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Abstract 

Matrix Gla protein (MGP) is a member of the vitamin K-dependent family of proteins and a 

known physiological inhibitor of ectopic calcifications. Mutations in its gene cause Keutel 

syndrome, a rare autosomal recessive disorder characterized by severe soft tissue calcification. 

Despite its involvement in multiple calcifying pathologies, MGP has been described as playing 

a potential role in carcinogenesis, thus contributing to trigger interest in this gene towards 

exploring its potential as a cancer prognostic factor. These findings lead us to the main objective 

of this work which consisted of the study of the MGP gene in different types of tumors, to 

identify possible epigenetic patterns and transcriptional regulators responsible for controlling 

MGP gene expression in cancer.  

In this sense, we analyzed the expression pattern of MGP at mRNA and protein levels in a 

variety of tumors, initially using tissue biopsies from colorectal patients, and then exploring, 

through bioinformatics analysis, the data available in The Cancer Genome Atlas and The 

Human Protein Atlas. Results demonstrated a correlation between high levels of MGP with 

advanced stages of cancer progression and poor overall survival outcome, establishing MGP as 

an independent prognostic factor for the patient’s overall survival 

We also evaluated the methylation status in four of the six CpG sites, located in the MGP 

promoter region (cg13302154; cg22221831, and cg00431549) and first intron (cg0560958), 

between healthy and tumoral tissue. Results showed a correlation between MGP mRNA 

expression and the different methylation patterns across all the analyzed tumors, providing 

evidence for epigenetic regulation of MGP transcription. 

Moreover, we investigated several putative transcriptional regulators through transient 

transfections with luciferase reporter assays, demonstrating that YY1, GATA1, and C/EBPα 

are negative regulators of the MGP promoter. 

Altogether, our data contribute to provide novel insights on MGP regulation, strengthening the 

hypothesis that MGP plays a role during cancer progression/proliferation. 

 

 

Keywords: Matrix Gla protein, DNA methylation, Epigenetic, Transcriptional regulation, 

Transcription factors 
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Resumo 

A proteína Gla da Matriz (MGP) pertence à família de proteínas dependentes de vitamina K, 

sendo um inibidor fisiológico da calcificação. Mutações no seu gene causam a síndrome de 

Keutel, uma doença autossómica recessiva rara caracterizada por calcificações ectópicas 

graves. Para alem do seu envolvimento em patologias associadas a mecanismos de calcificação, 

estudos recentes têm sugerido a intervenção da MGP em processos de carcinogénese, tendo-se 

afirmado como um potencial fator de prognóstico para o cancro. O principal objetivo deste 

trabalho consistiu no estudo da expressão do gene MGP em diferentes tipos de tumores e na 

identificação de reguladores transcricionais e possíveis padrões epigenéticos associados ao 

cancro. Analisamos o padrão de expressão da MGP numa variedade de tumores, com recurso a 

biópsias de tecidos de pacientes com cancro colorretal e bases de dados (The Human Genome 

Cancer e The Human Protein Atlas). Os resultados demonstraram uma correlação entre níveis 

elevados de expressão do gene MGP com estadios mais avançados de progressão do tumor, 

associados a um pior prognóstico da doença, estabelecendo o gene MGP como um fator de 

prognóstico independente para o tempo de sobrevida dos pacientes. 

A analise, entre tecido normal e tumoral, dos níveis de metilação em quatro dos seis locais CpG 

localizados na região do promotor do gene MGP (cg13302154; cg22221831 e cg00431549) e 

primeiro intrão (cg0560958), demonstrou existir uma correlação entre a expressão do gene 

MGP e os padrões de metilação observados nos tumores analisados. 

Investigámos ainda alguns potenciais reguladores transcricionais do gene MGP através de 

ensaios funcionais do seu promotor, demonstrando que YY1, GATA1 e C/EBPα são 

reguladores negativos da transcrição do gene MGP. No seu conjunto, os dados obtidos 

contribuem para fornecer novas informações sobre a regulação da MGP, fortalecendo a hipótese 

de que o gene MGP poderá estar envolvido na progressão/proliferação de tumores. 

 

 

Palavras-Chave: Proteína Gla da matriz, Carcinogénese, Metilação do DNA Regulação 

transcricional, Fatores de transcrição 
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Preamble 

This dissertation is divided into four main chapters.  

- Chapter one consists of a literature overview of concepts about cancer biology, epigenetic 

regulation, the different types of epigenetic markers and their role in gene regulation and cancer, 

followed by the state of the art about Matrix Gla protein and its role in cancer, ending with a 

brief description of the main objectives of this work. 

- Chapter two presents the analysis of MGP at mRNA and protein levels in different types of 

tumors, the correlation between the expression of the MGP gene and levels of DNA methylation 

at specific CpG sites located in the MGP gene and its promoter, and a discussion concerning 

the potential of MGP to be a marker for cancer prognosis. This chapter is divided into three 

sub-chapters, 2.1, 2.3, and 2.3, each of them organized in the format of a scientific article. Sub-

chapter 2.1, focusing on the analysis of the MGP gene expression in correlation with specific 

epigenetic events and through bioinformatic analysis contribute to identify MGP as a novel 

factor for cancer prognosis. This work is being submitted to the journal “Biochimie”. 

The sub-chapter 2.2, entails the evaluation of MGP expression at mRNA and protein levels and 

one of its known transcriptional regulators, RUNX2, in normal and tumoral tissue samples 

biopsies from colorectal patients, as well as the contribution of these genes to cancer prognosis. 

This sub-chapter was published as a manuscript in the journal “Gene”.  

Sub-chapter 2.3, comprises the study of FGF2, also known as a transcriptional regulator of the 

MGP gene, in the colorectal patients involved in the study of sub-chapter 2.2 and its 

contribution to cancer prognosis. This sub-chapter was published as a data manuscript format 

in the journal “Data in brief”  

- Chapter 3 focuses on the functional analysis of one of the identified CpG sites (cg00431549) 

in the MGP promoter, in the presence of several identified transcription factors with the 

potential to be regulators of MGP transcription and explores the correlation of these factors 

with MGP gene expression in different types of tumors. This chapter is being submitted as a 

manuscript for publication in the journal. “Biochimica et Biophysica Acta – general subjects”  

- Chapter 4 includes the main conclusions drawn from the work presented in this thesis, how 

these findings are relevant for cancer prognosis and some perspectives for future work. 
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1. General Introduction 

1.1 Matrix Gla Protein (MGP) 

Matrix Gla Protein (MGP) is a 14kDa protein belonging to the vitamin K-dependent protein 

family and containing 84 amino acid residues in its mature form. This protein was initially 

discovered in the demineralized bovine bone matrix (Price, Poser, et al. 1976; Price et al. 1976), 

being later isolated from cartilage (Hale et al. 1988). Its primary structure comprises a signal 

peptide, a phosphorylation domain, and a γ-carboxylase recognition site. The human MGP 

contains five γ-carboxyl glutamic acid (Glu) residues that are converted post-transcriptionally 

to γ-carboxylated glutamic acid (Gla) residues by γ-glutamyl carboxylase, an ubiquitous 

enzyme dependent on vitamin K (Figure 1.2) and has been extensively conserved throughout 

evolution (Laizé et al. 2005).  

Since its discovery, MGP has been found in a variety of tissues, such as the heart, lung, and 

kidney (Fraser and Price, 1988). 

 

 

 

Figure 1.1 Primary structure of MGP protein when first isolated from bovine bone. Image adapted from (Price, 

Poser, and Raman. (1976) 

 

 

 

 

Figure 1.2 Schematic representation of the human MGP protein.  

Sp represents the signal peptide, green box and dots represent phosphorylation sites; Blue box and dots represent 

the Gla residues and domain; black box contains the site for γ glutamyl carboxylase enzyme and red triangles 

indicate proteolytic cleavage sites. Figure Adapted from Cancela et al. (2014). 
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1.2 MGP function 

Concerning the biological function, MGP has been described as an important inhibitor of 

calcification in cartilage and vasculature (Shanahan et al. 1993; Yagami et al. 1999). Genetic 

studies with mice lacking MGP have shown a premature death around two months of age due 

to excessive and abnormal calcification in the arteries, causing exsanguination by the blood 

vessel rupture, establishing the role of MGP as a physiological inhibitor of calcification (Luo 

et al. 1997). 

In the course of the MGP studies, it was also shown its involvement in cell differentiation 

(Boström et al. 2004), as well as in proliferation (Cancela et al. 2014).  

Mutations found in the human MGP gene were proven to cause the Keutel syndrome, a rare 

autosomal recessive disease characterized by abnormal cartilage calcification, short stature, 

multiple peripheral pulmonary stenoses, brachytelephalangia, and inner ear deafness (Munroe 

et al. 1999). 

Several other pathologies have been associated with a deregulation of MGP, such as 

atherosclerosis, chronic kidney disease, and a wide range of cancers (Gheorghe and Crăciun, 

2015; Wu et al. 2017; Tuo and Ye, 2017; Fu et al. 2018; Post et al. 2019; Gong et al. 2019; 

Huang et al. 2021; Li et al. 2020; Shiomi et al. 2021; Huang et al. 2021; Rong et al. 2022)  

 

1.2.1 Regulation of MGP gene 

The human MGP gene was cloned and localized in chromosome 12 (Cancela et al. 1990) and 

until a few years ago, it was thought that the genomic structure of the MGP gene would give 

rise to only one single transcript. However, there is some evidence that more than one variant 

can arise from this gene (E5; accession number: NM_001190839.3) (Figure 1.2). 

 

 

 

Figure 1.2 Schematic representation of alternative splicing of MGP transcripts. Schematic representation of 

MGP splice variants E4 and E5. Solid boxes indicate the coding regions and open boxes indicate untranslated 

sequences. Lines represent intronic regions of the gene 
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As shown in figure 1.2, this new transcript contains a new exon of 75bp, however, so far, the 

function of this new MGP transcript remains to be further elucidated (Cancela, et al. 2014). 

The raising interest in MGP has promoted multiple studies to understand its regulation. In this 

regard, many putative binding sites for transcriptional regulators have been reported, but only 

a few were shown to be functional. 

In a previous study of human MGP gene promoter, it was revealed the existence of several 

consensus structural motifs important for the putative binding of the typical TATA and CAAT 

boxes, AP1 and AP2 transcription factors, and metal-responsive elements. Also, it was shown 

the existence of two polymorphisms, located in the promoter, a region essential for transcription 

activity. Since the second polymorphism was associated with the AP-1 binding site it was 

suggested that it would influence AP1 complex binding to the MGP promoter, thus altering 

gene expression (Farzaneh-Far et al. 2001) 

In other studies, specific binding sites for retinoic acid (RA) and vitamin D (VD) receptors were 

identified in the MGP promoter, however, the observed effects of these regulatory elements 

were far from being consensual. Regarding RAR, it was observed that depending on the 

recipient cell model used, the RAR either repressed or activated MGP gene expression (Kirfel 

et al. 1997). In the case of VDR, it was shown to up-regulate MGP expression in some cell 

types, while in others, it did not promote any significant changes unless it was administered in 

combination with RA (Kirfel et al. 1997).  

In mice, the basic fibroblast growth factor (FGF2) was proven to regulate the Mgp promoter 

activity in proliferative chondrocytes (Stheneur et al. 2003). 

Another transcription factor that was shown to regulate MGP gene expression was Runt-related 

transcription factor 2 (RUNX2). It was evidenced that co-transfection of ATF4, RUNX2, and 

SATB2 enhanced the MGP human promoter activity in ATDC5 cells (Roberto et al. 2018). 

In mice, parathyroid hormone regulates Mgp expression through the transcription factors Sp 

and Runx2 (Suttamanatwong et al., 2009). In addition, it has been demonstrated that MGP is 

regulated by Runx2 in Xenopus laevis (Fazenda et al., 2010). Interestingly, in this model, two 

functional promoters (proximal and distal) were identified in the MGP gene, and both were 

shown to be regulated by Runx2.  

 

1.2.2 MGP in Cancer 

MGP was recently implicated in tumorigenic processes such as angiogenesis and shown to be 

abnormally regulated in several tumors, including cervical, ovarian, urogenital, and breast 
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(Hough et al. 2001; Sterzyńska et al. 2018; Levedakou et al. 1992) However, little is known 

about how MGP is involved in tumor signaling pathways, how the deregulated expression is 

related to different kinds of tumors and how its expression levels affect the prognosis of 

patients. 

Interestingly, several studies already have demonstrated the potential of this gene as a possible 

biomarker in a wide range of cancers. For example, for breast and glioblastomas cancers (Fan 

et al. 2001; Yoshimura et al. 2009; Mertsch et al. 2009; Kuzontkoski et al. 2010), a relationship 

between the upregulation of MGP and a poor prognosis was shown (Yoshimura et al. 2009; 

Mertsch et al. 2009). In another study, also in breast cancer, the putative value of MGP for the 

poor prognosis was reported, and the results showed that patients exhibiting a poor prognosis 

had MGP mRNA expression up-regulated, however, it was not possible to establish a 

correlation between the protein levels and overall survival rate (Yoshimura et al. 2009). More 

recently it has been shown that the MGP gene regulation is promoted by HOCXC8 in triple-

negative breast cancer cells (Gong et al. 2019) 

MGP overexpression was also found in ovarian cancer (Hough et al. 2001; Sterzyńska et al. 

2018), prostate epithelial cells undergoing apoptosis and urogenital malignancies (Levedakou 

et al. 1992), and more recently in gastric cancer (Wang et al. 2020).  

In the case of colorectal cancer, the expression of MGP is far from consensual. For example, in 

the first study of MGP in colorectal cancer, a down-regulation of MGP expression was observed 

in the tumoral tissue, but it was not possible to establish a correlation between MGP gene 

expression and the tumor stages (Fan et al. 2001). More recently, down-regulation of MGP in 

the colorectal tumoral tissue was also described (Alon et al. 1999; Notterman et al. 2001; Fan 

et al. 2001; Sabates-Bellver et al. 2007). However, other studies have shown that MGP was 

overexpressed in colorectal tumor tissue (Ki et al. 2007; Li et al. 2020; Huang et al. 2021).  

A down-regulation of MGP was also observed in head and neck cancer (Mishra et al. 2018). 

Nevertheless, these studies suggest that additional players must be involved in MGP regulation, 

and more studies need to be developed to understand the role of MGP in tumorigenesis.  

 

1.3 Cancer Biology 

Cancer consists of a complex multistep process, which ultimately leads to uncontrolled cellular 

growth. 

In normal circumstances, a cell can divide and proliferate when receives external signals to be 

able to maintain the equilibrium, but if those are altered, death can occur, either promoted by 
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the normal aging of the cell or in circumstances promoting some sort of tissue or DNA injury 

(Mendelsohn et al. 2008). 

To occur cell division, the cells need to have specialized cellular machinery to be able to 

synchronize this entire process, which is known as the cell cycle. This machinery comprises a 

complex and specific network that can be triggered by external signals, molecules (paracrine 

regulation), or hormones (endocrine regulation) or produced by the own cells (autocrine 

regulation), thus ensuring the normal functioning of the cells (Mendelsohn et al. 2008)  

From the beginning until the end of the cell cycle, the cell must pass orderly through four 

distinct phases, the G1 phase (cell growth); S phase (DNA synthesis), G2 (pre-division), and M 

phase (cell division), to give rise to two identical cells derived from the parental cell. In the S 

stage, DNA replication occurs, and all the genetic information contained in the DNA is copied 

to be passed to the daughter cells (Mendelsohn et al. 2008). 

Sometimes during these events, some errors during DNA replication or cell division might 

occur leading to the malfunctioning of the cell. To prevent the dissemination of those errors, 

between each phase of the cell cycle exists the so-called checkpoints that stop the progression 

of the cell cycle and target the cell for death (apoptosis) (Mendelsohn et al. 2008) 

In cancerous cells, all the dynamics of this complex network related to cell regulation are in 

some way deregulated. In most cases, during DNA replication, some errors, such as insertions 

or deletions of nucleotides might occur. This affects the proper function of important genes 

involved in cell cycle regulation or even the proper functioning of genes themselves involved 

in other molecular pathways, causing the gain of fundamental characteristic traits that prompts 

these cells to evade apoptosis. Ultimately, this may result in abnormal growth of cells if those 

errors are not properly corrected (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011; 

Hanahan, 2022). 

Not all the abnormal growth of cells will give rise to malignant tumors, for instance, cells may 

start to slowly divide uncontrollably, but remain in the primary site location where they arose, 

originating benign tumors. On the other hand, those cells can acquire other specific features 

that will allow them to rapidly start to divide and spread to distant tissues from the original 

tumor site leading to the development of metastasis (Hanahan and Weinberg, 2000; Hanahan 

and Weinberg, 2011).  

Some of the most important features of cancer cells rely on the ability to create advantageous 

microenvironments that enable them to proliferate and survive in hostile conditions by i) 

recruiting other cells (through secretion of cytokines) that will emit important stimulatory 

signals to induce tumor growth; ii) emit their signals to prevent immune responses; iii) resist to 
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cell death; iv) gain the ability to become immortal and replicate continuously, or v) producing 

enzymes that will digest the involving matrix allowing cancer cells to migrate into surrounding 

tissues (Hanahan and Weinberg, 2000).  

Another key characteristic of tumors is their genome instability, which can correspond either 

to microsatellite or chromosome instability, creating genetic diversity among tumors and 

promoting the carcinogenic process (Hanahan & Weinberg, 2011).  

Since the implementation of the physiological behaviors of cancer cells by Hanahan and 

Weinberg in 2000, much has been accomplished over the past two decades and how these traits 

can be caused (Hanahan, 2022).  

Nevertheless, the vaster and more complex concept related to the biology of cancer not only 

relies on the deregulation of molecular processes such as the ones involved in the cell cycle but 

also is related to the crosstalk with other molecular events that can promote abnormal gene 

regulation (Hanahan, 2022) 

 

1.3.1 Cancer epidemiology 

According to the latest data released by the International Agency for Research on Cancer, 

cancer is one of the leading causes of death worldwide, accounting for almost 10 million deaths 

and around 19 million new cases in 2020. The most common cancers were breast, lung, colon 

and rectal, prostate, skin, and stomach, in case of the incidence of new cases in the world and 

lung, colon and rectal, liver, stomach, and breast as the most common cause of deaths (Figure 

1.3) (Ferlay et al. 2021). 

According to the published data, there is a risk of one in five persons developing cancer disease 

and one in 10 persons perishing from this disease worldwide. Furthermore, most types of 

cancers can vary depending on the country. 

Being cancer one of the major concerns all over the world, that could affect any person, the 

strategy is now focusing on the prevention (by avoiding external cancer-causing agents, i.e. 

tobacco, alcohol, etc.) and early detection, which in the case of mortality, it can be reduced 

when tumors are detected at an early state and treated in a more specific and appropriate manner. 
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Figure 1.3 Cancer incidence and mortality worldwide by female and male genders and all ages. Estimation 

of 19 million new cancers and around 10 million deaths in 2020 according to the International Agency for Research 

on Cancer, World Health Organization (WHO) data. 

 

1.3.2 Cancer regulation 

Normal cells depend on the proper functioning of specific key genes that are important in the 

prevention, development, and progression of cancer. 
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Normally, in cancer cells, these genes are deregulated, promoting abnormal proliferation. Some 

of these important genes are known as proto-oncogenes (in normal cells) or oncogenes (in 

cancer cells), which contribute to the progression and inhibition of cell death; alternatively, 

deregulation of tumor suppressor genes, which are responsible to prevent abnormal cell 

division, leading to cell death, is also common in cancer (Mendelsohn et al. 2008). 

Numerous genes have been identified as proto-oncogenes, and some of these genes are 

responsible for the stimulation of cell growth and control of cell death. 

Usually in cancer, only one copy of the mutated proto-oncogene (oncogene) is necessary to 

provide signals for constant cell division and avoid cell death (Mendelsohn et al. 2008)  

 

1.4 Concept of Epigenetics 

One of the emerging concepts over the past decades related to this crosstalk between disease 

and malfunctioning genes is epigenetics. Despite the enormous and complex molecular and 

genetic processes that regulate the cell cycle, several other molecular events promote gene 

regulation without altering genetic information. 

This concept relies on the regulation of gene functions without changing the DNA sequence, 

through small changes affecting gene regulation in a reversible manner (Inbar-Feigenberg et al. 

2013; Chen et al. 2014) 

 

1.5. Epigenetic modifications 

1.5.1 DNA methylation 

DNA methylation is one of the most studied epigenetic mechanisms (Inbar-Feigenberg et al. 

2013). This mechanism comprises the transference of a methyl group to cytosine on CpG 

dinucleotides (Jones & Baylin, 2002; Chen et al. 2014) and is typically associated with gene 

silencing through the binding of methylation-sensitive DNA binding proteins or through 

interaction with various histone proteins modifications that can modulate chromatin states and 

consequently the access of gene promoters to transcriptional machinery (Jones and Baylin, 

2002) 

In the case of CpGs dinucleotides or CpG islands (when CpGs dinucleotides are present in a 

concentrated manner, ranging from 200bp to several kilobases in size), these can be found 

throughout the genome. When present in gene promoters, the Methyl groups can modulate gene 

regulation usually by inhibiting gene transcription by i) preventing the binding of enzymes or 

proteins necessary to the transcription machinery or gene activation, or ii) recruiting DNA 
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binding proteins that block gene transcription (Hassler and Egger, 2012). Less frequently, they 

can also promote activation of transcription by inhibiting the binding of repressor proteins, thus 

contributing to active genes promoting cancer cell division (Leão et al. 2018). 

When a gene is highly methylated (hypermethylation) the silence of gene transcription is more 

prominent, whereas the lack of methylation groups (hypomethylation) is usually related to a 

more active state of the gene transcription (Hassler and Egger, 2012). 

 

1.5.2 Histone modifications 

The structural DNA is organized in nucleosomes, which are composed of DNA involving 

histones and forming chromatin. Each nucleosome is an octamer of histone proteins (two of 

H2A, H2B, H3, and H4). These histones are normally organized in terms of the location of their 

tails and are available for the binding of proteins or enzymes to ensure the proper opening or 

closure of chromatin (Kungulovski and Jeltsch, 2016). 

It is in these tails that occurs the main post-translation modifications of histones, consequently 

altering the way how DNA interacts with regulatory proteins, ultimately leading to the 

activation or silence of genes. 

There are different types of histone modifications including: i) histone phosphorylation; ii) 

histone methylation, iii) histone acetylation, iv) histone sumoylation, vi) histone ADP-

ribosylation and many others, each one contributing to mark active or repressive chromatin 

states, as well as alterations related with gene transcription (Hassler and Egger, 2012; Zhou et 

al. 2014). 

 

1.5.3 miRNAS 

MicroRNAs (miRNAS) are small noncoding RNAs that indirectly control gene regulation and 

many other mechanisms, by inducing the inhibition of translation in a post-transcriptional 

manner or in a direct way through the regulation of epigenetic mechanisms (Suzuki et al. 2013). 

For example, microRNAs can regulate 3D chromatin structure, through the histone 

methyltransferase EZH2, thus altering gene expression (Suzuki et al. 2013). 

 

1.6 Main objectives  

Although MGP was implicated in tumorigenic processes until now the role and clinical 

implications of MGP in different types of cancer are not well-understood. Regarding its 

regulation, it is still unclear and much remains to be uncovered. So far, MGP was found to be 
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regulated in human by only a few transcription factors and, more recently, by epigenetic 

mechanisms. 

This work aimed to analyze the DNA methylation pattern of MGP in different types of tumors, 

through bioinformatics and an in vitro approach, to identify a possible epigenetic regulation and 

new transcriptional regulators of MGP transcription. 
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2.1.1 Abstract 

Purpose Matrix Gla protein (MGP) is a vitamin K-dependent, γ-carboxylated protein that was 

initially found to be a physiological inhibitor of ectopic calcifications affecting mainly cartilage 

and the vascular system. Mutations in the MGP gene were found to be responsible for a human 

pathology, the Keutel syndrome, characterized by abnormal calcifications in cartilage, lungs, 

brain and vascular system. MGP was recently implicated in tumorigenic processes such as 

angiogenesis and shown to be abnormally regulated in several tumors, including cervical, 

ovarian, urogenital and breast. This fact has triggered our interest in analyzing the expression 

of MGP and of its regulator, the transcription factor runt related transcription factor 2 (RUNX2), 

in colorectal cancer (CRC). 

Methods MGP and RUNX2 expression were analyzed in cancer and non-tumor biopsies 

samples from 33 CRC patients and 9 healthy controls by RT-qPCR. Consequently, statistical 

analyses were performed to evaluate the clinical-pathological significance of MGP and RUNX2 

in CRC. MGP protein was also detected by immunohistochemical analysis.  

Results showed an overall overexpression of MGP in the tumor mucosa of patients at mRNA 

level when compared to adjacent normal mucosa and healthy control tissues. In addition, 

analysis of the expression of RUNX2 mRNA demonstrated an overexpression in CRC tissue 

samples and a positive correlation with MGP expression (Pearson correlation coefficient 0.636; 

p≤0.01) in tumor mucosa. However, correlations between MGP gene expression and clinical-

pathological characteristics, such as gender, age and pathology classification did not provide 

relevant information that may shed light towards the differences of MGP expression observed 

between normal and malignant tissue. 

Conclusions We were able to associate the high levels of MGP mRNA expression with a worse 

prognosis and survival rate lower than five years. 

These results contributed to improve our understanding of the molecular mechanism underlying 

MGP deregulation in cancer. 

 

2.1.2 Introduction 

Matrix Gla Protein (MGP) was the second extracellular Gla protein to be discovered from bone 

following the identification of Bone Gla protein or Osteocalcin, both being dependent on 

vitamin K to undergo a post-translation modification required to shift to their calcium-binding 

active forms (Stenflo et al. 1974; Price, Otsuka, et al. 1976; Price, Poser, et al. 1976; Price et 

al. 1983). 
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Following its discovery in bone, MGP was identified in cartilage, being secreted into the 

extracellular matrix by chondrocytes (Hale et al. 1988), and later it was also detected in lung, 

heart and kidney (Fraser and Price, 1988). 

The human MGP is a small, insoluble secreted protein with 84 amino acid residues in its mature 

form, preceded by a signal peptide. In its N terminal region MGP contains a phosphorylation 

domain with three phosphorylated serine residues and a target site for the enzyme ɣ-glutamyl 

carboxylase, required to ɣ -carboxylate the five glutamic acid (Glu) residues into ɣ -

carboxyglutamic acid (Gla) residues through a vitamin K dependent posttranslational 

modification, (Price, Otsuka, et al. 1976; Price, Poser, et al. 1976; Price and Williamson, 1985; 

Fraser and Price, 1988; Cancela et al. 1990);. 

Regarding its biological function, MGP-deficient (KO) mice displayed a premature death, as a 

result of an abnormal soft tissue calcification including their arteries, thus leading to blood 

vessel rupture and clarifying the role of MGP as a physiological inhibitor of calcification (Luo 

et al. 1997). Furthermore, patients harboring mutations in the human MGP gene exhibited 

features with similarities to those found in the MGP KO mice, and therefore its association with 

Keutel syndrome was established (Munroe et al. 1999). Matrix Gla Protein (MGP) has been 

also described as having an important role on mineralization inhibition and chondrocytes 

maturation (Yagami et al. 1999). In addition, MGP has been shown to be expressed with 

different levels of carboxylation but its significance in terms of functional effect remains 

unclear (Cranenburg et al. 2008; Schurgers et al. 2010; Mayer et al. 2014; Vermeer et al. 2015). 

MGP has been described as being abnormally expressed in β-thalassemia (Boraldi et al. 2013), 

atherosclerosis (Vassalle and Iervasi, 2014) and chronic kidney disease (Karsli Ceppioğlu et al. 

2011). In addition to pathologies associated with abnormal calcifications, abnormal MGP 

expression has also been found to occur in different types of tumors including breast cancer 

(Yoshimura et al. 2009), colon adenocarcinoma (Fan et al. 2001) and glioblastomas (van den 

Boom et al. 2003; Martini et al. 2013; Fu et al. 2017) but its functional significance remains to 

be elucidated. 

Little is known of how MGP acts during tumorigenesis pathways and in what manner this 

deregulation of MGP expression is related to tumorigenesis. Furthermore, contradictory data 

regarding its gene expression and role in cancer have been published, possibly related to the 

heterogeneity of tumors and associated pathologies, inherent to each patient. Both in breast 

cancer and in glioblastomas, a relationship between upregulation of MGP and a poor prognosis 

was identified (Mertsch et al., 2009; Yoshimura et al. 2009), however in another glioblastomas 

study, a downregulated expression was also observed to be correlated with an unfavorable 
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clinical status such as a poor differentiated state, a larger tumor size, and lymph node metastasis 

(Kuzontkoski et al. 2010). In patients with breast cancer the putative value of MGP as a 

biomarker for poor prognosis was reported. Results showed that in patients exhibiting a poor 

prognosis and in whom MGP mRNA expression was found to be upregulated in the tumor 

compared to normal tissue, MGP had the potential to serve as a prognostic indicator of the 

disease, but no correlation was established between protein level and overall survival rate 

(Yoshimura et al. 2009). MGP was also found to be overexpressed in other types of tumors, 

such as urogenital (Levedakou et al. 1992), ovarian (Hough et al. 2001), skin (Micke et al. 2007) 

and gastric cancer (Guo et al. 2010). Concerning colorectal cancer, the function of MGP gene 

expression is more ambiguous. In one recent study a significant upregulation of MGP gene 

expression was observed in tumor tissue when compared with normal tissue (Galamb et al. 

2016), while a previous study showed the inverse situation (Fan et al. 2001), with levels of 

MGP mRNA found to be downregulated in colorectal tumor tissue as compared with their 

paired normal tissue samples (Fan et al. 2001).  

Since colorectal accounts for the second most frequent cancer and one associated with high 

number of deaths (Ferlay et al. 2018; Malvezzi et al. 2018), we wanted to understand how the 

involvement of MGP, as well as one of its transcriptional regulators, RUNX2, could affect tumor 

progression, by relating their gene expression pattern with tumor differentiation, and also if 

there was any correlation with the different stages of tumor, age or gender of the patients 

affected with colorectal cancer. 

 

2.1.3 Materials and Methods 

2.1.3.1 Patient selection and collection of tissue samples 

Tissue samples, as well as clinical and pathological information were obtained from 33 patients 

with colon adenocarcinomas when colonoscopic examination was performed at the 

Gastroenterology Service, University ospital of Algarve (CHUA) in Faro between January 2010 

and December 2016. Samples were obtained through forceps biopsy directly from tumor (TM) 

and from matched normal mucosa collected 5 cm away from the tumor site (NM).  

Colorectal tumor biopsies embedded in paraffin after being collected from patients were 

screened as a complementary diagnosis through direct Sanger sequencing for mutations on 

exons 2, 3 and 4 of the RAS genes family (KRAS and NRAS). 

Colorectal tissue samples from the control group (9 subjects) without a pathology related to 

colorectal adenocarcinomas were collected during colonoscopic routine exams, to investigate 
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signs and symptoms of abdominal pain, gastrointestinal bleeding, changes in bowel habits, 

chronic diarrhea, or to check for macroscopic lesion, without being related with CRC. Samples 

were preserved in RNAlater (Sigma-Aldrich) and maintained at 4ºC up to 24 hours. 

Histopathological diagnosis was confirmed by the Pathology department of CHUA. 

Clinical staging of the samples was also assessed, according to American Joint Committee on 

Cancer (AJCC) (Bochner et al. 2017). Samples were obtained according to the current 

legislation and approved by CHUA ethics commission, with full knowledge of the patients who 

signed informed consents.  

 

2.1.3.2 RNA Extraction and cDNA synthesis 

Total RNA was extracted following Chomczynski and Sacchi protocol (Chomczynski and 

Sacchi, 1987). For cDNA synthesis, 1μg of the extracted RNA was treated with RQ1 DNase 

(1U for each 1μg of RNA; Promega) and M-MLV reverse transcriptase (ThermoFisher 

Scientific) according to the manufacturer’s instructions. 

Relative gene expression was analyzed by 2-ΔΔCt method and normalized with the expression of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as reference gene. Primer sequences for 

GAPDH, MGP and RUNX2 were as follows: 

 

GAPDH: Forward: 5’-TCAACGGATTTGGTCGTATTGGGCG-3’; 

                 Reverse:5’-CTCGCTCCTGGAAGATGGTGATGGG-3’; 

MGP: Forward: 5’-TGCTGCTACACAAGACCCTGAGACTGA-3’; 

                Reverse: 5’-GTAGCGTTCGCAAAGTCTGTAGTCATCAC-3’; 

RUNX2: Forward: 5’-GGAGTGGACGAGGCAAGAGTTTCACC-3’; 

               Reverse: 5’-GCGGGACACCTACTCTCATACTGGG-3’. 

 

Data were presented as the relative quantity of target mRNA normalized with GAPDH and 

relative to the mean expression of the control group.  

 

2.1.3.3 Immunohistochemistry 

MGP detection was performed by immunostaining in normal and tumor tissue samples using a 

primary antibody against MGP (ab192396, Abcam) at 1:200 concentration in the BenchMark 

Ultra (Ventana) equipment. Hematoxylin and eosin were used as counterstains and all the 

techniques were performed according to the manufacturer’s protocols. Color development was 
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carried out using ultraView Universal DAB (3,3'-diaminobenzidine) detection kit (Ventana). 

Negative controls were carried out by the absence of the primary antibody and showed the lack 

of background staining by secondary antibodies (data not shown). Images were acquired under 

the light microscope Axio Imager Z2 microscope (Zeiss, Germany) at 50x and 400x 

magnification. 

 

2.1.3.4 Statistical analysis 

Statistical analysis was performed using SPSS software program version 25. Values of gene 

expression are presented as mean and standard deviation (SD) and two-sided P value less than 

0.05 was demarcated as statistically significant. Fold changes presented were considered by the 

ratio of the values from tumor mucosa versus normal mucosa. Comparisons between group 

variables and gene expression were estimated using non parametric statistical tests: Mann–

Whitney U and Kruskal–Wallis. 

The cutoff value to distinguish the patients with low and high MGP and RUNX2 levels were 

estimated taking into account the median value of the fold change for both MGP and RUNX2. 

A multivariate classification technique of two step clusters (Chiu et al. 2001) was performed to 

determine possible patient profiles, taking into account the characteristics of categorical and 

numerical variables, simultaneously. Pearson and Spearman coefficients were considered to 

analyze the correlation between MGP and RUNX2 fold change values by the interest groups, 

namely, clusters and tissue samples. Overall survival probability for two groups of patients 

(clusters 1 and 2) was calculated using the Kaplan–Meier method; intergroup differences were 

determined using a log-rank test. Logistic regression analysis and 𝝌𝟐 analysis was used to 

evaluate the independent influence of factors on the final prognosis.  

 

2.1.4 Results 

2.1.4.1 Clinical, demographic and pathological characteristics of patients 

Clinical, demographic and histopathological information regarding patients (case group) is 

depicted in Tables 1 and 2. The mean of age (±SD) for the control group (n=9) and case group 

(n=33) were 67.78 (±11.14) and 71.70 (±12.00) years, respectively, with age ranging between 

51 and 84 years for control group and 36 to 92 years for case group. Most of the case group 

were male (64%), without familial cancer history (79%), had localized disease (no metastasis, 
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73%) and presented previous pathologies (82%), most of them not related with colorectal cancer 

(Table 2.1.1), for example, diabetes, hypertension, Parkinson or psoriasis. 

Most of the tumors were localized in the rectum (43%), well differentiated (91%), between 

stage III and IV (58%), without the occurrence of metastasis (76%) and without the presence 

of RAS genes family mutations (KRAS gene 64%) (Table 2.1.2). A KRAS mutation was present 

in codon 12 in 10 tumors and in codon 146 in the other 2. None of the case group analyzed had 

mutations in the NRAS gene. 

 

 

Table 2.1.1 Demographic features of patients  

 MGP (n=33)  RUNX2 (n=33)  

Characteristics Number (%) 
Mean value of 

fold change 
p value Number (%) 

Mean value of 

fold change 
p value 

Gender   0.113   0.122 

    Male 21 (64) 5.297  21 (64) 3.970  

    Female 12 (36) 6.164   12 (36) 9.418  

Age (median: 71,70 years)   0.957   0.343 

    <72 15 (45) 5.083  15 (45) 3.072  

    ≥72 18 (55) 6.176   18 (55) 8.501  

Familial Cancer History   0.476   0.268 

    Yes 7 (21) 6.267  7 (21) 3.276  

    No 26 (79) 3.473   26 (79) 6.733  

Previous Pathologies   0.476   0.268 

    Yes 27 (82) 5.257  27 (82) 5.149  

    No 6 (18) 7.563   6 (18) 9.296  

Metastasis   0.476   0.268 

    Yes 9 (27) 7.824  9 (27) 6.722  

    No 24 (73) 4.806   24 (73) 5.658   

Mann-Whitney U test 
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Table 2.1.2 Histopathological features of patients 
 MGP (n=33)   RUNX2 (n=33)  

 Characteristics Number (%) 
Mean value of 

fold change 
p value  Number (%) 

Mean value of 

fold change 
p value 

Tumor Location   0.691    0.620 

    Rectum 14 (43) 4.828   14 (43) 4.494  

    Rectosigmoid 

Junction 
4 (12) 5.082    4 (12) 3.237  

    Ascending Colon 4 (12) 3.787    4 (12) 4.675  

    Sigmoid 5 (15) 8.106    5 (15) 4.276  

    Cecum 2 (6) 2.793    2 (6) 11.333  

    Hepatic Angle 3 (9) 3.385    3 (9) 1.551  

    Transverse Colon 1 (3) 2.576    1 (3) 3.317  

Tumor Location 

grouped 
  0.686    0.406 

    Right side 10 (30)    10 (30)   

    Left side 23 (70)    23 (70)   

Tumor Histology   0.287    0.091 

    Well 

Differentiated 
30 (91) 4.419    30 (91) 3.777  

    Poorly 

Differentiated 
3 (9) 9.785    3 (9) 11.087  

Tumor Stage   0.382    0.489 

    I - II 14 (42) 4.352   14 (42) 3.615  

    III - IV 19 (58) 5.315    19 (58) 5.051  

T classification   0.826    0.375 

    pT1 1 (3) 2.576   1 (3) 3.317  

    pT2 5 (15) 3.598    5 (15) 7.730  

    pT3 25 (76) 5.176    25 (76) 3.959  

    pT4 2 (6) 5.967    2 (6) 2.825  

N classification   0.592    0.684 

    N0 14 (43) 4.352   14 (43) 3.615  

    N1 11 (33) 6.156    11 (33) 6.245  

    N2 8 (24) 4.159    8 (24) 3.409  

M classification   0.275    0.240 

    M0 25 (76) 4.120   25 (76) 3.795  

    M1 8 (24) 7.365    8 (24) 6.463  

Hepatic Metastasis   0.252    0.333 

    Yes 7 (21) 8.050   7 (21) 6.913  

    No 26 (79) 4.060    26 (79) 3.777  

Pulmonary 

Metastasis 
  0.491    0.573 

    Yes 3 (9) 9.930   3 (9) 9.930  

    No 30 (91) 4.404    30 (91) 3.893  

Peritoneal 

Metastasis 
  1.000    0.529 

    Yes 1 (3) 2.576   1 (3) 3.317  

    No 32 (97) 4.979    32 (97) 4.477  

KRAS mutations   0.369    0.331 

    Yes 12 (36) 3.328   12 (36) 5.479  

    No 21 (64) 5.809    21 (64) 3.850   

Mann-Whitney U test 
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2.1.4.2 MGP gene expression was increased in colorectal cancer patients 

RNA expression levels were measured by RT-qPCR in colorectal cancer using the RNA 

extracted from samples collected from the case group and control group (Figure 2.1.1). Overall, 

our results showed a significant increase of MGP expression in the majority of colorectal tumor 

mucosa samples compared with the paired normal mucosa samples (Figure 2.1.1, p=0.001). It 

was also investigated if the results obtained for normal mucosa (collected from tissue adjacent 

to the tumor (NM)) and the colorectal normal mucosa samples collected from the group control 

were comparable, to attest if this could validate the expression observed in the paired normal 

tissue of the patients. Results showed that in the mucosa from healthy individuals, there is no 

difference in MGP levels compared to those observed for normal mucosa samples, thus 

validating the levels of MGP expression in normal mucosa of CRC patients (Figure 2.1.1, 

p=0.105). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1 Relative MGP gene expression in samples from patients with colon adenocarcinoma Relative 

MGP gene expression levels were analyzed by RT-qPCR in a total of 9 control group and 33 colorectal cancer 

tissue samples (normal and tumor mucosa). Overall overexpression in tumor versus normal mucosa (n=33, 

p=0.001). MGP expression in normal mucosa and control group (n=9) without significant differences (p=0.105). 

Values are presented as mean ± SD. The Mann-Whitney and Kruskal Wallis non parametric tests were performed 

for the statistical analysis 

 

In addition, it was possible to identify, among the 33 patients, a subgroup of five patients where 

levels of MGP were differentially expressed in normal versus tumor mucosa samples; however, 
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the difference in expression (between 0.4 and 0.8-fold change) was not statistically significant 

in this subgroup. (Supplementary Figure S2.1.1, panel A, p=0.548). We also compared the 

levels of MGP gene expression from the group control and the normal mucosa samples from 

this subgroup and results showed a significant difference between them (Supplementary Figure 

S2.1.1, panel A, p=0.004).  

At protein level, it was possible to confirm the expression of MGP by immunohistochemistry 

in the patients whose expression was upregulated in tumor mucosa (Figure 2.1.2, panel A) and 

in the patients that presented an increased MGP gene expression in normal mucosa (Figure 

2.1.2 panel B). 
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Figure 1.1.2 MGP immunostaining in colorectal cancer tissue samples from two patients. (A) MGP 

expression at protein level in a CRC patient with higher expression in tumor mucosa. Hematoxylin and eosin 

staining of (a) normal and tumor tissue, magnification 50x; (b) detail of normal tissue, magnification 200x; (c) 

detail of tumor tissue, magnification 200x. MGP immunostaining in (d) normal and tumor tissue, magnification 

50x; (e) detail of normal tissue, magnification 200x; (f) detail of tumor tissue, magnification 200x. 

(B) MGP expression at protein level in a CRC patient with higher expression in normal mucosa. Hematoxylin and 

eosin staining of (a) normal and tumor tissue, magnification 50x; (b) detail of normal tissue, magnification 200x; 

(c) detail of tumor tissue, magnification 200x. MGP immunostaining in (d) normal and tumor tissue, magnification 

50x; (e) detail of normal tissue, magnification 200x; (f) detail of tumor tissue, magnification 200x. 

Lymphatic Nodule (LN), Muscularis Mucosae (MM) and Lieberkühn Glands (LG). Black arrows indicate the 

Goblets cells and the red arrows indicate MGP expression 

 

Based on the verified upregulation of MGP in most of the tumor mucosa samples, we were 

interested in evaluating whether this upregulation could have an impact on the patients overall 

survival (OS). For this, we established the median value of the fold change (ratio tumor 

mucosa/normal mucosa) as the cutoff to define the patients who would have a higher or lower 

MGP expression. We found that 35.3% of the patients presented a higher mortality rate when 

levels of MGP expression were upregulated (Supplementary Figure S2.1.2, panel A, log-rank 

test, p=0.026). 

 

2.1.4.3 No significant associations were observed between MGP gene expression and 

clinical and pathological features of patients 

To evaluate whether MGP expression could be correlated with clinical and pathological features 

of the patients, we analyzed all variables summarized in Tables 2.1.1 and 2.1.2. We did not 

identify any statistically significant associations between MGP expression with gender 

(p=0.113), age (p=0.957), familial cancer history (Yes vs. No; p=0.476), previous pathologies 

(Yes vs. No; p=0.476) or the presence of metastasis (Yes vs. No; p=0.476) (Table 2.1.1). We 

also did not found a significant association between MGP expression and pathological features 

of patients, such as tumor localization (p=0.691) or tumors grouped into right versus left sided 

(p=0.686), tumor histology (well differentiated vs poorly differentiated; p=0.287), tumor stage 

(stage I-II, stage III-IV; P=0.382), T classification (pT1, pT2, pT3, pT4; p=0.826), N 

classification (N0, N1, N2; p=0.592), M classification (M0, M1; p=0.275), hepatic (p=0.252), 

pulmonary (p=0.491) and peritoneal (p=1.000) metastasis and the presence or absence of KRAS 

mutations (p=0.369) (Table 2.1.2). 

Moreover, we assessed if the high expression of MGP presented in the normal mucosa of the 

five patients could be related with clinical and pathological features of the patients but we did 

not find a significant correlation between them (results not shown). 
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2.1.4.4 Transcription factor RUNX2 is upregulated in patients with colorectal cancer  

To understand this deregulation of MGP in tumoral mucosa, we explored the levels of 

expression of the transcription factor RUNX2, since it is essential for gene expression of bone 

matrix proteins and it has been proposed as a regulator of MGP transcription (Stock et al. 2004; 

Takahashi et al. 2005; Suttamanatwong et al. 2009; Fazenda et al. 2010).  

The results demonstrated a pattern of expression for RUNX2 similar to the one obtained for 

MGP, with significantly increased expression in tumor versus normal mucosa (p=0.030) when 

compared with control group (p=0.695) (Figure 2.1.3). Since we found a small group of patients 

whose expression of MGP was higher in normal mucosa, we questioned if some of these 

patients could also present a higher expression of RUNX2 in normal mucosa. In fact, we 

identified a group of nine patients whose expression was significantly higher in normal mucosa 

compared with tumor mucosa, indicating the heterogeneity of tumor populations 

(Supplementary Figure S2.1.1, panel B, p=0.040). Moreover, in the group of five and nine 

patients where MGP and RUNX2 expression were higher in the normal mucosa, respectively, 

only three patients presented a higher expression for both genes in normal mucosa. 

 

 

Figure 2.1.3 Relative RUNX2 gene expression in samples from patients with colon adenocarcinoma. Relative 

RUNX2 gene expression levels were analyzed by RT-qPCR in a total of 9 control group and 33 colorectal cancer 

tissue samples (normal and tumor mucosa). Overall overexpression in tumor versus normal mucosa (n=33, 

p=0.030). RUNX2 expression in normal mucosa and control group (n=9) without significant differences (p=0.695). 

Values are presented as mean ± SD. The Mann-Whitney and Kruskal Wallis non parametric tests were performed 

for the statistical analysis 
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Since we found an association between high levels of MGP and a poor OS rate, we also 

analyzed the association between RUNX2 gene expression and OS. We found that the same 

percentage of patients that passed away in the first two years and presented high levels of MGP, 

also presented high levels of RUNX2 (Supplementary Figure S2.1.2, panel B, log-rank test, 

p=0.034). 

We then evaluated the correlation between RUNX2 and MGP gene expression in tumor and 

normal mucosa. The correlation Pearson coefficients, between MGP and RUNX2 gene 

expression was 0.636 (p≤0.01) in the tumor mucosa and was 0.204 (p=0.255) in the normal 

mucosa of patients (Table 4), establishing a significant, positive and strong correlation between 

RUNX2 and MGP gene expression in tumor mucosa. 

 

Table 2.1.4 Correlation between RUNX2 and MGP gene expression in normal and tumoral 

tissue 

TISSUE SAMPLE   RUNX2 

NORMAL MGP 

Pearson Correlation 0,204 

Bilateral Significance 0,255 

N 33 

TUMORAL MGP 

Pearson Correlation 0,636** 

Bilateral Significance 0,000068 

N 33 

** Correlation in significant at 0.01 level (2 bilateral) 

 

2.1.4.5 MGP and RUNX2 are important predictor factors to differentiate the prognosis 

of colorectal adenocarcinoma amongst patients 

Since there was no association between MGP expression with the characteristics previously 

analyzed, we decided to further investigate which factors could best differentiate the patients 

by separating (at low and high) groups based on MGP and RUNX2 gene expression, using the 

median value of fold change as a cut-off point (fold change MGP = 2.57, fold change 

RUNX2=1.80). 

We then performed a two-step cluster analysis to determine the classification of patients 

according to the variables with the greatest predictive importance in the separation of the groups 

of individuals, considering the new variable of the dichotomized fold MGP, as well as the fold 

change of RUNX2 gene expression categorized in the same way. The variables considered were: 

T classification, N classification, tumor staging, gender, deceased, fold change MGP 
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categorized, fold change RUNX2 categorized, fold change MGP, fold change RUNX2, tumor 

histology, KRAS mutations, tumor location, survival rate (years), polyposis and stroke. 

According to the multivariate analysis of the predictors, patients were divided into clusters 1 

and 2 (Table 2.1.3). Patients in cluster 1 presented N1 classification (62.5%), meaning that the 

majority of these patients had lymph node metastasis, the tumor was either stage III (56.3%) or 

stage IV (43.8%), mostly female (68.7%), with high MGP (75%) and RUNX2 (68.8%) levels 

of expression, with a fold change for MGP of 6.2 (±5.6) and a fold change for RUNX2 of 5.9 

(±7.7), with a tumor histology moderately (50%) and poorly differentiated (12.5%), without 

mutation on KRAS (56.3%), with a T3 classification (81.3%), with a mean survival time of 2.5 

(±2.0) years, with the tumor mostly located in rectum (37.5%) and without the presence of 

polyposis (93.8) and stroke (93.8%). In cluster 2 patients presented a N0 classification (82.4%), 

meaning that the majority of these patients did not present lymph node metastasis, the tumor 

was either stage I (23.5%) or stage II (58.8%), mostly male gender (94.1%), with low MGP 

(70.6%) and RUNX2 (64.7%) levels of expression, with a fold change for MGP of 3.7 (±4.7) 

and a fold change for RUNX2 of 3.1 (±4.4), with a tumor histology well differentiated (70.6%), 

without mutation on KRAS (70.6%), with a T3 classification (70.6%), with a mean survival time 

of 3 (±1.9) years, with the tumor mostly located in rectum (47.1%) and without the presence of 

polyposis (88.2%) and stroke (94.1%). 

Despite the majority of patients in clusters 1 and 2 do not present mutations on KRAS gene, 

among the patients who have mutations in this gene (Table 2.1.5), these are mostly found in 

cluster 1, where 7 (43.7%) of the 16 patients showed mutations, while in cluster 2 only 5 

(29.4%) of the 12 patients had mutations in the KRAS gene, these proportions are within the 

range (7-63%) reported in the literature (Ren et al. 2012).  

We can conclude that high levels of MGP and RUNX2, combined with other factors, such as a 

higher tumor staging and advanced N and T classifications of tumors, are important predictor 

factors to profile the patients accordingly to their prognosis and in this case, patients categorized 

in cluster 1 have the worst prognosis and lowest survival rate associated with high levels of 

MGP and RUNX2, when compared with patients in cluster 2 (Table 2.1.3). 
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Table 2.1.3 Multivariate analysis of predictor factors 

1 Chi Square test 
2 Standard Deviation 
3Mann-Whitney test 
4Log Rank test 
5Spearman correlation coefficient  

Boldfaced values - Variables with p ≤ 0.05 

Characteristics  Cluster 1  

 (n=16, %) 

Cluster 2 

(n=17, %) 

p value  

N Classification    p≤0.051 

    N0  0 (0) 14 (82.4)  

    N1  10 (62.5) 1 (5.9)  

    N2  6 (37.5) 2 (11.8)  

Tumor Staging    p=0.051 

    Stage I  0 (0) 4 (23.5)  

    Stage II  0 (0) 10 (58.8)  

    Stage III  9 (56.3) 2 (11.8)  

    Stge IV  7 (43.8) 1 (5.9)  

Gender    p=0.051 

    Male  5 (31.3) 16 (94.1)  

Deceased    p=0.051 

    No  9 (56.3) 17 (100)  

Fold change MGP categorized    p=0.051 

    High MGP  12 (75) 5 (29.4)  

Fold change RUNX2 categorized    p=0.0551 

    High Runx2  11 (68.8) 6 (35.3)  

Fold Change MGP, mean (SD2)  6.2(±5.6) 3.7(±4.7) p=0.053 

Fold change RUNX2, mean (SD2)  5.9(±7.7) 3.1(±4.4) p=0.1103 

MGP vs RUNX25  r=0.450; P=0.080 r=0.365; 

P=0.149 

 

Tumor Histology    p=0.1081 

    Well differentiated  4 (25) 12 (70.6)  

    Moderately differentiated  8 (50) 3 (17.6)  

    Poorly Differentiated  2 (12.5) 1 (5.9)  

    Mucinous  1 (6.3) 0 (0)  

    Mucinous well differentiated  1 (6.3) 1 (5.9)  

KRAS mutations    p=0.3921 

    No  9 (56.3) 12 (70.6)  

T classification    p=0.4211 

    T1  1 (6.3) 0 (0)  

    T2  1 (6.3) 4 (23.5)  

    T3  13 (81.3) 12 (70.6)  

    T4  1 (6.3) 1 (5.9)  

Survival Rate (Years), mean (SD2)   2.5(±2.0) 3.0(±1.9) p=0.054 

Tumor Location    p=0.4471 

    Rectum  6 (37.5) 8 (47.1)  

    Rectosigmoid junction  3 (18.8) 1 (5.9)  

    Ascending colon  1 (6.3) 3 (17.6)  

    Sigmoid  2 (12.5) 3 (17.6)  

    Cecum  2 (12.5) 0 (0)  

    Hepatic angle  1 (6.3) 2 (11.8)  

    Transverse Colon  1 (6.3) 0 (0)  

Polyposis    p=0.5821 

    No  15 (93.8) 15 (88.2)  

Stroke     p=0.9651 

    No  15 (93.8) 16 (94.1)  
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Table 2.1.5 Mutations of KRAS gene found in the patients 

 

 

 

 

 

Subsequently, a Kaplan-Meier survival analysis was performed to assess if MGP and RUNX2 

could be in fact good prognostic factors in terms of overall survival rate and if their high 

expression might also be related with advanced tumor stages for the two groups of patients 

found in the two-step clusters analysis. Patients in cluster 1, which presented a worst prognosis, 

had a higher mortality rate when compared with patients in cluster 2 (log-rank test p= 0.003) 

(Figure 4) and the expression of MGP was significantly associated with mortality rate (Mann-

Whitney test, p=0.019), while RUNX2 expression seems not to have a significant influence on 

the mortality rate of these patients (Mann-Whitney test, p=0.110) (Table 2.1.3). 

  

 

Figure 2.1.4 Overall survival curve for patients categorized by clusters 1 and 2. Patients in Cluster 2 present 

a better survival rate, when compared with patients in cluster 1 with a lower survival rate and a worse prognosis 

(p=0.003). Small vertical lines indicate the censored cases. Censored cases refer to the number of patients that 

have not reached the terminal event during this study. P-value was calculated by log-rank test 

 

 

RAS GENES EXONS CODON MUTATION 

KRAS 
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Gly 12 Val 
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Gly 12 Cys 
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To evaluate the effect of MGP and RUNX2 gene expression in the mortality rate of the patients 

within five years by clusters, we categorized the patients divided by clusters according to the 

length of their survival time above and below five years and considered the fold change of MGP 

and RUNX2 categorized according to their median values (fold change MGP = 2.57, fold change 

RUNX2=1.80). We found that high levels of MGP (log-rank test, p=0.036) and RUNX2 (log-

rank test, p=0.041) are significantly correlated with a survival time lower than five years in 

patients in cluster 1 with a worst prognosis. 

 

2.1.5 Discussion 

Colorectal cancer is an exceptional example in the investigation of cancer, since it has relatively 

slow development that allows researchers to explore specific genes involved in critical steps of 

its progression. For example, β-catenin (Wai et al. 2006), C-MYC (Wai et al. 2006) and KRAS 

(Tong et al. 2014) are oncogenes involved in colorectal cancer progression, and are currently 

used as biomarkers for cancer prognosis and therapeutic decision (C.-W. Fan et al. 2013).  

MGP has been found to be associated with and/or play an important role in several types of 

pathologies (Weaver et al. 2014; Gluba-Brzózka et al. 2014; Gerdes et al. 2014) and was found 

to be present in different types of tumors, such as breast cancer and glioblastoma, as recently 

reviewed by Gheorghe and Crăciun (2015). Interestingly, being one of the most common and 

well-described cancer types, the association of MGP to colorectal cancer has been so far poorly 

investigated (Fan et al. 2001; Gheorghe and Crăciun, 2015).  

Although many studies have been previously conducted to try to understand how tumor cells 

proliferate and migrate to other organs (Mertsch et al. 2009), only few studies have related MGP 

to those events (Mertsch et al. 2009; Sharma and Albig, 2013), and even fewer studies have 

actually investigated the influence of MGP expression in tumorigenesis (Mertsch et al. 2009; 

Yoshimura et al. 2009; Tiago et al. 2016).  

Our results, in contrast with a previous study where MGP was shown to be down-regulated in 

colorectal tumor tissues (Fan et al. 2001), demonstrate the association between MGP gene 

expression and the poor prognosis of patients with colorectal cancer. According to Fan et al. 

(2001) approximately 79% (n=63) of patients presented a downregulation of MGP gene 

expression in tumor mucosa samples, while 21% (n=17) of patients presented an increased 

MGP gene expression in tumor mucosa, whereas our results demonstrated that 84.8% (n=28) 

of patients presented a significant upregulation of MGP in tumor mucosa samples, while 15.2% 

(n=5) of patients presented an increased expression in normal mucosa samples. This 
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discrepancy between both data could be associated to different populations, since the previous 

study evaluated MGP gene expression in an Asiatic population (80 patients from Taiwan), while 

our analysis focused on a European Caucasian population (33 patients from South Portugal). 

Furthermore, tumors are known to present high heterogeneity and the presence of differential 

gene expression in tumors with similar locations has been shown for other genes (Micke et al. 

2007), thus this could account for the differences identified for MGP expression. Throughout 

this analysis of expression, we found a minor population of five CRC patients who presented a 

non-significant upregulation of MGP expression in normal mucosa compared to tumor mucosa 

(confirmed by immunohistochemistry, Figure 2.1.2) in agreement to what the previous authors 

have shown (Fan et al. 2001). Yet, it was not possible to establish a significant correlation 

between these results and clinical and histopathological features of those patients. In a more 

recent study by Galamb et al. (2016), it was demonstrated that several age-related DNA 

methylation alterations could affect the expression of genes during the development and 

progression of colorectal cancer. In this study, the authors analyzed MGP gene expression using 

Affymetrix HGU133 Plus2.0 whole transcriptome data of 49 healthy controls, 49 patients with 

adenomas, 49 patients with CRC and 6 healthy children as controls (GEO accession numbers: 

GSE37364, GSE10714, GSE4183, GSE37267). and found that MGP gene expression was more 

similar between healthy children and CRC patients than the other analyzed patients with 

adenomas or healthy adults. In addition, the levels obtained for CRC patients are in the same 

range of values as the ones obtained in our study, thus contributing to validate the results 

obtained in our study. These results also confirm the heterogeneity of CRC tumors and indicate 

the usefulness of searching for additional tumor predictors to help better characterize patient 

populations and thus contribute to improve their treatments. Such analysis could also contribute 

to understand the inherent molecular mechanisms underlying MGP deregulation in cancer, and 

contribute to find new biomarkers for CRC helping to better characterize the patient 

populations. 

Transcription factor RUNX2 is a regulator of MGP transcription (Stock et al. 2004; Takahashi 

et al. 2005; Suttamanatwong et al. 2009; Fazenda et al. 2010). Previous experiments have shown 

that RUNX2 was associated with tumor progression in colorectal cancer by affecting the normal 

regulation of metastatic genes in murine colorectal cancer cells (Wai et al. 2006). Furthermore, 

RUNX2 was shown to be associated with higher risk of colorectal cancer (Slattery et al. 2011) 

and has been proposed as a possible prognostic factor (Sase et al. 2012). Therefore, since 

RUNX2 is a known regulator of MGP transcription in Xenopus laevis (Fazenda et al. 2010), that 

also regulates MGP expression through parathyroid hormone in rodents via PKA and 
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ERK/MAPK signaling pathway and was reported to be also a MGP regulator in breast cancer 

metastasis (Suttamanatwong et al. 2009), we hypothesized whether this transcription factor 

could also be upregulated in our samples. We found that patients with high levels of RUNX2 

also presented a worst prognosis almost identically of what we found for patients with high 

levels of MGP, suggesting a possible role on MGP regulation as previously demonstrated in 

another biological system (Fazenda et al. 2010). Interestingly, we found a group of nine patients 

whose RUNX2 expression was upregulated in the normal mucosa, three of those patients 

presenting both upregulation of MGP and RUNX2 in normal mucosa. However, by using a 

Pearson correlation analysis between RUNX2 and MGP expression we found a strong and 

positive relationship in the tumor mucosa, but not in normal mucosa (Table 2.1.4). This could 

be explained by the involvement of other signaling pathways in the regulation of RUNX2 that 

can indirectly regulate expression of MGP, and therefore, in this particular case, it is not 

possible to affirm that the tendency for a possible upregulation of RUNX2 is related to the higher 

levels of MGP. Nevertheless, and given the known function of RUNX2 in cancer (Wai et al. 

2006; Slattery et al. 2011; Ferrari et al. 2013), our results bring a new insight towards future 

experiments aiming to test whether the effect of RUNX2 disturbs or not MGP regulation in 

cancer. 

It is known that patients in advanced stages of cancer have multiple factors related with the 

disease, for example, the presence of lymph node metastasis or even the presence of distant 

metastasis, which are important factors that should be taken into consideration at the time of 

treatments (Zhang et al. 2010). In addition, it is not always possible to detect the presence of 

micrometastasis and in these cases the tumor can be much more aggressive than initially 

perceived and endorse a worse prognosis (Bork et al. 2014; Lee et al. 2015). When considering 

the factors that could better categorize the patients according to the variables with the greatest 

predictive importance in the separation of the groups of individuals in the multivariate analysis, 

we found that the upregulation of both MGP and RUNX2 combined with other factors, such as 

T, N, and M status, tumor staging, gender, tumor histology, the presence or absence of RAS 

genes family (KRAS) mutations, tumor location, survival rate, presence of polyposis and stroke, 

formed an important and relevant set of factors capable of differentiating the patient population 

in two clusters, with patients in cluster 2 having a better survival outcome than patients in 

cluster 1.Accordingly, and from what is known in the literature, from the several factors 

associated with a worse overall outcome, a poorly differentiated tumor is more likely to 

metastasize than a tumor that has a moderate differentiation (Tsigris et al. 2002) a result which 
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is in agreement with our data since most of the patients in cluster 1 presented a poorly 

differentiated tumor tissue with the presence of lymph node metastases. 

Taking all these factors into account for the prognosis of the patients we could perceive that all 

together, but not individually, they can characterize the population into two distinct groups with 

a worst and better prognosis, and present a significant association with MGP and/or RUNX2 

gene expression. In addition, this analysis opens a new perspective on how these genes, i.e., 

MGP and its transcription factor, RUNX2, may be interacting in the tumor microenvironment 

of colorectal cancer. 

 

2.1.6 Conclusion 

The overall results from this study suggest that high expression levels of MGP and RUNX2 are 

related with a worst prognosis of CRC and are important predictor factors to differentiate 

patients with colorectal cancer with a better or worse survival outcome, in particular when 

analyzed together with a given set of identified predictive factors. However, this study also 

highlights the existence of different patient populations differentially expressing these genes, 

indicative of the presence of genetic variability among the patients which likely accounts for 

the different expression pattern observed for MGP and RUNX2 in tumor mucosa. 

Further experiments may provide additional relevant information towards understanding the 

role of MGP in cancer, in particular aiming to further explore i) MGP association to tumor 

mucosa, ii) MGP association to specific phases of tumor progression, iii) cellular mechanisms 

underlying its regulation, and iv) epigenetic factors involved in MGP regulation.  
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2.1.7 Supplementary Data 

 

 

 

Figure S2.1.1 Increased expression of MGP and RUNX2 gene expression in normal samples from patients 

with colon adenocarcinoma Differential expression of MGP in the normal mucosa samples when 

compared with tumor mucosa samples without significant differences (panel A, n=5, p=0.548) 

and significant overexpression of RUNX2 gene expression in normal mucosa when compared 

with tumor mucosa (panel B, n=9, p=0.011). Values are presented as mean ± SD. Mann-

Whitney and Kruskal Wallis non parametric tests 

 

 

Figure S2.1.2 Overall survival curve of patients with overexpression of MGP and RUNX2 in tumor mucosa. 

Patients with high levels of MGP (panel A, p=0.026) and RUNX2 gene expression (panel B, p=0.003) have a worst 

survival rate associated. Small vertical lines indicate the censored cases. Censored cases refer to the number of 

patients that have not reached the terminal event during this study. P-value was calculated by log-rank test 
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2.2.1 Abstract 

The data presented in this article is related with the research paper entitled “Evaluation of MGP 

gene expression in colorectal cancer”, available on Gene journal (Caiado et al. 2020). From all 

the transcription factors known to regulate MGP, FGF2 is the most described in colon 

adenocarcinoma and colon tumor cell lines, where it was shown to: i) contribute for the 

invasiveness potential; and ii) promote proliferation and survival of colorectal cancer cells. 

These in vitro studies pose the hypothesis that FGF2 associated signaling pathways could be 

promoting the regulation of others genes, such as MGP, that may lead to tumor progression 

which ultimately could result in poor prognosis in colon adenocarcinoma.  

 

2.2.2 Specifications Table 

SUBJECT MOLECULAR BIOLOGY 

SPECIFIC SUBJECT 

AREA 
Colorectal cancer, Molecular biology 

TYPE OF DATA 

Table 

Graph 

Figure 

HOW DATA WERE 

ACQUIRED 
qRT-PCR, SPSS 

DATA FORMAT 
Raw 

Analysed 

PARAMETERS FOR 

DATA COLLECTION 

FGF2 was shown to be both a regulator of MGP and an inhibitor of 

cellular differentiation in colorectal cancer organoids, and FGF 

family proteins were proven to have an important role on the 

survival and growth of stem cells during embryogenesis, 

carcinogenesis and tissue regeneration 

DESCRIPTION OF 

DATA COLLECTION 

FGF2 gene expression analysis through qRT-PCR and assessment 

of the correlation with MGP gene expression and clinical and 

histopathological data analysis using SPSS software in colorectal 

patients 

DATA SOURCE 

LOCATION 

University of Algarve 

Faro 

Portugal 

DATA 

ACCESSIBILITY 
Data is available with this publication 
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RELATED 

RESEARCH ARTICLE 

Caiado, H. et al. 2019 

Evaluation of MGP gene expression in colorectal cancer 

Gene 

doi.org/10.1016/j.gene.2019.144120 

 

2.2.3 Value of the Data 

• The data presented here were obtained in order to evaluate FGF2 gene expression in 

patients with colorectal cancer. This data may be of great relevance in trying to 

understand how MGP gene expression deregulation may affect patient´s prognosis.  

• Beneficiaries of these data are all those who seek knowledge about the molecular 

mechanisms that could be underlying MGP deregulation in tumorigenesis. 

• These data report the upregulation of FGF2 gene expression in tumor tissue and its 

positive correlation with MGP gene expression in CRC. These results could provide 

future insights for the search of new therapeutic targets associated with MGP gene 

expression and its deregulation in cancer. 

 

2.2.4 Data Description 

The fibroblast growth factor (FGF) signaling network has been implicated in several pathways, 

such as normal cell growth, differentiation, angiogenesis and tumor development (Akl et al. 

2016). The transcription factor FGF2 is one of the most studied in terms of its role in 

carcinogenesis including its role in tumor cell differentiation and proliferation (Akl et al. 2016). 

Moreover, it is known that FGF2 induces transcription of the MGP gene (Stheneur et al. 2003). 

In this report, we describe data regarding the expression analysis performed by qRT-PCR for 

FGF2, for both normal and tumor tissues, of 23 out of 33 CRC patients (Caiado et al. 2020) 

whose samples were still available, and 9 samples from the control group (Figure 2.2.1). The 

data showed that the expression of FGF2 was significantly up-regulated in CRC tissues 

compared to matched normal tissues (p=0.002). Our data is in accordance with what was 

already described in the literature regarding the increase of FGF2 expression in various tumor 

tissues, such as lung (Li et al. 2018), colorectal (George et al. 2002), bladder (Gazzaniga et al. 

1999) and prostate (Soulitzis et al. 2006).  
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Figure 1 Relative MGP and FGF2 gene expression in samples from patients with colon adenocarcinoma 

Relative MGP (A) and FGF2 (B) gene expression levels were analyzed by RT-qPCR in a total of 9 samples from 

control group and 23 samples from colorectal cancer tissue (normal and tumor mucosa). The latter showed higher 

mRNA levels of MGP and FGF2 than non-tumor tissues (MGP p=0.002; FGF2 p≤0.001). Values are presented as 

mean ± SD. The Mann-Whitney and Kruskal Wallis non parametric tests were performed for the statistical 

analysis. 

 

To evaluate if there is a correlation between FGF2 expression and the clinical-pathological 

features of the patients, we analyzed all the variables shown in Tables 2.2.1 and 2.2.2. No 

statistically significant associations were found between FGF2 expression and the clinical and 

pathological features of the patients. 
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Table 2.2.1 Demographic features of colorectal patients 

 MGP (n=23)  FGF2 (n=23)  

Characteristics Number (%) 
Mean value of 

fold change 
p value Number (%) 

Mean value of 

fold change 
p value 

Gender   0.033   0.439 

    Male 14 (61) 3.135  14 (61) 2.000  

    Female 9 (39) 6.648   9 (39) 1.000  

Age (median: 71,70 years)   0.548   0.776 

    <72 8 (35) 2.898  8 (35) 4.437  

    ≥72 15 (65) 5.369   15 (65) 5.640  

Familial Cancer History   0.671   0.579 

    Yes 7 (30) 3.034  7 (30) 3.495  

    No 16 (70) 5.155   16 (70) 5.977  

Previous Pathologies   0.691   1.000 

    Yes 18 (78) 3.732  18 (78) 5.460  

    No 5 (22) 7.308   5 (22) 4.363  

Metastasis   0.177   0.812 

    Yes 6 (26) 8.082  6 (26) 5.445  

    No 17 (74) 3.249   17 (74) 5.143   

Mann-Whitney U test 
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Table 2.2.2 Histopathological features of patients 
 MGP (n=23)   FGF2 (n=23)  

 Characteristics Number (%) 
Mean value of 

fold change 
p value 

 
Number (%) 

Mean value of 

fold change 
p value 

Tumor Location   0.618 
 

  0.493 

    Rectum 12 (52) 4.672   12 (52) 3.967  

    Rectosigmoid Junction 3 (13) 6.217   3 (13) 2.479  

    Ascending Colon 2 (9) 2.633   2 (9) 10.730  

    Sigmoid 1 (4) 8.004   1 (4) 3.653  

    Cecum 2 (9) 2.793   2 (9) 14.938  

Hepatic Angle 3 (13)    3 (13)   

Tumor Histology   0.196 
 

  0.655 

Well Differentiated 10 (44) 4.014   10 (44) 3.400  

Moderately Differentiated 9 (39) 2.164   9 (39) 7.867  

    Poorly Differentiated 1 (4) 24.042   1 (4) 5.530  

Mucinous 1 (4) 8.004   1 (4) 3.653  

Mucinous well Differentiated 2 (9) 6.028   2 (9) 3.054  

Tumor Stage   0.201 
 

  0.336 

    I - II 9 (39) 3.155  
 

9 (39) 3.017  

    III - IV 14 (61) 5.380   14 (61) 6.639  

T classification   0.815    0.447 

    pT2 4 (18) 3.983   4 (18) 1.866  

    pT3 18 (78) 4.763   18 (78) 5.918  

    pT4 1 (4) 2.055   1 (4) 6.109  

N classification   0.372 
 

  0.592 

    N0 9 (39) 3.155   9 (39) 3.017  

    N1 8 (35) 5.626   8 (35) 6.717  

    N2 6 (26) 5.053   6 (26) 6.536  

M classification   0.227    0.745 

    M0 18 (78) 3.294   18 (78) 5.505  

    M1 5 (22) 8.884   5 (22) 4.201  

Hepatic Metastasis   0.227 
 

  0.745 

    Yes 5 (22) 8.884   5 (22) 4.201  

    No 18 (78) 3.294   18 (78) 5.505  

Pulmonary Metastasis   0.158 
 

  0.198 

    Yes 2 (9) 14.057   2 (9) 8.597  

    No 21 (91) 3.600   21 (91) 4.900  

KRAS mutations   0.728 
 

  0.265 

    Yes 8 (35) 4.022   8 (35) 7.826  

    No 15 (65) 4.770   15 (65) 3.833  

Mann-Whitney U test 
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We then evaluated the correlation between FGF2 and MGP expression. FGF2 mRNA 

expression determined by qRT-PCR was well correlated (r=0.572, p=0.004) with that 

determined for MGP (H. Caiado et al. 2020) (Figure 2.2.2). 

  

 

Figure 2.2.2 Correlation between FGF2 and MGP gene expression in tumor tissue 

As described in experimental design in materials and methods, the correlation between MGP and FGF2 gene 

expression was evaluated through the SPSS software, applying the Spearman coefficient correlation test in the 

tumor tissue and establishing a positive and significant correlation between expression of both genes (r=0.572; 

p=0.004). 

 

In our previously published study, we found that the two-step cluster analysis of the CRC 

samples allowed differentiating patients with a better or worse survival outcome (Caiado et al. 

2020). Subsequently, we performed a multivariate classification of two step clusters (Chiu et 

al. 2001) to determine possible patient profiles, taking into account the characteristics of 

categorical and numerical variables (Table 2.2.3). This type of analysis allows the exploitation 

of data taking into account each variable independently from each other’s, to try to identify 
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homogeneous groups depending on their characteristics. Since we did not find any correlation 

between the high expression of FGF2 and the overall patient survival rate (Figure 2.2.3), we 

then evaluated the prognostic value of different variables to differentiate patients in different 

groups according to the influence of these factors.  

 

Figure 3 Overall survival curve of patients with overexpression of FGF2 

Patients with high FGF2 gene expression appear to have a lower survival rate although this was not statistically 

significant (p=0.179). Small vertical lines indicate the censored cases referring to the number of patients that have 

not reached the terminal event during the data collection. p-value was calculated by log-rank test. 

 

The variables considered were: T classification, N classification, tumor staging, gender, 

deceased, fold change MGP categorized, fold change FGF2 categorized, fold change MGP, fold 

change FGF2, tumor histology, KRAS mutations, tumor location, survival rate (months), 

polyposis and stroke. According to this analysis, patients were divided into clusters 1 and 2. 

Patients in cluster 1 presented a stage N0 of lymph node metastasis (50%), the tumor was either 

in stage II (33.3%) or stage III (44.4%), mostly male (72.2%), with low MGP (72.2%) and 

FGF2 (55.6%) levels of expression, with a fold change for MGP of 3.09 (±3.03) and for FGF2 

of 4.89 (±6.81), with a tumor histology showing either a moderately (44.4%) or well 
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differentiated tumor (44.4%), without mutation on KRAS (61.1%), with a T3 classification 

(72.2%), with a mean survival time of 49.61 (±18.6) months, with the tumor mostly located in 

rectum (38.8%) and without the presence of polyposis (88.9) and no stroke (88.9%). Patients 

in cluster 2 presented a stage N1 of lymph node metastasis (60%), the tumor was either in stage 

III (20%) or stage IV (80%), mostly female (80%), with high MGP (100%) and FGF2 (80%) 

levels of expression, with a fold change for MGP of 9.61 (±8.4) and for FGF2 of 6.38 (±5.0), 

with a well differentiated tumor histology (40%), without mutation on KRAS (80%), with a T3 

classification (100%), with a mean survival time of 18.00 (±8.2) months, with the tumor located 

in rectum (100%) and without the presence of polyposis (100%) and no stroke (100%).  

Moreover, we performed a Kaplan-Meier survival analysis to assess if MGP and FGF2 could 

be in fact good prognostic factors in terms of overall survival rate for the two groups of patients 

found in the two-step cluster analysis. Patients in cluster 2, which presented a worst prognosis, 

had a higher mortality rate when compared with patients in cluster 1 (log-rank test p≤0.001) 

(Figure 2.2.4). 

 

 

 

Figure 2.2.4 Overall survival curve for patients categorized by clusters 1 and 2 

Patients in Cluster 1 present a better survival rate, when compared with patients in cluster 2, who have a lower 

survival rate and a worse prognosis. 

Small vertical lines indicate the censored cases referring to the number of patients that have not reached the 

terminal event during data collection. p-value was calculated by log-rank test. 
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From the analysis it was perceived that patient in cluster 2 had a worst prognosis, in the way 

that all of these patients presented a small survival rate, and higher tumor stages when compared 

with patients in cluster 1. It’s also worthy of note, that the variables that significantly 

contributed to the division of the patients were the tumor staging, the presence of high level of 

MGP, gender and the survival rate. This means that, per se, the high levels of FGF2 alone are 

not sufficient for the clustering of patients, but in combination with other multiple variables can 

profile the patients into groups with a better or worst prognosis. 

Despite the presence of some patients in cluster 1 presenting a T staging of 3 or even 4, this 

does not mean that these patients will actually have an associated worst prognosis. In fact, it 

was already shown in the literature that patients who presented a tumor stage III could have a 

better prognosis than those with a tumor stage II. For example, according to the American Joint 

Committee (AJCC) staging manual (Weiser, 2018), when TNM staging is being evaluated, the 

clinicians have to take into account the tumor size (T), the number of lymph node metastasis, 

and the presence of metastasis. The stage is then categorized according to the combination of 

those three major factors, but the prognosis of the disease is reflected by its combination with 

other external variables that may also contribute to a worst and better prognosis. The conclusion 

from this analysis shows that it is the combination of the multiple variables analyzed, together 

with the high expression of FGF2 in tumor tissue, that can differentiate patients in two groups 

associated to a better or worst prognosis. 
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Table 2.2.3 Multivariate analysis of predictor factors 

1 Chi Square test 
2 Standard Deviation 
3Mann-Whitney test 

Characteristics  Cluster 1  

 (n=18, %) 

Cluster 2 

(n=5, %) 

p value  

N Classification    p=0.1261 

    N0  9 (50) 0 (0)  

    N1  5 (27.8) 3 (60)  

    N2  4 (22.2) 2 (40)  

Tumor Staging    p=0.051 

    Stage I  3 (16.7) 0 (0)  

    Stage II  6 (33.3) 0 (0)  

    Stage III  8 (44.4) 1 (20)  

    Stage IV  1 (5.6) 4 (80)  

Gender    p=0.051 

    Male  13 (72.2) 1 (20)  

Female  5 (27.8) 4 (80)  

Deceased    p=0.051 

    No  18 (100) 0 (0)  

Yes  0 (0) 5 (100)  

Fold change MGP categorized    p=0.051 

    High MGP  5 (27.8) 5 (100)  

Fold change RUNX2 categorized  7 (38.9) 5 (100) p=0.0161 

    High RUNX2     

Fold change FGF2 categorized  8 (44.4) 4 (80) p=0.1591 

    High FGF2     

Fold Change MGP, mean (SD2)  3.09(±3.03) 9.61(±8.4) p=0.053 

Fold change FGF2, mean (SD2)  4.89(±6.81) 6.38(±5.00) p=0.4033 

MGP vs FGF25  r=0.373;   

p=0.128 

r=-0.200; 

p=0.747 

 

Tumor Histology    p=0.2461 

    Well differentiated  8 (44.4) 2 (40)  

    Moderately differentiated  8 (44.4) 1 (20)  

    Poorly Differentiated  0 (0) 1 (20)  

    Mucinous  1 (5.6) 0 (0)  

    Mucinous well differentiated  1 (5.6) 1 (20)  

KRAS mutations    p=0.4331 

    No  11 (61.1) 4 (80)  

T classification    p=0.4121 

    T1  0 (0) 0 (0)  

    T2  4 (22.2) 0 (0)  

    T3  13 (72.2) 5 (100)  

    T4  1 (5.6) 0 (0)  

Survival Rate (Months), mean (SD2)   49.61(±18.6) 18.00(±8.2) p=0.054 

Tumor Location    p=0.3201 

    Rectum  7 (38.8) 5 (100)  

    Rectosigmoid junction  3 (16.7) 0 (0)  

    Ascending colon  2 (11.1) 0 (0)  

    Sigmoid  1 (5.6) 0 (0)  

    Cecum  2 (11.1) 0 (0)  

    Hepatic angle  3 (16.7) 0 (0)  

Polyposis    p=0.4351 

    No  16 (88.9) 5 (100)  

Stroke     p=0.4351 

    No  16 (88.9) 5 (100)  
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4Log Rank test 
5Spearman coefficient correlation test  

Boldfaced values - Variables with p ≤ 0.05 

 

2.2.4 Experimental Design, Materials, and Methods 

In this report we present briefly the materials and methods used to obtain the data here 

described. To see a more detailed material and methods, please refer to (Caiado et al. 2020). 

 

2.2.4.1 Clinical, demographic and pathological characteristics of patients 

Tissue samples, as well as clinical and pathological information, were obtained as described in 

the research article “Evaluation of MGP Gene Expression in Colorectal Cancer”. 

Clinical, demographic and histopathological information regarding patients is depicted in tables 

2.2.1 and 2.2.2. 

 

2.2.4.2 RT-qPCR 

Total RNA was extracted from fresh biopsies stored in RNALater (CRC (n=23) including 

normal adjacent tissue and healthy colonic tissue (n=9)). After quality and quantity 

measurements, cDNA synthesis was performed using 1 μg of the extracted RNA treated with 

RQ1 DNase (1U per μg of RNA; Promega) and M-MLV reverse transcriptase (ThermoFisher 

Scientific) according to manufacturer’s instructions. 

The expression of mRNA for FGF2 was analyzed by 2-ΔΔCt method and normalized with the 

expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as reference gene. Primer 

sequences for GAPDH and FGF2 were as follows:  

GAPGH: forward: 5’-TCAACGGATTTGGTCGTATTGGGCG-3’ and reverse: 5’-

CTCGCTCCTGGAAGATGGTGATGGG-3’;  

FGF2: forward: 5’-CAAAAACGGGGGCTTCTTCCTG-3’ and reverse: 5’-

CCATCTTCCTTCATAGCCAGGTAACG-3’. 

Data were presented as the relative quantity of target mRNA normalized with GAPDH and 

relative to the mean expression of the control group. Please refer to the research article 

“Evaluation of MGP Gene Expression in Colorectal Cancer” for the analyses of expression of 

mRNA for MGP (Caiado et al., 2020). 
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2.2.4.3 Statistical analysis 

Statistical analysis was performed using SPSS software program version 25. Values for gene 

expression are presented as mean and standard deviation (SD) and two-sided P value less than 

0.05 was defined as statistically significant. Fold changes presented correspond to the ratio of 

the values from tumor mucosa versus normal mucosa. Comparisons between group variables 

and gene expression were estimated using non parametric statistical tests: Mann–Whitney U 

and Kruskal–Wallis. 

The cutoff value to distinguish the patients with low and high MGP and FGF2 levels were 

estimated taking into account the median value of the fold change for both MGP and FGF2. 

A multivariate classification of two step clusters (Chiu et al. 2001) was performed to determine 

possible patient profiles, taking into account the characteristics of categorical and numerical 

variables (Table 2.2.3). This allowed the formation of cluster 1 (n=18) and cluster 2 (n=5). 

Spearman coefficients were considered to analyze the correlation between MGP and FGF2 fold 

change values by the interest groups, namely, clusters and tissue samples. Overall survival 

probability for two groups of patients (clusters 1 and 2) was calculated using the Kaplan–Meier 

method; intergroup differences were determined using a log-rank test. Logistic regression 

analysis and 𝝌𝟐 analysis was used to evaluate the independent influence of factors on the final 

prognosis.  
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2.3.1 Abstract  

Matrix Gla protein (MGP) was first identified as a calcification physiological inhibitor and the 

causal agent of the Keutel syndrome. MGP has been suggested to play a role in development, 

cell differentiation, and tumorigenesis. This study aimed to compare MGP expression and 

methylation status in different tumors and adjacent tissues, using The Cancer Genome Atlas 

(TCGA) data repository. We investigated if changes in MGP mRNA expression were correlated 

to cancer progression and whether the correlation coefficients could be used for prognosis. 

Strong correlations were observed between altered MGP levels and disease progression in 

breast, kidney, liver, and thyroid cancers, suggesting that they could serve as a supplement to 

current clinical biomarkers, for early cancer diagnosis. 

We have also analyzed MGP methylation and identified CpG sites in its promoter and first 

intron with clear differences in methylation status between healthy and tumoral tissue providing 

evidence for epigenetic regulation of MGP transcription. Furthermore, we demonstrate that 

these alterations correlate with the overall survival of the patients suggesting that its assessment 

can serve as an independent prognostic indicator of patients’ survival. 

This sub-chapter was submitted as a research 

manuscript to Biochimie journal 
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2.3.2 Introduction  

Matrix Gla Protein (MGP) has been mainly recognized as a physiological inhibitor of 

calcification and the causal gene for the Keutel syndrome, a condition characterized by 

abnormal calcium deposition, mostly in the cartilage and vascular system (Munroe et al. 1999; 

Schurgers et al. 2008). However, over the past years, the study of this gene has gained additional 

relevance related to implications for tumor progression (Gheorghe and Crăciun, 2015). 

Regarding its function in carcinogenesis, MGP gene expression may be a tumor-type dependent 

factor since it has been shown to present a negatively correlated with tumor progression and 

metastasis in some tumors, such as renal and prostate carcinoma (Levedakou et al. 1992), while 

its up-regulation in breast tumors and glioblastomas is associated with tumor progression and 

poor prognosis . 

Epigenetic events, such as DNA methylation, histone modification, and miRNA have been 

progressively more associated with cancer, being identified as a possible cause for the activation 

or silencing of certain genes depending on the context (Jones and Baylin, 2002). In fact, in the 

literature, there is some evidence that MGP gene expression might be regulated by epigenetic 

events, such as DNA methylation (Tuo and Ye, 2017) and microRNAs (Tiago et al. 2016). 

The identification of cancer-specific biomarkers can provide a way to distinguish pathologic 

from normal samples. Therefore, uncovering their roles in tumorigenesis could contribute to 

understanding how genetic and epigenetic events affect the incidence of cancer and thus 

uncover novel therapeutic targets. 

In this study, we aimed to evaluate MGP expression and its DNA methylation status in tumoral 

tissue as compared to normal tissue using the cancer genome atlas (TCGA) database. MGP 

expression was found to be downregulated in tumoral tissue compared to the adjacent normal 

tissue (p≤0.001). In addition, three of the four CpG sites located in the promoter and first intron 

of the MGP gene showed clear differences in methylation status between healthy and tumor 

tissue indicating clear deregulation in cancer and strengthening the hypothesis that MGP plays 

a role during cancer progression/proliferation. Altogether, our data provide evidence for 

possible regulation of the MGP gene by epigenetic events and suggest that changes in MGP 

expression could be used as an independent prognostic factor for the overall survival of the 

patients.  

 



CHAPTER 2 – ASSESSMENT OF MGP GENE EXPRESSION AND CONTRIBUTION TO CANCER 

PROGNOSIS 

57 
 

2.3.2 Material and methods  

2.3.2.1 Sample and data collection 

Cohort studies from eleven distinct tumor types were downloaded from The Cancer Genome 

Atlas (TCGA) Genomic Data Commons (GDC) portal (http://xena.ucsc.edu/, accessed between 

2017 to 2021), including data from cancerous tissue and normal samples (TCGA code in 

parenthesis), namely, bile duct (CHOL), bladder (BLCA), breast (BRCA), colorectal (colon 

cancer (COAD) and rectal cancer (READ)), esophageal (ESCA), head and neck (HNSC), 

kidney (kidney chromophobe (KICH); kidney clear cell carcinoma (KIRC) and kidney papillary 

cell carcinoma (KIRP)), liver (LIHC), lung (lung adenocarcinoma (LUAD) and lung squamous 

cell carcinoma (LUSC)), prostate (PRAD), and thyroid (THCA). For simplicity, hereafter, we 

will refer to these tumor types according to the tissue of origin (bile duct, bladder, breast, 

colorectal, esophageal, head and neck, kidney, liver, lung, prostate, and thyroid cancer). Clinical 

information includes age, gender, pathologic stage, and survival time. The standard clinical and 

pathological variables considered were the Tumor stage (from I to IV) and the TNM system (T 

stage, N stage, and M stage). The Tumor stage indicates the extension of cancer and whether it 

has spread outside the position of origin. Regarding the TNM system, T indicates the size and 

extent of the tumor, the N stage indicates the presence of lymph node metastases, and the M 

stage provides the presence or absence of metastasis of primary tumor spread to other parts of 

the body.  

Patients with missing or incomplete data for the inclusion criteria for subsequent analysis were 

excluded, having resulted in 6002 tumoral samples and 634 adjacent normal tissues in total, 

distributed from all the eleven cohort studies, unless otherwise stated. Data regarding 

clinicopathological variables from patients were collected from the selected tumor cohorts and 

the respective number of patients analyzed per tumor is depicted in their respective figures or 

figure legend. All data used in this study were downloaded from TCGA following TCGA 

publication guidelines and data access policies, thus, additional approval by the local Ethics 

Committee was not needed. 

To confirm the expression of MGP in the normal and tumoral tissues, immunohistochemistry 

was evaluated by the Human Protein Atlas (http://www.proteinatlas.org).  

2.3.2.2 Gene expression data analysis 

Data including raw HTSeq-counts for MGP gene expression were downloaded collectively with 

clinical information at the same time as the tumor cohorts selection from the UCSC Xena 
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browser (TCGA) data portal (https://xenabrowser.net/, accessed between 2017 to 2021) to 

explore the potential gene expression profiles between tumoral tissue and adjacent normal 

tissue samples across the eleven selected cohorts and evaluate possible correlations with 

clinicopathological data. 

Data processing regarding raw HTSeq-counts gene expression was conducted according to the 

Genomic Data Commons Data portal (GCD hub hosting TCGA data, 

https://portal.gdc.cancer.gov/) and is publicly available for consultation at 

https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/Expression_mRNA_Pipeline/. 

 

2.3.2.3 Survival analysis 

To explore the impact of MGP gene expression on the Overall Survival (OS) of patients from 

the eleven cohorts analyzed, MGP gene expression cut-offs for each tumor were established 

through Receiver Operating Characteristic (ROC) Curve (AUC) analysis (Greiner et al. 2000) 

to explore the potential to discriminate tumor from normal samples. Values above and below 

the cut-offs were considered as high and low MGP gene expression. The Kaplan-Meir, 

univariate and multivariate Cox regression analyses were conducted to explore the effect of 

high and low MGP expression combined with the clinical factors on survival. 

 

2.3.2.4 Analysis of DNA methylation 

To evaluate the impact of DNA methylation in the regulation of MGP expression, this 

information was retrieved collectively for all the patients across the eleven tumor cohorts, 

between 2017 to 2021.  

DNA methylation beta values collected resulted from the readings based on intensities at known 

CpG sites through the Illumina Infinium HumanMethylation450K array and processed 

according to the Genomic Data Commons Data portal (GCD hub hosting TCGA data, 

https://portal.gdc.cancer.gov/) guidelines, publicly available at 

https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/Methylation_Pipeline/. 

The location of the six identified CpG probes retrieved from the TCGA for the MGP gene, as 

well as the presence of histone marks and chromatin organization located at the sites of interest 

were explored using the UCSC genome browser (http://genome.ucsc.edu/, accessed between 

2017 to 2021, GRCh38/HG38). 
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Patients with missing methylation β-values were discarded from the analysis, and the effective 

number of patients per tumor used for the analysis is depicted in the respective figure and figure 

legend.  

The average of methylation β values for each CpG site was compared for each tumor database 

and was considered differentially methylated when the p-value was equal to or lower than 0.05.  

 

2.3.2.5 Statistical analysis 

Comparisons between group variables, gene expression, and DNA methylation were estimated 

using non-parametric statistical tests: Mann–Whitney U and Kruskal–Wallis. Values for gene 

expression are presented as the median values of MGP gene expression in the tumoral tissues. 

Correlation analysis between MGP expression and DNA methylation was performed by the 

non-parametric Spearman correlation coefficient test. A two-sided p-value less than 0.05 was 

demarcated as statistically significant.  

Overall survival plot was calculated using the Kaplan–Meier method; intergroup differences of 

high and low MGP expression were determined using a log-rank test and the univariate and 

multivariate Cox regression analysis was used to evaluate the independent influence of factors 

on the final prognosis.  

All the statistical analysis was performed using SPSS software program version 26 (IBM, 2010, 

Chicago, IL, USA). 

 

2.3.3 Results 

2.3.3.1 MGP is differentially expressed between cancer and normal tissue samples 

Basic information from 632 patients with paired tumors and normal samples, from 11 different 

types of cancer from TCGA was collected and used for analysis. It contained 9 samples for bile 

duct, 16 for bladder, 112 for breast, 48 for colorectal, 10 for esophageal, 43 for head and neck, 

126 for kidney, 50 for liver, 108 for lung, 52 for prostate, and 58 for thyroid. Compared with 

the control group, MGP was significantly downregulated in the bladder (P≤0.001), breast 

(P≤0.001), colorectal (P≤0.001), head and neck (P≤0.001), kidney (P≤0.001), lung (P≤0.001) 

and thyroid (P≤0.001) cancer tissues. In contrast, the expression of MGP was upregulated in 

the bile duct (P=0.002) and liver (P=0.011) cancer tissues compared with normal tissues. No 

significantly different MGP expression was observed for esophageal and prostate, between the 

two groups (Figure 2.3.1). 
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Similar results were obtained using a different approach taking into consideration all samples. 

Indeed, of the 11 types of cancer collected from TCGA, a total of 6002 tumor samples were 

available while only 634 normal samples were provided. By integrating all these samples, we 

observed that compared with the control group, MGP was significantly downregulated in the 

bladder (P≤0.001), breast (P≤0.001), colorectal (P≤0.001), head and neck (P≤0.001), kidney 

(P≤0.001), lung (P≤0.001) and thyroid (P≤0.001) cancer tissues. The expression of MGP was 

upregulated in the bile duct (P≤0.01) and liver (P≤0.01) cancer tissues compared with normal 

tissues. No significantly different MGP expression was observed for esophageal and prostate, 

between the two groups (Figure 2.3.2). 

Altogether, the data analyzed, irrespective of the strategy used, indicated the mRNA expression 

of MGP was abnormally expressed across different cancer types. 

 

 

 

 

Figure 2.3.1 Analysis of MGP gene expression in paired tumor-normal samples from TCGA databases. MGP 

expression was upregulated in the normal tissues compared to the corresponding tumor tissue, except for bile duct 

(p=0.002) and liver (p=0.011) cancers which presented a significant upregulation in the tissue of the primary 

tumor. Esophageal (p=0.326) and prostate (p=0.273) cancers did not present significant differences in MGP 

expression between normal and tumoral tissues. Mean ± SD, Mann-Whitney statistic test, the p-value was 

considered statistically different (p≤0.05). 
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Figure 2.3.2 Analysis of MGP gene expression in normal and tumoral samples from TCGA databases. MGP 

expression was upregulated in the normal tissues compared to the corresponding tumor tissue, except for bile duct 

and liver cancers which presented a significant upregulation in the tissue of the primary tumor (p≤0.001). 

Esophageal (p=0.459), and prostate (p=0.329) cancers did not present significant differences in MGP expression 

between normal and tumoral tissues. Mean ± SD, Mann-Whitney statistic test, the p-value was considered 

statistically different (p≤0.05). 

 

 

We then analyzed the 6002 cancer samples from TCGA to investigate the relationship between 

the expression level of MGP and clinicopathologic variables. The related results are shown in 

Tables 2.3.1 and 2.3.2. As shown in Table 2.3.1, higher expression levels of MGP were 

observed in female patients with breast (P=0.031) and lung (P≤0.001) cancers and in patients 

older than 70 years with bladder (P=0.035), breast (P=0.009), colorectal (P=0.008), lung 

(P=0.042), and thyroid (P=0.038) cancers (Table 2.3.1). 

The expression of MGP was significantly correlated with the clinical stage (stage I-II versus 

stage III-IV) in the bladder (P≤0.001), colorectal (P≤0.001), kidney (P≤0.001), and prostate 

(P≤0.001) cancers. The expression of MGP was also significantly correlated with the T stage 

in the bladder (P≤0.001), breast (P=0.035), colorectal (P≤0.001), kidney (P≤0.001), lung 

(P≤0.001), and prostate (P≤0.001) cancers; N stage in the bladder (P≤0.001), colorectal 

(P≤0.001), head and neck (p=0.002), kidney (P=0.002), lung (P≤0.001), and prostate (P=0.006) 

cancers; and M stage in the bladder (P≤0.001), breast (P=0.035), colorectal (P=0.003), kidney 

(P≤0.001), and thyroid (P<0.001) cancers (Table 2.3.2). Taken together, these results suggested 

that the expression of MGP increased gradually in the development of the tumors. MGP is 

correlated with lymph node metastases and high TNM stage (Table 2.3.2), further suggesting 

that MGP may act as a biomarker of poor prognosis for several tumors. 
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Table 2.3.1 Demographic features of patients in the different types of tumors 

 
Mann-Whitney U test 
aMedian value of MGP expression in tumoral mucosa 

 

 

 

Table 2.3.2 Pathological characteristics of TCGA tumors cohorts 

 

Mann-Whitney U test 
aMedian value of MGP expression in tumoral tissue 
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Table 2.3.2 Pathological characteristics of TCGA tumors cohorts (continued) 

 

Mann-Whitney U test 
aMedian value of MGP expression in tumoral tissue 

 

 

Table 2.3.2 Pathological characteristics of TCGA tumors cohorts (continued) 

Mann-Whitney U test 
aMedian value of MGP expression in tumoral tissue 
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Table 2.3.2 Pathological characteristics of TCGA tumors cohorts (continued) 

 
Mann-Whitney U test 
aMedian value of MGP expression in tumoral tissue 

 

 

To explore further the observed MGP expression associated with a more advanced tumor stage, 

we performed the same analysis with paired samples from tumoral and normal tissue from the 

same patient, across all tumors. Due to the limited number of paired samples per tumor, we 

only performed this analysis in cancers with more than 45 patients. We collected paired tumoral 

and normal tissue from 112 breast, 48 colorectal, 126 kidney, 50 liver, 108 lung, and 58 thyroid 

cancer patients (Supplementary Materials Table S2.3.1). Our results showed higher MGP 

expression levels in male patients with colorectal cancer (P=0.034), and in female patients with 

lung cancer (P=0.031) (Supplementary Materials Table S2.3.1). The expression of MGP was 

significantly correlated with the clinical stage (stage I-II versus stage III-IV) only in prostate 

cancer (P≤0.03). The expression of MGP was also significantly correlated with the N stage in 

prostate cancer (P=0.043) and the M stage in kidney cancer (P=0.002) (Supplementary 

Materials Table S2.3.2). 
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2.3.3.2 High MGP expression is associated with a shorter Overall Survival  

To explore the relationship between MGP expression and the Overall Survival of patients, we 

first applied the Receiver Operating Characteristic curve (AUC) model to the levels of MGP 

gene expression in the tumors presenting a statistically significant difference between normal 

and tumoral tissues, to predict the corresponding optimal cutoff, for each tumor. Through this 

model it is possible to determine the values of the Area Under the Curve (AUC) with sensitivity 

and specificity, which can be used as a diagnostic test tool to distinguish between samples, 

where AUC values of 0.5 are non-informative, values between 0.5 and ≤0.7 are less accurate, 

values between 0.7 and ≥0.8 are considered moderately accurate, and values between 0.9 and 1 

are highly accurate. Next, to perform the Kaplan-Meier curves, we selected those tumors that 

presented an AUC ≥0.7 and characterized as low MGP expression for those below the optimal 

cutoff value, and high MGP expression for those above the optimal cutoff value (Supplementary 

figure S2.3.1 A-I). As shown in Figure 2.3.3 (A-I), the overall survival of patients presenting 

high levels of MGP expression was significantly shorter than for patients presenting low levels, 

including in breast (p=0.018), bladder (p=0.017); colorectal (p=0.005), lung (p=0.048), head 

and neck (p=0.036), and kidney (p=0.03), whereas for bile duct (p=0.219), liver (p=0.054) and 

thyroid (p=0.296), despite presenting AUC values considered to be moderately accurate, it was 

not possible to differentiate the patients by normal and tumoral mucosa, as well as to establish 

a correlation between MGP expression and overall survival (Figure 2.3.3 A-I and 

Supplementary Materials Figure S2.3.1 A-I). These results suggest that high MGP expression 

might be a good indicator of poor prognosis in most of the analyzed tumors. 

Since we were able to predict a survival association with high MGP expression, a univariate 

cox regression model was performed individually to evaluate if MGP expression, as well as age 

groups (age less or equal than 70, and age above 70 years), tumor stage (I-II/III-IV), T stage, N 

stage, and M stage, could have the potential to be good independent predictor factors for 

patient’s prognosis for each cancer. 

Results displayed in Table 2.3.3 show the significant potential of the queried factors associated 

with the overall survival, especially for the categorized MGP expression in breast (p=0.019), 

bladder (p=0.018), colorectal (p=0.006), head and neck (p=0.037) and kidney (p=0.004) 

cancers, as seen with the Kaplan-Meir curves. In liver (p=0.055) and lung (p=0.060) the level 

of significance is higher than 0.05 therefore we cannot conclude if MGP expression might be a 

potential prognosis factor for these two cancers. Also, in the bile duct (p=0.236) and thyroid 
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(p=0.317), MGP expression did not show a significant correlation with the overall survival as 

an individual prognostic factor (Table 2.3.3). 

 

 

 

 

Figure 2.2.3 Overall Survival (OS) of MGP gene expression in the different types of TCGA tumor cohorts. Most 

tumors presented a poor overall survival rate when MGP expression was high. Optimal cutoff values into low 

MGP expression (blue line) and high MGP expression (red line) were establish by ROC curve analysis. Log-rank 

test considered statistically significant when p≤0.005  
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Table 2.3.3 Univariate Cox regression analysis of clinical factors and overall survival 

 

HR – Hazard Ratio; CI – Confidence Interval; p≤ 0,05 was considered statistically significant 

and values are presented in bold 

 

 

We further included all the possible predictor factors in the multivariate cox regression model 

to establish the prognostic value of MGP expression combined with the clinical factors. This 

analysis further showed that high MGP expression was an independent factor for the overall 

survival in breast (p=0.010, HR=1.479, 95%CI: 1.096-1.995), colorectal (p=0.018, HR=1.519, 

95% CI: 1.073-2.149), while the low MGP expression was an independent prognostic factor in 
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liver (p=0.048, HR=0.732, 95% CI= 0.538-0.997) and lung (p=0.019, HR=0.250, 95% 

CI=0.078-0.797) (Table 2.3.4). Altogether, data suggest that MGP expression could be a good 

prognostic factor for the overall survival of the patients. 

 

Table 2.3.4 Multivariate Cox regression analysis of clinical factors and overall survival 

 
HR – Hazard Ratio; CI – Confidence Interval; p≤ 0,05 was considered statistically significant and values are 

presented in bold 
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2.3.3.3 Divergent expression patterns of MGP mRNA and MGP protein in cancer and 

normal tissues 

The results of stains on normal cancer tissues demonstrated that the MGP was only highly 

expressed in tumoral breast tissues (Figure S2.3.2). Concerning normal samples, the staining 

was not detected, and the intensity was negative. Among 49 tumor tissue specimens tested, the 

MGP protein (tumor tissue vs. normal tissue) was detected in 17 (34.7 %) tumors (Figure 

S2.3.2). 

 

2.3.3.4 MGP CpG sites present different DNA methylation patterns across different 

cancer types 

 Since DNA methylation levels in promoter CpG sites are known to be closely correlated with 

gene expression, we examined if MGP had promoter CpG sites and whether they were hypo- 

or hyper-methylated in the 11 cancers under study. First, we compared the methylation values 

of the samples of adjacent normal tissue and the tumor samples and we found that MGP was 

significantly hypomethylated in the bladder (P=0.003), colorectal (P≤ 0.001), liver (P≤ 0.001), 

and thyroid (P≤0.001) tumoral tissues compared with non-tumor tissues and it was significantly 

hypermethylated in breast (P≤0.005), kidney (P≤0.001), lung (P≤0.001), and prostate (P≤0.001) 

tumoral tissues compared with non-tumor tissues (Table 2.3.5).  

The MGP gene was significantly less expressed and hypermethylated in breast, kidney, and 

lung tumor tissues (Figure 2.3.2 and Table 2.3.5).  

Furthermore, we identified the location of the six CpG sites along the MGP gene, four of them 

located in the promoter region (cg16617257, cg13302154, cg22221831, and cg00431549), one 

located in the 5’ UTR, at the beginning of the transcription start site according with NCBI 

sequence (NG_023331.2) (cg06601891) and one located in the first intron (cg05360958) 

(Figure 2.3.4). 
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Table2.3.5 Overall methylation levels of MGP CpG probes across TCGA cohorts

 

Mann-Whitney U test 

 

 

 

 

Figure 2.3.4 CpG methylation sites of human MGP gene. 

Lines represent introns and solid boxes represent exons. The transcription start site is indicated by an arrow. Gray 

and white areas indicate exonic coding and non-coding regions, respectively. The localization of the CpGs 

methylation sites located in the promoter region and the first intron on the MGP gene was identified through the 

TCGA, UCSC Genome Browser, and NCBI databases. 

 

 

We further explored the methylation levels for the identified CpG sites in the selected cancers 

databases, except for the CpG’s cg16617257 and cg06601891 since the methylation β- values 

were not available from the TCGA databases. 

Results showed that, depending on the type of cancer, the four CpG sites presented different 

methylation status (hypomethylation vs hypermethylation). 
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The CpG cg13302154 site was significantly hypomethylated in the bile (p=0.011), bladder 

(p≤0.001), colorectal (p≤0.001), liver (p≤0.001), and thyroid (p≤0.001) cancers (highlighted in 

blue), while in the kidney this CpG site was shown to be hypermethylated (p≤0.001) 

(highlighted in red) in the tumoral tissues. In the breast, esophageal, head and neck, lung and 

prostate there were no significant differences in the methylation levels for this CpG site between 

normal and tumoral tissue (Figure 2.3.5A). 

The CpG site cg2221831 presented a significantly hypomethylated state in the tumoral tissues 

of the bladder (p≤0.001), colorectal (p≤0.001), liver (p=0.002), and thyroid (p=0.007) cancers 

(highlighted in blue), whereas in the breast (p=0.01), head and neck (p=0.003), kidney 

(p≤0.001), and lung (p=0.030) cancers it displayed a hypermethylated state (figure 2.3.5B) 

(highlighted in red) in the tumoral tissues. In the bile duct, esophageal, and prostate there were 

no significant differences in the methylation levels for this CpG site between normal and 

tumoral tissues (Figure 2.3.5B). 

The CpG cg00431549 showed a significant hypomethylation status in the liver (p=0.002), 

thyroid (p=0.041) tumoral tissues (highlighted in blue), whereas in the breast (p≤0.001), 

esophageal (p=0.042), lung (p≤0.001) and prostate (p≤0.001) cancers this CpG site was found 

to be hypermethylated (highlighted in red) in the tumoral tissue. For the remaining cancers, no 

significant differences were observed (figure 2.3.5C). 

The CpG cg05360958 site, located in the first intron of the MGP gene, was found to be 

hypomethylated in colorectal (p=0.002), liver (p≤0.001), and thyroid (p≤0.001) tumoral tissues 

(highlighted in blue), while it was hypermethylated in the kidney (p=0.018), lung (p≤0.001) 

and prostate (p≤0.001) tumoral tissues (highlighted in red) (Figure 2.3.5D). For the remaining 

tissues, no significant differences were observed (figure 2.3.5D). 
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Figure 2.3.5 Differentially methylated MGP CpG sites in the TCGA cancer cohorts. A. Probe cg13302154; B. 

Probe cg2221831; C. Probe cg00431549; D. Probe cg05360958. Beta values (β, methylation values) were 

compared between normal and tumor samples. CpG sites were considered as differentially methylated whenever 

the p-value≤0.05 (Mann–Whitney test). Blue lines highlight the cancers that are significantly hypomethylated in 

tumoral tissue, while red lines demark the cancers that are significantly hypermethylated in the tumoral tissue. 
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Using the same approach in paired normal-tissue samples we could validate the methylation 

status of the four probes that was consistent with our previous results (Supplementary Figure 

S2.3.3). 

To uncover if those alterations in DNA methylation could affect gene expression, we performed 

a correlation analysis between DNA methylation and gene expression for the probes that 

presented a statistically significant difference between the methylation status across the tumors 

that were identified to have different MGP expression levels (Figure 2.3.6 A-O and 

Supplementary Figure 2.3.4 A-H). The DNA methylation values of the four probes were 

significantly correlated with the expression of the MGP gene in the different types of tumors 

(Figure 2.3.6 A-O). Among the four probes, those hypermethylated were found to be 

significantly negatively correlated with MGP expression, except for cg2221831 in head and 

neck, and lung cancers. These results indicate that the down-regulation of MGP in several 

cancer tissues is caused by hypermethylation of important DNA methylation sites. The 

hypomethylation of the cg00431549 and the cg05360958 also have an inhibiting effect on gene 

expression in thyroid cancer.  

 



CHAPTER 2 – ASSESSMENT OF MGP GENE EXPRESSION AND CONTRIBUTION TO CANCER 

PROGNOSIS 

75 
 

Figure 2.3.6 Correlations between MGP expression and CpG sites. Different correlation patterns between MGP 

expression and methylation levels were found depending on the hypomethylation or hypermethylation state of 

CpG sites. The results are presented as Spearman's correlation coefficient (r) and p-value. Results were considered 

significant with a p-value ≤ 0·05. 

 

 

Additionally, we further explored the presence of other epigenetic markers and chromatin states 

in the region of the CpG sites, through the UCSC Genome Browser. The analysis revealed the 

presence of histone marks H3K4Me1, H3K4Me3, and H3K27Ac epigenetic modifications that 

are usually found near the regulatory regions of genes, as well as an open chromatin state, 

suggesting that the locations of the CpG sites in the promoter region might be associated to 

binding sites of transcription factors that could regulate MGP transcription.   

The significant correlation between MGP hypermethylation and expression levels in some 

tumors combined with the presence of histone marks indicators of transcriptional regulation 

further suggested that these CpG sites might play a role in MGP gene regulation. 

 

2.3.4 Discussion 

MGP has been proposed as an important factor involved in the development and progression of 

various human tumors. However, its role in cancer pathogenesis has yet not been fully 

elucidated. According to data available in the literature, MGP may have different expression 

patterns depending on the location and type of tumor. As revised in Gheorghe and Crăciun 

(2015), depending on the type of tumor, MGP expression could be associated with a better or 

worst prognosis. There has been an increase in research papers reporting the controversial effect 

of MGP gene expression in tumorigenesis. For example, in head and neck cancer a decrease in 

MGP expression in the tumor tissue has been shown (Mishra et al. 2018), while in breast cancer 

(Gong et al. 2019), ovarian cancer (Sterzyńska et al. 2018), gastric cancer (Wang et al. 2020), 

glioblastoma (Mertsch et al. 2009) and colorectal cancer (Caiado et al. 2020), MGP was found 

to be overexpressed and associated with unfavorable prognosis. Although many studies have 

shown that MGP was overexpressed in colorectal tumor tissue (Ki et al., 2007; Li et al. 2020; 

Huang et al. 2021) other studies demonstrated that MGP was downregulated in CRC cancerous 

tissue (Alon et al. 1999; Notterman et al. 2001; Fan et al. 2001; Sabates-Bellver et al. 2007).. 

Loss of MGP expression in metastatic renal cell and prostatic carcinomas compared with 

primary tumors has been associated with tumor progression and metastasis (Levedakou et al. 

1992). In glioblastomas, Kuzontkoski et al. (2010) have shown that MGP was downregulated 
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and correlated with unfavorable clinical status such as a poorly differentiated state, a larger 

tumor size, and lymph node metastasis. 

In this work, the association between the expression of the MGP gene and eleven distinct 

cancers was analyzed based on the TCGA database. The results revealed that MGP was 

overexpressed in the bile duct and liver tumoral tissues and downregulated in bladder, breast, 

colorectal, head and neck, kidney, lung, and thyroid tumoral tissues. We also noted that older 

patients with bladder, breast, colorectal, lung, or thyroid cancers, presented high levels of MGP 

in the tumoral tissue. The high levels of MGP at a more advanced age might be related to the 

fact that, in most cases, cancer is an age-related disease and this age-related molecular alteration 

in signaling pathways, might contribute to deregulating MGP expression in cancer (Galamb et 

al. 2016). 

Although MGP expression was found to be downregulated in most tumoral tissues, we were 

able to observe that in bladder, breast, colorectal, kidney, and lung cancers, patients with high 

levels of MGP presented the worst prognosis in terms of tumor stage (stage III-IV vs I-II), T, 

N and M stages. Moreover, we were able to differentiate patients into low and high MGP 

expression and correlate high MGP expression with a poor overall survival outcome. Also, the 

expression of MGP was predicted to be an independent prognostic factor related to overall 

survival in univariate and multivariate cox regression analysis for bladder, breast, colorectal, 

head and neck, kidney, liver, and lung cancers, as well as, other variables, such as age, T, N and 

M stages, and tumor stage. Tuo and Ye (2017), predicted that high levels of MGP are associated 

with better relapse-free survival in patients with lumina type A breast cancer patients.  

Our study has demonstrated a lower MGP mRNA content in tumor tissues of bladder, breast, 

colorectal, head and neck, kidney, lung, and thyroid cancer patients than in the normal mucosa, 

while MGP protein contents in those tissues taken from the Human Protein Atlas did not 

validate the staining and intensity of MGP for the majority of those tissues. Furthermore, MGP 

expression in breast cancer patients was higher than in the breast samples of healthy controls. 

It appears that the high level of MGP transcripts expression in normal breast samples of healthy 

subjects was accompanied by relatively low MGP protein content. Thus, our observations 

suggest that in normal tissue, posttranscriptional events limit the MGP expression, and this 

regulation becomes disturbed in breast carcinoma (Tiago et al. 2016). Tuo and Ye, 2017 have 

also analyzed the Human Protein Atlas database and showed the widely MGP expression 

among the 11 cases of breast cancer tissues. The same authors also analyzed the breast cancer 

cohort from the TCGA database and showed that MGP downregulation was related to DNA 

hypermethylation in both luminal A and luminal B subtypes of breast cancer.   
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To evaluate if MGP DNA methylation is associated with the differential expression in cancer 

patients we proceeded to investigate the methylation levels of MGP taking advantage of the 

TCGA database which allowed us to correlate DNA methylation levels with gene expression 

of the patients. We found that the CpG sites located in the promoter region and the first intron 

of the MGP gene were differentially methylated across all tumors. We were able to observe, 

from the Spearman correlation coefficient analysis, that the hypermethylation state of CpG 

probes cg13302154 (in the kidney), cg 22221831 (in breast and kidney), cg 00431549 (in breast, 

lung, and thyroid) and cg 05360958 (in kidney, lung, and thyroid) in the tumoral tissue was 

inversely correlated with MGP gene expression, whereas for the CpG sites cg13302154 (in bile, 

bladder, colorectal, liver, and thyroid); cg 22221831 (in the bladder, colorectal, liver, and 

thyroid); cg00431549 (in liver and thyroid) and cg05360958 (in colorectal, liver, and thyroid) 

a hypomethylation state in the tumoral tissue was observed. 

From what is known in the literature so far concerning the effect of methylation on MGP 

expression, the results regarding the hypomethylation status of cg13302154 that we observed 

are in agreement with those published by Galamb et al. 2016. These authors reported that the 

upregulation of MGP expression in the tumoral tissue is related to the hypomethylation status 

of cg13302154 and cg00431549 (Galamb et al. 2016). However, in our results, we could not 

observe the increase of MGP expression in the tumoral tissue of colorectal cancer we observed 

a significant downregulation of MGP and a positive correlation with the hypomethylation state 

of cg13302154, along with a hypomethylation status of cg22221831 and cg05360958 in the 

tumoral tissue of colorectal cancer. One of the possible reasons to explain the downregulation 

of MGP expression in the tumoral tissue could be the binding of possible transcriptional 

repressors to this CpG site, thus deregulating MGP expression, but additional experiments are 

required to validate this hypothesis. 

In breast cancer, the authors Tuo and Ye (2017), published that the downregulation of MGP 

could be due to the methylation sites in the MGP promoter. However, the authors do not refer 

to which CpGs sites were analyzed and only refer to the state of hypermethylation of two 

analyzed CpGs located in the promoter. Nevertheless, in terms of expression, our results are in 

agreement with those observed in that study, since we observed a downregulation of MGP 

expression in breast cancer patients, and the MGP gene expression is negatively correlated with 

the hypermethylation state. 

It is known that epigenetic events, such as DNA methylation, can inhibit gene transcription 

when present mostly in gene regulatory regions (Jones, 2012). The fact that three of the four 

identified CpG sites in the MGP gene are located in the promoter region, combined with the 
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presence of histone marks (Javaid and Choi, 2017) and an open chromatin state (Calo and 

Wysocka, 2013), all usually found in the vicinity of regulatory regions of a gene, supports the 

hypothesis that these CpG sites might be important for MGP gene regulation through the 

binding of possible negative transcriptional regulators, thus explaining the downregulation of 

MGP expression in the tumoral tissue.  
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2.3.5 Supplementary data 

Table S2.3.1 Demographic features of paired patients in the different types of tumors 

 Gender   Age     

 Male Female  ≤70 >70  

Characteristics Number (n) 
Median 

valuea 
Number (n) 

Median 

valuea 
p value 

Number 

(n) 

Median 

valuea 

Number 

(n) 

Median 

valuea 

p 

value 

Breast 1 16.36 111 15.64 p=0.786 91 15.46 21 16.92 p=0.144 

Colorectal 23 10.79 25 9.51 p=0.034 22 10.57 26 9.72 p=0.230 

Kidney 84 13.06 42 13.17 p=0.879 96 13.17 30 12.69 p=0.299 

Liver 28 9.83 22 10.73 p=0.245 30 10.03 20 11.09 p=0.332 

Lung 59 12.02 49 12.47 P=0.031 66 12.24 42 12.50 p=0.601 

Thyroid 17 13.41 41 13.78 p=0.260 52 13.70 6 13.28 p=0.402 

aMedian value of MGP expression in tumoral tissue 
Mann-Whitney U test 
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Table S2.3.2 Pathological characteristics of paired TCGA tumors cohorts 

aMedian value of MGP expression in tumoral tissue 

Mann-Whitney U test 
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Figure S2.3.1 Receiver operating characteristic curves of MGP gene expression. The optimal cutoff value was 

established by AUC-ROC curve analysis to distinguish between normal and tumoral tissue samples. 
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Figure S2.3.2 MGP protein expression analysis in the different type of TCGA tumors. Data was collected 

from The Human Protein Atlas. 
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Supplementary Figure S2.3.3 Differentially methylated MGP CpG sites in the paired tissue samples from 

the TCGA cancer cohorts. A. Probe cg13302154; B. Probe cg2221831; C. Probe cg00431549; D. Probe 

cg05360958. Beta values (β, methylation values) were compared between paired normal and tumor samples. CpG 

sites were considered as differentially methylated whenever the p-value < 0.05 (Mann–Whitney test). Blue lines 

highlight the cancers that are significantly hypomethylated in tumoral tissue, while red lines demark the cancers 

that are significantly hypermethylated in the tumoral tissue.  
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Figure S2.3.4 Correlations between MGP expression and CpG sites. No significant differences were observed 

between MGP expression and methylation levels found depending on the hypomethylation or hypermethylation 

state of CpG sites. Spearman correlation coefficient test, p-value was considered statistically significant when 

P≤0.05. 
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3.1.1 Abstract  

Background: Matrix Gla protein (MGP) is a vitamin K-dependent, γ-carboxylated protein that 

was initially found to be a physiological inhibitor of ectopic calcifications affecting mainly 

cartilage and the vascular system. Mutations in the MGP gene were found to be responsible for 

the Keutel syndrome, characterized by abnormal calcifications in cartilage, lungs, brain, and 

vascular system. MGP was recently shown to be abnormally regulated in several tumors, 

including cervical, ovarian, urogenital, and breast.  

Methods: Using bioinformatic approaches, transcription factor binding sites (TFBSs) 

containing CpG dinucleotides were identified in the MGP promoter, including those for YY1, 

GATA1, and C/EBPα. We carried out functional tests using transient transfections with a 

luciferase reporter assay, primarily for the transcription factors YY1, GATA1, C/EBPα, and 

RUNX2. Results: By co-transfection analysis, we found that these TFs specifically repressed 

the MGP promoter. Furthermore, the co-transfection with RUNX2 activated the MGP 

This chapter was submitted as a research manuscript 

to Biochimica et Biophisica Acta - General Subjects 
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promoter. In addition, in several cancer types, MGP expression is either negatively or positively 

correlated with the studied TFs expression levels.  

In conclusion: This study provides novel insights into MGP regulation by demonstrating that 

YY1, GATA1, and C/EBPα are negative regulators of the MGP promoter, and DNA 

methylation may influence their activity. The dysregulation of these mechanisms in cancer 

should be further elucidated.  

 

3.1.2 Introduction 

Matrix Gla protein (MGP) is a member of the family of vitamin K-dependent Gla proteins 

mainly associated with the extracellular matrix. The MGP gene located on chromosome 

12p12.3 (Cancela et al. 1990) is highly expressed by vascular smooth muscle cells (VSMCs) 

(Shanahan et al., 1993) and chondrocytes (Yagami et al. 1999). The MGP function was clarified 

through the identification of mutations in MGP that lead to the Keutel syndrome (Munroe et al. 

1999). Consistent with the functional importance of MGP in physiology, de-regulated 

expression of MGP has been reported to correlate with the development of various pathologies 

including colorectal, ovarian, lung, and breast cancer (Gheorghe and Crăciun, 2015).  

Despite the knowledge of the involvement of MGP in diverse cellular events, the mechanisms 

regulating the expression of the MGP gene remain largely unknown. The MGP promoter has 

been investigated in previous studies with some putative transcription factor binding sites 

(TFBSs) reported, such as retinoic acid receptor (RAR) (Kirfel et al. 1997), vitamin D receptor 

(VDR), cAMP receptor (Farzaneh-Far et al. 2000) and parathyroid hormone (Gopalakrishnan 

et al. 2001; Suttamanatwong et al. 2007) but only a few were shown to be functional AP1 

(Farzaneh-Far et al. 2001), FGF2 (Stheneur et al. 2003), HOXC8 (Gong et al. 2019), and Egr-

1 (Dong et al. 2020).  

It is known that cytosine methylation, in CpG sites, might change the spatial structure of DNA 

including at TFBSs, and therefore may regulate transcriptional regulation by changes in the 

affinity of TFs binding to DNA (Medvedeva et al. 2014). 

Since the precise mechanisms involved in MGP regulation are unknown, the main objective of 

this work was to obtain novel knowledge regarding MGP transcriptional and epigenetic 

regulation, and to understand the molecular mechanisms involved. For that, we characterized 

the putative TFBSs in the MGP promoter and analyzed the functionality of those binding sites 

overlapping CpG sites. To better understand the functional consequences of TF binding, we 

analyzed the results of transient transfection promoter activity assays carried out in HEK293 
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cell line. In each assay, we compared the activity of the MGP wild-type promoter construct 

with that of a mutant promoter construct in which the predicted TF binding site was abolished 

(see Materials and methods section). The mutations were chosen to mutate only the CG 

nucleotides or to abolish TF binding by mutating as many as six nucleotides in the most 

informative positions, that is, those making the greatest contribution to the TF-DNA binding 

free energy. Our results show that the transcription factors YY1, GATA1, C/EBPα, and RUNX2 

contribute to the regulation of the MGP gene at the transcriptional level. 

 

3.1.2 Material and Methods 

3.1.2.1 CpG sites identification in the MGP gene 

The identification of CpG nucleotides located in the MGP gene was perform through the 

analysis of USCS genome browser data. This public database is available online and allows the 

visualization of CpG ID probes for specific CpG sites within a given gene, generated by the 

Illumina Infinium Human Methylation 450 Bead Array platform. 

 

3.1.2.2 In silico analysis of MGP promoter 

Human MGP promoter sequence spanning from -527 to +48 (from now on referred to as 

MGP560), related to the beginning of the transcriptional start site, was retrieved from the NCBI 

database (www.ncbi.nlm.nih.gov, NCBI Reference Sequence: NG_023331.1). 

Evaluation for putative transcription factors binding sites (TFBSs) was carried out through the 

analysis of three online bioinformatics tools i) TF PROMO; ii) TF BIND; and iii) LASAGNA 

– search 2.0. The transcription factors predicted at least in two of those software analyzed were 

selected for further in vitro validation.  

 

3.1.2.3 Luciferase reporter constructs of MGP promoter 

The MGP promoter fragment (MGP560) inserted into pGL2 described previously by Kirfel et 

al. 1997 was removed and inserted into BglII – HindIII restriction sites of the reporter plasmid 

pGL3–Basic (Promega) and sequenced in both strands to confirm the correct orientation and 

insertion into the plasmid. 
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3.1.2.4 Site‐directed mutagenesis 

For the evaluation of the effect of the selected TFs and their binding to the CpG sites in the 

MGP promoter, the MGP560 luciferase construct was used as DNA template to generate seven 

luciferase constructs containing the following site-directed mutations for the CpG site 

cg00431549 (MGP560mut1), a new mutation abolishing the entire core sequence for YY1 

(MGP560mut2); for the second putative binding site for YY1 transcription factor 

(MGP560mut3); for the third putative binding site of YY1 located in the transcription start site 

(TSS) (MGP560mut4); with both mutations for the CpG site and the second putative binding 

site for YY1 (MGP560mut5) and both mutations abolishing the entire YY1 core sequence and 

the third putative binding site to YY1 (MGP560mut6). These constructs were generated using 

the QuikChange Lightning Site‐Directed Mutagenesis kit (Agilent Technologies) following the 

manufacturer instructions and the specific primers described in Table 1 (the inserted mutations 

are depicted in bold and underlined). 

 

Table 1 Primers used for PCR-based site-directed mutagenesis. Bold uppercase and underlined 

bases represent mutations with respect to the wild-type sequence, in the consensus binding sites 

for transcription factors. 

Name Orientation Sequence (5’ – 3’) 

MGP560mut1 sense:  

 

5'- CCCAGGTCTGTCCCCAAGCATAGTATGGCCAAAACTT-3' 

 

 antisense: 

 

5'-AAGTTTTGGCCATACTATGCTTGGGGACAGACCTGGG-3' 

 

   

MGP560mut2 

 

sense:  

 

5'-TTTGCCCAGGTCTGTCCCCAAGCATAGTCCCTCCAAAACTTCTGCACCAGAGC-3' 

 

 antisense: 

 

5'-GCTCTGGTGCAGAAGTTTTGGAGGGACTATGCTTGGGGACAGACCTGGGCAAA-3' 

 

   

MGP560mut3 

 

sense:  

 

5'-GCCCACTCAGAGTAGATAATATCCCCAAGGAATGACTGTTTGGGAAAAG-3' 

 

 antisense: 

 

5'-CTTTTCCCAAACAGTCATTCCTTGGGGATATTATCTACTCTGAGTGGGC-3' 

 

   

MGP560mut4 

 

sense:  

 

5'-TATAAAAACCTCACAGCCTTCCACTAACATAATGCAGGAGCCTCTCTCCCTACTGC-3' 

 

 antisense: 

 

5'-GCAGTAGGGAGAGAGGCTCCTGCATTATGTTAGTGGAAGGCTGTGAGGTTTTTATA-3' 
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3.1.2.5 Transcription factor expressing vectors 

The expression plasmid containing the human YY1 transcription factor was a kind gift from 

Dr. Yang Shi (Harvard Medical School, pCMV‐hYY1). The expression plasmid containing the 

human GATA1 transcription factor was purchased from Addgene (catalog number #118352) 

(Hietakangas et al. 2006). The expression plasmid containing C/EBPα transcription factor was 

a kind gift from Dr. Pierre Fafournoux (French National Institute for Agriculture, Food, and 

Environment INRAE, Unité de Nutrition Humaine, France, pcDNA-C/EBPα). The expression 

plasmid containing mouse full-length Runx2 type II isoform was a kind gift of Dr. Gerard 

Karsenty (Baylor College of Medicine, Houston, TX, USA, pCMV- Osf2/Cbfa1). 

 

3.1.2.6 Cell Culture 

Human embryonic kidney cells (HEK-293) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM, Invitrogen) supplemented with 10% (v/v) of fetal bovine serum (FBS, 

Invitrogen), 1% (v/v) of L-glutamine (200mM, Invitrogen) and 1% of penicillin-streptomycin 

(10.000 U/ml). The cells were maintained at 37ºC in a 5% CO2 humidified atmosphere, and 

subdivided every 3 days. 

 

3.1.2.7 Luciferase reporter assays 

One day before the transfections, HEK-293 cells were seeded in a 24-well plate at the density 

of 5 × 104 cells per well. After reaching confluence of 50%-60%, 250ng of MGP promoter 

pGL3-luciferase construct (MGP560) or the MGP promoter fragments containing the site-

directed mutations as described in the section 2.4 were co-transfected with 25ng of each 

expression plasmids containing the transcription factors or empty expression plasmids with 0.5 

µl of XtremeGENE HP DNA transfection reagent (Roche) and 25ng of pRL – TK vector as the 

internal control per well. 

The pGL3-Basic and pGL3-control vectors were used as negative and positive controls to 

monitor transfections efficiency. After 48h post-transfection, cells were lysed and firefly and 

renilla activities were measured with Dual-Luciferase Reporter Assay Kit (Promega) according 

to the manufacturer’s instructions, using a multiplate reader (BioTek Synergy 4). The relative 

luciferase activity was calculated regarding based on the ratio from firefly and renilla luciferase 

activities and independent experiments were performed at least five times with duplicates per 

well. 

https://www.researchgate.net/institution/French_National_Institute_for_Agriculture_Food_and_Environment_INRAE
https://www.researchgate.net/institution/French_National_Institute_for_Agriculture_Food_and_Environment_INRAE
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3.1.2.8 TCGA data analysis 

Cohort studies from different types of cancer were accessed thought The Cancer Genome 

Browser TCGA database (http://xena.ucsc.edu/, accessed between 2017 to 2021), data 

originally published by the National Cancer Institute. Data including gene expression was 

downloaded from the UCSC Xena browser (TCGA) data portal (https://xenabrowser.net/). All 

the downloaded data involved in this study were downloaded from TCGA in accordance with 

TCGA publication guidelines and data access policies, thus, additional approval by the local 

Ethics Committee was not needed. mRNA expression data from the TCGA database was used 

to assess correlations between expression of MGP and of the transcription factors analyzed 

(YY1, GATA1, C/EBPα, and RUNX2) expression.  

 

3.1.2.9 Statistical analysis 

The results are presented as mean ± Standard Deviation (S.D) and the statistical analysis was 

performed using Prism 8 (GraphPad Software). Significant differences were determined by a 

one‐way ANOVA statistical test, with a Tukey's post‐test correction, where a two-sided p value 

less than 0.05 was demarcated for statistically significant (p ≤ 0.05). 

The correlation between expression of MGP and the TFs expression was verified by Spearman 

rank correlation analysis. 

 

3.1.3 Results 

3.1.3.1 In silico analysis of transcription binding sites and CpG sites identified in the MGP 

promoter 

We started by identifying possible CpG islands or CpG sites located in the human MGP 

promoter, through the analysis of the USCS genome browser. This public database available 

online, allow us to visualize CpG ID probes for specific CpG sites within a given gene, 

generated by the Illumina Infinium Human Methylation 450 Bead Array platform. 

Results indicated the presence of six CpG sites located in or around the MGP gene, with four 

located in the promoter region, one in the transcription start site according to the sequence from 

NCBI (Reference Sequence: NG_023331.1), and one located in the first intron (Figure 3.1). 

Since DNA methylation is one of the factors that may influence gene expression and interfere 

with the binding of transcription factors, the promoter region of the MGP gene (MGP560) 

spanning -527 to +48 relative to the transcriptional start site, containing the CpG sites 
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cg00431549 and cg06601891 (Figure 3.1A), was used to search for possible transcription factor 

binding sites (TFBSs) overlapping the CpG, through an in silico approach using three different 

online prediction databases. 

Since MGP is dysregulated in several types of cancers, in our analysis we selected transcription 

factors known from the literature to be involved in carcinogenesis processes. The results 

showed the presence of three putative binding sites for YY1, GATA1, and C/EBPα overlapping 

the CpG site cg00431549 and one binding sites for YY1 overlapping the CpG site cg06601891 

(Figure 3.1A). 

 

 

 

 

 

 
Figure 3.1 Putative transcription factor binding sites in human MGP promoter region. (A) Regulatory 

elements in the promoter region were searched using several bioinformatics tools. Geometric shapes represent the 

transcription factor binding sites for YY1 (star), GATA1 (diamond), C/EBPα (hexagon). The smaller, closed arrow 

represent the transcription start site. Each small, vertical line represents a single CpG site. Exons and promoter 

regions are in scale. 

(B) Summary of the various mutations introduced in the identified binding sites. The different mutants produced 

are shown below the wild type (WT) sequence for the three putative binding sites. Mutated nucleotides are shown 

in red. In construct Mut1, for site A, YY1, GATA1 and C/EBPα sites were mutated in the nucleotides CG. In 

construct Mut2, for site A, YY1, GATA1 and C/EBPα sites additional nucleotides were mutated. In construct 

mut3, the binding for YY1 in site B was altered as indicated. In construct mut4, for site C, the YY1 site was 

mutated as shown. In construct mut5, both sites A and B were mutated as shown, and in construct mut6, both sites 

A and C were mutated as shown 

 

3.1.3.2 Functional analysis of MGP promoter activity by the predicted transcription 

factors 

To assess the promoter activity of the MGP gene by the selected transcription factors, we 

generated a luciferase reporter construct containing the MGP promoter (MGP560), as well as 
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constructs containing site-directed mutations for the respective putative binding sites for YY1, 

GATA1 and C/EBPα (Figure 3.1B). These fragments were then co-transfected with YY1, 

GATA1, and C/EBPα expression plasmids and their respective controls. 

 

3.1.3.2.1 Transcription factor YY1 (Yin Yang 1) represses MGP luciferase promoter 

activity 

Co-transfection of MGP promoter fragment (MGP560) with the YY1 expressing vector resulted 

in a significant 2.9-fold reduction of the luciferase activity (Figure 3.2A) over the control (the 

MGP560 promoter fragment co-transfected with the pCMV empty vector), suggesting a 

possible regulation by this transcription factor. To determine whether the CpG site is important 

for the binding of the transcription factor YY1, we performed a site directed mutation targeting 

the CG nucleotides containing the putative binding site for this transcription factor. However, 

when we co-transfected the expressing vector containing YY1 with the MGP560mut1 

construct, we observed a similar repression of 2.6-fold in the promoter activity, suggesting that 

the mutation of the CpG site was not sufficient to restore the luciferase promoter activity (Figure 

3.2B).   

Since the repression was visible after mutating the CG (MGP560mut1), we performed a new 

site directed mutation of six nucleotides targeting the entire core sequence of YY1 

(MGP560mut2). Results showed a repression of 1.7-fold over the control with this mutation 

(Figure 3.2C), suggesting that the repressive effect on MGP promoter by YY1 could be due to 

the binding of this transcription factor in other binding site(s) within this promoter fragment. 

To explore the hypothesis of other putative binding site(s) for the YY1 transcription factor in 

the MGP promoter region under analysis, we searched through an in silico approach for new 

possible binding sites for YY1. Results showed another putative binding site for YY1, located 

at the position -144 to -141 in addition to the one located in the transcription start site (Figure 

3.1). First, we explored the effect of this YY1 binding site in the MGP promoter luciferase 

activity by mutating it (MGP560mut3). However, a similar decrease of 2.5-fold over the control 

in the luciferase activity of this construct fragment MGP560mut3 was observed upon co-

transfection with the expression vector carrying YY1 (Figure 3.2D). 

Next, we evaluated if the effect of YY1 in the MGP luciferase activity was due to binding at 

the transcription start site by mutating it (MGP560mut4). Results showed again a decrease in 

the luciferase activity of 1.9-fold over the control, suggesting that this site might not be a 

binding site for YY1 transcription factor (Figure 3.2E). 



CHAPTER 3 – FUNCTIONAL ANALYSIS OF MGP PROMOTER 

97 
 

Next, we evaluated a possible negative synergistic effect due to the YY1 binding in the 

identified binding sites. For that, we generated two constructs, the MGP560mut5 (containing 

mutations in both sites A and B) and MGP560mut6 (containing mutations in both sites A and 

C) (Figure 3.1B). Results demonstrate a repressive effect on the MGP promoter activity, in both 

constructs when co-transfected with YY1 expressing vector (Figure 3.2F and G), suggesting 

that the YY1 does not bind to any of these sites. Although we could not identify its binding site, 

these data still support a role for YY1 in basal MGP transcription. 

 

 

Figure 3.2 Effect of YY1 transcription factor in the MGP promoter activity. The MGP promoter fragment 

(MGP560) (A), the construct MGP560mut1 (B), the construct MGP560Mut2 (C), the construct MGP560Mut3 

(D), the construct MGP560Mut4 (E), the construct MGP560Mut5 (F) and the construct MGP560Mut6 (G) were 

shown to be repressed in the presence of the transcription factor YY1. Data is presented as Mean±S.D of at least 

five independent experiments. Statistical significance was determined by One-way ANOVA statistical test with 

Tukey correction, p-value was considered significant when p≤0.05. 

 



CHAPTER 3 – FUNCTIONAL ANALYSIS OF MGP PROMOTER 

98 
 

3.1.3.2.2 Transcription factor GATA1 binds to MGP promoter repressing its activity 

Luciferase activity was significantly decreased when GATA1 expression vector was co-

transfected with MGP promoter fragment MGP560, suggesting that GATA1 might be a 

negative regulator of MGP promoter activity (Figure 3.3A). 

Co-transfection of GATA1 transcription factor with the MGPmut2 promotor construct resulted 

in a loss of MGP promoter activity (Figure 3.3B), suggesting that this predicted binding site 

could be functional. 

 

 

 

Figure 3.3 Effect of GATA1 transcription factor in MGP promoter activity. The MGP promoter fragment 

MGP560 (A), and the construct MGP560Mut2 (B), were co-transfected with the transcription factor GATA1. Data 

is presented as Mean±S.D of at least five independent experiments. Statistical significance was determined by 

One-way ANOVA statistical test with Tukey’s correction, p-value was considered significant when p≤0.05. 

 

3.1.3.2.3 C/EBPα has a repressive effect on the MGP promoter 

Co-transfection of the expressing vector carrying the C/EBPα and the MGP560 construct 

resulted in a significant decrease in the luciferase activity (Figure 3.4A). To evaluate if this TF 

could bind in the CpG site, we transiently co-transfected it with MGP560mut1 construct 

containing the mutation for the CpG site. Results shown the loss of the repressive effect seen 

in the MGP promoter fragment, suggesting that C/EBPα might bind to this CpG site and could 

be a possible regulator for MGP gene (Figure 3.4B). 
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Figure 3.4 Effect of C/EBPα transcription factor in MGP promoter activity. The MGP promoter fragment 

MGP560 (A), and the construct MGP560Mut1 (B), were co-transfected with the transcription factor C/EBPα. Data 

is presented as Mean±S.D of at least five independent experiments. Statistical significance was determined by 

One-way ANOVA statistical test with Tukey’s correction, p-value was considered significant when p≤0.05. 

 

3.1.3.2.4 Repression in the MGP promoter is enhanced by YY1.  

We employed a series of co-transfection assays with the MGP promoter alone or combined with 

the expression vectors for YY1, GATA1 and C/EBPα TFs to test the possible combined 

involvement of these factors in the observed response in MGP promoter. Co-transfection of 

either YY1, GATA1 or C/EBPα along with MGP560 construct resulted in significant repression 

in the promoter activity (Figure 3.5A). However, the level of repression was dramatically 

affected when YY1 and GATA1 or YY1 and C/EBPα or YY1, GATA1 and C/EBPα were 

transfected together with MGP560 construct, causing 3.9, 2.2 and 2.4-fold repression of 

luciferase activity, respectively, when compared to the effect observed due to these TFs in the 

absence of YY1, as shown in Figure 3.5A. 

To further verify our finding about the synergistic action of these TFs, we performed co-

transfections with MGP650mut2 construct. The results showed a repression of the promoter 

activity only in the presence of YY1 (Figure 3.5B) suggesting that the repression due to YY1 

is independently of the binding site identified in the MGP promoter and that YY1 may interact 

with the two TFs to repress MGP promoter.  

These data suggest that YY1 specifically targets GATA1 and C/EBPα-dependent transcription, 

although they do not rule out other possibilities (see Discussion). 

 

 

https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1008443#pgen-1008443-g006
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Figure 3.5 Combinatory interactions of YY1, GATA1 and C/EBPα in the repression of MGP gene. (A) 

Luciferase reporter assays after co-transfection of expression vectors YY1, GATA1 and/or C/EBPα along with 

reporter construct MGP560. Repression of promoter activity was observed when either YY1, GATA1 or C/EBPα 

were overexpressed in the cell culture system. However, simultaneous overexpression of YY1 and GATA1, YY1 

and C/EBPα, and YY1, GATA1 and C/EBPα dramatically enhanced the intensity of repression of luciferase 

activity. Small letters denote the statistical difference between: (a) MGP560 with GATA1 and YY1 vs MGP560 

with GATA1 (p≤0.001); (b) MGP560 with C/EBPα and YY1 vs MGP560 with C/EBPα (p≤0.001) and (c) 

MGP560 with C/EBPα, GATA1 and YY1 vs MGP560 with C/EBPα and GATA1 (p≤0.001) (B) Mutation analysis 

of MGP promoter by luciferase reporter assays. The binding site for YY1, GATA1 and C/EBPα was mutated in 

the MGP560 reporter construct and then the construct was co-transfected along with the expression vectors YY1, 

GATA1 and C/EBPα. The repression in the luciferase activity observed with the MGP560mut2 construct was not 

compromised with the mutation in the binding site when YY1 was present. Error bars represent ± SD of at least 

five independent experiments. Statistical significance was determined by One-way ANOVA statistical test with 

Tukey’s correction, p-value was considered significant when p≤0.05. 

 

 

3.1.3.2.5 RUNX2 enhances MGP promoter activity 

In our previous work we showed a positive correlation between the expression of RUNX2 

mRNA in CRC tissue samples and MGP expression, therefore we wanted to evaluate if RUNX2 

had an effect in MGP transcription regulation. Co-transfection of the expression vector carrying 

the RUNX2 triggered a significant increase of 1.5-fold over control in the luciferase activity of 

MGP560 construct (Figure 3.6A). Co-transfection of RUNX2 with the MGP560mut1 construct 

still promoted an enhancement in MGP promoter activity of 1.8-fold over the control (Figure 

3.6B). 

 

 

 

Figure 3.6 Effect of RUNX2 transcription factor in MGP promoter activity. The MGP promoter fragment 

MGP560 (A), and the construct MGP560Mut1 (B), were co-transfected with the transcription factor RUNX2 

expressing vector. Data is presented as Mean±S.D of at least five independent experiments. Statistical significance 

was determined by One-way ANOVA statistical test with Tukey correction, p-value was considered significant 

when p≤0.05. 
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3.1.3.3 Transcription factors YY1, GATA1, and C/EBPα negatively regulate MGP 

expression in cancer  

We next asked whether the pattern of MGP regulation by YY1, GATA1, C/EBPα and RUNX2 

from our in vitro analysis may also be observed in primary clinical data. These factors were 

significantly up- or downregulated in different cancer tissues relative to noncancerous tissue 

(Supplementary Figure S3.1A, B, C, D). 

Data from the TCGA database (http://xena.ucsc.edu/), using paired samples of cancer and 

noncancerous tissues, indicated that YY1 mRNA levels are significantly upregulated in various 

types of malignancies, including bladder, breast, colorectal, esophageal, head and neck, lung, 

and prostate cancers (Supplementary Figure S3.1A). Next, we performed an in silico analysis 

and, by doing so, found that YY1 and MGP expression exhibited a significant inverse correlation 

in bile duct, bladder, colorectal, esophageal, lung and thyroid cancers (Figure 3.7A-F). 

Therefore, decreased expression of the negative transcription factor YY1 may be one of the key 

reasons for MGP overexpression in these cancers. Hence, these data indicate that YY1 may 

serve as a negative regulator of MGP and that it may play oncogenic roles in different cancers. 

GATA1 expression was significantly higher in noncancerous tissue than in bladder, breast, liver, 

and lung cancers (Supplementary Figure S3.1B). MGP expression was positively closely 

related with GATA1 in bladder, colorectal, esophageal, head and neck, lung, and prostate 

cancers (Figure 3.7G-M). 

C/EBPα expression was significantly higher in noncancerous tissue than in bile duct, breast, 

lung, and thyroid cancers, and it was significantly upregulated in kidney and liver cancers 

(Supplementary Figure S3.1C). C/EBPα and MGP expression exhibited a significant inverse 

correlation in bile duct, bladder, esophageal, and kidney cancers and a positive correlation in 

liver, lung, and thyroid (Figure 3.7 N-T). 

RUNX2 was overexpressed in breast, esophageal, kidney, lung, and thyroid cancerous tissues 

and significantly downregulated in liver and prostate cancerous tissues (Supplementary Figure 

S3.1D). RUNX2 and MGP expression exhibited a significant inverse correlation in bladder and 

lung cancers and a positive correlation in bile duct and head and neck cancers (Figure 3.7 U-

Z). 
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Figure 3.7 Correlation between expression of MGP and TFs in cancer. (A-F) MGP expression levels was 

negatively closely related with YY1 in bile duct, bladder, colorectal, esophageal, lung and thyroid cancers. (G-M) 

MGP expression was positively closely related with GATA1 in bladder, colorectal, esophageal, head and neck, 

lung, and prostate cancers. (N-T) MGP expression was negatively closely related with C/EBPα in bile duct, 

bladder, esophageal, and kidney cancers, and positively closely related with C/EBPα in liver, lung, and thyroid 
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cancers. (U-Z) MGP expression was negatively closely related with RUNX2 in bladder and lung cancers, and 

positively closely related with C/EBPα in bile duct and head and neck cancers.  
 

3.4 Discussion 

Epigenetic events have been progressively more associated with cancer, being identified as a 

possible cause for the activation or silencing of certain genes depending on their biological 

context (Jones and Baylin, 2002), More recently, it has been published that the downregulation 

of MGP in breast cancer could be due to one methylation site in the proximal region of MGP 

promotor and higher levels of MGP could predict a better survival outcome (Tuo and Ye, 2017). 

Given our previous analysis of the methylation levels in the different types of tumors and their 

association with MGP expression (Caiado, Cancela and Conceição, submitted), our interest was 

to explore how the CpG site found in the promoter region could affect MGP transcription. 

Transcription factors regulate gene expression to exert its specified function. This study utilized 

an in silico approach to search for TFs that putatively bind to the CpG sites identified in the 

MGP promoter region. There were three such TFs, YY1, GATA1 and C/EBPα, overlapping the 

cg00431549 located at -238bp from the TSS. Our studies suggest that these TFs and RUNX2 

may be involved in the regulation of MGP expression; of these GATA1 and C/EBPα appear to 

be capable of interacting with the CpG site within the MGP promoter. 

The regulation of MGP expression is likely multifactorial involving many transcription factors 

with activator or repressor functions responding to distinct signaling pathways. Transcription 

factor YY1 (Ying-Yang 1) belongs to the family of "Zinc-Fingers" proteins called GLI-Kruppel 

(Hosler et al. 1989; Ruppert et al. 1988). This transcription factor can interact in promoter 

regions of different genes acting either as an inhibitor or activator of gene expression, thus 

performing contrary and versatile functions, depending on external factors (Wang, Chen and 

Yang, 2006; Gordon et al. 2006; Fu et al. 2022). YY1 can exert transcriptional changes via 

direct DNA binding or through protein–protein interaction. To determine if MGP repression 

seen in the reporter assays is the result of YY1’s direct binding to the MGP promoter, 

electrophoretic mobility shift assays (EMSA) or ChIP should be performed.  

Our results are in concordance with results recently published (Fu et al. 2022) that showed, 

using TCGA and GEO datasets, that YY1 was expressed at high levels in most malignancies, 

and its level of expression was statistically associated with the prognosis of tumor patients.  

GATA1 has two highly conserved zinc fingers domains, being the one located at the C-terminal 

responsible for the binding to typical elements (recognize (A/T)GATA(A/G) motifs) in target 

gene promoters (Lamonica et al., 2006). GATA1 first reports indicated a critical function on 
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the formation of early eosinophil precursors and on the differentiation of committed erythroid 

precursors and megakaryocytes (Ferreira et al. 2005). Emerging evidence indicates GATA1 is 

activated in several tumors and is involved in cell growth, apoptosis, tumorigenesis, and 

aggressiveness of solid tumors. In pancreatic ductal adenocarcinoma tissues, GATA1 was 

found to be highly expressed and an independent predictor of prognosis and response to 

gemcitabine therapy through the anti-apoptotic pathway (Chang et al. 2019). In CRC, GATA1 

was upregulated and associated with a predicted poor clinical outcome (Yu et al. 2019). In 

breast cancer, GATA1 was found overexpressed, and it was demonstrated to promote survivin 

expression (Boidot et al. 2010). Furthermore, it was shown that GATA1 promotes breast cancer 

growth and metastasis through regulating VEGF expression (Zhang et al. 2016). In 

glioblastomas, it was demonstrated that the interaction of GATA1 and MMP-2 enhanced 

glioblastoma invasion and migration (Kesanakurti et al. 2013). It was also suggested that in 

ovarian cancer GATA1 regulated JAG1 plays a key regulatory role in cancer cell proliferation 

and metastasis. On the other hand, it was shown that decreased mRNA expression of GATA1 

was associated with tumor aggressiveness and poor outcome in clear cell renal cell carcinoma 

(Peters et al. 2015), implying that GATA1 may be associated with the progression and 

aggressiveness of renal clear cell carcinoma. 

Our results are in concordance with results recently published (Xu et al. 2021) that compared 

the mRNA expression levels of the GATA family genes in different types of cancers and normal 

tissue samples by the Oncomine database and showed that GATA1 was expressed at relatively 

lower levels in most kinds of cancers than in normal tissues (Xu et al. 2021). However, the data 

in TCGA suggested that the GATA1 expression was positively correlated with the MGP 

expression in cancer tissues. Further in vivo and in vitro studies are needed to better understand 

the association of GATA1 and MGP and their role in the different tumors.  

We report hereby that YY1 and GATA1 act synergistically coordinating the repression of MGP. 

It appears that this synergistic action only requires the presence of the corresponding binding 

site for GATA1 in MGP regulatory region. Synergistic or cooperative regulation of gene 

expression is a widely occurring phenomenon. In most cases, TFs responsible for synergistic 

or cooperative regulation of gene expression co-occupy regulatory regions of common target 

genes. The TFs that are involved in synergistic or cooperative gene regulation are often 

observed to be interacting directly with each other (Raich et al. 1995; Gordon et al. 2006). 

Whether YY1 and GATA1 directly interact after their binding to the MGP gene promoter 

remains to be determined. 
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The CCAAT/Enhancer binding protein (C/EBPα) is a member of the leucine zipper family of 

transcription factors (Landschulz et al. 1988). The association between C/EBPα and cancer has 

been well documented in acute myeloid leukaemia (AML) (Tenen, 2001; Schuster and Porse, 

2006). C/EBPα is important for myeloid differentiation, and dysregulation of its expression is 

observed in AML and other haemato-lymphoid malignancies. Reduced expression of C/EBPα 

has been observed in lung, breast, and head and neck cancers through epigenetic mechanisms 

including loss of heterozygosity and DNA methylation (Landschulz et al. 1988; Halmos et al. 

2002; Costa et al. 2007; Gery et al. 2005; Bennett et al. 2007). In gastric cancer C/EBPα 

expression was shown to be downregulated (Regalo et al. 2010). In ovarian cancer (Konopka 

et al. 2016) and hepatocellular carcinomas (Lu et al. 2010), an up-regulation of C/EBPα mRNA 

expression was associated with worsening outcome. Also, in clear cell renal cell carcinoma 

(ccRCC) C/EBPα mRNA expression was up-regulated in TCGA data (Park et al. 2018). 

Altogether, these results show that, in agreement with our data obtained using TCGA database, 

C/EBPα expression was significantly up-regulated in some cancer types and down-regulated in 

others. This dysregulation is likely to be associated with poor clinical outcomes in cancer. Our 

in vitro results show that C/EBPα seems to bind MGP promoter in a specific binding site 

repressing its activity, and our in silico analysis using TCGA data show that in some tumors 

C/EBPα and MGP expression exhibited a significant inverse correlation, while in others there 

was a positive correlation.  

The transcriptional and post-transcriptional regulation of MGP expression are complex 

(Farzaneh-Far et al. 2001; Cancela et al. 2014), and it is therefore possible that downstream of 

YY1, GATA1 and C/EBPα’s downregulation of MGP transcription other factors are 

significantly involved in determining the ultimate expression of MGP and the corresponding 

clinical sequelae. It is also important to note that while our work demonstrates robust MGP 

promoter activity reduction via reporter assay, the extent to which these TFs-mediated 

reductions of MGP expression result in increased apoptosis, alterations in cell cycle 

progression, or modulation of other hallmarks of cancer progression is currently under 

investigation in our laboratory. 

Another transcription factor that was shown to be able to regulate MGP gene expression was 

Runt-related transcription factor 2 (RUNX2). In mice, parathyroid hormone regulates Mgp 

expression through the transcription factors Sp and Runx2 (Suttamanatwong et al. 2009). In 

addition, it has been demonstrated that MGP is regulated by Runx2 in Xenopus laevis (Fazenda 

et al. 2010). Interestingly, in this model, two functional promoters (proximal and distal) were 

identified in the MGP gene, and both were shown to be regulated by Runx2. It was evidenced 
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that co-transfection of ATF4, RUNX2 and SATB2 enhanced the MGP human promoter activity 

in ATDC5 cells (Roberto et al. 2018). Recently, we showed that MGP and RUNX2 were 

overexpressed in CRC tissue samples and there was a positive correlation between the two 

expressions in tumor mucosa (Caiado et al. 2020). In our present results, we showed that 

RUNX2 binds to MGP promoter and induces its transcription. Also, our in silico analysis 

showed that RUNX2 was overexpressed in breast, esophageal, kidney, lung, and thyroid 

cancerous tissues and significantly downregulated in liver and prostate cancerous tissues, and 

that RUNX2 and MGP expression exhibited a significant inverse correlation in bladder, lung 

cancer and a positive correlation in bile duct, and head and neck cancers. 

Whether the alterations in the TFs expression and/or disturbance in MGP methylation are 

implicated in cancer should be further investigated by comparing the expression of these TFs 

and the levels of CpG dinucleotide methylation in the MGP gene of individuals with different 

type of cancers compared to the controls. 

Our discovery of novel transcriptional repressors of MGP may provide new ways of 

understanding altered MGP expression in a significant subset of cancers. We also provide 

evidence for a possible role of YY1, GATA1 and C/EBPα in MGP transcription regulation and 

in human cancer. The clinical significance of this finding across different cancer types has yet 

to be determined. 
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3.5 Supplementary data 
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Figure S3.1 Analysis of YY1, GATA1, and C/EBPα gene expression in paired tumor-normal samples from 

TCGA databases. Mean ± SD, Mann-Whitney statistic test, the p-value was considered statistically different 

(p≤0.05). 
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4.1 General conclusions and Future perspectives 

Cancer comprises multi-step and complex processes that involve multiple deregulated signaling 

pathways to thrive and proliferate in “normal conditions”. 

Being cancer one of the major causes of disease and a major concern worldwide, it is of great 

interest to discover new molecular biomarkers for early-stage cancer detection, to help 

characterize patient populations, and to contribute to improving a more personalized therapy 

for the patients.  

Recently, MGP has been shown to be deregulated in several types of tumors, Nonetheless, there 

is still too much that remains to be answered regarding the role of the MGP gene in cancer. 

Therefore, in this work, we proposed to study MGP gene expression in different types of 

tumors, to identify possible epigenetic patterns and new possible transcriptional regulators that 

could be involved in the regulation of MGP gene in cancer.  

We started by evaluating expression of the MGP gene and genes of two of its known 

transcriptional regulators, RUNX and FGF2, in normal and tumoral tissues in a group of 33 

colorectal patients and in 9 non-tumoral samples. In these studies, we found that MGP, RUNX2, 

and FGF2 were mostly upregulated in the tumoral tissue when compared with tissue from 

paired normal mucosa and from non-tumoral samples. Also, we found that high levels of MGP 

in combination with high levels of the transcriptional regulators RUNX2 or FGF2 were 

important predictive factors to differentiate the patients according to their prognosis. However, 

it was not possible to observe a correlation between MGP gene expression and clinical and 

histopathological features of those patients. 

Given the small number of samples from patients with colorectal cancer and to better 

understand if the previous expression pattern observed was maintained in other types of tumors, 

we analyzed the data available in the TCGA data repository for 11 types of tumors to 

accomplish this task. Interestingly, we found that the majority of the analyzed tumors presented 

a downregulation of MGP gene expression in the tumoral tissue, except for bile duct and liver 

cancers. However, when we analyzed the correlations between MGP expression in the tumoral 

tissue and the clinical and pathological features of the patients, we found that high MGP 

expression was correlated with more advanced stages of the disease in some tumors. Notably, 

in terms of survival and prognosis, we were able to distinguish the patients according to MGP 

expression in normal and tumoral tissues and correlate this expression with the overall survival 

of the patients. We observed that patients presenting high levels of expression of this gene had 

a poor overall survival. Moreover, it was possible to establish the high levels of MGP 
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expression as an independent prognostic factor for the survival in some of the analyzed tumors, 

reinforcing the hypothesis that MGP expression could be a good prognostic factor for patients 

overall cancer survival. 

Given the discrepancy observed between tumors, one possible explanation for the differences 

observed between our previous findings and the results obtained in the present study with 

colorectal cancer patients might be related to the heterogeneity of the tumor or the individual 

genetic variability amongst patients in the different types of tumors. 

To better understand the MGP expression pattern across tumors, it would be interesting to 

explore another publicly available data repository to evaluate MGP gene expression in the 

different types of tumors and extend this analysis to non-solid tumors, as well as to explore the 

expression levels of the different MGP transcripts within the tumors.  

One of the multiple and complex molecular processes involved in gene regulation is known as 

epigenetic regulation. These epigenetic alterations, when localized in regulatory DNA regions, 

are capable of silencing the transcriptional activity of a gene.  

In that sense, we hypothesized if the observed MGP deregulation could be related to epigenetic 

alterations present in regulatory regions of the MGP gene. To explore this hypothesis, we start 

by scanning for possible CpG sites or islands located within the MGP gene. From this analysis, 

we found the presence of six CpG sites located in the MGP gene, four of them located in the 

promoter region, one at the beginning of the transcription start site, and one in the first intron. 

However, we only were able to analyze the methylation pattern of four of the six probes, due 

to the absence of methylation values for the probe located at the beginning of the transcription 

start site (cg06601891) and the probe located more downstream in the promoter region 

(cg16617257). Given the continuous amount of data generated and publicly available in the 

data repository, it would be of great interest to explore those databases to better understand how 

DNA methylation, histone tail modifications, and chromatin conformation are involved in MGP 

regulation in tumoral and normal tissues. 

Concerning the methylation pattern in the analyzed tumors, we found a different methylation 

state depending on the type of tumor. Furthermore, we found that these differentially 

methylated patterns were either negatively or positively correlated with MGP gene expression 

for some of the analyzed tumors. Moreover, we found the presence of histone marks and an 

open chromatin state, normally found near regulatory regions. We can conclude from these 

results, that the methylation of these probes appears to have an impact on MGP regulation. 

Regarding epigenetic regulation, several studies have shown that epigenetic factors, including 

DNA methylation, chromatin structure, and histone modifications, can interact with each other 
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and form a complex regulatory network, affecting regulatory processes, such as alternative 

splicing. Accordingly, we suggest in a future work to analyze the effect of epigenetic factors in 

the alternative splicing of MGP isoforms, to better understand if there is a possible correlation 

between the different isoforms in the normal and tumoral tissues, not distinguishable at the gene 

expression level.   

One of the most common implications associated with the presence of these epigenetic 

modifications affecting the regulatory elements of a gene is the repression of transcriptional 

activity. However, it is worth noticing that these events are a dynamic process and can occur 

due to external factors, consequently affecting gene expression through the binding of 

transcriptional regulators that may be activators or repressors of gene transcription. 

Under this hypothesis, we explored if there was any transcription factor that could bind to these 

CpG sites and regulate transcription of the MGP gene, which could in part explain the 

deregulation observed in the different types of cancers. 

Through the functional analysis of the promoter region of the MGP gene by site directed 

mutagenesis in one of the CpG sites (cg00431549), we found three novel transcriptional 

repressors of the MGP gene, which in part could explain the different and dynamic MGP gene 

expression in cancer. 

To validate these results, we propose to perform ChIP assays using cultured tumor cells to 

confirm if the identified repressors effectively bind to the CpG site cg00431549 and possibly, 

identify new putative transcriptional regulators of the MGP gene that could bind to the other 

CpG sites. 

Although much remains to be answered, the novel results obtained in the scope of this work, 

reinforce the hypothesis that the MGP gene might be a good prognosis factor for cancer and the 

overall survival prognosis of the patients, providing new findings to better understand how 

MGP deregulation might be modulated by epigenetic modifications and transcriptional 

regulators in cancer. 
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