D300Y� 4� 165962122� G� K�
L004� TRIM6�TRIM34� non_synonymous� R268L� 11� 5626766� G� K�
L000� TRO� non_synonymous� S752R� X� 54955411� A� M�
L006� TRPA1� non_synonymous� I735V� 8� 72951192� A� R�
L006� TRPM4� non_synonymous� Q1007R� 19� 49705287� A� R�
L004� TRRAP� non_synonymous� E850D� 7� 98515230� G� S�
L004� TSHZ1� non_synonymous� T138P� 18� 72997909� A� M�
L005� TTN� non_synonymous� E10070V� 2� 179542905� A� W�
L004� TYW1� non_synonymous� V582M� 7� 66648158� G� R�
L006� U2AF1� non_synonymous� S34Y� 21� 44524456� C� M�
L006� UGDH� non_synonymous� R114T� 4� 39512405� G� S�
L000� UGGT2� non_synonymous� D387H� 13� 96624859� G� S�
L000� UMPS� non_synonymous� T77A� 3� 124454012� A� R�
L000� UNC5CL� non_synonymous� R211P� 6� 41001674� G� S�
L006� UPF1� non_synonymous� K881N� 19� 18974289� G� S�
L000� USH2A� non_synonymous� G1192C� 1� 216373206� G� K�
L004� USH2A� non_synonymous� R3538*� 1� 215955512� C� Y�
L005� USP8� non_synonymous� Q490H� 15� 50773929� G� S�
L000� VCAN� non_synonymous� Q2823K� 5� 82837289� C� M�
L000� VCL� non_synonymous� R246H� 10� 75834615� G� R�
L005� VCP� non_synonymous� S748N� 9� 35057445� G� R�
L004� VEPH1� non_synonymous� W697L� 3� 157004384� G� K�
L004� VIPR2� non_synonymous� I434T� 7� 158827273� T� Y�
L000� VN1R1� non_synonymous� F125L� 19� 57967480� T� W�
L000� WBSCR17� non_synonymous� E144Q� 7� 70853228� G� S�
L000� WBSCR27� non_synonymous� K177N� 7� 73249280� G� S�
L006� WDFY3� non_synonymous� S17R� 4� 85781694� C� S�
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L006� WDR6� non_synonymous� L631P� 3� 49050769� T� Y�
L000� WDR77� non_synonymous� E188V� 1� 111986677� A� W�
L000� XIAP� non_synonymous� R131M� X� 123019904� G� K�
L004� XIRP2� non_synonymous� S2663L� 2� 168105890� C� Y�
L004� XIRP2� non_synonymous� E3180D� 2� 168107442� A� W�
L004� ZBBX� non_synonymous� N359K� 3� 167035292� C� S�
L006� ZBBX� non_synonymous� P541A� 3� 167023535� C� S�
L004� ZBED4� non_synonymous� A943V� 22� 50280138� C� Y�
L000� ZBTB16� non_synonymous� A96E� 11� 113934309� C� M�
L000� ZBTB33� non_synonymous� G455W� X� 119388633� G� K�
L000� ZBTB33� non_synonymous� G455V� X� 119388634� G� K�
L004� ZCCHC7� non_synonymous� S504*� 9� 37357144� C� M�
L000� ZDHHC4� non_synonymous� Y273C� 7� 6628324� A� R�
L000� ZMYM3� non_synonymous� P1283H� X� 70461155� C� M�
L000� ZMYM3� non_synonymous� C1075F� X� 70464214� G� K�
L005� ZNF19� non_synonymous� A421S� 16� 71509189� G� K�
L000� ZNF217� non_synonymous� E201*� 20� 52198765� G� K�
L000� ZNF229� non_synonymous� P260T� 19� 44934178� C� M�
L006� ZNF248� non_synonymous� G383D� 10� 38121135� G� R�
L000� ZNF254� non_synonymous� G141A� 19� 24309224� G� S�
L006� ZNF33A� non_synonymous� E83Q� 10� 38306290� G� S�
L006� ZNF384� non_synonymous� H335P� 12� 6781606� A� M�
L000� ZNF425� non_synonymous� G644C� 7� 148801033� G� K�
L004� ZNF425� non_synonymous� K484M� 7� 148801512� A� W�
L004� ZNF43� non_synonymous� T343S� 19� 21991812� A� W�
L000� ZNF45� non_synonymous� R604S� 19� 44417776� G� K�
L000� ZNF460� non_synonymous� R292S� 19� 57802783� C� M�
L005� ZNF480� non_synonymous� R416L� 19� 52825750� G� K�
L000� ZNF493� non_synonymous� Y685*� 19� 21607516� C� M�
L004� ZNF507� non_synonymous� E685*� 19� 32845789� G� K�
L000� ZNF521� non_synonymous� V535F� 18� 22806279� G� K�
L005� ZNF544� non_synonymous� E299*� 19� 58772867� G� K�
L000� ZNF551� non_synonymous� I659V� 19� 58199618� A� R�
L006� ZNF583� non_synonymous� F249L� 19� 56934772� T� Y�
L005� ZNF593� non_synonymous� R132T� 1� 26497103� G� S�
L005� ZNF611� non_synonymous� R199S� 19� 53209711� G� K�
L000� ZNF645� non_synonymous� Q301H� X� 22292011� G� S�
L000� ZNF665� non_synonymous� W22R� 19� 53678776� T� W�
L006� ZNF770� non_synonymous� I159V� 15� 35275161� A� R�
L000� ZNF81� non_synonymous� C503F� X� 47775553� G� K�
L000� ZNF814� non_synonymous� C247S� 19� 58386019� T� W�
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L004� ZSCAN4� non_synonymous� G213V� 19� 58189609� G� K�
 

 

Supplementary Table 5. Biological characteristics of HNSCC samples in 
the validation series 

Code� Age� Location� pTNM� Stage Surgery Status� OS�

HN01� 60� Supraglottic� T2�N2b�M0�G2�R1� 4A� P+BND� Alive� 60�
HN02� 63� Supraglottic� T4a�N2b�M0�G2�R0� 4A� T+BND� Alive� 68�
HN03� 57� Supraglottic� T3�N2c�M0G3�R0� 4A� P+BND� Alive� 36�
HN04� 62� Glottic� T3�N2c�M0�G2�R0� 4A� T+BND� Alive� 24�
HN05� 61� Glottic� T3�N0�M0�G1�R0� 3� T� Dead*� 2�
HN06� 64� Supraglottic� T3�N0�M0�G1�R0� 3� P+BND� Alive� 14�
HN08� 75� Supraglottic� T3�N1�M0�G3�R0� 3� T+UND� Alive� 33�
HN09� 65� Supraglottic� T2�N0�M0�G1�R1� 2� P+BND� Alive� 108
HN10� 77� Glottic� T1�N0�M0�G1�R0� 1� P� Dead� 72�
HN11� 50� Supraglottic� T3�N1�M�G1�R0� 3� P+BND� Dead� 48�
HN12� 79� Supraglottic� T3�N2c�M0�G3�R0� 4A� P+BND� Alive� 48�
HN13� 56� Supraglottic� T3�N2b�M0�G2�R0� 4A� T+BND� Dead� 50�
HN14� 64� Supraglottic� T2�N3�M0�G2�R1� 4B� T+UND� Dead� 2�
HN16� 57� Glottic� T3�N0�M0�G2�R0� 3� T+BND� Alive� 26�
HN17� 86� Supraglottic� T3�N2c�MoG3�R0� 4A� T+BND� Censored 9�
HN18� 67� Supraglottic� T1�N0�M0�G1�R0� 1� P� Censored 4�
HN19� 56� Supraglottic� T2�N2b�M0�G3�R0� 4A� P+BND� Alive� 25�
HN20� 69� Supraglottic� T2�N0�M0�G1�R1� 4A� P+BND� Alive� 43�
HN21� 55� Supraglottic� T2�N0�M0�G1�R0� 2� P� Alive� 17�
HN22� 55� Supraglottic� T1�N0�M0�G2�R0� 1� P� Censored 15�
HN23� 71� Glottic� T3�N2a�M0�G2�R0� 4A� T+BND� Censored 36�
HN24� 72� Glottic� T2�N0�M0�G3�R0� 2� P� Alive� 32�
HN25� 69� Glottic� T4�N0�M0�G1�R0� 4A� P� Alive� 84�
HN26� 79� Supraglottic� T3�N1�M0�G3�R0� 3� T+BND� Alive� 72�
HN27� 59� Supraglottic� T2�N3�M0�G3�R0� 4B� T+BND� Alive� 27�
HN28� 68� Supraglottic� T4a�N2b�M0�G3�R0� 4A� T+BND� Alive� 76�
HN29� 77� Glottic� T2�N1�M0�G1�R0� 3� T+UND� Alive� 21�
HN30� 50� Supraglottic� T2�N0�M0�G2�R0� 2� P+BND� Alive� 48�
HN31� 51� Supraglottic� T2�N2c�M0�G3�R0� 4A� P+BND� Alive� 21�
HN32� 72� Supraglottic� T2�N0�M0�G3�R0� 2� P+BND� Dead� 36�
HN33� 54� Supraglottic� T3�N1�MO�G1�R0� 3� P+BND� Dead� 6�
HN34� 74� Supraglottic� T3�N0�M0�G1�R0� 3� T+BND� Censored 1�
HN35� 59� Supraglottic� T3�N2c�M0�G1�R2� 4A� T+BND� Alive� 25�
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HN36� 65� Glottic� T2�N0�M0�G1�R0� 2� P+UND� Alive� 24�
HN37� 44� Supraglottic� T2�N3�M0�G1�R0� 4B� T+BND� Alive� 44�
HN38� 63� Glottic� T3�N0�M0�G2�R0� 3� T+BND� Alive� 72�
HN39� 53� Glottic� T3�N0�M0�G1�R0� 3� T+BND� Alive� 48�
HN40� 51� Supraglottic� T2�N0�M0�G1�R0� 2� P+UND� Alive� 14�
HN41� 63� Supraglottic� T2�N0�M0�G1�R0� 2� P+BND� Alive� 120
HN42� 65� Supraglottic� T2�N0�M0�G1�R0� 2� P� Alive� 18�
HN43� 69� Glottic� T3�N2a�M0�G3�R0� 4A� T+BND� Alive� 29�
HN44� 77� Glottic� T4�N0�M0�G1�R0� 4A� T� Alive� 53�
HN46� 46� Supraglottic� T1�N2c�M0�G2�R1� 4A� P+BND� Alive� 48�
HN47� 54� Glottic� T1�N0�M0�G1�R0� 1� P� Alive� 25�
HN48� 65� Supraglottic� T3�N0�M0�G1�R0� 3� T+BND� Alive� 24�
HN49� 54� Supraglottic� T2�N3�M0�G2�R0� 4B� P+BND� Dead� 8�
HN50� 82� Supraglottic� T3�N0�M0�G2�R0� 3� T+BND� Dead*� 48�
HN51� 65� Supraglottic� T2�Nx�M0�G2�R0� 2� P+BND� Dead� 68�
HN52� 70� Glottic� T1�N0�M0�G2�R0� 1� P� Dead� 38�
HN53� 79� Glottic� T2�N0�M0�G2�R0� 2� P� Alive� 16�
HN54� 67� Glottic� T2�Nx�M0�G1�R0� 2� P� Dead� 84�
HN55� 57� Supraglottic� T4a�N2c�M0�G2�R1� 4A� T+BND� Dead� 8�
HN56� 57� Supraglottic� T3�Nx�M0�G2�R1� 3� P� Censored 9�
HN57� 53� Glottic� T1�N0�M0�G1�R0� 1� P� Alive� 60�
HN58� 54� Glottic� T3�N0�M0�G3�R0� 3� T+BND� Alive� 50�
HN59� 49� Glottic� T2�N0�M0�G2�R0� 2� P� Alive� 55�
HN60� 61� Supraglottic� T2�N0�M0�G2�R0� 2� T+BND� Alive� 43�
HN61� 59� Supraglottic� T2�N1�M0�G1�R0� 3� P+BND� Alive� 68�
HN62� 46� Supraglottic� T2�N2b�M0�G2�R0� 4A� P+BND� Alive� 19�
HN63� 56� Supraglottic� T3�N0�M0�G3�R0� 3� P+BND� Alive� 42�
HN64� 57� Supraglottic� T2�N0�M0�G3�R0� 2� P+BND� Alive� 24�
HN65� 52� Glottic� T1�N0�M0�G1�R0� 1� P� Alive� 192
HN66� 57� Supraglottic� T2�N2b�M0�G2�R0� 4A� P� Dead� 72�
HN67� 90� Supraglottic� T1�N0�M0�G3�R0� 1� P� Censored 36�
HN68� 61� Supraglottic� T1�N2c�M0�G3�R0� 4A� P+BND� Alive� 60�
HN69� 82� Supraglottic� T4�Nx�M0�G2�R0� 4A� T+BND� Dead*� 48�
HN70� 59� Supraglottic� T3�N2b�M0�G2�R0� 4A� T+BND� Dead*� 16�
HN71� 63� Supraglottic� T2�N0�M0�G3�R0� 2� P+BND� Alive� 34�
HN72� 45� Supraglottic� T2�N2b�M0�G3�R0� 4A� P+UND� Alive� 45�
HN73� 58� Glottic� T1�N0�M0�G2�R0� 1� P� Alive� 72�
HN74� 64� Supraglottic� T1�N2c�M0�G3�R0� 4A� P+BND� Alive� 52�
HN75� 69� Supraglottic� T3�N0�M0�G1�R0� 3� P+UND� Dead� 41�
HN76� 72� ND� ND� ND� P� ND� ND
HN77� 87� ND� ND� ND� T� ND� ND
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HN78� 71� ND� ND� ND� P� ND� ND
HN79� 64� ND� ND� ND� P+BND� ND� ND
HN80� 43� ND� ND� ND� P� ND� ND
HN81� 82� ND� ND� ND� P� ND� ND
HN82� 70� ND� ND� ND� T� ND� ND
HN83� 86� ND� ND� ND� P� ND� ND
HN84� 75� ND� ND� ND� T� ND� ND
HN85� 57� ND� ND� ND� P� ND� ND
HN86� 73� ND� ND� ND� P� ND� ND
HN87� 49� ND� ND� ND� T� ND� ND
HN88� 62� ND� ND� ND� P� ND� ND
HN89� 48� ND� ND� ND� T� ND� ND
*Death�by�other�causes;�pTNM,�Pathological�tumor�node�metastasis�
stage;�T,�Total�laryngectomy;�P,�Partial�laryngectomy;�UND,�Unilateral�
neck�disection;�BND,�Bilateral�neck�disection;�OS,�Overall�survival�
(months)�
�
�
�
�
�
�
Supplementary�Table�6.�SMIPS�analysis�of�the�validation�set�

Symbol� Amplified�
exons� Amplicons�(bp)� Muts� N

ARHGEF2� 11� 7846�

R608W� 1
R573*� 1
V564L� 1
S387N� 1
R228*� 1

BCORL1� 16� 8697�

A429D� 1
G492V� 1
L512P� 1
Q838L� 1
P873L� 1
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D1198Y� 2
CIT� 19� 8507� A1120T� 1
COMP� 13� 5588� C387Y� 1

CSMD3� 10� 4210�

T3366A� 1
R3105W� 2
splice_site� 2
G414W� 1
D413E� 1
Q397K� 1
H360N� 2
D277E� 1
P255T� 1
S78I� 1

CTNNA2� 17� 6642�

E76*� 1
S132Y� 1
E266*� 1
L434*� 2
S597G� 1
A761S� 2

CTNNA3� 17� 6757�

D696N� 1
C622F� 1
V607L� 2
V492F� 1
A468P� 1
E413V� 1

CTNND2� 22� 8850�

P860L� 1
C766Y� 1
A530V� 1
S517R� 1
R435S� 1
Q430*� 1
Y399F� 1

DAPK1� 21� 9738�
I90N� 1
S738F� 1

DGKD� 23� 10545� splice_site� 1
DYRK2� 4� 2679� �� 0
EBF1� 16� 6058� P350H� 2

ENPP3� 20� 8160�

G52D� 1
A61E� 2
Y196*� 1
E400*� 1
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G500A� 1
G534*� 1

FOXL1� 2� 1913� �� 0
GDF10� 3� 1944� N156K� 1
LOXL2� 13� 5385� �� 0
MAML1� 13� 8716� Y974C� 1

MAP2� 16� 9025�

R293S� 1
A374S� 1
G430E� 1
P1323T� 1

MAP3K10� 8� 5168� D860N� 1
MAPK4� 4� 2077� �� 0

MDGA2� 12� 5417�

S907I� 1
R859S� 1
A857V� 2
Q750*� 1
splice_site� 2
D319Y� 1
D279H� 1

MTF1� 10� 5060� �� 0

NID1� 20� 8173�
R1100L� 1
E713K� 1

NLRP12� 10� 5090�
A1010T� 1
V583L� 1

PAX1� 5� 2522�
A336T� 1
A396G� 1
P399T� 1

PCDHB7� 3� 3010� �� �

PIKFYVE� 25� 12059�
L349H� 1
Q1146H� 1

PPP2R4� 10� 3461� �� 0

PTER� 4� 1811�
M54I� 1
K62*� 1

PTPRS� 22� 10442� �� �
RAB22A� 6� 2421� N118S� 1
RAB2A� 8� 2928� G210C� 1
RHOJ� 5� 1825� �� �
SELE� 8� 4295� P556T� 1

SIM1� 9� 5017�
D676Y� 2
S541L� 1
R69W� 2
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SUV420H2� 4� 2753�
G279S� 1
R284W� 1

TGFBR2� 7� 3215� �� 0

TP53� 5� 2033�

splice_site� 1
E298*� 4
E286*� 1
R280T� 1
R280G� 1
R273L� 2
R273C� 2
G262V� 1
G245C� 5

TMPRSS11F� 10� 3914�
Y364C� 1
Q90*� 1

VCAN� 19� 13780�
S617L� 1
K745T� 1
R3188H� 1

Shaded genes were excluded due to sub-optimal alignment of reads 
 

 

Supplementary Table 7. Somatic mutations affecting CTNNA2 and CTNNA3 in the validation series 

Gene� Case� Mutation� Condel�score� Condel�prediction�

CTNNA2� HN05� E76*� �� truncating�
CTNNA2� HN35� S132Y� 0,942� deleterious�
CTNNA2� HN22� E266*� �� truncating�
CTNNA2� HN03� L434*� �� truncating�
CTNNA2� HN24� S597G� 0,792� deleterious�
CTNNA2� HN45� M725I� 0,645� deleterious�
CTNNA2� HN15� A761S� 0,367� neutral�
CTNNA3� HN03� E413V� 0,652� deleterious�
CTNNA3� HN67� A468P� 0,76� deleterious�
CTNNA3� HN51� V492F� 0,591� deleterious�
CTNNA3� HN56� V607L� 0,585� deleterious�
CTNNA3� HN22� C622F� 0,689� deleterious�
CTNNA3� HN45� R628P� 0,645� deleterious�
CTNNA3� HN56� D696N� 0,622� deleterious�
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Matrix metalloproteinases (MMPs) have been implicated in a

variety of human diseases, including neuroimmunological dis-

orders such as multiple sclerosis. However, the recent finding

that some MMPs play paradoxical protective roles in these dis-

eases hasmade necessary the detailed study of the specific func-

tion of each familymember in their pathogenesis. To determine

the relevance of collagenase-2 (MMP-8) in experimental

autoimmune encephalomyelitis (EAE), an animal model for

multiple sclerosis, we have performed two different analyses

involving genetic and biochemical approaches. First, we have

analyzed the development of EAE in mutant mouse deficient

in MMP-8, with the finding that the absence of this proteo-

lytic enzyme is associated with a marked reduction in the

clinical symptoms of EAE. We have also found that MMP-
8�/� mice exhibit a marked reduction in central nervous sys-

tem-infiltrating cells and demyelinating lesions. As a second

approach, we have carried out a pharmacological inhibition

of MMP-8 with a selective inhibitor against this protease

(IC50 � 0.4 nM). These studies have revealed that the admin-

istration of the MMP-8 selective inhibitor to mice with EAE

also reduces the severity of the disease. Based on these find-

ings, we conclude thatMMP-8 plays an important role in EAE

development and propose that this enzyme may be a novel

therapeutic target in human neuro-inflammatory diseases

such as multiple sclerosis.

Multiple sclerosis (MS)2 is an inflammatory disease of the

central nervous system (CNS) characterized by autoreactive

T-cell infiltration that causes myelin sheath destruction and

axonal loss (1, 2). Although the origin of MS remains unclear,

CD4� Th1 cells are believed to be the main mediators of the

autoimmune reaction (3, 4). According to this, the injection of

myelin peptides into susceptible mice generates experimental

autoimmune encephalomyelitis (EAE), a murine model of

human multiple sclerosis, and leads to myelin-specific recruit-

ment of T cells that subsequently differentiate into Th1-type

effector cells (5). The extravasation of reactive leukocytes into

the CNS parenchyma across the blood-brain barrier correlates

with the appearance of clinical symptoms (6).

Matrix metalloproteinases (MMPs) have been largely impli-

cated inMS and EAE progression due to their ability to degrade

the main extracellular matrix components that maintain the

integrity of the blood-brain barrier (7, 8). Consistent with this

putative role of MMPs in the development or progression of

MS, several members of this metalloproteinase family have

been shown to be up-regulated in serum, cerebrospinal fluid,

and brain samples of MS patients (9, 10) as well as in murine

models of demyelinating lesions (11, 12). Likewise, expression

of MMPs has been detected in diverse cell types involved in

the pathogenesis of the disease (13, 14). Interestingly, the

administration of MMP inhibitors has reduced the severity

of the disease in different EAE murine models (15–18). Fur-

thermore, young MMP-9-deficient mice and MMP-2/MMP-9

double knock-out mice are more resistant to the development

of the disease than wild-type animals (19, 20). However, and

somewhat unexpectedly, MMP-2�/� and MMP-12�/� mice

are more susceptible to EAE induction than their wild-type

counterparts suggesting that these metalloproteinases could

play protective roles in the course of MS (21, 22). These find-

ings, together with the variety of processes in which MMPs are

involved (23, 24), suggest that the contribution of these

enzymes to the progression of neuro-inflammatory diseases is

much more complex than originally anticipated. Thus, and

besides the degradative action of MMPs during blood-brain

barrier disruption, these enzymes may also contribute to the

progression ofMS through their ability to degrademyelin com-

ponents releasing encephalitogenic peptides (25, 26). Likewise,

MMPsmay play important roles in the regulation of the inflam-

matory stimuli responsible for autoreactive T cell recruitment
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and infiltration (27). In fact, MMPs have been demonstrated to

modulate inflammation through the proteolytic cleavage of a

number of cytokines and chemokines that have been implicated

in the pathobiology of MS (27, 28). This functional diversity of

MMPsmakes necessary the detailed analysis of the specific role

that each individual member of this complex family of metallo-

proteinases might play in the pathogenesis of MS.

Our study in this regard has focused on the analysis of the

putative implication of collagenase-2 (MMP-8) in the develop-

ment and progression of neuro-inflammatory diseases such as

MS. MMP-8 is a potent collagenolytic enzyme frequently asso-

ciated with inflammatory conditions, including asthma, hepa-

titis, ulcerative colitis, atherosclerosis, periodontitis, and rhino-

sinusitis (29–34). Interestingly, several works have also

evidenced the up-regulation of MMP-8 in EAE, and its expres-

sion has been correlated with disease severity (12, 14). To fur-

ther explore the possibility that this metalloproteinase could

play a role inMS pathogenesis, we have usedmutant mice defi-

cient inMMP-8 and analyzed their susceptibility to EAE. In this

work, we report that MMP-8�/� mice are more resistant to

EAE than their wild-type counterparts, and show a marked

reduction in CNS-infiltrating cells and demyelinating lesions.

On this basis, we propose that MMP-8 plays an important role

in EAE development and can be a therapeutic target in human

neuro-inflammatory diseases such as MS.

EXPERIMENTAL PROCEDURES

EAE Induction and Clinical Evaluation—Wild-type (MMP-

8�/�) andMMP-8-null mice (MMP-8�/�) were generated in a

C57BL6/129Sv background, as previously described (35). Con-

trol and mutant mice used in all experiments were littermates

derived from interbreeding of MMP-8�/� heterozygotes. For

EAE induction, 8- to 10-week-old female mice were injected

subcutaneously in the flank on days 0 and 7 with 300 �g of

myelin oligodendrocyte glycoprotein (MOG35–55) peptide. The

peptide was thoroughly emulsified in 100 �l of complete

Freund’s adjuvant containing 500 �g of heat-inactivatedMyco-

bacterium tuberculosisH37Ra (Difco Laboratories). Mice were

also injected intraperitoneally on days 0 and 2 with 200 �l of
PBS containing 500 ng of Pertussis toxin (List Biologicals Lab-

oratories). After immunizationwithMOG,micewere observed

daily, and the disease severity was scored on a scale of 0–5 with

graduations of 0.5 for intermediate clinical signs. The score was

defined as follows: 0, no detectable clinical signs; 1, weakness of

the tail; 2, hind limb weakness or abnormal gait; 3, complete

paralysis of the hind limbs; 4, complete hind limb paralysis with

forelimbweakness or paralysis; 5,moribundor death. Paralyzed

mice were given easy access to food and water. Mouse experi-

mentation was done according to the guidelines of the Univer-

sidad de Oviedo, Oviedo-Spain.

In Vivo MMP-8 Inhibition Studies—The cyclohexylamine

salt of (R)-1-(3�-methylbiphenyl-4-sulfonylamino)methylpro-

pyl phosphonic acid, a new phosphonate inhibitor with potent

(IC50 � 0.4 nM) and selective action against MMP-8 (36), was

dissolved in PBS with 5% Me2SO at 2.5 mg/ml. Treated mice

were injected intraperitoneally daily with a dose of 25 mg/kg

body weight of the inhibitor, starting at the time of MOG

immunization. All mice were monitored daily until the time of

sacrifice.

Analysis of Expression of MMPs, TIMPs, ADAMs, and

ADAMTSs—Spinal cords from immunized wild-type and

MMP-8�/� mice were isolated during the chronic phase of the

disease. Tissues were homogenized and total RNA was

extracted by using a commercial kit (RNeasy MiniKit, Qiagen).

One microgram of RNA was reverse transcribed to make

cDNA. TaqMan PCR was used to profile mRNA levels of all

members of the MMP family and the four TIMPs and several

members of the ADAM and ADAMTS families, as previously

described (14). The 18 S rRNA gene was used as an endogenous

internal control.

Isolation of Splenocytes and Cytokine Assays—Spleens from

immunized wild-type and MMP-8�/� mice were isolated and

dispersed into a single cell suspension. After lysis of red blood

cells, the splenocytes were washed and resuspended in Dulbec-

co’s modified Eagle’s medium supplemented with 10% fetal calf

serum, L-glutamine, sodium pyruvate, 2-mercaptoethanol, and

streptomycin/penicillin. Cells were plated at 4 � 106 cells/well

in 24-well plates containing 1ml of culturemediumwith 0, 5, or

50 �g/ml MOG35–55. Supernatants were collected at 48 h for

cytokine analysis. Quantitative enzyme-linked immunosorbent

assay was performed for TNF-�, IFN-� (R&D), IL-4, IL-10 (BD

Biosciences), and TGF-� (Promega) according to the protocol

supplied by the manufacturer.

Splenocyte Proliferation Assay—Spleens from wild-type and

MMP-8�/� mice were removed 21 days after immunization

and processed as described above. Cells were plated in tripli-

FIGURE 1. Clinical severity of EAE is reduced in MMP-8�/� mice. Wild-type
and MMP-8�/� female mice were immunized with the encephalitogenic pep-
tide MOG35–55 and scored daily according to the severity of their symptoms.
The experiment was performed with 8- to 10-week-old MMP-8�/� and MMP-
8�/� mice (n � 6 mice per group) (A) and 4-week-old MMP-8�/� (n � 7) and
MMP-8�/� (n � 8) mice (B). Results are expressed as mean disease score � S.E.
*, p � 0.05.
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cates at 7 � 105 cells/well in 96-well microtiter plates contain-

ing 200 �l of culturemediumwith 0, 5, or 50 �g/mlMOG35–55.

They were cultured for 48 h and then pulsed with 1 �Ci/well
[methyl-3H]thymidine for the last 16 h. Cells were collected and

precipitated with 5% trichloroacetic acid for 4 h at 4 °C. The

precipitated DNA was filtered using G/C glass fiber filters and

radioactivity was determined in a scintillation counter.

Histological Analysis and Immunofluorescence—Wild-type

and MMP-8�/� immunized mice with representative clinical

scores were selected from each group. Brains and spinal cords

were isolated, fixed in 4% paraformaldehyde, and embedded in

paraffin. Each sample was serially sectioned 5-�m thick at

100-�m intervals and stained with hematoxylin and eosin. To

evaluate the degree of inflammation, the “depth” of inflamma-

tory infiltrates was measured in serial sections of spinal cord

samples and quantified using Image Tool HUCA software. To

assess the degree of demyelinization, an immunohistochemical

analysis was performed using a primary antibody against mye-

lin basic protein. To perform immunohistochemistry, deparaf-

fined, and rehydrated sections were rinsed in PBS (pH 7.5).

Endogenous peroxidase activity and nonspecific binding were

blocked with peroxidase block

buffer (DakoCytomation) and 1%

bovine serum albumin, respectively.

Sections were incubated overnight

at 4 °C with a monoclonal antibody

anti-myelin basic protein (a gift

from Dr. Sternberger), diluted

1:1500. Then, sections were incu-

bated with an anti-mouse EnVision

system-labeled polymer (Dako-

Cytomation) for 30 min, washed in

buffer solution, and visualized with

diaminobenzidine. Sections were

counterstained with Mayer’s hema-

toxylin, dehydrated, and mounted

in Entellan�. Inflammatory and

demyelinating lesions were evalu-

ated by a neuropathologist. To

quantify the different cellular pro-

files, sampling was systematically

randomized, and two sections of the

spinal cord from wild-type and

MMP-8�/� immunized mice, with

representative clinical scores, were

selected to perform the immunohis-

tochemical analysis. To detect T

lymphocytes, deparaffined and

rehydrated sections were heated in

10 mM citrate buffer solution (pH

6.5) in a pressure cooker for 7 min.

Antibody nonspecific binding was

blocked using 1% bovine serum

albumin in PBS. Samples were incu-

bated overnight at 4 °C with a rabbit

anti-human CD3 antibody (Aton

Pharma Inc.), diluted 1:100. Then,

slides were incubated with an anti-

rabbit EnVision system-labeled polymer for 30 min, washed in

buffer solution, and visualized with diaminobenzidine. To per-

formmacrophage and polymorphonuclear (PHN) immunohis-

tochemistry, sections were incubated for 2 h at 37 °C and over-

night at 4 °Cwith a rat anti-mouse neutrophils (Serotec) or a rat

anti-mouse F4/80 (Serotec), diluted 1:50. After that, slides were

incubated with a goat anti-rat secondary antibody diluted 1:50.

Sections were counterstained withMayer’s hematoxylin, dehy-

drated, and mounted in Entellan�. The total number of each

cellular profile was referred to the area of white matter ana-

lyzed. This areawas calculated in each section using ImageTool

HUCA software. For double immunofluorescence, spinal cords

were isolated, fixed in 4% paraformaldehyde, and embedded in

OCT. Cryosections were blocked with 20% serum in PBS and

0.2% Triton X-100 for 30 min. Then, slides were incubated

overnight at 4 °C with a rat monoclonal antibody to mouse

Ly6G (BD Pharmingen) diluted 1:25. After washing with PBS,

samples were incubated for 1 h at room temperaturewithAlexa

Fluor 488-goat anti-rat IgG secondary antibody diluted 1:100.A

primary antibody against MMP-8 (35) was added to the slides

diluted 1:3000 in blocking buffer and incubated for 1 h. Finally,

FIGURE 2. Analysis of MMP, ADAM, ADAMTS, and TIMP expression levels in 8-week-old wild-type and
MMP-8�/� immunized mice. TaqMan real-time PCR analysis of MMPs (A), TIMPs (B), and ADAMs and ADAMTSs
(C) expressed in spinal cord samples from wild-type (black bar) and MMP-8�/� immunized mice (white bar).
mRNA levels on the y-axis are expressed relative to 18 S rRNA levels. Both forms of murine MMP-1 (43) were
undetectable. Values are means � S.E. *, p � 0.05; **, p � 0.01. n � 4 mice per group.
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samples were incubated for 1 h at room temperaturewithAlexa

Fluor 594-goat anti-rabbit IgG secondary antibody diluted

1:2000. Nuclei were counterstained with 4�,6-diamidino-2-

phenylindole. Sections were examined using a Confocal-Ultra

Espectral Leica TCS-SP2-AOBS microscope.

MMPandADAMInhibitionAssays—MMP inhibition assays

have been previously described (36). Recombinant ADAM-10

and ADAM-17 were purchased from R&D Systems. For assay-

ing ADAMs, the inhibitor (R)-1-(3�-methylbiphenyl-4-sulfo-

nylamino)methylpropylphosphonic acid stock solution (100

mM)was further diluted at six different concentrations (0.01 nM

to 10 �M) in the fluorometric assay buffer (25 mM Tris, pH 8.0,

25�MZnCl2, 0.005% Brij-35). The enzyme (final concentration

of 19 nM for ADAM-10 and 1.4 nM for ADAM-17) and inhibitor

solutions were incubated in the assay buffer for 4 h at 25 °C.

After addition of 5 �M (final concentration) of the fluorogenic

substrate Mca-Pro-Leu-Ala-Gln-Ala-Val-Dap (Dpn)-Arg-Ser-

Ser-Ser-Arg-NH2 (Bachem), the hydrolysis was monitored

recording the increase of fluorescence (�ex � 320 nm, �em �
405 nm) using a LS55 spectrofluorometer from PerkinElmer

Life Sciences. The assays were per-

formed in duplicate in a total vol-

ume of 100 �l per well in 96-well

microtiter plates (Nunc). The per-

centage of inhibition was calculated

from control reactions without the

inhibitor. IC50 was determined

using the formula: Vi/V0 � 1/(1 �
[I]/IC50), where Vi is the initial

velocity of substrate cleavage in the

presence of the inhibitor at concen-

tration [I] andV0 is the initial veloc-

ity in the absence of the inhibitor.

Results were analyzed using Graph-

Pad Software.

Statistical Analysis—Values shown

are mean � S.E. Comparison of

clinical scores, cytokine production

levels, and cellular profiles between

the various treatment groups were

analyzed by using two-tailed Stu-

dent’s t test. A value of p � 0.05 was

considered significant. Statistically

significant differences are shown

with asterisks.

RESULTS

MMP-8�/� Mice Are More Re-

sistant to EAE—To investigate the

possible contribution of MMP-8 to

the initiation and progression of

EAE, wild-type and MMP-8-defi-

cient mice were immunized with

the encephalitogenic peptide

MOG35–55 and scored according to

the severity of their symptoms. A

total of 66 female mice (8–10 weeks

old, MMP-8�/�, n � 32, MMP-

8�/�, n � 34) were immunized in three independent experi-

ments, and the results of a representative experiment are shown

in Fig. 1A. Although the disease onset is similar in both groups,

after day 20 from the immunization, the clinical scores

observed inMMP-8�/� mice were significantly reduced during

the chronic phase of the disease. Also, the maximal disease

score was diminished inMMP-8�/� mice compared with wild

type (wild type � 3.4 versus knock-out � 2.1, p � 0.09). Con-

sidering that the lack of MMP-8 could be compensated in the

adult life by othermembers of theMMP family or by alternative

proteolytic pathways, we also induced EAE in 4-week-old wild-

type (n � 7) andMMP-8�/� mice (n � 8). As shown in Fig. 1B,

the severity and the onset of the disease were significantly

reduced in youngMMP-8�/� compared with young wild-type

mice. As expected, the maximal disease severity score of young

MMP-8�/� mice (wild type � 2.5 versus knock-out � 0.8, p �
0.05) was also diminished in comparison to that obtained with

MMP-8�/� young mice. The greatest differences between

wild-type andMMP-8�/� mice EAE susceptibility obtained in

this experiment suggest the existence of a compensatorymech-

FIGURE 3. Analysis of MMP, ADAM, ADAMTS, and TIMP expression levels in 4-week-old wild-type and
MMP-8�/� immunized mice. TaqMan real time PCR analysis of MMPs (A), TIMPs (B), and ADAMs and ADAMTSs
(C) expressed in spinal cord samples from wild-type (black bar) and MMP-8�/� immunized mice (white bar).
mRNA levels on the y-axis are expressed relative to 18 S rRNA levels. Both forms of murine MMP-1 were
undetectable. Values are means � S.E. *, p � 0.05; **, p � 0.01. n � 4 mice per group.
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anism in the adult life. To evaluate this possibility, we analyzed

the expression levels of all murineMMPs and their endogenous

inhibitors (TIMPs), as well as selectedmembers of the structur-

ally related families of ADAMs and ADAMTSs, in the spinal

cords of 8-week-old (n � 4 mice per group) and 4-week-old

(n � 4 mice per group) wild-type and MMP-8�/� immunized

mice, sacrificed during the chronic phase of the disease. Inter-

estingly, the relative expression level ofMMP-8 was one of the

highest in the wild-type diseased mice (Figs. 2A and 3A). This

analysis revealed that there are six genes, MMP-9, MMP-12,

MMP-15,MMP-17,MMP-24, andMMP-28, whose expression

levels were significantly different between MMP-8�/� and

MMP-8�/� 8-week-oldmice. However, three of them,MMP-9,

MMP-12, and MMP-17, also showed different expression pat-

terns in young mice (Figs. 2A and 3A). These results suggest

that the occurrence of compensatory events, elicited by the lack

of MMP-8, may have appeared during earlier stages of knock-

out mice development. By contrast, there are certain genes

whose expression pattern is markedly different between 8- and

4-week-old MMP-8�/� mice. Thus, MMP-15, MMP-24, and

MMP-28 were significantly up-regulated in adult MMP-8�/�

mice compared with wild type, whereas there were not signifi-

cant differences between their expression levels inMMP-8�/�

andMMP-8�/� 4-week-oldmice (Figs. 2A and 3A). In an oppo-

site way, ADAMTS1 expression levels were significantly up-

regulated inMMP-8�/� 4-week-old

mice compared with wild-type,

whereas no difference was observed

between MMP-8�/� and MMP-

8�/� adult mice. The relative ex-

pression levels of the four TIMPs

and the analyzed ADAMs remained

unaltered in both groups (Figs. 2B,

2C, 3B, and 3C). Altogether, these

findings confirm the existence of

different expression patterns

between 8- and 4-week-old MMP-

8�/� mice that may contribute to

explain the differences observed

between the EAE susceptibility of

adult and youngMMP-8�/� mice.

Reduced Inflammation and

Demyelination in MMP-8�/� EAE

Mice—To evaluate whether MMP-8

may contribute to activated cell

recruitment and CNS inflamma-

tion, histopathological examination

of spinal cord and brain samples

from 8-week-old wild-type and

MMP-8�/� immunized mice was

performed at different times in the

course of the disease. We first ana-

lyzed samples extracted 10 days

after the initiation of the experi-

ment, before any clinical symptoms

were observed. As expected, no

detectable lesions were present at

this time point in both wild-type

and MMP-8�/� mice (Fig. 4, A–D). In contrast, samples

extracted during the acute phase of the disease (21 days)

showed a marked increase in the number of infiltrating cells,

although the demyelinating lesions were still very limited.

Despite the fact that this time marks the point of divergence in

EAE progression between wild-type and MMP-8�/� mice, as

the severity of EAE symptoms continues to increase in wild-

type animals while is maintained inMMP-8�/� mice, no histo-

logical differences were observed between both groups (Fig. 4,

E–H).

Finally, we analyzed CNS tissues from wild-type and MMP-

8�/� mice sacrificed at the chronic phase of the disease. Inter-

estingly, although animals were chosen with similar clinical

symptoms in both genotypes, the extent of the inflammatory

infiltrates were significantly reduced in knock-out tissues com-

pared with wild-type counterparts (wild type � 334.1 � 57.2

�m, n � 3, versus knock-out � 125.0 � 39.5 �m, n � 3, p �
0.05) (Fig. 4, I, K, M, and O). In addition, myelin basic protein

immunohistochemistry revealed extensive demyelinating

lesions in the wild-type tissues, while demyelination was less

severe in MMP-8�/� mice (Fig. 4, J, L, N, and P). A detailed

analysis of the cellular types present in the inflammatory lesions

revealed that, despite the fact that T lymphocytes were the pre-

dominant subpopulation in the parenchyma infiltrates, a great

number of macrophages and neutrophils were also detected in

FIGURE 4. Diminished CNS inflammation during the chronic phase of EAE in MMP-8�/� mice immunized
with MOG35–55. Hematoxylin and eosin staining (A, C, E, G, I, K, M, and O) and myelin basic protein immuno-
histochemistry (B, D, F, H, J, L, N, and P) of spinal cords from 8-week-old MMP-8�/� and MMP-8�/� mice
immunized with MOG35–55. There is no inflammation in CNS samples from MMP-8�/� and MMP-8�/� mice
sacrificed on day 10 post-immunization (top panel). Typical multifocal inflammation in the leptomeninges,
around blood vessels, and incipient demyelinating lesions (indicated by arrows) are observed in MMP-8�/� and
MMP-8�/� mice sacrificed on day 21 post-immunization. Representative tissue sections from MMP-8�/� and
MMP-8�/� mice sacrificed during the chronic phase of the disease (I–L) show vacuolization in the white matter,
parenchymal inflammation, and severe demyelination in MMP-8�/� mice, whereas inflammatory lesions are
reduced in MMP-8�/� mice. Magnification, 10�. Scale bar,100 �m. A higher magnification image of the tissue
lesion, indicated by a rectangle, is shown (M–P). Magnification, 40�. Scale bar, 100 �m.

Impaired Autoimmune Encephalomyelitis in MMP-8�/� Mice

APRIL 4, 2008 • VOLUME 283 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 9469



Resuls 

168 

 

 

wild-type mice. The same cellular profiles were observed in

MMP-8�/� mice, although the number of inflammatory cells

was markedly reduced (Fig. 5A and Table 1). To determine the

cellular source of MMP-8, we performed immunofluores-

cence analysis of spinal cord samples obtained from immu-

nized mice. These experiments revealed that neutrophils,

present at the sites of inflammation, were the main source of

MMP-8 (Fig. 5B), whereas no co-localization was observed

with lymphocytes or macrophages (data not shown).

Splenocyte Activation in MMP-8�/� Mice during EAE—Be-

cause MMP-8�/� mice exhibit both marked reduction in the

extent of inflammatory/demyelinating EAE lesions and less

severe clinical symptoms, we further investigated if this pheno-

type was associated with alterations in the antigen-specific

immune response. To this purpose, splenocytes from 8-week-

old wild-type (n � 8) andMMP-8�/� (n � 8) immunized mice

were isolated at day 21 after immunization and cultured in the

presence or absence of different concentrations of MOG35–55

peptide. Then, the secretion of TNF-� and IFN-�, two pro-

inflammatoryTh1 cytokines involved in EAEpathogenesis, was

evaluated. As shown in Fig. 6 (A and B), there was no defect in

the ability of splenocytes derived from MMP-8�/� mice to

secrete TNF-� or IFN-� when compared with those fromwild-

typemice. In addition, we analyzed the production of Th2 cyto-

kines such as IL-10 or IL-4 (Fig. 6, C andD) and TGF-� (n � 4)

(Fig. 6E). However, no significant differences were seen in the

secretion of these cytokines. In addition, we determined if

the proliferative response was altered in MMP-8�/� mice,

but the culture of stimulated splenocytes with [methyl-
3H]thymidine did not reveal significant differences between

both groups (Fig. 6F). We next evaluated the possibility that

this pattern of secretion could change during the chronic phase

of the disease. Thus, we isolated splenocytes from 8-week-old

wild-type (n � 4) and MMP-8�/� (n � 3) immunized mice at

day 50, and cells were stimulated as described above. As can be

seen in Fig. 7, no significant differences in cytokine production

were observed between wild-type and knock-out mice. How-

ever, as shownFig. 7F, whenwe analyzed the relative increase in

cytokine production during the chronic phase versus the aver-

age levels obtained in each group during the acute phase of the

disease, we observed certain differences in the pattern of cyto-

kine secretion between wild-type and knock-out splenocytes.

Thus, IL-4 and IL-10 levels were markedly increased in spleno-

cytes derived from MMP-8�/� mice during the chronic phase

compared with the increased production observed in the cul-

tures derived fromwild-typemice. Considering that the relative

secretion of TNF-� and IFN-� was maintained, these results

suggest a greater ability ofMMP-8�/� splenic cells to increase

the Th2-type response during the chronic phase of the disease.

MMP-8 Inhibition Reduces the EAE Symptoms in the Acute

Phase of the Disease—To investigate whether the administra-

tion of a selective MMP-8 inhibitor (Table 2) would reduce

the clinical symptoms of EAE disease, we designed an exper-

imental procedure based on previously published results

obtained with broad spectrumMMP inhibitors. To this pur-

pose, wild-type femalemice (8–10 weeks old) were subjected

to EAE induction as described above. The control group was

composed of 9 mice that were compared with 11 mice

injected with the MMP-8 inhibitor. Treated mice were

injected intraperitoneally daily with a dose of 25 mg/kg body

weight of the inhibitor, starting at the time of MOG immu-

nization. Wild-type mice daily injected with the vehicle

reached similar disease scores as untreated mice (data not

shown), thus ruling out any significant influence of the

experimental procedure on the observed results. As shown

in Fig. 8A, which is representative of two independent exper-

iments, MMP-8 inhibitor treatment markedly reduces the

disease severity during the early stages of EAE. This was

apparent by day 21 post induction, where the mean clinical

disease score of the control group was 2.6 � 0.6 versus 0.9 �
0.4 of the treated mice (p � 0.05). However, during the

chronic phase of the disease, the severity of EAE progres-

sively increased in the treated mice showing that MMP-8

inhibition was not effective at later time points. At this time

point, mice were sacrificed and CNS tissues were his-

topathologically evaluated. No differences were observed in

FIGURE 5. Cellular profiles and specific localization of MMP-8 in the
inflammatory infiltrates of mice subjected to EAE. A, representative
immunostaining showing the presence of T lymphocytes (left panels), macro-
phages (middle panels), and neutrophils (right panels) in spinal cords from
8-week-old MMP-8�/� and MMP-8�/� mice immunized with MOG35–55 and
sacrificed during the chronic phase of the disease. Magnification, 40�. Scale
bar, 100 �m. B, immunofluorescence reveals Ly6G-positive neutrophils that
colocalize with specific MMP-8 immunostaining in spinal cords from EAE-
induced MMP-8�/� and MMP-8�/� mice sacrificed during the chronic phase
of the disease. Magnification, 63�. Scale bar, 30 �m.

TABLE 1
Cellular profiles in spinal cords of 8-week-old MMP-8�/� and
MMP-8�/� mice subjected to EAE
Data represent the number of each cell type per mm2 of white matter. Values are
means � S.E. (n � 4 mice per group).

T lymphocytes Macrophages Neutrophils

MMP-8�/� 410.2 � 67.5 102.1 � 50.6 28.7 � 11.8
MMP-8�/� 265.6 � 84.9 29.9 � 9.1 16.9 � 7.3
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the severity of the inflammatory and demyelinating lesions

(Fig. 8B).

DISCUSSION

The pathogenesis ofmultiple sclerosis is characterized by the

massive entry of inflammatory auto-reactive T cells in the

parenchyma of the CNS. Several reports have directly related

the degradative actions of MMPs with the disruption of the

blood-brain barrier (20, 37, 38). Thus, it has been demonstrated

that the administration of MMP inhibitors reduces the trans-

migration of leukocytes in EAE. However, despite this patho-

genic role classically attributed to theMMP family of proteases,

the availability of murine models deficient in specific MMPs

has demonstrated that certain members of this group of

enzymes may play protective roles in neuro-inflammatory dis-

eases (21, 22). This fact is likely a consequence of the great

variety of bioactive substrates that the MMPs can proteolyti-

cally process, including cytokines, chemokines, or adhesion

molecules that modulate the

recruitment of inflammatory infil-

trating cells into the CNS paren-

chyma (27, 28). These previous find-

ings make of special interest the

analysis of the putative role of

MMP-8 in MS. Interestingly,

MMP-8 combines a potent collag-

enolytic activity with a reported

ability to cleave several chemokines

involved in inflammatory processes

(39, 40), thereby having the poten-

tial to modulate the evolution of the

disease in different ways.

To determine the beneficial or

detrimental functions that MMP-8

may play in the progression of MS,

we have analyzed the susceptibil-

ity of MMP-8-deficient mice to

EAE. Our results have demon-

strated that these mutant mice

have attenuated clinical symptoms

during the chronic phase of the

disease when compared with their

wild-type counterparts. Thus, and

despite the fact that MMP-8�/�

and wild-type mice show similar

disease scores during the onset

and the acute phase of the disease,

we have observed that MMP-8�/�

mice manifest a clear recovery at

later time points. Moreover, con-

sidering the possibility that a com-

pensatory mechanism may act in

the adult life as a consequence of

the absence of a certain MMP (19,

21), we performed the same study

with younger mice. Interestingly,

we found several differences in the

expression levels of certain MMPs

and ADAMTSs between wild-type and MMP-8�/� mice,

suggesting the existence of alternative proteolytic pathways

that can restore some functions of this collagenolytic MMP.

One of the main candidates to perform these activities was

MMP-9, which was markedly up-regulated in 8-week-old

MMP-8�/� mice compared with wild types, and its relevance

in the pathogenesis of EAE has been largely demonstrated

(15, 19, 20). However, we observed that its expression level

was also increased in 4-week-old MMP-8�/� mice, indicat-

ing that there are compensatory mechanisms but they may

have appeared earlier duringMMP-8�/� mice development.

These results suggest that the differences observed in EAE

susceptibility between adult and young MMP-8�/� mice

derive from the differences found in the expression pattern

of other genes, such as MMP-15, MMP-24, MMP-28, or

ADAMTS1; however, to date, the particular contribution of

these genes to the development of this disease remains

unclear.

FIGURE 6. Antigen-specific cytokine production and proliferative responses of splenic cells from 8-week-
old MMP-8�/� and MMP-8�/� mice. Splenocytes were isolated on day 21 post-immunization and stimulated
in vitro with 0, 5, and 50 �g/ml MOG35–55. Supernatants were collected at 48 h and TNF-� (A), IFN-� (B), IL-10 (C),
IL-4 (D), and TGF-� (E) concentrations were determined by enzyme-linked immunosorbent assay. To determine
the proliferative responses, [3H]methylthymidine was added after 72 h of antigen stimulation, and its incorpo-
ration was measured 16 h later (F). Values are means � S.E. n � 8 mice per group.
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The histopathological analysis of the spinal cord and brain

parenchyma revealed a marked correlation between the

observed clinical symptoms and the degree of inflammation.

Thus, samples taken during the acute phase of the disease

showed similar meningeal inflammatory foci in both wild-type

and MMP-8�/� mice. However, during the chronic phase of

the disease, the severity of the infiltrating and demyelinating

lesionswasmarkedly reduced inMMP-8�/�mice. Considering

that a large number of neutrophils was present at the sites of

inflammation and that it has been reported that these cells play

a key role in the recruitment of inflammatory cells during the

effector phase of the disease (41), our results suggest that

MMP-8 may contribute to this regulatory function of the

immune response once the inflammation has been initiated.

FIGURE 7. Increased Th2-type cytokine production in splenocytes from MMP-8�/� mice during the chronic phase of EAE. Spleens from 8-week-old
MMP-8�/� (n � 4) and MMP-8�/� (n � 3) mice with representative disease scores were isolated during the chronic phase of the disease. Splenic cells were
cultured and stimulated in vitro with 0, 5, and 50 �g/ml MOG35–55. Supernatants were collected at 48 h and the production of TNF-� (A), IFN-� (B), IL-10 (C), IL-4
(D), and TGF-� (E) was determined by enzyme-linked immunosorbent assay. ND, not detectable. The relative increase in cytokine production during the chronic
phase was calculated by comparison with the average of cytokine production obtained in each group during the acute phase of the disease. These results
correspond to the values obtained with cultured splenocytes stimulated with 5 �g/ml MOG35–55 (F). Values are means � S.E. *, p � 0.05.
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Consistent with this possibility, the analysis of the antigen-spe-

cific responses of splenocytes isolated from wild-type and

MMP-8�/� mice revealed a greater increase in certain immu-

nomodulatory cytokines in theMMP-8�/� cultures during the

chronic phase of the disease, compared with the response

observed in wild-type samples. Thus, levels of IL-10, which is

critical in the regulation of EAE progression (42), are signifi-

cantly increased in splenocytes from MMP-8�/� mice at this

chronic phase, suggesting that the absence of MMP-8 may

affect Th1/Th2 polarization responses in MMP-8�/� splenic

cells during the chronic phase of EAE.

The results described herein with MMP-8�/� mice and the

EAE model should be consistent with the idea that therapeutic

inhibition of MMP-8 may reduce the clinical symptoms of the

treatedmice. In agreement with this proposal, we have demon-

strated in this work that the administration of an MMP-8-se-

lective inhibitormarkedly reduces the severity of EAE. Interest-

ingly, the protective effect of the inhibitor was more

pronounced in the early stages of

the disease, whereas data from

mutant mice indicate a critical role

for the protease at later stages dur-

ing the disease development. A pos-

sible explanation for these results

derives from the temporal window

in which the proteolytic function of

MMP-8 is targeted. Thus, inMMP-

8�/� mice, the absence of the prote-

ase encoded by the targeted gene

can induce compensatory or adapt-

ive mechanisms during the embry-

onic development until adult life in

an attempt to replace the functions

provided by this enzyme. However,

this response is limited when the

inhibition is performed in a particu-

lar moment during the adult life, as

is the case of pharmacological inter-

ventions like that based on the

administration of the MMP-8-se-

lective inhibitor used in this study.

We have also to consider that this

inhibitor, although it mainly targets

MMP-8, can also block the activity

of other related MMPs. Accord-

ingly, additional studies withMMP-

8-specific inhibitors currently unavailable as well as with ani-

mal models deficient in otherMMPs will be necessary to define

the precise relevance of MMP-8 in the pathogenesis of MS.

In conclusion, our results provide the first causal evidence

that MMP-8 plays an important role in EAE development and

open a novel therapeutic possibility to reduce the clinical symp-

toms of human neuro-inflammatory diseases by specific target-

ing of this member of the large and complex family of matrix

metalloproteinases.
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35, 252–257

36. Biasone, A., Tortorella, P., Campestre, C., Agamennone, M., Preziuso, S.,

Chiappini, M., Nuti, E., Carelli, P., Rossello, A., Mazza, F., and Gallina, C.

(2007) Bioorg. Med. Chem. 15, 791–799
37. Graesser, D., Mahooti, S., and Madri, J. A. (2000) J. Neuroimmunol. 109,

121–131

38. Wang, X., Jung, J., Asahi, M., Chwang, W., Russo, L., Moskowitz, M. A.,

Dixon, C. E., Fini, M. E., and Lo, E. H. (2000) J. Neurosci. 20, 7037–7042
39. Gutiérrez-Fernández, A., Inada, M., Balbı́n, M., Fueyo, A., Pitiot, A. S.,

Astudillo, A., Hirose, K., Hirata, M., Shapiro, S. D., Noel, A., Werb, Z.,
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Exome Sequencing and Functional Analysis
Identifies BANF1 Mutation as the Cause
of a Hereditary Progeroid Syndrome

Xose S. Puente,1 Victor Quesada,1 Fernando G. Osorio,1 Rubén Cabanillas,2 Juan Cadiñanos,2

Julia M. Fraile,1 Gonzalo R. Ordóñez,1 Diana A. Puente,1 Ana Gutiérrez-Fernández,1

Miriam Fanjul-Fernández,1 Nicolas Lévy,3 José M.P. Freije,1 and Carlos López-Otı́n1,*

Accelerated aging syndromes represent a valuable source of information about the molecular mechanisms involved in normal aging.

Here, we describe a progeroid syndrome that partially phenocopies Hutchinson-Gilford progeria syndrome (HGPS) but also exhibits

distinctive features, including the absence of cardiovascular deficiencies characteristic of HGPS, the lack of mutations in LMNA and

ZMPSTE24, and a relatively long lifespan of affected individuals. Exome sequencing and molecular analysis in two unrelated families

allowed us to identify a homozygous mutation in BANF1 (c.34G>A [p.Ala12Thr]), encoding barrier-to-autointegration factor 1 (BAF),

as the molecular abnormality responsible for this Mendelian disorder. Functional analysis showed that fibroblasts from both patients

have a dramatic reduction in BAF protein levels, indicating that the p.Ala12Thr mutation impairs protein stability. Furthermore,

progeroid fibroblasts display profound abnormalities in the nuclear lamina, including blebs and abnormal distribution of emerin, an

interaction partner of BAF. These nuclear abnormalities are rescued by ectopic expression of wild-type BANF1, providing evidence for

the causal role of this mutation. These data demonstrate the utility of exome sequencing for identifying the cause of rare Mendelian

disorders and underscore the importance of nuclear envelope alterations in human aging.

Aging is a very complex process that affects most biological

functions of the organism, but its molecular basis remain

largely unknown.1 Over the last few years, our knowledge

of the molecular mechanisms underlying human aging

has gained new insights from studies on premature aging

syndromes that cause the early development of multiple

phenotypes normally associated with advanced age.2,3

Most of these human progeroid syndromes are caused by

defects in DNA repair systems, but recent studies have

shown that alterations in nuclear envelope formation

and dynamics are involved in the development of acceler-

ated aging syndromes.4 Thus, patients with Hutchinson-

Gilford progeria syndrome (HGPS [MIM 176670]) carry

mutations in LMNA (MIM 150330), which encodes two

major components of the nuclear envelope, the lamins

A and C.5,6 In addition, other progeroid syndromes, such

as restrictive dermopathy (RD [MIM 275210]) and mandi-

buloacral dysplasia (MADB [MIM 608612]), are caused by

mutations in ZMPSTE24 (also known as FACE1 [MIM

606480]),7,8 which encodes a metalloprotease involved in

prelamin A maturation.9 However, there may still be other

classes of genetic mutations responsible for the develop-

ment of accelerated aging in patients who lack mutations

in all previously described genes associated with these

devastating diseases.

The recent availability of high-throughput sequencing

technologies has now made it feasible to address personal

genome projects that could uncover the precise genetic

causes of human diseases.10,11 In addition to whole-

genome sequencing, exome sequencing has been success-

fully used to identify mutations responsible for genetic

disorders of unknown cause.12–15 In this work, we have

used this approach to identify the disease-causing muta-

tions in patients who were originally diagnosed with

a progeroid syndrome that phenocopies features of HGPS

and mandibuloacral dysplasia but whose mutational

analysis of candidate genes did not reveal any change in

LMNA or ZMPSTE24.

To gain insights into the molecular mechanisms impli-

cated in putative accelerated aging, we studied patients

with progeroid syndromes without mutations in known

candidate genes. Affected individuals are members of two

unrelated Spanish families, from distant regions of the

country (family A is from Gran Canaria; family B is from

Castilla). DNA samples were isolated fromperipheral-blood

leukocytes via standard techniques. The experiments were

conducted in accordance with the guidelines of the Comité

Cientı́fico de la Fundación Centro Médico de Asturias, and

written informed consent was obtained from each

individual providing biological samples. The pedigrees for

both families are shown in Figure 1. The first patient studied

(II-1, family A; Figure 1) was the second child born to

consanguineous third cousins (coefficient of inbreeding,

F ¼ 1/64). Both parents and his four siblings were healthy,

and there was no significant clinical family history. The

patient exhibited normal development until 2 years of

age. From that age, he experienced failure to thrive and

his skin became dry and atrophic with small light-brown
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spots over the thorax, scalp, and limbs. He also developed

a generalized lipoatrophy, severe osteoporosis, and marked

osteolysis. The atrophic facial subcutaneous fat pad and the

marked osteolysis of the maxilla and mandible result in

a typical pseudosenile facial appearance with micrognatia,

prominent subcutaneous venous patterning, a convex

nasal ridge, and proptosis (Figure 1A and Figure S1 available

online). His cognitive development was completely

normal. Despite an initial diagnosis of HGPS or MAD,

some of the clinical features suggested that this patient

could have a distinct progeroid syndrome. The age of the

patient (31 years, which is very unusual given that most

HGPS patients die in their teenage years), his height

(145 cm, underestimated as a result of his scoliosis), the

presence of eyebrows and eyelashes, the persistence of scalp

hair until the age of 12 (which never disappeared

completely), the very severe osteolysis (of the mandible,

clavicles, ribs, distal phalanges, and radius), and the absence

of coronary dysfunction, atherosclerosis, or metabolic

anomalies finally led to the diagnosis of atypical progeria.

A second patient (II-1, family B; Figure 1), a 24-year-old

man showing a phenotype almost identical to the index

case (Figure 1A and Figure S2), was also analyzed. Despite

thorough cardiovascular examination (echocardiogram,

stress test, cardiac computed tomography, Doppler study

of supra-aortic trunks), neither of the patients showed signs

of ischemia or atherosclerosis, both cardinal features of

HGPS.16 Moreover, the lack of mutations in LMNA and

ZMPSTE24 would also be consistent with the hypothesis

that these patients have a different progeroid syndrome.

To evaluate this possibility at the molecular level, we first

performed exon enrichment, followed by massively
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parallel sequencing on DNA samples from the proband

(II-1, family A; Figure 1) and both parents. Three micro-

grams of genomic DNA was fragmented and hybridized

with the use a SureSelect Human All Exon Kit (Agilent,

Palo Alto, CA) together with the Paired-End Sample Prepa-

ration Kit from Illumina in accordance with the manufac-

turers’ protocols. The captured DNA fragments were

sequenced with the Genome Analyzer IIx (Illumina, San

Diego, CA), with the use of two lanes per sample and 52

cycles, resulting in more than 60 million paired reads per

sample. Reads were aligned to the reference genome

(GRCh37) with the Burrows-Wheeler Aligner (BWA

0.5.7),17 and SAMtools 0.1.718 was used for removal of

PCR duplicates and initial SNP calling. All single-nucleo-

tide variants were required to have aminimum SNP quality

of 40, supported by reads in both orientations, and to be

no fewer than three bases from an indel. Common variants

present in either dbSNP131 or in ten personal genomes of

Spanish origin were filtered. Homozygous variants were

identified with the use of custom scripts and verified by

visual inspection. More than 98% of the coding exome

was covered by at least one read in the three individuals,

and more than 90% was covered by at least ten reads.

Although these extremely rare diseases can be caused by

dominant de novo mutations, we first assumed an auto-

somal-recessive mode of inheritance because of the

consanguinity of healthy parents. We first searched for

homozygous variants and applied a model of identity by

descent (IBD). Out of the 18,655 coding variants found

in the proband, 8062 produced nonsynonymous changes,

from which 96% were present either in dbSNP131 or in

several unrelated individuals from whom genomic data

were available at our group (Figure 1B). Only four of the

uncommon remaining variants were homozygous in the

proband and heterozygous in the parents. Interestingly,

three of the four candidate genes (BANF1 [MIM 603811],

KRTAP5-11, and AQP11 [MIM 609914]) were located in

a long contiguous stretch of homozygosity on chromo-

some 11q13 (Figure 1C), whereas the fourth one (GGTLC1

[MIM 612338]) was located on chromosome 20p11. SNP

array analysis revealed that the first region contained two

copies in the proband, precluding the occurrence of a large

deletion in this patient. In addition, all nucleotide variants

detected in this region were also present in both the father

and the mother, indicating that this homozygosity track

was not due to uniparental disomy but was independently

inherited from the parents.

The presence of three candidate genes in a small locus of

less than 13 Mb would likely result in linkage disequilib-

rium between the three variants, thus making difficult

the identification of the individual alteration responsible

for this disease. Therefore, we performed PCR amplifica-

tion and capillary sequencing of the four variants

mentioned above in the studied family and in the second

family, with a similar progeroid syndrome and without

mutations in either LMNA or ZMPSTE24. We found that

the affected individual from the second family (II-1,

family B; Figure 1) had the same homozygous mutation

(chr11:65770755G>A) in BANF1 (NM_001143985.1,

c.34G>A [p.Ala12Thr]) that was originally identified in

the patient from family A, although sequencing of the

coding regions of AQP11, KRTAP5-11, and GGTLC1 did

not reveal additional mutations (Figure 1D and

Figure S3). Even though both families are of different

geographical origins and they did not report any known

relationship with each other, both patients shared

a common homozygous haplotype comprising four SNPs

in BANF1 (rs14157, G/G; rs1786171, C/C; rs1786172,

G/G; rs56984820, �/�), which suggests the occurrence of

a founder mutation. All nonaffected members from

both families were either heterozygous or did not have

the BANF1 mutation, and sequencing of more than

400 chromosomes from individuals of the Spanish popula-

tion failed to detect this variant, confirming that it is not

a common polymorphism. Together, these data strongly

support the causal role of this mutation in BANF1 as the

genetic alteration responsible for this progeroid syndrome.

BANF1 encodes a protein of 89 amino acids called

barrier-to-autointegration factor 1 (BAF), which forms

dimers and is implicated in nuclear envelope assembly.19

The affected residue (Ala12) has been highly conserved

through evolution from fish to humans (Figure 2A),

suggesting an important role in the structure or function

of this small protein. BAF interacts with DNA as well as

with different proteins,19–21 including lamin A, which is

mutated in HGPS, reinforcing the role of BAF in the

segmental progeroid syndrome exhibited by the patients

described herein. A three-dimensional model of mutant

BAF shows that the mutated residue is located on the

surface of the protein22,23 (Figure 2B). Nevertheless, the

p.Ala12Thr mutation is not predicted to affect BAF dimer-

ization or its binding to either DNA or emerin, raising the

possibility that this amino acid substitution could impair

the interaction with other proteins, its subcellular localiza-

tion, or its stability. For examination of the effect of the

BAF p.Ala12Thrmutation at the protein level, a skin biopsy

was obtained from both patients and from a parent

(I-1, family A) and used to establish cell cultures of primary

dermal fibroblasts. Control cells (AG10803 human skin

fibroblasts) were obtained from the Coriell Cell Repository.

We analyzed BAF expression in primary fibroblasts from

both patients (homozygous for the mutation), from

a heterozygous carrier (I-1, family A), and from control

fibroblasts, using immunoblotting with mouse mono-

clonal anti-BAF (ab88464, Abcam), which recognizes

two bands corresponding to phosphorylated (slower

migrating) and nonphosphorylated (faster migrating)

BAF.24 Fibroblasts homozygous for the p.Ala12Thr muta-

tion had very low levels of BAF protein as compared to

control fibroblasts, whereas heterozygous fibroblasts had

intermediate levels (Figure 2C). Quantitative RT-PCR

experiments using a specific TaqMan expression assay for

BANF1 (Applied Biosystems, Foster City, CA) revealed

that BANF1 mRNA levels were not significantly
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downregulated in the mutant cells, indicating that this

mutation affects the stability of the protein rather than

having an effect at the mRNA level (Figure 2D).

A morphological analysis of the nuclei from mutant

fibroblasts revealed profound nuclear abnormalities,

including blebs and aberrations previously described in

other laminopathies5–8,25,26 (Figure 3). Immunofluores-

cence analysis using antibodies against lamin A/C and

emerin, interaction partners of BAF and structural constit-

uents of the nuclear lamina,27,28 revealed significant

differences in the subcellular distribution of emerin

between control cells and fibroblasts from these patients

(Figure 3), whereas alterations in lamin A/C distribution

were not evident under the same conditions (Figure S4).

Emerin was specifically located in the nuclear lamina of

normal fibroblasts, whereas in fibroblasts homozygous

for the p.Ala12Thr mutation, emerin lost its nuclear distri-

bution and was found predominantly in the cytoplasm,

with some minor staining in the nuclear lamina.

To further confirm the causal role of the BAF p.Ala12Thr

mutation in this process, we generated an EGFP-BAF protein

by cloning the coding sequence of human BAF in the

polylinker region of pEGFP-C1 (Clontech, Palo Alto, CA).

We transiently transfected mutant fibroblasts with this

expression vector encoding an EGFP-BAF fusion protein,

and confocal microscopy analysis revealed that ectopic

expression of EGFP-BAF in these progeroid fibroblasts

rescued the nuclear abnormalities. Thus, EGFP-BAF-positive

cells recovered a normal nuclear morphology, in contrast to

the aberrations observed in control cells transfected with

EGFP (Figure 4). These findings are consistent with the re-

ported relevance of BAF in nuclear lamina dynamics.29,30

In fact, experimental reduction of BAF by RNAi in human

cells results in the formation of nuclear envelope alterations

and abnormal localization of emerin,29 similar to the find-

ings observed in these progeroid patients. Together, these

results show that the p.Ala12Thrmutation in BAF identified

in patients with this progeroid syndrome causes an

abnormal distributionof components of thenuclear lamina,

which are likely responsible for the nuclear abnormalities

observed in this laminopathy. The phenotypic expression

of laminopathies is highly variable, and although our two

patients have features that are also exhibited in HGPS and

mandibuloacral dysplasia, their clinical findings differ in

several aspects. Neither of our patients has signs of athero-

sclerosis or cardiac ischemia (fatal heart attacks and strokes

at a mean age of 13 years are a common feature of HGPS).

Additionally, ourpatientsdonothave insulin resistance,dia-

betesmellitus, orhypertriglyceridemia, all ofwhichare usual

features ofmandibuloacral dysplasia. Finally, it is remarkable

BA

DNADNA

Thr12 Thr12

C

A

D

B

C
on
tro
l

A1
2T
/+

Pa
tie
nt

BAF
C
on
tro
l

Pa
tie
nt

r
e
l
a
t
i
v
e

e
x
p

r
e
s
s
i
o

n

β-actin

Control A12T/+ Patient A

m
R

N
A

Emerin

Figure 2. Alteration of BAF Structure in Cells Homozygous for the p.Ala12Thr Mutation
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that despite the phenotypic overlapping between patients

with HGPS or mandibuloacral dysplasia and those with the

segmental progeria described herein, the observed differ-

ences are of utmost importance to patients and their fami-

lies. Thus, it seems that those patients with the progeroid

syndrome caused by BANF1 mutation are not at increased

risk of acute myocardial infarcts, cerebrovascular accidents,

or diabetes mellitus. In contrast, they suffer profound skel-

etal abnormalities that affect their quality of life (both

patients experience pain, dysfunction, and disability) and

occasionally may result in life-threatening complications,

such as pulmonary hypertension secondary to severe scoli-

osis. Therefore, palliation of osseous manifestations is

a priority in our patients, given their relatively long lifespan.

In summary, the finding of mutations in BANF1 associ-

ated with a progeroid syndrome may open therapeutic

approaches for patients with this condition, as has been

the case for children with HGPS (ClinicalTrials.gov;

NCT00731016, NCT00425607, NCT00916747).31–33

Furthermore, the fact that BAF is functionally connected

to the nuclear envelope, together with the previous

finding that prelamin A isoforms are accumulated during

normal and pathological aging,5,6,34–36 underscores the

importance of the nuclear lamina for human aging and

may provide newmechanistic insights about this complex,

multifactorial, and universal process.

Supplemental Data

Supplemental Data include four figures and can be foundwith this

article online at http://www.cell.com/AJHG/.
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Freije, J.M., and López-Otı́n, C. (2008). Nuclear envelope

defects cause stem cell dysfunction in premature-aging mice.

J. Cell Biol. 181, 27–35.

26. Goldman, R.D., Shumaker, D.K., Erdos, M.R., Eriksson, M.,

Goldman, A.E., Gordon, L.B., Gruenbaum, Y., Khuon, S., Men-

dez, M., Varga, R., and Collins, F.S. (2004). Accumulation of

mutant lamin A causes progressive changes in nuclear archi-

tecture in Hutchinson-Gilford progeria syndrome. Proc.

Natl. Acad. Sci. USA 101, 8963–8968.

27. Bengtsson, L., and Wilson, K.L. (2004). Multiple and

surprising new functions for emerin, a nuclear membrane

protein. Curr. Opin. Cell Biol. 16, 73–79.

28. Haraguchi, T., Koujin, T., Segura-Totten, M., Lee, K.K.,

Matsuoka, Y., Yoneda, Y., Wilson, K.L., and Hiraoka, Y.

(2001). BAF is required for emerin assembly into the reforming

nuclear envelope. J. Cell Sci. 114, 4575–4585.

29. Haraguchi, T., Koujin, T., Osakada, H., Kojidani, T., Mori, C.,

Masuda, H., and Hiraoka, Y. (2007). Nuclear localization of

barrier-to-autointegration factor is correlatedwith progression

of S phase in human cells. J. Cell Sci. 120, 1967–1977.

30. Haraguchi, T., Kojidani, T., Koujin, T., Shimi, T., Osakada, H.,

Mori, C., Yamamoto, A., and Hiraoka, Y. (2008). Live cell

imaging and electron microscopy reveal dynamic processes

of BAF-directed nuclear envelope assembly. J. Cell Sci. 121,

2540–2554.

31. Capell, B.C., Olive, M., Erdos, M.R., Cao, K., Faddah, D.A.,

Tavarez, U.L., Conneely, K.N., Qu, X., San, H., Ganesh, S.K.,

et al. (2008). A farnesyltransferase inhibitor prevents both the

onsetandlateprogressionof cardiovasculardisease inaprogeria

mouse model. Proc. Natl. Acad. Sci. USA 105, 15902–15907.

32. Varela, I., Pereira, S., Ugalde, A.P., Navarro, C.L., Suárez, M.F.,
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36. Varela, I., Cadiñanos, J., Pendás, A.M., Gutiérrez-Fernández,

A., Folgueras, A.R., Sánchez, L.M., Zhou, Z., Rodrı́guez, F.J.,

Stewart, C.L., Vega, J.A., et al. (2005). Accelerated ageing in

mice deficient in Zmpste24 protease is linked to p53 signalling

activation. Nature 437, 564–568.

656 The American Journal of Human Genetics 88, 650–656, May 13, 2011



Resuls 

180 

 

 

The American Journal of Human Genetics, Volume 88 

Supplemental Data 

Exome Sequencing and Functional Analysis 

Identifies BANF1 Mutation as the Cause 

of a Hereditary Progeroid Syndrome 
Xose S. Puente, Victor Quesada, Fernando G. Osorio, Rubén Cabanillas, Juan Cadiñanos, Julia M. Fraile, 
Gonzalo R. Ordóñez, Diana A. Puente, Ana Gutiérrez-Fernández, Miriam Fanjul-Fernández, Nicolas Lévy, 
José M. P. Freije, and Carlos López-Otín 



Results 
 

181 

 

 

�

�

Figure�S1.�Clinical�Characteristics�of�Atypical�Progeria�in�Patient�II�1�from�Family�A�

Frontal�and�dorsal�view�of�the�patient,�and�detailed�pictures�of�head,�ears,�feet�and�hands,�illustrating�
progeroid�features�and�severe�skeletal�abnormalities.��
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Figure�S2.�Clinical�Characteristics�of�Atypical�Progeria�in�Patient�II�1�from�Family�B�

Frontal�and�dorsal�view�of�the�patient,�and�detailed�pictures�of�head,�ears,�feet�and�hands,�illustrating�
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Figure�S3.�Pedigrees�and�Electropherograms�Corresponding�to�the�p.Ala12Thr�Mutation�in�BAF�
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Figure�S4.�Lamin�A/C�in�Fibroblasts�Homozygous�for�the�p.Ala12Thr�Mutation�in�BAF�

Lamin� A/C� distribution� was� analyzed� by� immunofluorescence� and� confocal� microscopy� in� primary�
fibroblasts�from�the�progeroid�patient�II�1�(family�A)�as�well�as�in�control�fibroblasts.��
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During the past decade, cancer research has generated a complex 

landscape of the genetic and epigenetic changes occurring within the genome of 

transformed cells. We have also learnt that these changes influence the 

expression and function of numerous proto-oncogenes and tumor suppressor 

genes implicated in regulatory circuits governing cell proliferation, differentiation, 

and homeostasis. These data have consolidated the idea that tumorigenesis is a 

multistage process bearing certain analogy to classical evolutionary events and 

leading to the progressive conversion of normal cells into cancer cells. Hanahan 

and Weinberg brilliantly integrated an immense body of literature and proposed 

that the vast majority of cancer cell genotypes arise as a consequence of the 

alteration of eight essential biological processes in cell physiology. These 

combined changes finally result in sustaining proliferative signaling, the evasion of 

growth suppressors, the circumvention of programmed cell death and immune 

system, unlimited replication potential, sustained angiogenesis and tissue, 

reprogramming of energy metabolism and invasion and metastasis (1). 

The experimental approaches aimed to unmask the molecular mechanisms 

underlying these powerful advantages acquired by tumor cells were largely 

focused on the study of individual genes of oncological relevance. However, the 

recent development of new high-throughput techniques for sequencing and 

analysis of whole genomes has represented a radical change in the strategies 

aimed at gaining insights into the complex genetic landscape of cancer. In this 

Thesis, we have taken advantage of the experience of our laboratory in both 

technical and methodological approaches to try to provide new insights into the 

complex mechanisms governing tumor development and progression. Thus, we 

have moved from the in vivo and in vitro functional study of an individual gene, 

presumably associated with cancer invasion, to the global analysis of the 

molecular alterations present in the genome of cancer patients.  

As we mentioned above, cancer originates from mutations in genes that 

regulate essential pathways of cell function leading to uncontrolled outgrowth of 

tissue cells. Nevertheless, solid cancers are not only autonomous masses of 

transformed tumor cells, but also consist of multiple cell types such as fibroblast, 

epithelial, immune and endothelial cells, which create a tumor-specific 
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microenvironment. Understanding the complex crosstalk between malignant cells 

and the surrounding stroma represents one of the major challenges in cancer 

research. In this regard, a large body of evidence supports the view that 

extracellular proteinases, such as matrix metalloproteinases (MMPs), mediate 

many of the changes in the microenvironment during tumor progression. On this 

basis, the first part of this doctoral work has been focused on the study of the 

MMP family (I-IV).  

MMPs are a family of zinc-dependent endopeptidases first described almost 

half century ago (I). They play a crucial role in various physiological processes, 

including tissue remodeling and organ development, but also in aggressive 

diseases such as cancer. The notion that MMP-mediated ECM degradation leads 

to cancer cell invasion and metastasis has been a guiding principle in MMP 

research. However, these enzymes play more specific and subtle roles than just 

being potent excavators of surrounding tissue. Hence, MMPs may be critically 

involved in disrupting the balance between proliferative and anti-proliferative 

signals in the tumor microenvironment, as they potently influence the 

bioavailability or functionality of many important factors that regulate growth (I). 
Evading programmed cell death is another strategy which increases the cell 

number and size of tumors, and that is normally mediated via extracellular 

receptors exposed to selective degradation by MMPs. Likewise, MMPs are key 

players in angiogenesis, regulation of the inflammation and pre-metastac niche 

formation, evidencing that MMP function is more complex than initially thought (I). 
In fact, although the current understanding in this field is that extracellular 

proteolysis is mostly implicated in cancer promotion, it has also been well-

established that MMPs exhibit tumor-suppressing effects in several circumstances. 

This dual role is well illustrated in the case of MMP-19 (II).  

 MMP19 is up-regulated during the later stages of melanoma progression, 

facilitating the vertical migration of tumor cells  (132). However, MMP19 is down-

regulated in basal and squamous cell carcinoma during neoplastic 

dedifferentiation, as well as in colon and nasopharyngeal cancers (133-135). 

Different in vivo studies of cancer susceptibility performed in Mmp19-deficient 

mice generated in our laboratory have confirmed the dual role of this 
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metalloproteinase in cancer. Thus, in a methylcholanthrene-induced fibrosarcoma 

model, Mmp19-null mice develop less fibrosarcomas and with longer latency 

period than their control littermates whereas, conversely, they exhibit an early 

onset of angiogenesis and tumor invasion after transplantation of malignant 

murine keratinocytes (50,51). Altogether, these data suggest that MMP-19 

negatively regulates the early stages of tumor cell invasion, but cancer cells could 

become less sensitive to MMP-19 activity once tumor develops. These apparently 

paradoxical results may reflect different roles for MMP-19 in the evolution of 

various cancer types as well as throughout different steps of cancer progression, 

highlighting the requirement to understand the individual functions of each MMP in 

order to improve anticancer strategies (II).  

It is precisely in this context of the need of in vivo analysis of MMP 

functions, in which we addressed the first experimental objective for the present 

doctoral Thesis, which has been focused on the generation of mice deficient in 

Mmp-1a, the closest murine ortholog of human MMP-1 (III). This metalloproteinase 

has been described in a wide variety of advanced cancers, and, in nearly all 

instances, there has been a significant negative correlation between MMP-1 

expression and survival (136). Likewise, it has been demonstrated that 

overexpression of this enzyme is associated with tumor initiation, invasion and 

metastasis (137). However, despite the relevant role attributed to MMP-1 in tumor 

progression, these cancer-related functions have not been formally demonstrated 

in vivo. This is even more surprising if we realize that Mmp-1a was first identified 

and cloned more than 10 years ago (85). The technical difficulties derived from the 

large complexity of the Mmp cluster located at mouse chromosome 9, which even 

contains a duplicated Mmp1 gene absent in human, together with the doubts 

regarding the functional relevance of these mouse orthologs of human MMP-1 

hampered the progress of this project. Fortunately, the successive work initiated 

by Drs. M. Balbín and A. R. Folgueras and continued in this Thesis, has finally 

resulted in the generation of the first in vivo model of MMP-1 deficiency and its 

utilization for the analysis of the functional relevance of this metalloproteinase in 

cancer (III).  
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Similar to most cases of Mmp deficiency (138), Mmp1a-/- mice were viable 

and fertile and showed no overt abnormalities, which facilitated those studies 

aimed at evaluating their cancer susceptibility. After analyzing Mmp1a expression 

levels in a battery of tissues subjected to different mouse carcinogenesis 

protocols, we concluded that lung cancer could represent a proper scenario to 

study the contribution of this murine metalloproteinase in cancer, since high 

Mmp1a expression levels were found in lung tumors (III). On this basis, we 

decided to use a well-established urethane-based protocol of lung cancer 

induction, and observed that Mmp1a-/- mice showed a lower incidence of lung 

carcinomas than their corresponding wild-type littermates. Interestingly, this 

difference was more marked in male than in female mutant mice, indicating the 

occurrence of a gender difference, which has been previously reported in other 

models of Mmp deficiency (29). Histopathological analysis showed that tumors 

generated in Mmp1a-/- mice were smaller and less angiogenic than those from 

wild-type mice, both characteristics being consistent with the idea that the absence 

of Mmp-1a hampers tumor progression. These in vivo findings agree perfectly with 

very recent in vitro data showing that silencing Mmp1a suppresses invasive 

growth of lung cancer cells in three-dimensional matrices, whereas ectopic 

expression of this murine metalloproteinase confers invasive properties to 

epithelial cells (139).    

The pro-tumorigenic role of MMPs was originally ascribed to their ability to 

breakdown tissue barriers during metastatic spread. The fact that both human 

MMP-1 and mouse Mmp-1a are potent collagenases with ability to degrade 

different types of fibrillar collagens, would be consistent with a role for these 

metalloproteinases in promoting tumor progression (83,140,141). Nevertheless, 

the growing evidence that virtually all MMPs, including MMP-1, target many other 

proteins distinct from extracellular matrix components (142-144), prompted us to 

perform comparative proteomic studies between samples of Mmp1a-mutant and 

wild-type mice to try to identify putative in vivo substrates of Mmp-1a (III). Among 

the identified proteins, it is remarkable the finding of high levels of CHI3L3 and 

RAGE in lung samples from Mmp1a-wild type and mutant mice respectively, after 

treatment with urethane. Further studies demonstrated that the S100A8 ligand for 
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the RAGE receptor is also elevated in samples from Mmp1a-mutant mice. 

Accordingly, this chemotactic protein could be a substrate directly targeted by 

Mmp-1a, a proposal that we further assessed by performing a series of enzymatic 

assays which demonstrated that the recombinant collagenase cleaves S100A8, 

but no other related proteins such as S100A9. The impaired degradation of this 

immunoregulatory protein in Mmp1a-deficient mice could also contribute to the 

generation of marked differences in the inflammatory response induced by 

chemical carcinogens in Mmp1a wild-type and mutant mice. Thus, the increased 

levels of CHI3L3 together with high levels of several Th2-related cytokines in wild-

type mice strongly suggests that urethane is inducing the archetypical Th2-

polarized inflammatory response that operates under pro-tumorigenic stimuli 

(145). In contrast, the absence of increased levels of CHI3L3 in Mmp1a-mutant 

mice, together with the presence of high levels of RAGE and its ligand S100A8, 

which are markers of Th1-polarized responses (146,147), might be consistent with 

the possibility that the lack of this metalloproteinase hampers the development of 

the Th2-response triggered by carcinogen injection in Mmp1a-/- mice. Also, in 

agreement with this proposal, we detected in these mutant mice high levels of 

interferon gamma (IFN-�), another well- characterized Th1-response factor, as 

well as some antitumor cytokines such IL-1� and IL-2. Additionally, the relative 

high levels of the anti-angiogenic cytokine IL-27 (148) found in Mmp1a-/- mice 

could explain the reduced angiogenic phenotype showed by tumors generated in 

these animals (III).  

MMPs have been associated with inflammatory responses in a wide variety 

of diseases (149). Likewise, several reports have described that cytokines 

released from different Th1/Th2 cell types can modulate MMP expression. Thus, it 

is well-established that Th2 responses are associated with an increased 

expression of matrix degradative MMPs, including human MMP-1 (150). Moreover, 

MMPs may also act as direct inducers of this process, modulating chemokine 

gradients or processing specific cytokines, and finally switching the balance 

between both types of responses. This is the case of MMP-2, which is 

overexpressed in multiple cancers and induces a Th2 polarization through the 

degradation of type I IFN receptor in dendritic cells (151). In addition, MMP-9 
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proteolytically activates TFG-�, which in turn promotes differentiation towards the 

Th2 pro-tumorigenic phenotype (152). Accordingly, lungs from Mmp1a-deficient 

mice exhibit lower levels of active TFG-�1 than controls, suggesting that these 

mutant mice lack the capacity to proteolytically activate TFG-�1. Finally, the fact 

that human MMP-1 also cleaves the latent form of TGF-� and facilitates tumor 

invasion and angiogenesis (143) would agree very well with our proposal that its 

mouse ortholog Mmp-1a acts in vivo as a switching protease, which changes the 

Th1/Th2 balance towards a pro-tumorigenic state (III).  

The relevance of Mmp-1a in lung cancer has been further demonstrated in 

additional experiments performed in collaboration with the group of Dr. A. 

Kuliopulos (IV). As we already mentioned, human MMP-1 is produced by a variety 

of cell types present in malignant tumors, including cancer cells, fibroblasts, 

inflammatory cells, and endothelial cells (136). MMP-1 expression in stromal cells 

has been associated with increased risk of metastasis in breast cancer patients, 

highlighting the importance of tumor versus stromal MMP-1 production. In addition, 

it has been shown that fibroblast-derived and cancer cell-derived MMP-1 are 

differentially processed, suggesting that there may be functional differences in 

MMP-1 depending on the cell of origin (153). To investigate the role of stromal 

Mmp-1a in tumorigenesis and after demonstrating that this protease displays an 

important role in lung carcinogenesis (III), we decided to employ an orthotopic-lung 

cancer model to combine tumor-Mmp1a expression with genetic backgrounds 

proficient or deficient in Mmp-1a. Thus, after implantation of Lewis lung carcinoma 

cells (LLC1) in animals from both genotypes, we observed that the growth of 

tumors in Mmp1a-/- mice was lower than in control mice. These results confirm our 

previous findings on the pro-tumorigenic activity of Mmp-1a during lung tumor 

evolution (III) and demonstrate that stromal-derived Mmp-1a is an important factor 

in promoting lung tumorigenesis (IV). Consistent with these findings, co-

implantation of wild-type Mmp-1a fibroblasts with lung cancer cells completely 

restored tumor growth in Mmp1a-deficient animals. In addition, loss of stroma-

produced Mmp-1a from fibroblasts isolated from Mmp1a-deficient mice also 

resulted in decreased invasion, migration and proliferation of lung carcinoma cells, 

and also caused defects in angiogenesis (IV).  
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Then, and because endothelial protease-activated receptor 1 (PAR1) is 

critical for angiogenesis in the developing mouse (154) and an important mediator 

of proliferation, migration and tube formation of endothelial cells upon activation by 

MMP-1 (155-157), we next investigated the interrelation between tumoral PAR-1 

and stromal Mmp-1a (IV). We found that PAR1 silencing in lung carcinoma cells 

phenocopied stromal Mmp1a deficiency, underscoring the importance of cancer 

cell-expressed PAR1 as a stromal Mmp-1a target for tumor promotion. Likewise, 

loss of both Mmp-1a in the stroma and PAR1 in LLC1 cancer cells did not result in 

a further decrease in lung tumor growth, indicating that stromal Mmp-1a and PAR1 

produced by the carcinoma cells act on the same pathway in tumorigenesis (IV). 

In summary, and taking collectively these findings, we can conclude that the 

generation of the first mouse model of MMP-1 deficiency has contributed to the in 

vivo validation of this enzyme as a pro-tumorigenic protease with potential impact 

in different stages of tumor progression, including growth, angiogenesis and 

regulation of inflammatory responses. These studies have also validated the 

concept that human MMP-1 is a target protease, at least in some types of cancer, 

in which its expression is profoundly deregulated. Nevertheless, further studies 

aimed at inducing other tumor types in Mmp1a-/- mice will be necessary to define 

the precise in vivo role of this protease in different malignancies, since it could 

have dual roles in tumor development, as discussed above for the paradigmatic 

case of MMP-19 (II). In this regard, we have recently performed preliminary 

studies to analyze the role of Mmp-1a in different tumor scenarios. Thus, by using 

an oral squamous cell carcinogenesis model induced by 4-NQO in drinking water, 

we have observed that tumors from wild-type mice develop more papillomas than 

Mmp1a-null mice. Interestingly, these papillomas progress to invasive carcinomas 

in wild-type mice but not in mutant animals. Likewise, wild-type mice showed more 

MCA-induced fibrosarcomas than Mmp1a-deficient mice. In contrast, no significant 

differences between both genotypes were found in azoxymethane-induced colon 

carcinomas or DEN-induced hepatocarcinomas (Fanjul-Fernández et al., 

unpublished results). These results reveal tissue specificity as a silencing 

accomplice in Mmp1a-related carcinogenesis and reflect the diversity hidden 
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behind each tumor type, emphasizing the importance of carefully characterizing 

the specific role of each individual MMP family member in human malignancies.  

This growing awareness of cancer complexity and diversity also highlights 

the necessity of adopting a wider perspective of the tumor landscape. Fortunately, 

this "zoom out" of the tumor picture is now increasingly available due to the recent 

development of high-throughput techniques that facilitate the acquisition of a 

global view of the key molecular pathways employed by each particular cancer 

along its progression. Among these new approaches, next-generation sequencing 

strategies have become an extremely useful tool to better understand cancer 

evolution (158). Based on these considerations, the second general objective of 

this Thesis has been based on the study of head and neck carcinomas from a 

genomic perspective.  

HNSCC is an aggressive cancer which arises from epithelial mucosa of 

upper aerodigestive track and frequently progresses to higher pathological grades 

of malignancy. Over the last years, many research projects have tried to gain a 

comprehensive view about this disease. However, and contrary to the results 

obtained in other human malignancies, survival has decreased among HNSCC 

patients during the past two decades (159). In addition, it is noteworthy that 

HNSCC has a high incidence in our region, which provides an additional 

dimension to the study of this malignancy (122). Remarkably, at the beginning of 

this Thesis, no genomic analysis had been performed on this type of tumor. 

However, two recent works from the very prestigious laboratories directed by Drs. 

B. Vogelstein and E. Lander have reported the first mutational studies of HNSCC 

(130,131). Despite their unquestionable interest, these works have not revealed 

any novel gene related to the progression of this disease and have only reported 

the occurrence of recurrent mutations in a series of genes widely known in cancer 

biology, such as TP53, PIK3CA and PTEN. Accordingly, we reformulated our initial 

aims in this regard and directed our main efforts not only to the global genomic 

analysis of HNSCC, but also to the identification and functional analysis of new 

genes that could be recurrently mutated in these carcinomas (V).  
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To this aim, and as a first global approach to HNSCC, we performed 

exome-sequencing of matched normal and tumor samples from 4 individuals with 

this disease. Somewhat predictably, we found that tobacco signature was printed 

in the tumor DNA from these patients since most base changes were G>T/C>A 

substitutions, which have been already reported to be associated with tobacco 

abuse (96). We identified a median of 260 somatic mutations per case, which 

agrees with data recently reported for this type of cancer, as well as for other 

smoking-related malignancies (130). According with aforementioned data, 

classical TP53, PIK3CA and PTEN HNSCC-related genes were found in the 

somatic mutation list. Among all the 569 genes that underwent protein-coding 

changes, we focused on 40 genes whose biological function was presumed to be 

relevant for tumor development to further analyze its mutational status in 86 

additional HNSCC cases. Two of these selected genes, encoding the cell-cell 

adhesion proteins named CTNNA2 and CTNNA3, caught our attention as novel 

recurrently mutated genes since they were found mutated in about 15% of the 

HNSCC cases (V). Detailed analysis of the mutational profile of these genes 

demonstrated that mutations were distributed along the entire gene in both cases, 

a situation that resembles that occurring in tumor suppressor genes and differs 

from the mutational hotspots characteristic of oncogenes. To evaluate the 

hypothesis that CTNNA2 and CTNNA3 are novel tumor suppressor genes, we 

were prompted to perform a series of cell functional studies in HNSCC cells, in 

which we performed the silencing and overexpression of these �-catenins. These 

studies revealed an increase in the migration and invasion capacities of cells in 

which these catenins had been interfered. Moreover, cells in which both CTNNA2 

and CTNNA3 had been silenced, showed an enhanced migration ability compared 

to cells in which either single gene had been knocked down. These findings could 

reflect a synergistic effect between both genes and would explain the curious fact 

that three different patients harbour inactivating mutations in both genes. Site-

directed mutagenesis experiments corroborated the idea that CTNNA2 and 

CTNNA3 are tumor suppressor genes, since overexpression of mutant isoforms 

did not increase adhesion properties, nor caused a decrease in the migration and 

invasion properties of transfected cells, as occurred after overexpression of the 



Discussion 

196 

 

corresponding wild-type cDNAs for CTNNA2 and CTNNA3. Collectively, these 

results indicate that the identified mutations in these genes in HNSCC patients 

cause loss of function in both alpha-catenin proteins.  

Alpha-catenins are cell-cell adhesion proteins which link �-catenin to the 

cytoskeleton. On this basis, and to further explore the molecular mechanisms 

underlying the observed phenotype caused by CTNNA2 and CTNNA3 mutations, 

we next examined the phosphorylation status of �-catenin, a downstream 

component of the Wnt/Wingless pathway, which is altered in many types of 

cancer. Interestingly, we found decreased phosphorylation levels at the residue 

responsible for the translocation of �-catenin from cell-cell contacts into cytosol 

and nucleus (Ser552) in cells overexpressing CTNNA2 and CTNNA3 (V).  It is well 

established that once �-catenin is translocated into the nucleus, it activates 

transcription factors of the TCF/LEF-1 family (160). Therefore, we performed 

TCF/LEF-1 luciferase reporter assays to evaluate the putative changes in the 

activity of these transcription factors caused by CTNNA2 and CTNNA3 mutations 

in HNSCC. We observed that silencing of CTNNA2 and CTNNA3 led to a 

significant increase of TCF/LEF-1 transcriptional activity when compared with 

control cells. In contrast, up-regulation of CTNNA2 and CTNNA3 in HNSCC cells 

was associated with reduced luciferase activity. Likewise, overexpression of 

CTNNA2 and CTNNA3 mutants increased the TCF/LEF-1 transcriptional activity 

compared with cells overexpressing wild-type genes. Thus, down-regulation of 

CTNNA2 and CTNNA3 increases the phosphorylation of �-catenin at Ser552, 

which might cause its disassociation from cell-cell contacts, enhancing its 

transcriptional activity and inducing the expression of genes that favor tumor 

invasion, including some members of the MMP family (161-163). Further studies 

involving microarray-based expression analysis corroborated this assumption after 

the finding that tumors from patients with CTNNA2 or CTNNA3 mutations exhibit 

high levels of expression of MMP-1 and MMP-13 (Fanjul-Fernández et al., 

unpublished results). 

It is also noteworthy that the mutation causing major differences in the 

above described functional experiments corresponds to a nucleotide change that 

generates a premature stop codon in CTNNA2. Taking into account that cells 
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overexpressing this truncated protein still have two copies of the wild-type gene, it 

is tempting to speculate that its effect on tumor cells could be even higher, making 

mutated cells more invasive and aggressive than the effect we can observe by 

using an in vitro cell system. In addition, the loss of the C-terminal end of CTNNA2 

could seriously damage the cell adherence junctions at the cadherin-catenin-actin 

axis, since this protein region is responsible for the binding of cadherin-catenin 

complex to cytoskeleton fibers. In this regard, preliminary immunofluorescence 

experiments showed the presence of actin fibers all across the cytoplasm in cells 

overexpressing the truncated protein, whilst cells overexpressing the wild-type 

gene showed actin fibers gently wrapped around the interphase nucleus, after 

phalloidin staining (data not shown). These different rearrangements of the 

cytoskeleton in cells overexpressing truncated forms of �-catenin are consistent 

with a stimuli-response migratory phenotype (164).   

Finally, it is remarkable that the clinical analysis of HNSCC patients with 

mutations in CTNNA2 and CTNNA3 demonstrated that these mutations are 

associated with worse clinical prognosis (V). Taken together all these data, we can 

conclude that this work has identified for the first time CTNNA2 and CTNNA3 as 

moderately frequent and possibly synergistic mutational targets in HNSCC. 

Functional and clinical studies strongly suggest that both genes may act as tumor 

suppressors, which is consistent with the growing idea that the vast majority of 

HNSCC tumors harbour many inactivating mutations. Accordingly, these catenins 

may represent new candidate targets for the development of strategies that may 

contribute to the future treatment of HNSCC.   

In summary, in this Thesis we have tried to contribute to a better 

understanding of the mechanisms underlying cancer progression. To this aim, we 

have approached to the complexity of cancer through two opposite but 

complementary perspectives. Thus, in the first part of this work, we have 

generated genetically-modified Mmp1a-deficient mouse, as one of the most 

powerful strategies to study gene function in vivo. Since mice were viable and 

developed normally, we could perform several cancer-induction protocols to 

evaluate the implication of this protease in tumor pathogenesis. Mmp1a-deficient 

mice showed decreased susceptibility to lung cancer, corroborating in vivo the 
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classical pro-tumorigenic role largely assumed for human MMP-1 and providing 

new mechanistic insights on the functional relevance of this enzyme in cancer 

progression. Nevertheless, cancer is, in essence, a genetic disease caused by 

accumulation of molecular alterations in the genome of somatic cells. Accordingly, 

in the second part of this work, and by taking advantage of the recent introduction 

in our laboratory of new-generation sequencing approaches, we have moved from 

the functional study of specific genes involved in cancer to the global genomic 

analysis of HNSCC genomes. This study has allowed us to identify CTNNA2 and 

CTNNA3 as novel recurrently mutated genes in head and neck carcinomas. The 

integration of these genomic data with the functional analysis of the mutated 

genes and with the clinical information of the corresponding patients may serve as 

a representative example of a new and forthcoming era in oncology which 

hopefully will lead to the development of individualized therapies for cancer 

patients.  
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1. The matrix metalloproteinase Mmp-1a promotes lung cancer progression 

through regulation of inflammation and angiogenesis. 

 

2. Stroma-derived Mmp-1a contributes to lung tumorigenesis by inducing 

cancer cell growth, migration and invasion through a mechanism involving 

cleavage of PAR-1. 

 

3. CTNNA2 and CTNNA3 are tumor suppressor genes recurrently mutated in 

head and neck carcinomas. 

 

4. CTNNA2 and CTNNA3 are implicated in the pathogenesis of head and 

carcinomas through regulation of the �-catenin/Wnt signaling pathway. 
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