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Abstract  

Keywords: Mutations in proteins, missense mutations, prediction reliability, Fibrinogen, in 

silico prediction of pathogenicity 

This bachelor's thesis compares the reliability of predicting the pathogenicity of mutations in 

the γ chain of fibrinogen using various predictive algorithms. The work is designed as a "blind 

study," where we investigate the potential pathogenicity of 70 missense mutations described in 

the literature. To analyse the reliability of the individual programs, we used statistical metrics, 

specifically sensitivity, specificity, accuracy, and Matthews correlation coefficient. We tested 

the following programs PANTHER-PSEP, PMut, SNPs&GO, PhD-SNP, SIFT, Mutation 

Taster, PolyPhen2, and Provean. These are introduced in the introductory theoretical part, 

which also describes fibrinogen, its role in blood clotting, and diseases related to mutations in 

fibrinogen. The comparison showed that the quality of predictions by the various programs 

differs significantly. Programs more reliable predict pathogenic than benign mutations. 

Abstrakt  

Klíčová slova: Mutace v proteinech, Missense mutace, spolehlivost předpovědi, Fibrinogen, 

in silico předpověď patogenicity 

Tato bakalářská práce porovnává spolehlivost předpovědi patogenicity mutací v γ řetězci 

fibrinogenu pomocí různých předpovědních algoritmů. Práce je koncipována jako tzv. “slepá 

studie”, kde zkoumáme potenciální patogenicitu 70 missense mutací popsaných v literatuře. 

Pro analýzu spolehlivosti jednotlivých programů jsme použili statistické metriky, konkrétně 

citlivost, specificitu, přesnost a Matthewsův korelační koeficient. Jednotlivé testované 

programy, jmenovitě PANTHER-PSEP, PMut, SNPs&GO, PhD-SNP, SIFT, Mutation Taster, 

PolyPhen2 a Provean jsou představeny v úvodní, teoretické, části, která dále seznamuje čtenáře 

s fibrinogenem, jeho rolí při srážení krve a s chorobami souvisejícími s mutacemi ve 

fibrinogenu. Porovnání ukázalo, že se kvalita předpovědí pomocí jednotlivých programů velmi 

liší. Programy spolehlivěji předpoví patogenní než benigní mutaci. 
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1 Introduction 

 

When you get a cut or injury, your body's ability to stop bleeding is crucial. That’s where 

fibrinogen, a key protein in blood clotting, comes into play. Without this essential protein, 

you’d be at risk of excessive bleeding even from minor cuts. After injury of a blood vessels, 

fibrinogen, circulating in your blood, transforms into its activated form, fibrin, that forms a 

mesh-like structure, a fibrin clot, that participates in blood clot formation and stops the flow of 

blood from a wound. The blood clot formed is eventually dissolved by the fibrinolytic system, 

highlighting the essential role of fibrinogen not only in clot formation but also in the regulated 

process of clot resolution, ensuring that bleeding is effectively stopped while avoiding the risks 

of excessive clotting. Under pathophysiological conditions, a blood clot may form in an intact 

vessel, restraining a blood flow. This condition is known as thrombosis. Additionally, the clot 

or fragments of it may detach from the vessel wall and circulate within the bloodstream, a 

process known as embolism. Thromboembolic events may also result from impaired 

fibrinolysis.  

 

Like all proteins, fibrinogen is a subject of mutagenesis, a process where a genetic information 

of an organism is altered by changes in DNA, mutations. These mutations can either be 

pathogenic, causing disease, or benign, having no effect on health. Understanding the impact 

of these mutations is vital, as doctors need to determine whether a mutation found in a patient 

is related to their health condition. One of the ways how to guess the potential impact of a 

mutation on one’s health, especially some not characterized in literature, is to use 

computational predictors of variant’s pathogenicity. There is plenty of in silico variant effect 

predictors reported in literature. These tools use different strategies to predict the mutation’s 

pathogenicity and they differ in reliability of prediction. Although there are some benchmark 

studies reported in literature, none of them (to my best knowledge) deals with fibrinogen or its 

related proteins. 

 

This thesis tests the reliability of prediction of 9 prediction tools on mutations in fibrinogen γ 

chain and reveals their variable reliability The results are useful for assessing whether a new 

mutation is pathogenic, especially when predictions about it conflict. Understanding these 

dynamics is essential for creating better diagnostic tools and treatment strategies, highlighting 

the importance of studying fibrinogen and its variants. 
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1.1 What is fibrinogen? 

 

Fibrinogen is a glycoprotein present in vertebrate blood plasma, essential for hemostasis. It 

participates, inter alia, in wound healing, inflammation, tumorigenesis, and atherosclerosis, and 

its level changes significantly during pregnancy, reflecting its involvement in the increased 

coagulation activity essential for pregnancy maintenance (Hansen et al., 2011). In hemostasis, 

fibrinogen contributes to the aggregation of activated platelets and the formation of an insoluble 

blood clot by transforming into its active form fibrin. Fibrin clot is subsequently dissolved by 

the fibrinolytic system. Additionally, besides coagulation cascade fibrinogen is involved in 

various biochemical cascades such as platelet aggregation, and the fibrinolytic system.  

 

1.2 Biosynthesis of fibrinogen 

 

Fibrinogen is synthesized in the liver from three closely linked genes FGA, FGB, and FGG 

located on the long arm of human chromosome 4 (Harris, n.d.) (Platè et al., 2008), that are 

thought to have arisen through gene duplication (Thromb & Biol, 2017). The gene encoding 

the fibrinogen Aα chain (FGA) is 7.6 kb in size and consists of 6 exons. It translates into two 

proteins of 644 (major form) and 866 amino acids. The minor form of the Aα chain occurs only 

in 1 to 2 % of the fibrinogen molecules and it contains a fibrinogen related domain (FReD) at 

its C-terminus. Its molecular mass is 420 kDa, which is why this form is known as fibrinogen-

420 (Fu & Grieninger, 1994). The gene for the Bβ chain (FGB) occupies an area of 8 kb, 

represents 8 exons, and its nascent form comprises 491 amino acids. The last γ chain (FGG) 

covers an area of 8.5 kb, contains 10 exons, and exists in two forms of 437 (major form) and 

453 amino acids (nascent chain) (Tiscia & Margaglione, 2018). The minor form of the γ chain, 

reported as γ’, is found in approx. 8 to 15% of the plasma fibrinogen molecules (Kattula et al., 

2017). In this form, the four C-terminal amino acids of the major form are altered, and it is 

extended by additional 16 amino acids at the C-terminus. 

 

Each gene is individually transcribed in the nucleus of the hepatocyte into mRNA and then 

translated to produce nascent protein including a signal peptide, which is removed from each 

chain as they move into the endoplasmic reticulum (ER) of the cell (Casini et al., 2021). The 

signal peptide of the Aα chain contains 19 amino acids, a signal peptide of the Bβ chain has 30 
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amino acids and the signal peptide of the γ chain has 26 amino acids (Haryadi et al., 2015). In 

the ER, the assembly starts with Aα-γ and Bβ-γ dimers formation. These intermediates further 

bind the missing chains and dimerize (Redman & Xia, 2001). It proceeds to Golgi, where it is 

post-translationally glycosylated and the 15 C-terminal amino acids are cleaved from the Aα 

chain (Suskiewicz, 2024). Next, it is directed to the extracellular pathway. Misfolded, 

misassembled, and excess proteins are retained in the ER, ultimately degraded by lysosomes 

and proteasomes (Xia & Redman, 1999). Aberrant molecules with the mutation in the last exon 

may escape this mechanism and be secreted into blood (B. D. Wang & Lee, 2018). 

 

Mutations in fibrinogen may result in defects in protein synthesis, folding, assembly, and 

secretion, therefore the molecules having such mutation are not released into the blood. Most 

of such molecules are degraded, although some mutations in the C-terminal region of Aα chain 

and FReD domain of γ chain may be retained in the liver. Such conditions are referred to as 

hereditary fibrinogen alpha chain amyloidosis (AFib) and fibrinogen storage disease, 

respectively. 

 

1.3 Structure of fibrinogen 

 

The mature fibrinogen molecule is in its major form a 340-kDa (2964 amino acids) 

glycoprotein consisting of 2Aα, 2Bβ, and 2γ homologous polypeptide chains with molecular 

masses of 66,5 (610 amino acids), 52 (461 amino acids), and 46,5 (411 amino acids) kDa, 

respectively (Weisel & Litvinov, 2017)(Weisel, 2005). The disordered N-termini of the three 

chains are followed by α-helices, which, within a AαBβγ trimer, make a parallel triple coiled-

coil domain. The Aα chain bends towards the N-terminus of the molecule, and following a 

short α-helix, the C-terminus of the molecule is mainly disordered(Kollman et al., 2009). The 

C-termini of the Bβ and γ chain, and the C-terminal extension of the minor of the Aα chain, 

make a fibrinogen-related domain (FReD). The FReD is dominated by a central anti-parallel 

β-sheet. It also contains short α-helices and a loop region, that participates in fibrin 

polymerization. The binding of Ca2+ is essential for the domain’s stability  (Doolittle et al., 

2012). The C-terminal extension of the minor form of the γ chain is supposedly disordered. All 

six chains are connected by their N-termini to the central part of the molecule (E domain) 

(Weisel & Litvinov, 2017) and linked by 29 disulphide bridges (Thromb & Biol, 2017) see 

Figure 1. Fibrinogen structure has an elongated shape – 45 nm in length and ~ 2–5 nm in 

diameter (Harris, n.d.). The complexity of fibrinogen structure is further increased by the co- 
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and post-translational N-glycosylation to the Bβ, γ and the minor form of Aα chains, enhancing 

its total molecular mass. (Harris, n.d.). 

 

 

Figure 1 Structure of fibrinogen  

(A) The composition of the polypeptide chain, with Aα shown in blue, Bβ in green, and γ in red. The FpA/B regions 

are illustrated in purple, black stripes represent disulphide bonds, and three arrows point to the site of proteolytic 

cleavage between the D and E regions. A single arrow indicates the cleavage that leads to the removal of the αC 

and BβN regions. 

(B) The crystal structure of fibrinogen. 

(C) The same molecule as in (B), but also showing interacting αC domains attached to α-connectors; N-terminal 

parts of Bβ chains forming functional BβN domains; the γN domain is located on the opposite side of the molecule, 

hence it is not visible here; “a” and “b” binding sites in the P domain of γ and β nodules are marked with 

asterisks; the cleavage site between D and E regions is shown in gray (Medved & Weisel, 2009). 
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1.4 Cell-based model of coagulation 

 

The coagulation is a sequence of proteolytic events resulting in the formation of fibrin, an 

activated form of fibrinogen, that forms a fibrin clot. This process begins after an injury to the 

vessel wall and starts by aggregation and activation of platelets at the site of injury and release 

of von Willebrand factor (vWF) and factor V (FV), among others. Simultaneously, a protein 

called tissue factor (TF) is exposed to the bloodstream. TF forms a complex with factor VII 

(FVII), activating it to VIIa (FVIIa). The TF-FVIIa complex activates factors IX (FIX) and X 

(FX). Activated FX (FXa) activates and forms a complex with FV. This complex turns only a 

small amount of inactive prothrombin into activate thrombin. This is the end of the initiation 

phase, which occurs on the surface of TF-bearing cells, while the other two phases take place 

at the surface of activated platelets. 

 

In the amplification phase, thrombin, which was produced in small amounts in the initial phase, 

activates additional platelets and increases the exposure of clotting factor receptors. This phase 

is marked by the activation of factor XI (FXI) on the platelet surface amplifying the clotting 

response. The generated thrombin also dissociates the factor VIII-vWF complex, leading to 

FVIII activation, and partially activates FV, helping more platelet adhesion and 

aggregation.(Green, n.d.)(Palta et al., 2014).  

 

During the propagation phase, thrombin generation is maximized on the surface of activated 

platelets. The FVIIIa binds FIXa, that was activated by FXIa, and calcium ions, forming a 

“tenase” complex, that activates additional FX. Next, the “prothrombinase” complex 

comprising of FXa, FVa, and calcium ions is formed. Thrombin cleaves N-terminal 

fibrinopeptides from Aα and Bβ chains converting them into fibrin (Hoffman, 2003). 

Fibrinopeptide A is released after the cleavage of AαArg16-Gly17 and fibrinopeptide B is 

released when the BβArg14-Gly15 bond is cleaved. Mutations in any of these residues, 

especially the arginines do not let the fibrin form, which restrains fibrin clot formation and 

consequently results in dysfibrinogenemia (Hanss & Biot, n.d.). 

 

1.4.1 From Fibrinogen to Fibrin clot  

 

The conversion of fibrinogen to fibrin is the final stage in the complex process of blood 

coagulation (Scheraga1957, n.d.). It starts by thrombin-mediated cleavage of fibrinopeptides 
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A and B from the N-termini of fibrinogen chains Aα and Bβ. Fibrin first polymerizes into two-

stranded, half-staggered protofibrils, those, after reaching a certain length, start laterally 

aggregate, forming fibrin fibres, and branches. This results in a sponge-like structure, and a 

fibrin clot  (Duval et al., 2014). 

 

Fibrin clot is stabilized by a cross-linking of fibrin α- and γ-chains by activated factor XIII 

(FXIIIa) (Duval et al., 2014). FXIIIa binds fibrin through an interaction with the C-terminal 

domain of the γ chain (Duval et al., 2014). Specifically, α-chain cross-linking leads to the 

thickening of fibrin fibres, enhancing clot stiffness, and reducing the rate of clot lysis. In 

contrast, γ-chain cross-linking determines the appearance time of fibrin fibres and their density 

within the clot (Duval et al., 2014). This process occurs at different rates, with γ-chains being 

more rapidly cross-linked in the early stages of clot formation, while α-chain cross-linking 

occurs at a slower pace (Duval et al., 2014). Cross-linking significantly influences the structural 

and functional properties of the clot, contributing to clot stiffness and influencing its resistance 

to fibrinolysis (Standeven et al., 2007). It is obvious, that intact binding sites of FXIIIa, as well 

as cross-linking sites, are necessary for proper fibrin polymerization and their mutations may 

be pathological. 

 

 

Figure 2 Cell-based model of coagulation image 
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The figure describes the coagulation cascade in three stages: initiation, where tissue factor (TF) and Factor 

VII activate Factor X, amplification, where thrombin enhances the activation of Factor IX and Factor XI 

and propagation, where there is a thrombin burst that converts fibrinogen into a fibrin clot. Calcium ions 

are present for the activation of the factors, and the process takes place on activated platelets and damaged 

endothelium. (eClinPath.com, Cornell University https://eclinpath.com/hemostasis/physiology/secondary-

hemostasis/secondary-haemostasis/) 

 

1.5 Fibrinolysis 

 

Fibrin clot is dissolved into so-called fibrin degradation products in a process known as 

fibrinolysis. This process is enzymatically catalysed by plasmin, an active form of serine 

protease plasminogen. Activation of plasminogen requires catalysis by either tissue 

plasminogen activator (tPA), urokinase (uPA), kallikrein or factor XII. . Of these enzymes, tPA 

has the highest affinity to plasminogen and both plasminogen and tPA are incorporated into 

the fibrin clot (Chapin & Hajjar, 2015). Plasmin augments its own generation by creation of 

more reactive forms of tPA and uPA.  The body controls protein breakdown by plasmin using 

inhibitors - plasminogen activator inhibitor-1 (PAI-1) and alpha-2-antiplasmin (A2AP). 

Thrombin-activated TAFI slows clot dissolution by removing lysine residues, further limiting 

plasminogen activation (Sillen & Declerck, 2021). Plasminogen cleaves fibrin after lysine and 

arginine residues. There are at least 34 plasmin cleavage sites recognized in fibrin, although 

they are cleaved with different affinity. Mutations at any of these sites, as well as mutations of 

binding sites of fibrinolytic enzymes, hamper fibrinolysis, what may result into thrombotic 

states in a patient. (Hudson, 2017) 

 

1.6 Mutations 

 

Mutations are alterations in the DNA sequence that can occur in various forms and have diverse 

effects on organisms. Mutations are either point mutations, which replace one nucleotide with 

another, or insertions and deletions (indels) of one or more nucleotides. Indels can change the 

protein sequence of the translated gene, because of a possible shift in the open reading frame 

(ORF). These changes are caused by errors during DNA replication, by exposure to mutagens 

like chemicals and radiation or can be inherited (Niroula & Vihinen, 2016). A specific type of 

point mutation, known as a missense mutation, involves a single nucleotide change that results 

in the substitution of one amino acid for another during protein translation (Stefl et al., 2013). 

These changes can affect protein stability, function and level of protein’s expression leading to 

https://eclinpath.com/hemostasis/physiology/secondary-hemostasis/secondary-haemostasis/
https://eclinpath.com/hemostasis/physiology/secondary-hemostasis/secondary-haemostasis/
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a range of effects from minor to severe troubles in biological processes (Zhang et al., 2012). 

Mutations can occur on one (heterozygous mutations) or on both (homozygous mutations) 

alleles either in coding or non-coding regions of a gene. Studying mutations is crucial because 

they influence protein properties and interactions, which in return affect cellular processes and 

can lead to diseases and variations in traits among individuals (Stefl et al., 2013) (Zhang et al., 

2012). This understanding helps us make better tests and treatments for genetic disorders. 

 

1.7 Congenital fibrinogen disorders 

 

Congenital fibrinogen disorders are classified into two types of plasma fibrinogen defects – 

quantitative and qualitative. In quantitative fibrinogen deficiency, there are low or absent 

plasma fibrinogen antigen levels. The antigen level of fibrinogen reflects the total amount of 

fibrinogen in the blood, no matter if it is functional or not. In qualitative there are normal or 

reduced antigen levels associated with low functional activity (Neerman-Arbez et al., 2016). 

There are two distinct quantitative disorders: afibrinogenemia which is characterized by the 

complete absence of fibrinogen in the blood and hypofibrinogenemia which is a condition with 

a proportional decrease in functional and antigenic fibrinogen levels. (Casini et al., 2018). 

There are also two quantitative disorders, dysfibrinogenemia when patients have decreased 

functional and normal antigenic fibrinogen levels, and hypodysfibrinogenemia which is 

characterized by a decrease in functional as well as antigenic fibrinogen levels (Casini et al., 

2018). Apart from congenital fibrinogen disorders there can be mutations in the C-terminal part 

of the Aα chain of fibrinogen causing renal amyloidosis (Chapman & Dogan, 2019). 

Amyloidosis is a group of diseases characterized by the deposition of amyloid fibrils in tissues, 

leading to organ dysfunction and potentially death. Hereditary fibrinogen alpha chain 

amyloidosis is a rare autosomal dominant disorder caused by mutations in the FGA gene 

(Chapman & Dogan, 2019). Certain mutations in the FReD domain of the γ chain are associated 

with fibrinogen storage disease (FSD), where the aberrant fibrinogen is not degraded by 

proteolytic enzymes but is stored in the liver. FSD is associated with hypofibrinogenemia. 

 

 

 

 

 



 

 

  

9 

1.7.1 Clinical manifestations of fibrinogen disorders: 

 

1.7.1.1 Afibrinogenemia 

 

Congenital afibrinogenemia is an autosomal recessive disorder characterized by bleeding that 

varies from mild to severe and by complete absence or extremely low levels of plasma and 

antigen fibrinogen (Duga et al., n.d.). Afibrinogenemia mainly causes severe bleeding in 

various body parts, including muscles, and can be identified in newborns due to prolonged 

bleeding from the umbilical cord. Unlike haemophilia, joints bleeding (hemarthrosis) is less 

common and less severe, but it can still lead to joint diseases. The most dangerous symptom is 

spontaneous bleeding in the brain, which is the leading cause of death (Casini et al., 2016).  

Paradoxically, also thrombotic events are reported in some afibrinogenemic patients.  

 

1.7.1.2 Hypofibrinogenemia 

 

Hypofibrinogenemia generally leads to less severe symptoms compared to afibrinogenemia. It 

can result in bleeding, mainly after injuries or surgeries, with spontaneous bleeding being rare 

unless fibrinogen level drops very low. A notable issue with hypofibrinogenemia involves 

fibrinogen storage disease, which occurs in some genetic variants and causes liver 

inflammation and fibrosis due to abnormal fibrin build-up (Casini et al., 2016). 

 

1.7.1.3 Dysfibrinogenemia 

 

Dysfibrinogenemia is often discovered accidentally through blood tests. Symptoms range from 

none to mild bleeding, typically in the mucous membranes. Less frequently there is significant 

bleeding related to surgery, injury, or childbirth, with a notable risk by age 50. Additionally, it 

carries a risk of thrombosis, more so with certain genetic mutations. It is also linked to increased 

risks of chronic lung hypertension and kidney amyloidosis (Casini et al., 2016). 

 

1.7.1.4 Hypodysfibrinogenemia 

 

Hypodysfibrinogenemia, combines features of both quantitative and qualitative fibrinogen 

disorders, often leading to more symptoms compared to dysfibrinogenemia. Patients frequently 

experience spontaneous bleeding across various tissues, including the central nervous system, 

and face a high risk of both arterial and venous thrombosis (Casini et al., 2016; Mount, 2008). 
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1.8 Programs 

 

Computational tools for predicting the clinical relevance of mutations on protein function, 

known as Variant Effect Predictors (VEPs) primarily focus on analysing missense mutations. 

VEPs assess whether genetic substitutions are benign or pathogenic, using parameters derived 

from evolutionary, physico-chemical, sequence homology, or structural and functional 

characteristics. Historically, these programs began with methodologies based on sequence 

alignment and probabilities, such as SIFT, which determines the probability of a mutation's 

impact after performing multiple sequence alignments (MSA), and PANTHER, which 

constructs phylogenetic trees. With advancements in technology, newer VEPs employed 

machine learning methods like artificial neural networks, decision trees, random forests, and 

support vector machines, then develop decision rules based on training (Livesey & Marsh, 

2022a). However, there is a bias when it comes to comparisons among these predictors caused 

by evaluating their performance against the same data used for their training. Sequence 

conservation is a key element of every VEP. Several tools measure sequence conservation by 

considering different characteristics for model development and, in considerably less extent, 

these biases may origin in various training data. 

 

Sequence conservation is a key element of almost every VEP. It is usually computed from 

MSA, that is obtained by BLAST (Altschul et al., 1997) or BLAT (Kent, 2002). Substitution 

matrices, like BLOSUM (Henikoff & Henikoff, 1993) and PAM reflect likelihood of 

interchange of wild-type amino acid to the mutated one. Structural and functional 

characteristics are adopted from databases, like UniProt (Bateman, 2019) or NCBI  (Sayers et 

al., 2022). 

 

Training data for ML-based predictors are taken from public databases. Only the widely used 

databases are mentioned. The dbSNP database (Sherry et al., 2001a) at the NCBI currently 

collects about 20 million validated human SNPs, although it usually not reports the clinical 

manifestations of the mutation. The manually curated UniProt database has approximately 

61,000 missense SNPs. ClinVar (Landrum et al., 2014) reports over 125,000 clinically relevant 

mutations (López-Ferrando, Gazzo, De La Cruz, et al., 2017). Human Gene Mutation Database, 

HGMD, (Stenson et al., 2003) aims to gather all mutation available in literature, including their 

clinical manifestations. Its full version is a commercial product. Despite the extensive data 
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available, predicting the functional consequences of single amino acid mutations (SAVs) 

remains a significant challenge. 

 

1.8.1 Machine learning 

 

Machine learning (ML) in the field of variation interpretation primarily identifies patterns in 

features such as conservation, secondary structure, and amino acid properties to predict 

pathogenicity. A significant portion of recent methods in this area rely on ML, which typically 

offers binary outcomes—classifying genetic mutations as either benign or pathogenic 

(Thusberg et al., 2011). Among ML techniques, supervised learning is the most frequent, where 

models are trained using well-defined, quality-controlled examples to differentiate between 

multiple classes (Thusberg et al., 2011). Conversely, unsupervised learning operates without 

labelled training data, allowing the model to independently formulate methods for making 

predictions, thus minimizing bias from prior examples (Livesey & Marsh, 2022a). This 

highlights the importance of selecting the correct ML approach, considering the specific needs 

and data availability in mutations interpretation. Most used machine learning techniques: 

Gradient-boosted trees, Random Forest, Neural Networks, Naïve Bayes Classifiers, Support 

Vector Machines (SVMs), Variational Autoencoders (VAEs). Techniques used by VEP tested 

in this thesis are introduced below. 

 

1.8.1.1 Random Forest 

 

The Random Forest (RF) algorithm is a machine learning technique used in both classification 

and regression. It constructs multiple decision trees by process called bagging during the 

training phase. For classification tasks it gives us the mode of the classes predicted by the 

individual trees. For regression tasks, like estimating the effects of mutations, it provides the 

mean prediction from all trees. The key strength of RF in mutation prediction is its ability to 

improve accuracy and control over-fitting through its ensemble approach. Each tree in the 

forest is built from a random subset of the data and a random selection of features. This 

approach efficiently handles the complexity of relationships within the data while minimizing 

overfitting (Pellegrino et al., 2021). 

 

1.8.1.2 Naïve Bayes 

 

Naïve Bayes classifiers are supervised learning algorithms that use a feature vector for 
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classification based on Bayes' theorem (Livesey & Marsh, 2022a). They rely on the assumption 

that all input features are independent and that each feature equally influences the outcome. 

This simplifies the computations and makes the problems more tractable 

(https://www.ibm.com/topics/naive-bayes). Despite these simplifications, Naïve Bayes models 

are widely used because they are quick and easy to construct, require minimal space, and 

remain competitive in performance against more complex algorithms.  

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3128400/). 

 

1.8.1.3 Support vector machine 

 

Support Vector Machine (SVM) is a type of computer algorithm used to classify data into 

different groups. It finds the best line, or "hyperplane," that separates the data into classes as 

clearly as possible (Livesey & Marsh, 2022a). More classes can be separated using more 

hyperplanes.  This line is drawn so that it has the most space possible from the nearest data 

points of each class, which are called support vectors (Huang et al., 2018).SVM can handle 

data that isn't naturally easy to separate by transforming it into a higher dimension where it can 

be more easily divided. To use SVM, you need to prepare your data, train the SVM model on 

a part of the data, and then test its accuracy on a separate part of the data. 

(https://academic.oup.com/bioinformatics/article/22/3/278/220718). 

 

1.8.2 Mutation effect predictors tested in this thesis 

 

1.8.2.1 PANTHER-PSEP 

 

PANTHER-PSEP (Tang & Thomas, 2016) is a prediction tool based on sequence conservation. 

This method differs from other by introducing the concept of evolutionary preservation. 

Evolutionary preservation refers to the time (in millions of years) of conservation of the site in 

sequences of direct ancestors of the protein of interest (Marini et al., 2010). By analysing the 

frequency, we get the importance of the amino acids for the examined protein function. The 

longer the time of conservation for a site, the greater the likelihood that its mutation is 

associated with disease. To be more comprehensive, the preservation time is converted into the 

“Probability of Deleterious effect”, PDel, based on results of a benchmark study (Capriotti et 

al., 2006). The mutation is referred as “probably damaging” if it preserved for more than 450 

million of years (PDel > 0.4). It is “probably benign”, if the preservation is shorter than 200 

million of years (PDel < 0.2) and otherwise, it is classified as “possibly damaging”. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3128400/
https://academic.oup.com/bioinformatics/article/22/3/278/220718
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PANTHER-PSEP speeds up predictions by using pre-calculated sequence alignments and 

phylogenetic trees from the PANTHER library (Thomas et al., 2003). PANTHER-PSEP is 

implemented as both a standalone tool and a web server.  

 

1.8.2.2 PMut 

 

PMut (López-Ferrando, Gazzo, de la Cruz, et al., 2017), uses a machine learning method called 

Random Forest (Rigatti, 2017), which looks at 12 specific features to decide if a mutation is 

likely to cause a disease. The twelve features include information about sequence conservation 

and predicted physico-chemical properties of wild type and mutated amino acids. The classifier 

is trained on SwissVar database (Mottaz et al., 2010). The prediction values range from zero 

to one, and scores higher than 0.5 are considered disease related. To make these predictions 

more reliable, PMut also looks at how confident it is in its prediction. It was found that 

predictions with very high or very low scores tend to be more accurate. This information helps 

researchers assess the reliability of the predictions made by PMut. 

 

1.8.2.3 SNPs&GO and PhD-SNP  

 

SNPs&GO is a support vector machine-based predictor, that, unlike other predictors, considers 

information derived from the Gene Ontology annotation (GO) (Aleksander et al., 2023) to 

predict if a mutation is pathogenic or not. GO information is supported by features obtained 

from PANTHER-PSEP and the PANTHER library (as mentioned earlier)(Thomas et al., 2003), 

as well as from the sequence profile, which includes details about the proximity of the mutated 

amino acid. The prediction scores range from zero to one, and values below 0.5 are considered 

disease related. SNPs&GO is trained on data derived from SwissProt database. SNPs&GO is 

an updated version of a prediction tool called PhD-SNP (Capriotti et al., 2006).  

 

1.8.2.4 SIFT 

 

SIFT (Sorting Intolerant From Tolerant) (Ng & Henikoff, 2003) is a program that uses 

sequence homology to predict how amino acids changes, might impact protein function, 

potentially altering the phenotype. If an amino acid substitution is found at a position highly 

conserved across species, it suggests that this change might be deleterious to the protein's 

function. In contrary, if the substitution occurs at a position where amino acids vary across 

species, it might be better tolerated without significant functional consequence. SIFT gives us 
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predictions for all 20 possible amino acid changes at each position in the protein. If the 

substitution scores less than 0.05 SIFT considers it as pathogenic. SIFT employs a multiple 

sequence alignment (MSA) based on the protein-of-interest, scanning each column to 

determine the frequency of substitutions and the probability of tolerance (Livesey & Marsh, 

2022b). Users can select from SwissProt, SwissProt/TrEMBL (Bairoch & Apweiler, 2000), 

and NCBI’s protein databases.  

 

1.8.2.5 Mutation Taster 

 

MutationTaster2 is a prediction tool not only for amino acid substitutions, but also for intronic 

and synonymous alterations, and indels mutations. MutationTaster2 maps the mutation to all 

suitable genes and transcripts, analyses the mutation in all of them and gives us a table 

summarizing the predictions. To generate those predictions, it uses a Bayes classifier. 

Mutations that are found pathogenic in ClinVar are automatically said to be pathogenic. 

Nowadays there is a new version MutationTaster2021 which instead of using Naive Bayes 

classifier, uses Random Forest models for obtaining better results. The output shows how many 

decision trees are suggestive of pathogenicity. If more than 50 trees reveal pathogenicity, the 

mutation is said to be pathogenic. If less, it is marked as benign. MutationTaster2021 also 

provides information on the disease the mutations cause (Lubeck et al., 2014; Steinhaus et al., 

2021). 

 

1.8.2.6 PolyPhen2 

 

Polyphen-2 is a prediction tool that uses structural and comparative evolutionary 

considerations. It compares different versions of the same protein from lots of different animals 

to see how important certain parts of the protein are. Then, it looks at the structure of the protein 

to see how big impact it is going to have, if any. It also considers how often that part of the 

DNA has changed over a time. PolyPhen-2 uses the UniProtKB database as a reference source 

for all protein sequences and annotations. An MSA is employed to create independent count 

profiles specific to each position. When a sequence aligns with a known three-dimensional 

structure, further characteristics are integrated into the prediction. The original PolyPhen 

algorithm uses decision tree to calculate the score. PolyPhen2 uses a naive Bayes classifier to 

process the data obtained from sequence alignments and also uses protein structural properties, 

such as the accessible surface area of an amino acid residue, crystallographic beta-factor, and 
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others.The output is a probability score and three different labels - probably damaging, possibly 

damaging, benign. The lower the score is, the lower the probability of mutation being damaging 

is. (Adzhubei et al., 2013) 

 

1.8.2.7 Provean 

 

PROVEAN (Protein Variation Effect Analyzer) is an algorithm that predicts not only the 

functional impact for single amino acids substitutions but also insertions, deletions, and 

multiple substitutions. This alignment-based score measures how much a change in an amino 

acid affects the similarity between two protein sequences. Provean is trained on UniProtKB/ 

Swiss-Prot. It calculates a delta score which is not only determined by the amino acid position 

but also by the neighbourhood that surrounds the site of variation. Firstly, Provean gathers a 

collection of homologous and distantly related sequences. For each sequence within this 

supporting set, a delta score is computed using the BLOSUM62 substitution matrix, with gap 

penalties set at 10 for opening and 1 for extension. (Choi et al., 2012). 
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2 Methods 

2.1 Selection of mutations 

 

The work, designed as a blind study, was performed on mutations reported in the fibrinogen γ 

chain. We addressed mutations reported in the Human Fibrinogen Database (Sovova et al., 

2022) and those are not reported in neither dbSNP (Sherry et al., 2001b) nor ClinVar (Landrum 

et al., 2014)databases. Further, we excluded mutations for which the description of phenotype 

is missing, or its report was unavailable for us. The clinical phenotype of the mutation was 

adapted from the original work describing the mutation. The mutation is considered benign 

only if no clinical manifestation but for congenial fibrinogen disorders is reported in any of its 

carriers. We checked whether the position of the mutation at both the protein and nucleotide 

levels (cDNA) matches the reference sequences NP_000500.2 and NM_000509.6, 

respectively. If necessary, missing information was supplied. We used the major transcript of 

the FGG gene because all tested mutations are in the region, where both transcripts are 

identical. The conversion of the c.DNA to g.DNA was performed by “position converter” 

utility by Mutalyzer3 (Wildeman et al., 2008). In total, we tested 70 mutations, 20 of which 

were benign and 50 were pathogenic. The tested mutations, including their clinical 

manifestations Table 5. For testing, we selected predictors, those that are either used at Institute 

of Hematology and Blood Transfusion or those that are recommended by American College of 

Medical Genetics and Genomics, ACMG (Richards et al., 2015). For SIFT, we consider two 

thresholds of detection. One is the original value by Ng and Hanikoff, that is referred as SIFT 

0.05, the other is value by Pejaver et al. (Pejaver et al., 2022), referred as SIFT. We use the 

HGVS recommendations (den Dunnen et al., 2016) to describe the position of a mutation.  

 

2.2 Prediction of impact of mutations 

 

We accessed the predictors by the web interface using links see Table 1 and followed the 

instructions provided by the tool. Provean, that misses the web interface, was accessed by 

dbNSFP interface (Liu et al., 2020). Understanding the input requirements was essential before 

using any tool, including details such as the wild-type residue, the position of the mutation, and 

sequence data, often in FASTA format. Input involved mutations in the specified format 

together with uploading sequence data in FASTA format, making sure to check whether to 

exclude or include the header. After inputting mutations and sequence data, we submitted the 
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query through the provided interface, initiating the analysis process. The waiting time for 

results depended on the complexity of the analysis and server load, with some tools providing 

results instantly, while others took longer. Finally, saving or downloading the results for further 

analysis was an important step, with most tools offering options to download results in various 

formats, such as text files or spreadsheets, as well as selecting the option to send it by email. 

 

PROGRAM LINK 

Panther https://pantherdb.org/tools/csnpScoreForm.jsp 

PANTHER-PSEP https://pantherdb.org/tools/csnpScoreForm.jsp 

PMut http://mmb.irbbarcelona.org/PMut/analyses/new/ 

PhD-SNP https://snps.biofold.org/phd-snp/phd-snp.html 

SIFT https://sift.bii.a-star.edu.sg/index.html 

MutationTaster 2014 https://www.mutationtaster.org/ 

MutationTaster 2021 https://www.genecascade.org/MutationTaster2021/ - transcript 

PolyPhen2 http://genetics.bwh.harvard.edu/pph2/ 

Provean http://provean.jcvi.org/protein_batch_submit.php?species=human 

Table 1 Links to bioinformatic tools 

The table lists various bioinformatics tools with links for predicting the functional impact of genetic mutations, 

including Panther, PMut, PhD-SNP, SIFT, Mutation Taster (both 2014 and 2021 versions), PolyPhen2, and 

Provean. These tools assist in evaluating the potential pathogenicity of mutations by analyzing protein sequences 

and structures. 

 

2.3 Data analysis and statistics 

The outputs from the prediction programmes were uploaded into MS Excel. Evaluating the 

results involves identifying four basic categories: true positive, true negative, false positive, 

and false negative see Table 2. This was done manually. The predictions for every mutation in 

each programme are shown in an attachment in Table 6 

 

True positive (TP): Correct identification of positive cases 

True negative (TN):  Correct identification of negative cases 

False positive (FP):  Incorrect identification of positive cases 

False negative (FN): Incorrect identification of negative cases 

https://pantherdb.org/tools/csnpScoreForm.jsp
https://pantherdb.org/tools/csnpScoreForm.jsp
http://mmb.irbbarcelona.org/PMut/analyses/new/
https://snps.biofold.org/phd-snp/phd-snp.html
https://sift.bii.a-star.edu.sg/index.html
https://www.mutationtaster.org/
https://www.genecascade.org/MutationTaster2021/#transcript
http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/protein_batch_submit.php?species=human


 

 

  

18 

Table 2 Definitions of outcomes of binary classifiers 

The table categorizes the accuracy of analysis results into four groups: correctly identified positive and negative 

cases (TP and TN), and incorrectly identified cases where positive cases are labelled negative (FN) or negative 

cases are labelled positive (FP). 

We used four statistical measurements to analyse the results - sensitivity, specificity, accuracy, 

and the Matthews correlation coefficient. These measurements were computed in MS Excel 

according to formulae listed see Table 3.  

 

Statistical measurement Formula 

Sensitivity TP/ (TP+ FN) 

Specificity TN/(TN+FP) 

Accuracy (TP + TN)/ (TP + FP + TN + FN) 

Matthews correlation coefficient 
(TP * TN – FP * FN) / ((TP + FP) * (TP + 

FN) * (TN + FP) * (TN + FN)) 

Table 3 Metrics for binary classification 

The table presents formulas for various statistical measurements used in evaluating the accuracy of protein 

mutation analysis. These measurements include sensitivity, specificity, accuracy, and the Matthews 

correlation coefficient, each calculated based on the counts of true positives (TP), true negatives (TN), false 

positives (FP), and false negatives (FN). 
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3 Results and Discussion 

 

In our analysis of the performance of computational tools for predicting the effects of mutations 

on the γ chain of fibrinogen protein, we evaluated a series of metrics: sensitivity, specificity, 

accuracy, and the Matthews correlation coefficient (MCC) see Table 4. Each metric provided 

us with insights into the strengths and weaknesses of the tools. Then we calculated mean and 

median of all the metrics to help us analyse the results more accurately. When data is ordered 

from the lowest to the greatest and number of data is odd the central value is the median. If 

there is an even number of data, then it is the average of the middle two. The mean (average) t 

is calculated as a sum of all the values in a dataset divided by the total number of values 

(Whitley2002, n.d.). 

 
SENSITIVITY 

% 

SPECIFICITY 

% 

ACCURACY 

% 
MCC 

PANTHER-

PSEP 
98.0 0.0  70.0 -0.076 

Panther 95.9 5.6 71.6 0.032 

PhD_SNP 84.0 26.3 68.1 0.118 

PMut 83.7 19.0 64.3 0.033 

SIFT 61.3 50.0  59.5 0.085 

SIFT 0.05 88.2 68.4 82.9 0.567 

SNPs&GO 94.0 5.3 69.6 -0.014 

PolyPhen2 96.2 22.2 77.1 0.287 

MutTaster14 96.1 0.0 70.0 -0.105 

MutTaster21 96.1 5.3 71.4 0.029 

Provean 90.0 5.0 65.7 -0.081 

Mean 89.4 18.8 70.0 0,080 

Median 94.0 5.6 70.0 0,032 

Table 4 Performance of bioinformatic tools 

This table lists the performance of various prediction tools used to identify genetic mutations associated with 

diseases, measuring their sensitivity, specificity, accuracy, and Matthew's Correlation Coefficient (MCC). 

Tools like SIFT 0.05 and PolyPhen2 show a balance between sensitivity and specificity with relatively high 

accuracy and MCC values, indicating their effectiveness in predicting the impact of genetic mutations. The 
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table also contains mean and median for all four statistical metrics – sensitivity, specificity, accuracy and 

MCC. 

 

3.1 Sensitivity 

Sensitivity describes the true positive rate. It measures the proportion of actual positives that 

are correctly identified by a computational tool. It is a critical metric for determining a model's 

ability to detect true positive cases. 

 

Figure 3 Sensitivity graph 

This graph compares the sensitivity of all tested programs, with percentages on the y-axis and tool names 

on the x-axis. The best-performing tool is PANTHER-PSEP with just under 90% sensitivity, and the worst-

performing tool is SIFT at around 40% sensitivity. 

 

All the tested programs provided predictions with sensitivity above 80%, but for SIFT, whose 

sensitivity of 61.3% is considerably lower see Table 4 and Figure 3. This indicates that the 

threshold value proposed by Pejaver et al may not be optimally adjusted for all types of 

proteins, particularly fibrinogen γ chain. Using the originally intended threshold 0.05, the 

sensitivity of SIFT predictions rose to 88.2%. The Panther-PSEP algorithm showed superior 

sensitivity of 98%, therefore is very accurate in detection of true positives within the dataset. 

Panther-PSEP has an approach that uses both the physicochemical properties of amino acid 

changes and the evolutionary conservation of protein sequences. Such approach is beneficial 

for proteins like fibrinogen, where evolutionary constraints may play a significant role in 
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maintaining their structure and function. High sensitivity was also obtained by PolyPhen2 

(96.2%), MutationTaster (96.1%), Panther (95.9%) and SNPs&GO (94.0%). 

 

Note, the high median value of 94.0 %, which means, that all programmes are successful in the 

prediction of pathogenic mutations. The median and mean are quite close, with the median 

94.0% and the mean 89.0 % Table 4. It implies a symmetrical distribution of data, suggesting 

a consistency in the sensitivity across programs. This means that there are not many outliers 

that significantly skew the data, which corresponds with the graph Figure 3. The mean is a bit 

lower than the median because of the SIFT’s lower sensitivity, but it does not change the overall 

results much. 

 

3.2 Specificity 

 

Specificity describes the true negative rate. It measures a tool's ability to correctly identify 

negatives, meaning how it can accurately dismiss benign mutations. High specificity means 

that the method is good at avoiding detecting true negatives. 

 

Figure 4 Specificity graph 

This graph compares the specificity of all tested programs, with percentages on the y-axis and tool names 

on the x-axis. The best-performing tool is SIFT 0.05 with 68.4 % and the worst-performing tools are 

MutationTaster14 and PANTHER-PSEP with 0%. 
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Programs exhibited low performance in specificity (median of 5.6%) and significant disparity 

in the results. This diversity in performance illustrates a fundamental trade-off between 

sensitivity and specificity. Programs like Panther-PSEP and MutationTaster14, which 

demonstrated high sensitivity yet zero specificity, reflect this trade-off by preferring the 

detection of as many true positives as possible, even at the risk of a high false positive rate. 

While such a strategy may result in many benign mutations being marked as potentially 

harmful, it can be strategically advantageous in a clinical context where missing a pathogenic 

mutation could have critical consequences. SIFT with the VarSome detection threshold 

displayed a relatively good specificity (50.0%) and when using the originally intended 

threshold 0.05 the result was even better (68.4%) see Table 4 and Figure 4. Higher specificity 

was obtained by PhD_SNP (26.3%) and PolyPhen2 (22.2%) and PMut (19.0%). The other 

programmes (Panther (5.6%), SNPs&GO (5.3%), MutTaster21 (5.3%), Provean (5.0%)) have 

specificity below 6% and PANTHER-PSEP and MutationTaster14 despite their high 

sensitivity, showed the lowest specificity of 0%, indicating a tendency to classify most 

mutations as pathogenic.  

The big difference between median (5.6%) and mean (18.8%) see Table 4 points to an 

asymmetrical distribution which can be see Figure 4. This means that many programs with low 

specificity significantly lowered the median. On the other hand, the mean is boosted by a 

minority of programs with high specificity rates, such as SIFT when using the original 

threshold (68.4%).  
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3.3 Accuracy 

Accuracy is a proportion of true results (both true positives and true negatives) out of the total 

number of cases. It reflects the overall correctness of the tools' predictions. 

 

Figure 5 Accuracy graph 

This graph compares the accuracy of all tested programs, with percentages on the y-axis and tool names on 

the x-axis. The best-performing tool is SIFT 0.05 with 82.9 % and the worst-performing tool is SIFT with 

59.5%. 

All tested programs provided predictions with accuracy above 60.0%, but for SIFT with the 

Pejaver’s et al detection threshold, whose accuracy of 59.5 % is lower see Table 4 Figure 5. 

When the threshold was adjusted to 0.05 its accuracy to 82.9%, and no other programme 

reached higher accuracy. Shift of the threshold in the other programmes did not improve their 

performance. High accuracy was also obtained by PolyPhen2 (77.1%).  

 

The accuracy shows the biggest consistency among all four metrics. It is likely affected by the 

dataset used for the evaluation, which has more pathogenic mutations than benign ones. This 

distribution reflects actual clinical situations since people without disease-causing mutations 

often don’t seek medical help. This results in higher accuracy measurements that favour the 

detection of frequent pathogenic mutations, while the identification of benign ones may not be 

as reliable. Both the mean (70.0%) and median (70.0%) accuracy rates around 70.0%, 

indicating a balanced distribution without any extreme deviations see Table 4. 
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Although the accuracy is consistent, it may not be the best indicator of a tool's effectiveness, 

especially considering the varying levels of specificity and sensitivity revealed by other graphs 

see Figure 3 Figure 4. Accuracy could remain unaffected by the balance between false positives 

and negatives, as long as the number of correct predictions remains high. This situation 

suggests that while accuracy is an important factor, it should be considered alongside other 

performance metrics to fully judge the capabilities of these tools. 

 

3.4 Matthews correlation coefficient 

MCC is a very reliable metric for evaluating the performance of binary classifiers, such as the 

computational tools used for predicting the pathogenicity of mutations. Unlike accuracy, MCC 

considers the balance between all four categories: true positives, true negatives, false positives, 

and false negatives. This makes it valuable in situations where the datasets differ in size or in 

this case where our dataset has more pathogenic mutations than benign ones. A high MCC 

indicates that the tool is not only good at identifying the true positives (sensitivity) and true 

negatives (specificity) but also that it is effective at avoiding false positives and false negatives. 

 

An MCC of +1 represents a perfect prediction, 0 is no better than random prediction, and -1 

indicates total disagreement between prediction and observation. Therefore, a high MCC value 

close to +1 is the goal for a predictive tool. 

 

 

Figure 6 Matthews correlation coefficient 
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This graph compares the Matthews correlation coefficient of all tested programs, with percentages on the 

y-axis and tool names on the x-axis. The best-performing tool is SIFT 0.05 with 0.567 and the worst-

performing tool is SIFT with -0.105 

 

Figure 6 shows the variability in MCC among the tools which is high compared to other metrics 

– sensitivity, specificity, and accuracy. This inconsistency highlights the differences in the 

tools' abilities to balance the rate of false classifications against the correct predictions. The 

MCC for SIFT at a threshold of 0.05 is the highest (0.567), which means that it achieved the 

best balance between true and false positives and negatives. Polyphen2 (0.287) and PhD_SNP 

(0.118) have MCC above 0.1. In contrast, several tools such as PANTHER-PSEP (-0.076), 

SNPs&GO (-0.014), MutationTaster14 (-0.105) and Provean (-0.081) showed negative MCC 

values. The negative values for MCC means that on average it is worse than random guessing. 

This is concerning because they are likely to misclassify mutations, which could lead to 

incorrect clinical decisions.  

 

The mean (0.078) and median (0.032) are relatively close. The closeness of the mean and 

median in the MCC despite the asymmetry means that there are extreme values on both sides 

of the scale that balance each other out see Figure 6. 

 

3.5 The overall performance 

 

In general, the tested programmes show higher sensitivity (median of 89.4 %) than specificity 

(median of 5.6%). This means, that their prediction of pathogenic mutations is more reliable 

than the prediction of benign mutations. The four tools that had negative Matthews correlation 

coefficient (MCC) values—Panther-PSEP (-0.076), SNPs&GO (-0.014), MutationTaster14 (-

0.105), and Provean (-0.081)—are concerning because the predictions made by these tools 

could be less reliable than random guessing. SIFT, with the original 0.05 threshold, had the 

highest specificity (68.4%), accuracy (82.9%), and MCC (0.567), together with a good 

sensitivity rate of 88.0%. This makes it the most reliable of the tested programmes.  However, 

SIFT's performance dropped with the Pejaver’s threshold, exhibiting a sensitivity of 61.3%, 

specificity of 50.0%, accuracy of 59.5%, and MCC of 0.085. PhD_SNP, PMut, had moderate 

scores in sensitivity and specificity, with MCC values reflecting average predictive reliability. 

PolyPhen2 showed strong sensitivity (96.2%) and moderate specificity (22.2%), with a 

relatively high MCC (0.287), making it a reliable tool, even though it does not reach the 
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performance of SIFT 0.05. Panther and MutationTaster21 showed moderate specificity and 

positive but low MCC, indicating some balance but also the need for improvement. The least 

reliable tools are PANTHER-PSEP and MutationTaster14, primarily due to their complete lack 

of specificity (0.0%) and negative MCC value. 
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4 Conclusion 

This thesis compares performance of 9 programmes for prediction of potential pathogenicity 

of mutations on 70 mutations in the fibrinogen γ chain, those are absent in dbSNP and ClinVar 

databases, e.i. databases, those are used for training of AI-based programmes. We used 

sensitivity, specificity, accuracy and MCC to evaluate the performance of the programmes. In 

general, the programs have considerably higher sensitivity than specificity, which means, that 

they are more likely to identify pathogenic mutation than the benign one.  

 

We consider SIFT with threshold 0.05 as the best program. It has the highest values of 

specificity, accuracy and MCC. Its sensitivity (88.0%) is not the highest, but it is high enough 

to support the reliability of the tool. SIFT has the best balance between all the studied metrics 

and can provide the most accurate reflection of reality, minimizing both false positives and 

false negatives. This is particularly important in the context of fibrinogen due to its significant 

role in blood clotting. On the other hand, Panther-PSEP, SNPs&GO, MutationTaster14 and 

Provean provide negative values of MCC, which means, that their reliability is inferior to 

random guessing. Thus, using these programmes, one must be very cautious.  
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7 Attachments 

7.1 Clinical manifestation of the mutations 

 

 

 

  

Program c.DNA Ensembl Pac1 Pac2 Pac3 Pac4 Pac5

A305D c.914C>A 4:154606920 meno+U1:Y70rrhagia
post-traumatic 

bleeding

A315D c.944C>A 4:154606890
stroke, spontaneous + 

induced bleeding  DVT, mild spontaneous bleeding

A315V c.944C>T 4:154606890
bl during pregnancy and post-

partum, after tooth extraction
asym

post-partum 

bleeding

A353T c.1057G>A 4:154606777
cerebral infarction, PE, 

thrombosis, hypodys, hetero

A353V c.1058C>T 4:154606776 asym

A367D c.1100C>A 4:154606734 arterial thrombosis asym asym

A367P c.1099G>C 4:154606735 bleeding

A367V c.1100C>T 4:154606734 thrombotic

A383T c.1147G>A 4:154605049
bruising, post-operative bl, 

menorrhagia
bruising, gum 

bl
asym asym

C179R c.535T>C 4:154609761 asym

C352F c.1055G>T 4:154606779 renal and splenic infarcts asym

C352S c.1054T>A 4:154606780
post-operative bleeding, 

bruising, intracranial bl
asym asym PE

C352S c.1055G>C 4:154606779 PE, DVT asym PE

C352Y c.1055G>A 4:154606779 PE DVT

C365S c.1094G>C 4:154606740
spontaneous bl, post-partum 

bl
 bleeding

D342G c.1025A>G 4:154606809 menorrhagia menorrhagia menorrhagia

D342H c.1024G>C 4:154606810 asym

D342N c.1024G>A 4:154606810 FSD

D344V c.1031A>T 4:154606803
post-operative venous 

thrombosis

D344Y c.1030G>T 4:154606804 asym

D346A c.1037A>C 4:154606797 asym

D346E c.1038T>A 4:154606796

post-traumatic bl 

(venipuncture) since 

pregnency

D346G c.1037A>G 4:154606797 asym asym

D390N c.1168G>A 4:154605028 asym

D390V c.1169A>T 4:154605027 DVT, arterial thrombosis

E239A c.716A>C 4:154608601
prolonged bleeding from cuts, 

bruising

F307L c.921C>G 4:154606913 asym

G191V c.572G>T 4:154609724 asym

G294E c.881G>A 4:154606953 asym homo

G310R c.928G>C 4:154606906 FSD epistaxis, FSD
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G335C c.1003G>T 4:154606831 asym

G335D c.1004G>A 4:154606830 asym

G359C c.1075G>T 4:154606759 DVT 

pregnancy-

associated DVT

G392S c.1174G>A 4:154605022 FSD

H333R c.998A>G 4:154606836 post-partum bleeding

thromboemboli

sm, 

miscarriages

H333Y c.997C>T 4:154606837 post-partum bleeding

post-partum 

bleeding

arterial 

thrombosis

arterial 

thromb stroke

H366N c.1096C>G 4:154606738 FSD

I105T c.314T>C 4:154611892 bl

I393T c.1178T>C 4:154605018 menorrhagia

K258T c.773A>C 4:154608544 menorrhagia asym

K406N c.1218G>T 4:154604978 post-operative thrombosis asym asym asym asym

L370F c.1108C>T 4:154606726 post-operative bl

M362K c.1085T>A 4:154606749 stroke

N256D c.766A>G 4:154608551
miscarriage followed by 

prolonged bleeding

N256H c.766A>C 4:154608551 asym

N256K c.768T>G 4:154608549

severe nose bleeding, 

stillbirth with fetal 

thrombotic vasculopathy

N334T c.1001A>C 4:154606833 asym asym

N351I c.1052A>T 4:154606782 post-operative DVT

N371D c.1111A>G 4:154606723 asym

N371S c.1112A>G 4:154606722 DVT, PE

post-operative 

bl, hematuria 

(after extreme 

sport activity)

N391K c.1173T>A 4:154605023 minor bl

R301S c.901C>A 4:154606933 asym

R401L c.1202G>T 4:154604994 asym

S339G c.1015A>G 4:154606819 thrombosis, bruising

S339N c.1016G>A 4:154606818 asym asym asym asym

S339R c.1015A>C 4:154606819 epistaxis, bruising

epistaxis, 

bruising, 

vaginal 

bleeding during 

S358C c.1073C>G 4:154606761 thrombosis, minor bleeding

S384C c.1151C>G 4:154605045 miscarriage asym asym asym asym

T303R c.908C>G 4:154606926 asym

T331A c.991A>G 4:154606843 asym

T340P c.1018A>C 4:154606816 FSD

W234L c.701G>T 4:154608616 asym easy bruising

W253C c.759G>T 4:154608558
spontaneous and induced 

bleeding, miscarriage

W279C c.837G>C 4:154608480 thrombotic

W279G c.835T>G 4:154608482
bleeding, thrombosis, 

miscarriages
homo

W395L c.1184G>T 4:154605012 bleeding

Y288C c.863A>G 4:154606971 bruising

Y304H c.910T>C 4:154606924
post-partum bleeding, 

miscarriage

Y380C c.1139A>G 4:154605057 DVT

Y389N c.1165T>A 4:154605031 DVT, PE  

Table 5 Clinical manifestaions of the mutations 
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7.2 Performance of the programs 

 

Substitution

PANTHER - 

PSEP
Panther PMut SnP&GOPhD_SNP SIFT 0.05 SIFT

Mutation 

Taster21
Mutaion Taster2014 PolyPhen2 Provean

A305D
0,19 0,692 0.1988 0,957 0,588 0,029 0,029 95 0,999991546  possibly damaging -1.402

A315D
0,5 0,692 0.6911 0,951 0,79 0,005 0,005 96 0,999999999920006    probably damaging -4.056

A315V

0,5 0,554 0.6871 0,892 0,657 0,002 0,002 97 0,999999999655284   probably damaging -2.233

A353T
0,57 0,49 0.6501 0,896 0,802 0,037 0,037 77 0,999999999992831  probably damaging -2.465

A353V 0,57 0,545 0.6501 0,831 0,725 0,003 0,003 94 0,999999999994019  probably damaging -3.346

A367D 0,57 0,684 0.5010 0,892 0,492 0 0 99 0,99999999999709  probably damaging -4.175

A367P 0,57 0,685 0.4922 0,915 0,663 0,001 0,001 97 0,999999999995209  probably damaging -3.693

A367V 0,57 0,545 0.4922 0,77 0,332 0,001 0,001 97 0,999999999987462   probably damaging -3.208

A383T
0,57 0,188 0.0557 0,295 0,223 0,682 0,682 13 0,9947216564497             benign 0.371

C179R 0,57 0,924 0.9107 0,953 0,948 0 0 97 1,0  probably damaging -9.548

C352F 0,57 0,931 0.8999 0,932 0,918 0 0 100 0,999999999999928  probably damaging -9.949

C352S
0,57 0,821 0.9055 0,9 0,864 0 0 100 0,999999999997709  probably damaging -8.878

C352S 0,57 0.9055 0 0 100 0,999999999999579  probably damaging -8.878

C352Y 0,57 0,944 0.8999 0,928 0,92 0 0 100 0,999999999999805  probably damaging -9.883

C365S
0,57 0,821 0.9055 0,925 0,904 0,002 0,002 99 0,999999999999078  probably damaging -8.441

D342G 0,57 0,801 0.8830 0,928 0,836 0,003 0,003 100 0,999999999950274  probably damaging -6.216

D342H 0,57 0,9 0.9107 0,91 0,878 0 0 100 0,999999999993704  probably damaging -6.116

D342N 0,57 0,762 0.7570 0,932 0,855 0,001 0,001 99 0,999999999967447     probably damaging -4.397

D344V
0,57 0,913 0.8999 0,95 0,928 0,002 0,002 98 0,999999999999862  probably damaging -8.185

D344Y 0,57 0,937 0.8570 0,961 0,954 0,001 0,001 97 0,999999999037483  probably damaging -8.185

D346A 0,57 0,811 0.8570 0,914 0,852 0,008 0,008 94 0,999999999930367  probably damaging -7.193

D346E

0,57 0,658 0.8184 0,895 0,788 0,095 0,095 98 0,999996835789626  probably damaging -3.633

D346G 0,57 0,801 0.8184 0,925 0,854 0,005 0,005 100 0,999999999950858  probably damaging -6.306

D390N 0,57 0,763 0.6738 0,862 0,393 0,017 0,017 51 0,999999999802725   probably damaging -4.148

D390V 0,57 0,913 0.7299 0,881 0,492 0,008 0,008 99 0,999999999999969  probably damaging -7.097

E239A
0,57 0,57 0.4810 0,641 0,173 0,003 0,003 97 0,999999997308363   probably damaging -3.247

F307L 0,57 0,416 0.5519 0,799 0,559 0,001 0,001 50 0,998177442272407  possibly damaging -3.606

G191V 0,57 0,785 0.8715 0,922 0,913 0,055 0,055 100 0,999999999999999  probably damaging -4.716

G294E 0,57 0,539 0.4385 0,771 0,5 0,052 0,052 92 0,999998094047148     possibly damaging -2.357

G310R 0,57 0,923 0.8962 0,9 0,875 0,003 0,003 100 0,999999999916227  probably damaging -3.431

G335C 0,57 0,87 0.8550 0,92 0,849 0,056 0,056 99 0,999999999990757   probably damaging -7.587

G335D 0,57 0,754 0.4405 0,881 0,681 0,059 0,059 89 0,999999999985375     probably damaging -5.816  
G359C

0,57 0,944 0.9107 0,95 0,935 0,002 0,002 100 0,999999999803975   probably damaging -7.733

G392S 0,57 0,829 0.7652 0,873 0,781 0 0 100 0,999999999994319  probably damaging -4.990

H333R

0,57 0,842 0.8999 0,929 0,779 0,002 0,002 99 0,999999998582905   probably damaging -6.701

H333Y

0,78 0,826 0.8520 0,911 0,746 0,003 0,003 97 0,999999999573312    probably damaging -5.057

H366N 0,78 0,875 0.7652 0,951 0,836 0,03 0,03 100 0,999999999873907  probably damaging -5.623

I105T 0,78 0,377 0.3513 0,474 0,252 0,095 0,095 9 0,999998301895412   probably damaging -1.152  
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I393T 0,78 0,584 0.7823 0,819 0,704 0,001 0,001 85 0,999999999562387  probably damaging -3.517

K258T 0,78 0,625 0.5131 0,778 0,502 0,023 0,023 100 0,999999999382463   probably damaging -3.796

K406N 0,85 0,599 0.7581 0,727 0,786 0,002 0,002 100 0,999999998783263    probably damaging -3.630

L370F
0,85 0,541 0.6620 0,914 0,875 0,005 0,005 86 0,999999993097948  probably damaging -2.601

M362K 0,85 0,651 0.7083 0,935 0,682 0 0 92 0,999999999813922  probably damaging -3.205

N256D
0,85 0,719 0.8715 0,901 0,663 0,013 0,013 99 0,999999997823785  probably damaging -4.232

N256H 0,85 0,9 0.8715 0,889 0,676 0,469 0,469 99 0,999999999007694   probably damaging -4.232

N256K

0,85 0,795 0.8715 0,926 0,738 0,004 0,004 100 0,999999945689623  probably damaging -5.078

N334T 0,85 0,812 0.6888 0,862 0,484 0,076 0,076 97 0,999957135987378    possibly damaging -4.396

N351I 0,85 0,589 0.8494 0,8 0,712 0,001 0,001 83 0,999998340179717  probably damaging -2.601

N371D 0,85 0,716 0.8999 0,923 0,841 0,052 0,052 98 0,999999986587345  probably damaging -4.247

N371S

0,85 0,753 0.9055 0,928 0,853 0 0 100 0,999999908666767  probably damaging -4.244

N391K 0,85 0,391 0.5664 0,611 0,261 0,007 0,007 96 0,99997134060394  possibly damaging -3.588

R301S 0,85 0,643 0.5752 0,852 0,692 0,006 0,006 100 0,999999980122279  probably damaging -2.752

R401L 0,85 0,672 0.4692 0,846 0,524 0,055 0,055 96 0,999999999471364  probably damaging -2.833

S339G 0,85 0,7 0.8570 0,809 0,598 0,001 0,001 98 0,99999887629952   probably damaging -3.604

S339N 0,85 0,799 0.8570 0,875 0,76 0,003 0,003 94 0,999999325368493  probably damaging -2.662

S339R

0,85 0,844 0.8570 0,922 0,848 0,003 0,003 81 0,999999780250065   probably damaging -4.447

S358C 0,85 0,664 0.7916 0,841 0,726 0,026 0,026 99 0,999999999957631  probably damaging -3.538

S384C 0,85 Unclassified0.4537 0,34 0,513 0,083 0,083 87 0,996270221860272  probably damaging -1.402

T303R 0,85 0,664 0.5194 0,863 0,331 0,386 0,386 94 0,999999913220628       possibly damaging -3.089

T331A 0,85 Unclassified0.7694 0,133 0,114 0 0 95 0,999999999426608   probably damaging -3.372

T340P 0,85 0,848 0.9055 0,836 0,677 0 0 99 0,999999999270544  probably damaging -5.457

W234L 0,85 0,857 0.9070 0,903 0,885 0 0 96 0,999999999996614    probably damaging -10.891

W253C
0,85 0,961 0.7178 0,911 0,905 0 0 99 1,0  probably damaging -10.388

W279C 0,85 0,961 0.8056 0,94 0,784 0,001 0,001 99 1,0  probably damaging -10.230

W279G
0,85 0,893 0.9055 0,935 0,689 0,001 0,001 100 0,999999999968805  probably damaging -10.329

W395L 0,85 0,999 0.9107 0,831 0,842 0 0 100 0,999999999995178  probably damaging -10.561

Y288C 0,85 0,947 0.8962 0,915 0,878 0 0 100 0,999999999541062  probably damaging -7.775

Y304H
0,85 0,674 0.4597 0,827 0,35 0,061 0,061 76 0,999999978193757   probably damaging -2.977

Y380C 0,85 0,946 0.6865 0,927 0,763 0,029 0,029 97 0,99999999784611   probably damaging -6.680

Y389N 0,85 0,724 0.6865 0,902 0,71 0,038 0,038 93 0,998875736119652    probably damaging -2.931  

Table 6 Overall perfomance of the programs 
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7.3 References of the mutations  

 

Substitution Citation 

A305D (Castaman et al., 2019) 

A315D (Terasawa et al., 1999) 

A315V (Chinni et al., 2019a) 

A353T (Zhu et al., 2014) 

A353V (Mukaddam et al., 2015) 

A367D (Vu et al., 2005) 

A367P (Hanss et al., 2005) 

A367V ((Brennan et al., 2005) 

 

A383T 

(Asselta, Robusto, et al., 

2015) 

C179R 
(Y. Wang et al., 2018; 

Zhu et al., 2014) 

C352F (Casini et al., 2015) 

 

C352S 
(Sheen et al., 2006) 

C352S (Kotlín et al., 2008) 

C352Y (Niwa et al., 1996) 

C365S (Mimuro et al., 1999) 

D342G (Zhu et al., 2013) 

D342H (Kamijo et al., 2021) 

D342N 

(Brennan, Wyatt, 

Ockelford, et al., 2000; 

Castaman et al., 2019) 

 

D344V 
Zhou et al., 2021a) 

 

 

D344Y 

(Brennan, Wyatt, 

Medicina, et al., 2000; 

Puls et al., 2013) 

D346A (Smith et al., 2018) 

 

 

 

D346E 

(Dear et al., 2004; 

Kagami et al., 2016) 

D346G (Ikeda et al., 2014) 

D390N (Dear et al., 2004) 

D390V 
(Chinni et al., 2019b; 

Treliński et al., 2019) 

E239A 
(Liao et al., 2014; J. 

Zhou et al., 2015) 

F307L (Mullin et al., 2002) 

G191V (J. Zhou et al., 2015) 

G294E (Meyer et al., 2006) 

G310R (Brennan et al., 2010a) 
 

G335C (Kotlín et al., 2014) 

G335D (Brennan et al., 2010b) 

G359C (Y. Wang et al., 2014) 

G392S (Asselta et al., 2015b) 

H333R (Shapiro et al., 2013) 

H333Y (Lounes et al., 1999) 

H366D 
(Robert-Ebadi et al., 

2009) 



 

 

  

1 

I105T 
(Brennan & Laurie, 

2014) 

I393T 
(Castaman et al., 2019; 

Mukai et al., 2015) 

K258T (Galanakis et al., 2014) 

K406N (Undas et al., 2009) 

L370F 
(Guglielmone et al., 

2004) 

M362K (Ushijima et al., 2017) 

N256D 
(Dear et al., 2005; Meyer 

et al., 2003a) 

N256H (Hanss et al., 2005) 

N256K (Hamano et al., 2004) 

N334T (Wei et al., 2021) 

N351I (Casini et al., 2015) 

N371D (Kumar et al., 2019) 

N371S (Gindele et al., 2021) 

N391K 

(Brennan et al., 

2015)Castaman et al., 

2019) 

R301S (Callea et al., 2017) 

R401L (Song et al., 2006) 

S339G (J. Zhou et al., 2015) 

S339N (Galanakis et al., 2014) 

S339R (Castaman et al., 2019) 

S358C (Meyer et al., 2003b) 

S384C 

(de Raucourt et al., 2005; 

van der Vorm et al., 

2018) 

 

T303R 
(Meyer et al., 2003a) 

T331A (Miesbach et al., 2010) 

T340P 
(Castaman et al., 2019; 

Steinmann et al., 1994) 

W234L (Kotlín et al., 2009) 

 

W253C 
(Bentolila et al., 1995) 

W279C (P. Zhou et al., 2021) 

 

W279G 
(Casini et al., 2015) 

W395L 
(Asselta, Platè, et al., 

2015) 

Y288C (Luo et al., 2020) 

 

Y304H 
(Zhou et al., 2015) 

Y380C 
(Cao et al., 2019; 

Ridgway et al., 1997) 

Y389N  

 

 


