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Application of Computational Biology Approaches for the Investigation of the Molecular 

Mechanisms of Cancer across Taxonomic Groups  

  
Işıl Takan, International Izmir Biomedicine and Genome Institute,  

  

ABSTRACT  

Investigating the fundamental mechanisms of tumorigenesis is considered crucial in developing 

alternative therapies and new diagnostic strategies. These mechanisms, which were investigated in 

this study, could provide an indispensable guide to identifying alternative treatment methods in 

cancer research. Data mining methods allow the evaluation of large-scale biological data. To this 

end, cross-disciplinary in silico systems biology methods by combining comparative genomics, 

differentially expressed gene profiles, biological networks and biological text mining were 

employed to investigate the molecular mechanisms of carcinogenesis in diverse taxonomic groups. 

For this purpose, the following steps were carried out: (1) Identification of novel genes/proteins 

involved in different aspects of cancer through mining publicly accessible primary genomic 

databases, (2) Conduct comprehensive in silico phylogenetic analyses of genes/proteins, covering 

the major taxonomic divisions, (3) Identification of patterns of differentially expressed genes in 

different types of cancers through processing high-throughput data derived from public 

repositories, (4) Construction of functional networks and subsequent identification of gene/protein 

modules by employing biological network inference techniques, (5) Natural language processing 

using artificial intelligence techniques for the detection of semantic relations. The findings of this 

study could have potential application in the clinical setting. In this regard, the corresponding genes 

can be exploited as diagnostic or prognostic tumor markers, and they could also be utilized in 

cancer therapeutic decision-making or the rational strategy of future experimental studies for the 

design of targeted cancer drugs.  

Keywords: Cancer; Evolution; Comparative genomics; Phylogeny; Data mining; Interaction 

network; Natural Language Processing.  
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Farklı Taksonomik Gruplarda Kanserin Moleküler Mekanizmalarının Hesaplamalı 

Biyoloji Uygulamalarıyla Araştırılması  

Işıl Takan, İzmir Uluslararası Biyotıp ve Genom Enstitüsü,  

  

ÖZET  

Tümörogenezin temel mekanizmalarının araştırılmasının, alternatif tedaviler ve yeni teşhis 

stratejileri geliştirmede çok önemli olduğu kabul edilmektedir. Bu çalışmada araştırılan 

mekanizmalar, kanser araştırmalarında alternatif tedavi yöntemlerinin belirlenmesi için vazgeçilmez 

bir kılavuz olması mümkündür. Veri madenciliği yöntemleri, geniş çaplı biyolojik verilerin 

değerlendirilmesine olanak sağlar. Bu nedenle, karsinogenez moleküler mekanizmalarını araştırmak 

için karşılaştırmalı genomik, diferansiyel eksprese olan gen profillerinin belirlenmesi, biyolojik ağ 

analizi, biyolojik metin madenciliği yöntemleri birleştirilerek disiplinler arası sistem biyolojisi 

yöntemleri kullanılmıştır. In-siliko sistem biyolojisi yaklaşımı sırasıyla; (1) erişime açık birincil 

genomik veri tabanlarının madencilik yoluyla yeni genlerin/proteinlerin belirlenmesi, (2) Başlıca 

taksonomik grupları kapsayan, genlerin/proteinlerin kapsamlı filogenetik analizlerinin yürütülmesi, 

(3) erişime açık veri tabanlarından yüksek verimli veri işleme ile farklı kanser türlerinde diferansiyel 

olarak eksprese olan genlerin belirlenmesi, (4) işlevsel ağların oluşturulması ve daha sonra biyolojik 

ağ yorumlama teknikleri kullanılarak gen/protein modüllerinin belirlenmesi, (5) Anlamsal ilişkileri 

tespit etmek için yapay zeka tekniklerini kullanarak doğal dil işleme metotlarının uygulanması 

adımlarını içermektedir. Çalışma bulgularının klinik ortamda potansiyel uygulamaya sahip olması 

mümkündür. Bu bağlamda, ilgili genler, tanısal veya prognostik tümör belirteçleri olarak 

kullanılabilir; ayrıca kanser tedavisine yönelik karar vermek veya hedefe yönelik kanser ilaçları 

geliştirmek için gelecekteki deneysel çalışmaların rasyonel stratejisinde kullanılabilmesi mümkündür.   
Anahtar kelimeler: Kanser; Evrim; karşılaştırmalı genomik; filogeni; Veri madenciliği; Etkileşim 

ağları; Doğal Dil İşleme.  

  

  

 1.  INTRODUCTION AND OBJECTIVES  
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 1.1.  Statement and Importance of the Problem  

Cancer is one of the most prevalent chronic diseases worldwide. Current anticancer 

modalities include radiation, chemotherapy, and surgery. DNA damage and genome instability 

caused by radiation and chemotherapy have also several adverse effects and usually cause toxicity. 

In general, current treatments provide a temporary advantage, and frequently result in a  

‘tsunami’ that kills both cancer and healthy cells non-selectively, as well as the development of 

cancer cell resistance (Jaffray and Gospodarowicz 2015). Better understanding of the molecular 

mechanisms that underlie cancer would enable the identification of reliable diagnostic and 

prognostic biomarkers, improve clinical decision-making and lay the foundation for the 

development of targeted therapies.  

  

 1.2.  Aims of the Study  

The goal of this study is to identify fundamental biological processes and molecular 

mechanisms/pathways implicated in carcinogenesis, highly conserved across diverse taxonomic 

groups, which could be utilized in the clinical setting or cancer-oriented experimental studies. To 

this end, in this study, in silico systems biology approaches were employed, including comparative 

genomics, phylogenetics, high-throughput data processing, statistical models, network-based 

methods, and natural language processing.  

  

 1.3.  Hypothesis of the Study  

Given the limited benefits of current treatments, there is a need for more effective and 

efficient approaches, directed towards the selective targeting of cancer cells, and at the same time, 

sparing the healthy tissue/cells and reducing any adverse effects. The early and accurate diagnosis 

of cancer is also of great importance (Jaffray and Gospodarowicz 2015; Saville et al. 2019). 

Therefore, by tracing the origin of carcinogenesis and identifying the fundamental mechanisms of 

tumorigenesis would likely enable biomedical research to introduce novel diagnostic and 

alternative therapeutic approaches for cancer.  

 2.  GENERAL INFORMATION  
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 2.1.  Unravelling the Evolutionary History of Cancer  

An evolutionary perspective of carcinogenesis would enable a better understanding of the 

underlying mechanisms of cancer. A prominent example is the “atavistic model” of cancer (Davies 

and Lineweaver 2011; Louka et al. 2021), which is based on the hypothesis that by tracing the 

origin of carcinogenesis and identifying the fundamental mechanisms of tumorigenesis would 

likely enable biomedical research to introduce novel diagnostic and alternative therapeutic 

approaches for cancer. According to this model, cancer results from the activation of highly 

conserved, primitive genes, leading to molecular phenotypes in single-celled organisms and 

population dynamics.  

  

The disruption of genes and processes associated with increased intercellular collaboration, 

which occurred in early metazoan life, is a trigger of carcinogenesis (Bussey et al. 2017; Trigos et 

al. 2017). The study of the underlying molecular mechanisms of cancer in different taxonomic 

groups would enable the identification of genes and pathways of high importance in 

carcinogenesis.  

  

2.1.1. Evolution of jaws propels occurrence of tumor metastasis  

Apart from being a disease of genetic deregulation, cancer is an evolutionary and ecological 

process, and tracing its evolution could indicate routes to metastasis. Darwinian laws apply to both, 

tumors and the respective organisms on which they grow, since heterogeneous tumor cell 

population undergoes selection of the fittest within a population of organisms which is also under 

evolutionary pressure. Moreover, all metazoa develop tumors, but differences in their metastatic 

potential are observed across phyla. Considering that all animal phyla may have derived from a 

common progenitor through major macroevolutionary events, how species capable of metastasis 

descended from nonmetastatic ancestors was investigated. Given that the genetic attributes of a 

specific species are accessible to the respective tumor, we hypothesized that the same genetic gains 

through which the species evolved may have offered selective advantages for the evolution of the 

primary tumor towards aggressive stages.  

Cyclostomes are basal to the vertebrate clade and are the only living representatives of 

jawless vertebrates (agnatha). Cyclostomes is a monophyletic group (Teishima et al. 2014), 
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comprised of the Petromyzontia (lampreys), which are living fossils from the late Devonian period 

(Cui et al. 2019), and Myxinoidei (hagfishes).  

  

The occurrence of tumors in Cyclostomes and the histopathological characteristics thereof 

has been the major focus of Falkmer and colleagues during the seventies (Bhattacharya, Ray 

Chaudhuri, and Roy 2018; Cui et al. 2019; Jizhong Wang et al. 2020) and, up to this day, these 

reports are considered the most extensive, detailed and well-controlled studies on this enigmatic 

basal vertebrate superclass.  

  

Falkmer screened two large populations of hagfishes and lampreys for tumor incidence. Out 

of 6000 lampreys caught in the Ume and the Ricklean rivers between 1973 and 1974, only one 

individual (0.017%) presented well differentiated primary hepatocellular carcinoma. In contrast, 

of the 27,300 hagfishes captured in the Gullmar fjord within five years (1972-1976), up to 5.8% 

exhibited liver adenomas and carcinomas. This percentage was substantially higher as compared 

to the tumor-bearing hagfishes (2.8%) in the control group, which was the open-sea population of 

1183 individuals that were caught outside the fjord.  

  

Intriguingly, the affected hagfishes developed tumors with high or low differentiation, but 

no signs of metastasis (Bhattacharya, Ray Chaudhuri, and Roy 2018; Cui et al. 2019; Jizhong Wang 

et al. 2020). This increased cancer incidence was attributed to a mixture of PCBs (polychlorinated 

biphenyls) and DDT (dichlorodiphenyltrichloromethylmethane), two anthropogenic 

organochloride contaminants which were washed down the fjord. Because hagfishes were 

parasitizing on PCB/DDT-contaminated fishes, these agents bioaccumulated and triggered 

carcinomas in the liver and, to a lesser extent, in pancreatic islets (Jizhong Wang et al. 2020). The 

fact that despite their exposure to confirmed carcinogens (T. Chen et al. 2017; Y. Huang et al. 

2015; Matsuda et al. 2011, 2012), a certain percentage of hagfishes developed malignant tumors, 

but none of the 28,483 subjects developed metastasis, suggests that these animals may be 

metastasis-refractory or metastasis-incapable. Nevertheless, in Chondrichthyes, fifty cases of 

spontaneous cancer, including invasive (T. Chen et al. 2017) and metastatic (Kim et al. 2019; Ju 

Wang et al. 2011) tumors, have been reported in the wild since the 1900s, suggesting that the 
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descendant species of Cyclostomes are capable of metastasis. There is an increased incidence of 

tumors in Osteichthyes and more frequent metastatic cases/events (Teishima et al. 2014; Ju Wang 

et al. 2011; Wein et al. 2017). In amphibia (Montazeri and Bellmunt 2020), reptiles and birds (Y. 

Huang et al. 2015), invasive and metastatic cancers are more common, while mammals show an 

increased prevalence of metastatic cancers (Brand et al. 2014). Collectively, an overview of the 

reported tumors within the vertebrate clade suggests the consistent occurrence of metastatic tumors 

in Chondrichthyes and descendants, thereby determining the origin of metastasis between 

Cyclostomes and Chondrichthyes (Figure 1). Metazoans occupy sequential node positions in the 

phylogenetic tree, each revealing for the first time an indispensable macroevolutionary trait that is 

consistently inherited by descendants (Table 1). In jawless vertebrates, an interplay between cancer 

and immune cells might have promoted co-evolution between metastatic tumors and the immune 

system in their gnathostome descendants. It is possible that cancer cells showed a preference for 

exploiting gnathostome- specific innovations, such as jaws, to increase their fitness into a rapidly 

changing tumor microenvironment, which became enriched in adaptive immune cells. If this is 

indeed the case, then perhaps metastasis can be perceived as a collateral effect of the evolution of 

the immune system in vertebrates.  

  

Preclinical studies using in vitro cell lines, mouse xenografts and/or patient samples 

underscore that most of the invasive stages in a cancer type-dependent manner are known pro- 

metastatic drivers. For several of them, molecular modifiers have been developed and entered 

clinical trials, either as monotherapies or as combination regimens (The ClinicalTrials.gov 

database Accessed 1 May 2020). Regarding the age of the hubs of s jaw-developmental network 

which are deregulated in invasive cell lines, our studies indicate that 37.2% (16 out of 43) occurred 

first in gnathostomes, whereas 16.3% (7 out of 43) were of pre-gnathostome origin (Table 2).  
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Figure 1: Phylogenetic tree representing the evolutionary relationships of metazoa and the 

emergence of metastasis in the cyclostome-to-Chondrichthyes transition Each phylogenetic group 
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has manifested, for the first time, a key innovation that was conserved throughout the lineage. In 

the case of Protochordates, due to their nodal position between invertebrates and vertebrates, both 

Cephalochordates and Urochordates were included in the present analysis. Red-colored clades 

indicate groups with lethal cancer types. Tumors were classified as benign, malignant/non- 

metastatic, or malignant and metastatic, based on information obtained from histological 

analyses. Invasive and metastatic tumors have been reported from Chondrichthyes to mammals. 

Mollusks have infectious and invasive cancers, while the urochordates are resistant to cancer. The 

red dot on the tree represents the common chordate ancestor, which gave rise to both, metastatic 

(green dots) and non- metastatic species (yellow dots). There is also the representation of the 

origins of a closed circulatory system and of acquired immunity. All chordates have a closed 

circulatory system. Adaptive immunity first occurs in cyclostomes, whereas all their ancestors 

exhibit only innate immunity. Model of the progression from a normal cell to metastatic cancer 

based on an original illustration by Iacobuzio-Donahue et al. 2012  



 

 

  

  

  

  

Table 1: Taxa under study and hallmark macroevolutionary characteristic(s) that first appeared in each taxon. The circulatory 

and immune systems of each taxonomic group are also presented.  

  

  
TAXON  

EVOLUTIONARY HALLMARK 

FIRST APPEARED IN TAXON  
  

CIRCULATORY SYSTEM  
  

IMMUNE DEFENSE  
Porifera  multicellularity  no circulatory system  innate immunity  

Cnidaria  tissues  no circulatory system  innate immunity  

  
Platyhelminthes  

bilateral symmetry, triploblastic  
(endoderm-mesoderm-exoderm)  

 no circulatory system   innate immunity  

  
Nemertea  

circulatory system, complete digestive 

system  
 open circulatory system    

Innate immunity  
Nematodes  body cavity  no circulatory system  innate immunity  
Molluscs  coelom  open circulatory system  innate immunity  

  
Echinodermata  

  
deuterostome development, endoskeleton  

Main circulation of coelomic fluids by 

peritoneal cilia  
 innate immunity  

  

  
Cephalochordates  

notochord, dorsal tubular nerve cord, 

pharyngeal pouches, endostyle, postnatal  
tail  

  
closed circulatory system. Ventral heart, with  

dorsal and ventral blood vessels  

  

  
innate immunity  

  

  
Urochordates  

notochord, dorsal tubular nerve cord, 

pharyngeal pouches, endostyle, postnatal  
tail  

  
closed circulatory system. Dorsal and ventral  

blood vessels. No heart  

  

  
innate immunity  

Cyclostomes  neural crest  closed circulatory system, 2-chambered heart  innate and adaptive immunity  
Chondrichthyes  cartilaginous jaws  closed circulatory system, 2-chambered heart  innate and adaptive immunity  

Osteichthyes  bony endoskeleton  closed circulatory system, 2-chambered heart  innate and adaptive immunity  

  
Amphibia  

 lungs, tetrapod leg  closed circulatory system, double circulation, 

3-chambered heart  
  

innate and adaptive immunity  

  
Reptiles  

 amniotic egg  closed circulatory system, double circulation, 

3-chambered heart  
  

innate and adaptive immunity  



 

 

  
Birds  

 endothermy, homeothermy  closed circulatory system, double circulation, 

4-chambered heart  
  

innate and adaptive immunity  

  
Mammals  

 hair, mammary glands  closed circulatory system, double circulation, 

4-chambered heart  
  

innate and adaptive immunity  

  

  

Table 2: Status of preclinical and clinical cancer research studies on the hub JIGs that are deregulated in invasive cancer cell 

lines  

  

Study system(s)  TARGETED THERAPIES  REFs#  



 

 

  
GENE$  

PRECLINICAL STUDIES   
  Effect on cell    

Cancer type(s)  invasion and/or 

metastasis  

Clinical trials  Approved/marketed drugs  

  
BMP4  

breast, colon, esophageal  
squamous cell carcinoma,  

glioma, hepatocellular, 

melanoma  

  
promoting or 

inhibiting  

cancer cell lines,  
mouse  

xenografts, 

patient samples  

  
1 in phase 1  

  
ND*  

[1-8]  

  
CDON  

  
prostate, endometrial, 

colorectal  

  
promoting  

cancer cell lines,  
mouse  

xenografts, 

patient samples  

  
ND  

  
ND  

[9-11]  

  

  
EGFR  

  
breast, lung, melanoma,  

prostate  

  

  
promoting  

cancer cell lines,  
mouse  

xenografts, 

patient samples  

15 in early phase 1  
549 in phase 1  

1071 in phase 2  
258 in phase 3  
37 in phase 4  

cetuximab, dacomitinib,  
erlotinib, gefitinib, lapatinib, 

necitumumab, neratinib,  
osimertinib, panitumumab,  

vandetanib  

[12-20]  

  
FGF18  

  
breast, lung, ovarian,  

gastric  

  
promoting  

cancer cell lines,  
mouse  

xenografts, 

patient samples  

  
1 observational, 

recruiting  

  
ND  

[21-25]  

  
FGF9  

  
gastric, prostate, ovarian  

  
promoting  

cancer cell lines,  
mouse  

xenografts, 

patients samples  

  
ND  

  
ND  

[26-31]  

  

  
FGFR2  

  

 breast, colorectal, gastric  

    

 promoting  cancer cell lines,  
mouse  

xenografts, 

patient samples  

  
9 in phase 1  

27 in phase 2  
6 in phase 3  
1 in phase 4  

erdafitinib: FDA-approved for 

metastatic bladder cancer  
  

pemigatinib: FDA approved 
for locally advanced or  

metastatic 

cholangiocarcinoma  

[32-38]  

  
FGFR3  

  
bladder, hepatocellular  

  
promoting  

cancer cell lines, 

mouse xenografts  

6 in phase 1  
22 in phase 2  
3 in phase 3  

erdafitinib: FDA-approved for 

metastatic bladder cancer  
[37-40]  

  



 

 

           pemigatinib: FDA approved 
for locally advanced or  

metastatic cholangiocarcinoma  

  

  
GLI2  

bladder, gastric,  
glioblastoma,  

hepatocellular, melanoma,  
osteosarcoma, prostate  

  

promoting  

  
cancer cell lines, 

mouse xenografts  

  

ND  

  
ND  

[41-48]  

GLI3  
colorectal, lung, oral  

squamous cell carcinoma  
 promoting   cancer cell lines,  

mouse xenografts  
 ND  ND  

[49-51]  

  
GPC3  

  
breast, gastric,  

hepatocellular, ovarian  

  
promoting or 

inhibiting  

 cancer cell lines,  
mouse  

xenografts, 

patient samples  

  
12 in phase 1, 2 

in phase 2  

  
ND  

[52-57]  

  
ITGB1  

  
colorectal, esophageal,  

ovarian  

  

promoting  

 cancer cell lines,  
mouse  

xenografts, 

patient samples  
1  
2  

1 in early phase 

1 in phase 1 

in phase 2  

  
ND  

[58-62]  

  
MMP2  

  
breast, colorectal, lung  

  

promoting  

 cancer cell lines,  
mouse  

xenografts, 

knockout mice  

  
3 in Phase 1  
1 in Phase 2  

  
ND  

[63-66]  

  
SFN  

  
lung, pancreatic  

  

promoting  

 cancer cell lines,  
mouse  

xenografts, 

patient samples  

  

ND  

  
ND  

[67-72]  

  

  

  
SHH  

  

  
bladder, breast, gastric,  
lung, oral squamous cell  

carcinoma, osteosarcoma,  
prostate  

  

  

  
promoting  

  

  
cancer cell lines,  

mouse  
xenografts, 

patient samples  

  1 in early phase 1  
1 in phase 1  
7 in phase 2  
1 in phase 3  

glasdegib: FDA-approved for  
AML  

sonidegib: FDA-approved for  
locally advanced basal cell 

carcinoma  
vismodegib: FDA-approved 

for metastatic basal cell 

carcinoma  

[73-85]  

  

  

SPRY2  

colon, glioblastoma, lung, 

ovarian, renal cell 

carcinoma,  
rhabdomyosarcoma,  

prostate  

  
promoting or 

inhibiting  

 cancer cell lines,  
mouse  

xenografts, 

patient samples  

  

  
ND  

  

  

ND  

[86-94]  



 

 

  
  

  

  
VEGFA  

    

  
breast, colorectal,  

glioblastoma, lung, renal 
 

carcinoma, ovarian, 

sarcoma  

  

cancer cell lines,  
mouse 

promoting xenografts, patient 

samples  

  
13 in early phase 1  

145 in phase 1  
338 in phase 2  
68 in phase 3  
8 in phase 4  

axitinib, bevacizumab,  
cabozantinib, lenvatinib, 

pazopanib, ponatinib,  
ramucirumab, regorafenib, 

sorafenib, sunitinib, 

vandetanib, ziv-aflibercept  

[95-98]  

  

  

DYNC2H1  

  

  

gastric  

frequently mutated  
in gastric tumors  

with N3 stage 

lymph node 

metastasis  

  

  

patient samples  

  

  

ND  

  

  

ND  

[99]  

  
EDNRA  

bladder, breast, colon,   
head and neck, gastric, 

melanoma, nasopharynx, 

ovarian, prostate  

promoting  

  
cancer cell lines, 

mouse xenografts  

3 in Phase 1  
8 in phase 2  
7 in phase 3  

  
ND  

[100-105]  

  
GAS1  

   breast, colorectal, gastric, 

hepatocellular, melanoma  
inhibiting  

cancer cell lines,  
mouse  

xenografts, 

patient samples  

  
ND  

  
ND  

[106-112]  

IFT57  breast, prostate  
associated with  

disease recurrence  
patient samples  ND  ND  

[113, 114]  

LRP2  
melanoma, renal cell  
carcinoma, prostate  

associated with 

disease recurrence  
patient samples  ND  ND  

[115-117]  

  
SMO  

   breast, head and neck 

squamous cell carcinoma  
promoting  

cancer cell lines,  
mouse  

xenografts, 

patient samples  

1 in early phase 1  
13 in phase 1  
10 in phase 2  

vismodegib: FDA-approved 

for metastatic basal cell 

carcinoma  

[85]  
[118, 119]  

  
WNT3A  

    
colon, lung  promoting  

cancer cell lines,  
mouse  

xenografts, 

patient samples  

  
ND  

  
ND  

[120, 121]  

$ Grey-colored rows highlight gnathostome-specific genes, and white lines genes of pregnathostome origin  
*ND - not determined  

# References are provided in ADDENDA 8.3.  
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2.1.2. Functional implications of keratins in cancer biology  

Keratins (KRTs) constitute the intermediate filament-forming proteins of epithelial cells. 

They are also grouped as "soft" and "hard" keratins on the basis of their physicochemical properties. 

Hard keratins make up morphological structures such as scales, claws and feathers in birds and hair 

and nails in mammals. Soft epithelial keratins are highly involved in epithelial cell protection from 

mechanical and non-mechanical stressors and also play a regulatory role in apical-basal plasma 

membrane polarity, cell size, cell motility, protein synthesis, membrane trafficking and signaling 

pathways that regulate cell response to wound healing, cell growth and cell death (Coulombe and 

Omary 2002; Moll, Divo, and Langbein 2008). Because of these properties, soft keratins are known 

to have a prominent role in several aspects of cancer pathophysiology, including cancer cell 

invasion and metastasis, and several members of the KRT family serve as diagnostic or prognostic 

markers (Karantza 2011).  

  

The human genome contains both functional KRT genes and nonfunctional KRT 

pseudogenes, which are arranged in two uninterrupted clusters on chromosomes 12 and 17 (Figure 

2 a-b) (Hesse et al. 2004). This exceptional characteristic of KRTs renders them ideal for 

evolutionary studies in order to infer the timing and direction of gene duplication events. However, 

there is a lack of a comprehensive in silico analysis of keratins which would enhance our 

understanding regarding the functional implications of keratins in cancer biology among tumor-

bearing species.  

  

  

(a)  

  

   

(b)  



 

  15  

  

  

  

   

Figure 2: Keratin clusters on chromosomes (a) 12 and (b) 17 (Downloaded from Ensembl genome 

viewer; http://www.ensembl.org/).  

Similar protein sequences tend to share similar biological functions and three-dimensional 

structures. Therefore, investigating the evolutionary relationships among the putative KRT 

candidate gene products and the well-annotated ones enabled us to assign roles/functions to the 

unknown proteins. Duplication and mutation events during evolution gave rise to the KRT gene 

family, which is essential for developing novel genes. It has been shown that kallikreins 

(Pavlopoulou et al. 2010), oxidative phosphorylation (OXPHOS), keratin-associated proteins  

(KRTAPs) (Wu, Irwin, and Zhang 2008), and bitter taste receptor (T2R) gene families (de Grassi, 

Lanave, and Saccone 2008), which have undergone a series of duplications, are implicated in 

critical physiological processes.  

Despite the critical properties of keratins, there is a lack of comprehensive phylogenetic 

analysis to understand the relationship between keratins and species. Some studies have shown 

active keratin involvement in cancer cell invasion and metastasis, which are highly critical stages 

of tumorigenesis and essential in response to treatment. In this study, the evolutionary history of 

the KERATIN gene family was reconstructed.  

  

For this purpose, comprehensive phylogenetic analyses of the corresponding KRT 

homologous proteins in multiple genomes were performed. To this end, the publicly available 

genomes, including those completed recently, were searched extensively for keratin homologs. 

Phylogenetic trees based on the entire length of keratin homologous proteins were reconstructed.  

Comprehensive phylogenetic analyses of KRT homologous proteins have been performed.  

  

http://www.ensembl.org/)
http://www.ensembl.org/)
http://www.ensembl.org/)
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 2.2.  Bioinformatics approaches  

  
2.2.1. Database Homology Search  

Homologous sequences, that is, sequences with shared ancestry tend to exhibit similar 

sequences, structures and biological functions. Therefore, a putative protein sequence can be 

compared against well-annotated sequences in databases, like NCBI GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/; (Benson et al. 2017)), Ensembl  

 (http://www.ensembl.org/;  (Zerbino  et  al.  2018))  or  UniProtKB  

(https://www.uniprot.org/uniprot/; (UniProt Consortium 2018)), with resolved structure and 

experimentally verified function, in order to predict its structure and infer its function. This process 

is called database sequence similarity search, or homology searching, where a query sequence is 

searched against each sequence in the database for the discovery of similar sequences. BLAST 

(Basic Local Alignment Search Tool) (Altschul et al. 1990) is a popular local alignment heuristic 

algorithm for database homology search.  

  

2.2.2. Sequence Alignment  

Sequence alignment is the first step used to quantify similarity and allows to make inferences 

regarding the evolutionary history of the aligned sequences (Hodgman, 2010).  

  

Pairwise sequence alignment is the alignment of two sequences (RNA, DNA or protein 

sequences). Pairwise sequence alignments can be interpreted in terms of evolution. For instance, 

when identical residues are aligned, then these residues are derived from a common ancestral 

sequence and have remained unchanged (conserved), suggesting structural or functional 

importance of this residue; conversely, when non-identical residues are aligned, then a residue has 

been likely substituted during the course of evolution by another one.  

  

Multiple sequence alignment (MSA) is the alignment of three or more RNA, DNA or protein 

sequences (L. Wang and Jiang 1994). There are several MSA methods (e.g., iterative, progressive, 

consistency-based) used to maximize the scores and the accuracy of the alignments. MSA illustrate 

the inter-relationships among sequences and are informative about evolutionary conservation. 

Conserved residues that are aligned across the length of quite diverse sequences have presumably 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.ensembl.org/%3B
http://www.ensembl.org/%3B
http://www.ensembl.org/%3B
https://www.uniprot.org/uniprot/
https://www.uniprot.org/uniprot/
https://www.uniprot.org/uniprot/
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descended from a common ancestor and they often play a critical role in the maintenance of 

structural stability or biological function. Notably, MSA represents the most critical step in 

phylogenetic analysis.  

  

2.2.3. Phylogenetic Analysis  

Phylogenetics is the study of the evolutionary relationships among sequences or taxa.  

Phylogenetic analysis can be employed to describe relationships of paralogues in a gene family, 

and the differentiation and cancer development (Salipante and Horwitz 2006; Yang and Rannala 

2012).  

  

2.2.3.1. Phylogenetic Tree Construction  

Investigating the evolutionary relationships among the putative genes/gene products and the 

well-annotated ones would allow the assignment of function and structure to the unknown 

genes/proteins. Phylogenetic trees are used to visualize the inferred evolutionary relationships. The 

use of alignment-based methodologies in phylogenetic tree construction is common and affects 

tree structure formation with alignment parameters, including insertions, deletions, and gaps. The 

methods for reconstructing phylogenetic trees are classified into two major categories, the distance-

based and the character-based (Benner, Bačák and Bourguignon 2014, Gonnet 2012).  

2.2.3.2. Character-Based Methods of Phylogenetic Inference  

Character-based methods such as maximum parsimony and maximum likelihood, which use 

probability and considerable variation in a set of sequences, compare all sequences simultaneously, 

consider one character (or column in an alignment) separately, and search for the tree that 

accommodates best all of this information (Yang and Rannala 2012). They evaluate a subset of all 

plausible trees, discarding those trees with a topology unlike to fit the observed data. Although 

maximum parsimony and maximum likelihood approaches consider the tree that requires the least 

number of changes to perform the alignment as the tree with the best score, the maximum 

parsimony is adversely affected by long-branch attraction (i.e., sequences with no significant 

similarity cluster together) and provides the least information about branch lengths  

(Jäger 2018).  
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2.2.3.3. Distance-Based Methods of Phylogenetic Inference  

Distance-based methods use the dissimilarity (the distance) between the two sequences to 

construct trees. The computational intensity of these methods is less compared to the character- 

based methods which are more accurate due to the consideration of evolution at specific sites (e.g., 

catalytic sites). The evolutionary distance matrix and the tree-building algorithm are components 

of distance-based methods. The evolutionary distance matrix has the distance between pairs of 

objects derived from a substitution model, and then a tree is constructed hierarchically from the 

distance matrix (Jäger 2018).  

  
2.2.3.4. Bootstrap analysis  

Bootstrapping is the most common approach to evaluate the reliability of the inferred 

phylogenetic tree. In bootstrapping, the original dataset is randomly sampled by replacing the 

columns of a multiple sequence alignment to generate multiple pseudo-datasets of the same size as 

the original dataset (Soltis 2003). Some columns may be sampled more than once and others not at 

all. Trees for each pseudo-dataset are constructed. In the generated consensus tree, the frequency 

with which each node in the tree is reproduced is calculated. Bootstrap values depict the reliability 

of particular branches in the phylogenetic tree, where values above 70% for any given node provide 

95% confidence that the grouping is reliable. In this study, bootstrap analysis was conducted to 

evaluate the statistical significance of the reconstructed trees.  

  
2.2.4. Database Construction  

Structured Query Language (SQL), one of the databases managing language (ANSI: 

American National Standards Institute), is used to perform database construction, deletion, 

modifying rows such various operations (Sengupta and Dalkilic 2002). For this thesis, the database 

was created to easily access, manage, and update the collection of the datasets. Microsoft SQL 

Server Management Studio was used to manage the cancer database (https://www.microsoft.com/).  

  

2.2.5. Natural Language Processing  

Natural language processing (NLP) combines Artificial Intelligence (AI) and computational 

linguistics to construct logical relations between human language and computers, so as to convert 

large amounts of text documents into a form that can be processed and be suitable for further 

https://www.microsoft.com/
https://www.microsoft.com/
https://www.microsoft.com/


 

  19  

analysis. This thesis focused on establishing semantic relationships among the top ranking 50 

similar words implicated in keratins and cancer for each member of the KRT gene family through 

biomedical literature mining, with the application of NLP methods (Lou, et al. 2019).  

  

CL  

Figure 3: The scheme depicts the association of artificial intelligence (AI), natural language 

processing (NLP), machine learning (ML), deep learning (DL) and computational linguistics 

(CL).  

2.2.5.1. Tokenization  

Tokenization is a method of dividing a text document into smaller units called tokens to be 

able to recognize the entities. Tokens can consist of one word or more or can be characters or sub-

words (Garat and Wonsever 2019).  

  

2.2.5.2. Stop words  

Stop words typically apply to the most frequent words in a language; there is no one 

standardized stop word list used by all the natural language processing tools. Removing stop words 

in Named entity recognition (NER) (Zhang and Elhadad 2013), categorizing and extraction of key 

entity, increases the performance rate and affects the ranking, and thus stop words are generally 

omitted from the datasets.  

  

2.2.5.3. Stemming  

Stemming algorithms work by meaningfully trimming inflectional groups at the end or 

beginning of a word, considering a list of common suffixes in a word to reach a common base word 
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form. The indiscriminate segment of data preparation is successful most of the time but not always. 

Therefore, finding the root of words through lemmatization becomes important (Sugumar 2018).  

  

2.2.5.4. Lemmatization  

As opposed to stemming, lemmatization takes into account the morphological analysis of 

words. In order to analyze words morphologically, it is necessary to have detailed dictionaries that 

the algorithm can utilize. In the natural language processing libraries, stemming algorithms are 

used in conjunction with lemmatization algorithms to obtain more accurate results (Arora and 

Kansal 2019).  

2.2.5.5. Word embeddings  

Word Embeddings are considered the most popular learned representation methods for text, 

where words have the same meaning in a numerical manner. Word2Vec is one Natural Language 

Processing system that uses neural networks in order to create a distributed word representations 

in a corpus (Wu, et al. 2019).  

A continuous Bag of Words (CBOW), one of the word representation language model 

architectures, was constructed, which forms a new text vector representation. Word2Vec training 

methods include CBOW as a parameter to learn text features in a more effective way (Liu 2018).   
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 3.  MATERIALS AND METHODOLOGY  

  

 3.1.  Type of the Study  

 This study was conducted based on computational methods.  

  
 3.2.  Time and Place of the Study  

  
This study was conducted in Izmir Biomedicine and Genome Institute from December 2020 

to May 2022.  

  

 3.3.  Materials and Methods of the Study  

In this thesis,  • Protein sequences were 

collected from the:  

  
National Center for Biotechnology Information (NCBI) RefSeq 

[https://www.ncbi.nlm.nih.gov/refseq/].  

  

ENSEMBL [(http://www.ensembl.org/].  

  
UniProt KnowledgeBase (UniProtKB) (https://www.uniprot.org/uniprot/).  

  

• RNA sequencing (RNA-Seq) gene expression data for tumor and corresponding normal 

tissue samples from the TCGA (The Cancer Genome Atlas) and GTEx (Genotype- Tissue 

Expression) databases, respectively, were downloaded from the GEPIA2 (Gene  

Expression Profiling Interactive Analysis) online web server (Tang et al. 2019) 

(http://gepia2.cancer-pku.cn/).  

• The gene/protein associations were retrieved from STRING (Search Tool for the 

Retrieval of Interacting Genes) (Szklarczyk et al. 2017) (https://string-db.org/).  

• Articles were collected from the scientific literature database MEDLINE/PubMed 

(https://pubmed.ncbi.nlm.nih.gov/) for the analysis of word embeddings for semantic 

relationship inference.  

 3.4. Variables of the Study  

The variables of this study are: tumor samples and corresponding normal tissue samples 

obtained from the TCGA and GTEx databases, respectively; protein sequences collected from 

http://www.ncbi.nlm.nih.gov/refseq/
http://www.ncbi.nlm.nih.gov/refseq/
http://www.ensembl.org/
http://www.ensembl.org/
http://www.ensembl.org/
http://www.ensembl.org/
http://www.ensembl.org/
http://www.ensembl.org/
https://www.uniprot.org/uniprot/
https://www.uniprot.org/uniprot/
https://www.uniprot.org/uniprot/
http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
https://string-db.org/
https://string-db.org/
https://string-db.org/
https://string-db.org/
https://string-db.org/
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NCBI RefSeq (O’Leary et al. 2016), ENSEMBL (Zerbino et al. 2018), UniProtKB (UniProt  

Consortium 2018); articles collected from the scientific literature database MEDLINE/PubMed 

(https://pubmed.ncbi.nlm.nih.gov/) for the analysis of word embeddings for semantic relationship 

inference.  

  

 3.5.  Programming Languages and Tools for Data Processing  

 Programming languages and software are list below:  

  
• R programming language analyses (http://www.r-project.org/) (differential gene 

expression analysis and visualization)  

• Python programming language (https://www.python.org/) (natural language 

processing, phylogenetic analysis, sequence alignment, data collection and processing, 

import data to SQL server)  

• MSSQL (cancer database construction)  

• Bash scripting (multiple sequence alignment, data collection and processing)  

• Cytoscape (https://cytoscape.org/) (visualization of semantic relation networks, 

protein-protein interaction network and gene-cancer network)  

• NCBI (https://www.ncbi.nlm.nih.gov/) online tools (BLASTP, TBLASTN)  

• STRING (https://string-db.org/) (Protein-Protein Interaction)  

• ENSEMBL (http://www.ensembl.org/) (Genome Browser)  

• Software  package  MEGA  (https://www.megasoftware.net/)  version 

 10.  1  

(phylogenetic tree construction)  

• iTOL (https://itol.embl.de/) online (phylogenetic tree visualization)  

 3.6. Research plan and timeline  

  

  

http://www.r-project.org/)
http://www.r-project.org/)
http://www.r-project.org/)
http://www.r-project.org/)
http://www.r-project.org/)
http://www.python.org/)
http://www.python.org/)
http://www.ncbi.nlm.nih.gov/)
http://www.ncbi.nlm.nih.gov/)
http://www.ensembl.org/)
http://www.ensembl.org/)
http://www.ensembl.org/)
http://www.ensembl.org/)
http://www.megasoftware.net/)
http://www.megasoftware.net/)
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Type I KRT gene family  

  
• Sequence data collection  

• Cross-Genome Search for 

Orthologs  

• Phylogenetic analysis  

  

  

  

  

December-May 2020  

  

Type II KRT gene family  

  
• Sequence data collection  

• Cross-Genome Search for 

Orthologs  

• Phylogenetic analysis  

  

  

  

  

May-June 2021  

  

Cancer Database Construction  

  

  

  

  

  

  

May-2021 March 2022  

  

Differential Gene Expression Analysis  

  

Protein-Protein Interaction Network  

Analysis  

  

Natural Language Processing of Keratins  

  

 3.7. Phylogenetic Tree Construction  

Phylogenetic trees were constructed in order to infer and visualize phylogenetic relationships. 

The overall procedure consists of two major steps, homologs search and phylogenetic inference, 

which are further divided into six major substeps described below.  



 

  24  

  
  

Figure 4: Graphical representation of the workflow for phylogenetic inference.  

3.7.1. Database Searching 

Approved symbols and names of keratins were retrieved from the HUGO Gene  

Nomenclature Committee (HGNC) database (https://www.genenames.org/; (Bruford et al. 2008)) 

(Table 3). The symbols were used to retrieve well-annotated gene/protein sequences.  

  

Table 3: HGNC IDs, approved symbols, names, and synonyms for Type I KRT genes.  

  

HGNC ID (gene)  Approved symbol  Approved name  Previous symbols  Aliases  

6412  KRT1  keratin 1  EHK1  KRT1A  

https://www.genenames.org/
https://www.genenames.org/
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6439  KRT2  keratin 2  KRT2A  KRTE  

6440  KRT3  keratin 3    CK3, K3  

6441  KRT4  keratin 4  CYK4  CK4, K4  

6442  KRT5  keratin 5  EBS2  KRT5A  

6443  KRT6A  keratin 6A  KRT6C, KRT6D  CK6C, K6C, CK6D, K6D  

6444  KRT6B  keratin 6B  KRTL1    

20406  KRT6C  keratin 6C  KRT6E    

6445  KRT7  keratin 7    K7, CK7, K2C7, SCL  

6446  KRT8  keratin 8    CARD2, K8, CK8, CYK8,  

K2C8, KO  

28927  KRT71  keratin 71    KRT6IRS, KRT6IRS1,  

K6IRS1  

28932  KRT72  keratin 72    K6IRS2, KRT6IRS2, KRT6,  

K6irs  

28928  KRT73  keratin 73    KRT6IRS3, K6IRS3  

28929  KRT74  keratin 74    K6IRS4, KRT5C, KRT6IRS4  

24431  KRT75  keratin 75    K6HF  

24430  KRT76  keratin 76    HUMCYT2A, KRT2B,  

KRT2P  

20411  KRT77  keratin 77  KRT1B    

28926  KRT78  keratin 78    K5B  

28930  KRT79  keratin 79    K6L, KRT6L  

27056  KRT80  keratin 80    KB20  

6458  KRT81  keratin 81  KRTHB1  Hb-1  

  

6459  KRT82  keratin 82  KRTHB2  Hb-2  

6460  KRT83  keratin 83  KRTHB3  Hb-3  

6461  KRT84  keratin 84  KRTHB4  Hb-4  

6462  KRT85  keratin 85  KRTHB5  Hb-5  

6463  KRT86  keratin 86  KRTHB6  MNX, Hb6  

28695  KRT222  keratin 222  KRT222P  KA21, MGC45562  
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Table 4: HGNC IDs, approved symbols, names, and synonyms for type II KRT genes.  

  

HGNC ID  

(gene)  

Approved 

symbol  
Approved 

name  
Previous 

symbols  
Aliases  

6447  KRT9  keratin 9    EPPK, K9, CK-9  

6413  KRT10  keratin 10  KPP  K10, CK10  

6414  KRT12  keratin 12    K12  

6415  KRT13  keratin 13    K13, CK13, MGC3781, MGC161462  

6416  KRT14  keratin 14  EBS3, EBS4    

6421  KRT15  keratin 15    K15, CK15, K1CO  

6423  KRT16  keratin 16    NEPPK  

6427  KRT17  keratin 17  PCHC1    

6430  KRT18  keratin 18      

6436  KRT19  keratin 19    K19, CK19, K1CS, MGC15366  

20412  KRT20  keratin 20    CK20, K20, MGC35423  

6438  KRT23  keratin 23    K23, DKFZP434G032, HAIK1, CK23,  

MGC26158  

18527  KRT24  keratin 24    FLJ20261, MGC138169, MGC138173  

30839  KRT25  keratin 25  KRT25A    

30840  KRT26  keratin 26  KRT25B    

30841  KRT27  keratin 27  KRT25C    

30842  KRT28  keratin 28  KRT25D    

6448  KRT31  keratin 31  KRTHA1  Ha-1  

6449  KRT32  keratin 32  KRTHA2  Ha-2  

6450  KRT33A  keratin 33A  KRTHA3A  Ha-3I, Krt1-3  

  

6451  KRT33B  keratin 33B  KRTHA3B  Ha-3II  

6452  KRT34  keratin 34  KRTHA4  Ha-4  

6453  KRT35  keratin 35  KRTHA5  Ha-5  

6454  KRT36  keratin 36  KRTHA6    

6455  KRT37  keratin 37  KRTHA7    

6456  KRT38  keratin 38  KRTHA8    
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32971  KRT39  keratin 39    KA35  

26707  KRT40  keratin 40    FLJ36600, KA36  

  

3.7.2. Retrieval of Annotated Sequences  

The databases for acquiring the corresponding sequences of the most well-annotated protein-

coding genes, with experimentally verified biological function or resolved protein tertiary structure 

were:  

  

• NCBI's RefSeq (O’Leary et al. 2016), which provides manually annotated, non- 

redundant sequences with expert annotation,  

• ENSEMBL (Zerbino et al. 2018), which contains eukaryotic genomes,  

• UniProtKB (UniProt Consortium 2018), which is the most comprehensive, 

centralized repository of non-redundant, manually curated protein sequences  

  

The protein sequences are more evolutionarily conserved than their corresponding nucleotide 

sequences. For this reason, in our comparative genomics and phylogenetic analyses, only proteins 

encoded by the jaw-indispensable genes (JIGs) and keratin genes were used.  

  

The corresponding protein sequences of the most well-annotated protein-coding KRT genes were 

retrieved from NCBI’s RefSeq; to obtain the corresponding protein sequence accession numbers, 

Python Entrez (Buchmann and Holmes 2019), Regex (Regular expressions, called regex patterns) 

library (van Rossum and Drake Jr 1995) was utilized (Script 1).  

The 253 human JIG symbols are listed in the table in Addenda 8.2 were used initially to 

retrieve the corresponding, well–annotated, gnathostome (Homo sapiens, Mus musculus, Gallus 

gallus, Xenopus laevis, Danio rerio and Callorhinchus milii) protein sequences from the publicly 

available non-redundant sequence database NCBI RefSeq (O’Leary et al. 2016).  

  

Script 1.1. was used to import required libraries (re, urlib, time, csv, json, glob (van Rossum and 

Drake Jr 1995) and Bio (Cock et al. 2009)) and to open a session and send a request to NCBI.  

  

Script 1  
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Script 1.1.  

# Importing required libraries  

Entrez.email = “isiltakan@gmail.com”  

# To increase API limits, turn to uncomment the below line and write your own API key.  

# Entrez.api_key = ‘your_api_key’  

requests.packages.urllib3.disable_warnings(category=InsecureRequestWarning)  

# Hyperparameters used on the website  

headers = {**the hyperparameters was removed due to the attribute of temporariness of this 

section’}  

# Definitions required to open the session 

def init():  

ch = requests.Session()  

adapter = requests.adapters.HTTPAdapter(max_retries=30) 

ch.mount(‘https://’, adapter) ch.mount(‘http://’, adapter)  

cookies = requests.utils.cookiejar_from_dict(requests.utils.dict_from_cookiejar(ch.cookies)) 

return [ch, cookies]  

# An http function created not to crowd try-except 

blocks def cli(addr, ch=None, cookies=None): try:  

grab = ch.get(addr, headers=headers, cookies=cookies, timeout=200, verify=False, allow_redirects=F  

alse) except:  

time.sleep(10) ch, 

cookies = init()  

grab = ch.get(addr, headers=headers, cookies=cookies, timeout=200, verify=False, allow_redirects=F  

alse) return 

grab  

Sequences were fetched using Entrez from BioPython (Buchmann and Holmes 2019; Cock 

et al. 2009). The search function was used to obtain well annotated RefSeq protein accession codes 

(Script 1.2.).  

  

Script 1.2.  
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# Get refseq from search term def 

search(term, ch=None, cookies=None):  

# regex pattern  

pattern = r”<a href=\”https://www.ncbi.nlm.nih.gov/protein/(.*?)\” 

id=\”more_refseqproteins\””  

grab = cli(‘https://www.ncbi.nlm.nih.gov/protein/?term=’ + urlencode(term), 

ch, cookies)  

grab = grab.text  

 grab = re.findall(pattern, grab) # scrape ids if 

grab:  

return (grab[0].split(‘,’))[0] # return idlist and count  

else: return 

‘None’  

  
# Download sequences using ID def 

download(id, x):  

handle = Entrez.efetch(db=’protein’, id=id, 29etype=’fasta’, 

retmode=’text’) f = open(‘%s.txt’ % x, ‘w’) f.write(handle.read()) 

handle.close() f.close()  

The main function of the Script 1 was used to implement the defined functions download and 

search to collect accession IDs for ‘Bos taurus’, ‘Gallus gallus’, ‘Homo sapiens’, ‘Canis lupus 

familiaris’, ‘Pan troglodytes’, ‘Macaca mulatta’, ‘Sus scrofa’, ‘Rattus norvegicus’,  

‘Xenopus laevis’ (Script 1.3.).  

  

  

Script 1.3.  

http://www.ncbi.nlm.nih.gov/protein/(
http://www.ncbi.nlm.nih.gov/protein/(
http://www.ncbi.nlm.nih.gov/protein/?term
http://www.ncbi.nlm.nih.gov/protein/?term
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# Search ids def 

main(genes, species): ids 

= [] ch, cookies = init() 

for gene in genes:  

RefSeqID = gene + ' ' + species x 

= search(RefSeqID, ch, cookies) if 

x is not None:  

ids.append(gene + ';' + x)  

else:  

ids.append(gene + ';' + 'None')  

with open('ids_%s.txt' % species, 'w') as f:  

f.write('\n'.join(ids))  

f.close()  

genes=['KRT1', 'KRT2', 'KRT3', 'KRT4', 'KRT5', 'KRT6A', 'KRT6B', 'KRT6C', 'KRT7', 'KRT8', 'KRT71', 

'KRT72', 'KRT73', 'KRT74', 'KRT75', 'KRT76', 'KRT77', 'KRT78', 'KRT79', 'KRT80', 'KRT81', 'KRT82', '  

KRT83', 'KRT84', 'KRT85', 'KRT86', 'KRT222', 'KRT9', 'KRT10', 'KRT12', 'KRT13', 'KRT14', 'KRT15', '  

KRT16', 'KRT17', 'KRT18', 'KRT19', 'KRT20', 'KRT23', 'KRT24', 'KRT25', 'KRT26', 'KRT27', 'KRT28', '  

KRT31', 'KRT32', 'KRT33A', 'KRT33B', 'KRT34', 'KRT35', 'KRT36', 'KRT37', 'KRT38', 'KRT39', 'KRT4  

0']  

species = ['Bos taurus', 'Gallus gallus', 'Homo sapiens', 'Canis lupus familiaris', 'Pan troglodytes', 'Macaca 

mulatta', 'Sus scrofa', 'Rattus norvegicus', 'Xenopus laevis']  

# main function for all 

species for sp in species: 

main(genes, sp)  

3.7.3. Cross-Genome Search for Orthologs  

The well-annotated gene/protein sequences were used to search for corresponding homologs 

in the databases ENSEMBL (Zerbino et al. 2018), NCBI's GenBank (Benson et al. 2017) and 

UniProtKB (UniProt Consortium 2018), as well as species-specific genome sequence databases 

(van Dijk 2017) in an iterative manner until convergence, that is, no novel putative sequences could 

be detected, by employing reciprocal BLASTP and TBLASTN (Altschul et al. 1990) for both 
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keratins and JIGs. The Translate program (http://web.expasy.org/translate/) was utilized to translate 

any nucleotide sequences into amino acid sequences.  

  

In order to identify the ‘true orthologs’ of each jaw-indispensable gene/protein (Addenda 

8.2), phylogenetic trees (a total of 253) of the homologous, gnathostome and agnathan, protein 

sequences were constructed. To select the appropriate outgroup for each ortholog (Table 1), the 

corresponding H. sapiens and M. musculus protein sequences were used as seeds in a BLASTP 

search (with default parameters) to identify the most closely related human and mouse sequence, 

respectively (shown as the best ‘hit’ in the BLAST output).  

  

3.7.4. Pre-processing of Extracted Sequences  

3.7.4.1. Merging Accession Numbers  

After the sequence accession numbers were obtained separately, all sequence IDs that 

correspond to different KRT proteins were merged using Script 2. Pandas (McKinney et al. 2010) 

and its functions were used to process those IDs.  

  

  

Script 2  

# merge all IDS  

# Importing required libraries  

# File path path = "PATH/fileName*.txt"  

files = []  

for filename in glob.glob(path):  

files.append(filename)  

http://web.expasy.org/translate/
http://web.expasy.org/translate/
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frames = [] cnt 

= 0  

for file in files: f_name = 

'_'.join(os.path.basename(file).split('_')[1].split('.')[0].split(' '))  

dfall = pd.read_csv(file, sep=';', names=['genes', f_name]) 

if cnt == 0:  

frames.append(dfall)  

else:  

frames.append(dfall[f_name])  

cnt += 1  

df = pd.concat(frames, axis=1) df.to_csv('fileName.csv', 

sep=';',index=False)  

  
3.7.4.2. Merging File Content and Downloading Sequences  

After the corresponding KRT protein sequences were downloaded with the Script 1 download 

function, the sequences were merged using Script 3.  

  

  

Script 3  

# Merge file content  

# Importing required libraries 

path = "PATH/fileName *.txt" 

all = ""  

type_1_seqs = temp_1 = "" type_2_seqs 

= temp_2 = ""  

type_2 = ['KRT1', 'KRT2', 'KRT3', 'KRT4', 'KRT5', 'KRT6A', 'KRT6B', 'KRT6C', 'KRT7', 'KRT8', 'KRT7  

1', 'KRT72', 'KRT73', 'KRT74', 'KRT75', 'KRT76', 'KRT77', 'KRT78', 'KRT79', 'KRT80', 'KRT81', 'KRT8  

2', 'KRT83', 'KRT84', 'KRT85', 'KRT86']  
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type_1 = ['KRT222', 'KRT9', 'KRT10', 'KRT12', 'KRT13', 'KRT14', 'KRT15', 'KRT16', 'KRT17', 'KRT18',  

'KRT19', 'KRT20', 'KRT23', 'KRT24', 'KRT25', 'KRT26', 'KRT27', 'KRT28', 'KRT31', 'KRT32', 'KRT33A'  

, 'KRT33B', 'KRT34', 'KRT35', 'KRT36', 'KRT37', 'KRT38', 'KRT39', 'KRT40']  

for filename in glob.glob(path):  

with open(filename) as f:  

if f_name in type_1: 

type_1_seqs = f.read() 

type_1_seqs += "\n" 

temp_1 += type_1_seqs  

if f_name in type_2: 

type_2_seqs = f.read() 

type_2_seqs += "\n" temp_2 += 

type_2_seqs all = temp_1 + "\n" + 

temp_2  

with open ('type_1_KRTs.txt', 'w') as fp: 

fp.write(temp_1)  

with open ('type_2_KRTs.txt', 'w') as fp:  

fp.write(temp_2)  

  

For obtaining orthologous sequences from the agnatha genera under study (Petromyzon, 

Branchiostoma, Ciona, Strongylocentrotus and Hydra), the retrieved gnathostome sequences were 

used as probes to iteratively search the agnathan genomes available in NCBI RefSeq and GenBank 

(Benson et al. 2017), by applying reciprocal BLASTP and BLASTN (Altschul et al.  

1990b) with default parameters; Script 4 was employed:  

  

  

Script 4  

# Importing required libraries  

Entrez.email = "isiltakan@gmail.com "  

# To increase API limits, turn to uncomment the below line and write your own API key.  

# Entrez.api_key = 'your_api_key'  
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requests.packages.urllib3.disable_warnings(category=InsecureRequestWarning)  

  

  

# Hyperparameters used on the website  

headers = {**the hyperparameters was removed due to the attribute of temporariness of this 

section'}  

  
# Definitions required to open the session def init():  

ch = requests.Session() adapter = requests.adapters.HTTPAdapter(max_retries=30) ch.mount('https://', 

adapter)  

ch.mount('http://', adapter)  

  

  

cookies = requests.utils.cookiejar_from_dict(requests.utils.dict_from_cookiejar(ch.cookies))  

return [ch, cookies]  

  

# An http function created not to crowd try-except blocks def cli(addr, ch=None, cookies=None): try:  

grab = ch.get(addr, headers=headers, cookies=cookies, timeout=200, verify=False, 

allow_redirects=False) # ncbi for scraping refseq  

except:  

time.sleep(10) ch, cookies = init()  

grab = ch.get(addr, headers=headers, cookies=cookies, timeout=200, verify=False, 

allow_redirects=False) # ncbi for scraping refseq  

 return grab  

# Get refseq from search term def search(term, ch=None, cookies=None):  

# regex pattern  
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pattern = r"<a href=\"https://www.ncbi.nlm.nih.gov/protein/(.*?)\" id=\"more_refseqproteins\"" grab = 

cli('https://www.ncbi.nlm.nih.gov/protein/?term=' + urlencode(term), ch, cookies) grab = grab.text  

grab = re.findall(pattern, grab) # scrape ids if grab: return (grab[0].split(','))[0] # return idlist and count  

else:  

return 'None'  

  

  

# Download sequences by ID def d_ID(id, x):  

handle = Entrez.efetch(db='protein', id=id, rettype='fasta', retmode='text') f = open('%s.txt' % x, 'w') 

f.write(handle.read()) handle.close() f.close()  

  

  
# search ids for Blast def main(genes, species):  

idsForBlast = [] idsForExcel = [] ch, cookies = init() for gene in genes:  

RefSeqID = gene + ' ' + species x = search(RefSeqID, ch, cookies) if x is not None:  

idsForBlast.append(x) idsForExcel.append(gene + ';' + x)  

else:  

idsForExcel.append(gene + ';' + 'None')  

with open('idsForBlast.txt', 'w') as f:  

f.write('\n'.join(idsForBlast))  

http://www.ncbi.nlm.nih.gov/protein/(
http://www.ncbi.nlm.nih.gov/protein/(
http://www.ncbi.nlm.nih.gov/protein/?term=%27
http://www.ncbi.nlm.nih.gov/protein/?term=%27
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f.close()  

  

  

with open('idsForExcel.txt', 'w') as f:  

f.write('\n'.join(idsForExcel))  

f.close()  

  

  
genes = ['DCTN5', 'DHRS3', 'DISP1', 'DLG1', 'DNAH11', 'DNAH5', 'DNAI1', 'DPH1', 'DRC1', 'ECE1', 

'E  

GR2', 'EPS8L3','EYA1', 'FAM20C', 'FBLN1', 'FGFRL1', 'FLVCR1', 'FOXC1', 'FOXC2', 'FOXH1', 

'FOXI  

3', 'FUZ', 'GAD1', 'GLG1','GREM2', 'GSC', 'HAND1', 'HAND2', 'HAPLN1', 'HAT1', 'HHAT', 'HIPK2', 

'H OXA2', 'HOXA3', 'IDUA', 'IFITM5','IFT140', 'IFT27', 'IKBKAP', 'IRF6', 'JAG1', 'JAG2', 'KAT14', 

'KAT6  

A', 'KAT6B', 'LIMK2', 'LMNA', 'LOXL3','LPAR4', 'LRRK1', 'LTBP1', 'LTBP3', 'MAP3K7', 'MAU2', 

'ME  

CP2', 'MEGF8', 'MMP14', 'NABP2', 'NDST1', 'NFATC1','NFIC', 'NIPBL', 'NPR2', 'OTULIN', 'OTX2', 

'P  

APPA2', 'PCSK6', 'PDGFRB', 'PDPK1', 'PDS5B', 'PDSS2', 'PGAP1','PHEX', 'PIGV', 'PITX1', 'PKD1', 

'PK DCC', 'PLXND1', 'POU3F3', 'PRDM16', 'PRKRA', 'PRRX1', 'PTH1R', 'PTHLH',  

'PTK7', 'RFNG', 'ROR2', 'RPGRIP1L', 'RSPO2', 'RYK', 'SC5D', 'SETD5', 'SH3BP2', 'SIRT1', 'SIX1', 

'SLC  

25A21','SLC26A2', 'SLC27A4', 'SLC39A13', 'SMAD2', 'SMG1', 'SMOC1', 'SOSTDC1', 'SRF', 'TBX1', 

'T  

BX15', 'TCOF1','TFAP2A', 'TGFBR2', 'TIPARP', 'TNFSF11', 'TRPS1', 'TTC28', 'VPS25', 'WDR19', 

'XYL  

T1', 'YBX1', 'ZMPSTE24','ZNF366', 'ACVR1', 'ACVR2A', 'ALKBH1', 'ALX1', 'AMBN', 'AMELY', 'AN  

KH', 'APC', 'ARID5B', 'ARSB', 'ASXL1','ATMIN', 'ATR', 'BAZ1B', 'BCL11B', 'BNC2', 'BRD4', 

'C5orf42'  

, 'CACNA1S', 'CASK', 'CCDC39', 'CEP290', 'CHD1','CHRD', 'CHST11', 'CHUK', 'CNBP', 'COL11A1', 

'C OL1A1', 'COL27A1', 'COL2A1', 'CREBBP', 'CTNNBIP1', 'CTSK','CYP26B1', 'CYP51A1', 

'DAAM2', 'D  

KK1', 'DLX2', 'DLX5', 'DLX6', 'FIGN', 'FOXD3', 'FOXF2', 'FRAS1','KCNJ2', 'KDM4B', 'MMP21', 

'MNT'  

, 'MSX1', 'MYH10', 'NOG', 'OSTM1', 'PAK1IP1', 'PAX1', 'PAX3', 'PAX6', 'PAX7','PAX9', 'PFAS', 

'PITX  
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2', 'POSTN', 'ROBO1', 'SATB2', 'SCHIP1', 'SH3PXD2B', 'SKI', 'TMEM67', 'TNFRSF11B','TWSG1']  

  

  

species = ['Mus musculus', 'Danio rerio', 'Gallus gallus', 'Homo sapiens', 'Callorhinchus milli', 'Xenopus la 

evis',  

'Hydra vulgaris', 'Strongylocentrotus purpuratus', 'Branchiostoma floridae', 'Ciona intestinalis', 'Petromyzon 

marinus']  
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main(genes, 'Homo sapiens') 

#####################################################################  

# Processing the results found using the online blast tool ##########  

# Download all results as multiple json files  

# Get best hits  

ids = []  

  

  

for spe in species:  

files = glob.glob('jsonFiles/' + spe + '/*.json')[0] ids.append(files.split('.')[0] + '_')  

 for ct in range(len(species)):  

sp = species[ct] p = [] for i in range(189):  

with open('%s%s.json' % (ids[ct], str(i + 1)), 'r') as f:  

a = json.load(f) x = {'q_id': a['BlastOutput2']['report']['results']['search']['query_id'],  

'q_title': a['BlastOutput2']['report']['results']['search']['query_title']} if 

len(a['BlastOutput2']['report']['results']['search']['hits']):  

x['title'] = a['BlastOutput2']['report']['results']['search']['hits'][0]['description'][0]['title'] x['id'] = 

a['BlastOutput2']['report']['results']['search']['hits'][0]['description'][0]['id']  

else:  

for n in range(len(p)):  

if p[n]['q_id'] == x['q_id']:  

x = p[n]  

else:  

x['title'] = 'None' x['id'] = 'None'  

p.append(x)  

with open('json_species/%s.json' % sp, 'w') as fs:  

fs.write(json.dumps(p)) fs.close()  
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inputFile = open('json_species/%s.json' % sp) # open json file outputFile = open('csv_species/%s.csv' 

% sp, 'w', newline='') # load csv file data = json.load(inputFile) # load json content inputFile.close() # 

close the input file output = csv.writer(outputFile) # create a csv.write 

output.writerow(list(data[0].keys())) # header row refs = []  

 for row in data: row = list(row.values()) if len(row) > 3:  

if row[3] != None or row[3] != 'None': if not 'pdb' in row[3]: refid = re.findall('\|(.*)\|', row[3]) if len(refid) 

> 0:  

row[3] = str(refid[0])  

refs.append(row[3])  

else:  

refs.append('None')  

output.writerow(row) # values row  

with open('ids/%s.csv' % sp, 'w', newline='') as f:  

writer = csv.writer(f) writer.writerow([sp]) for ref in refs:  

writer.writerow([ref])  

# Merge all csv files  

# After control, the results by manually############################## dict = {}  

  

  

with open('IDsTheAll', 'r', encoding='utf-8') as f:  

f = f.read() rows = f.split('\n') for r in rows:  
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rowInrows = r.split(',') if 

rowInrows[0] != '':  

dict[rowInrows[0]] = [] for 

i in rowInrows[1:]:  

if i != 'None' and i != '':  

dict[rowInrows[0]].append(i)  

  
for gene in genes:  

d_ID(dict[gene], gene)  

  

3.7.5. Multiple Sequence Alignment  

Alignment of the full-length KRT amino acid sequences was performed using bash Script 5 

with the MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/) multiple sequence alignment 

(MSA) tool. The amino acid sequences of the homologous jaw indispensable proteins were aligned 

using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/), version 1.2.4 (Sievers et al. 

2011).  

  

Script 5  

files=( 'type_1_KRTs' 'type_2_KRTs' )  

for i in ${files[@]} do muscle -in /PATH/"$i".txt -out 

/PATH/OUTPUT/"$i"_fin.aln -clwstrict done  

  

3.7.6. Phylogenetic Inference  

Phylogenetic inference based on the trimmed multiply aligned KRTs was conducted, through 

phylogenetic tree construction’ by employing neighbor-joining (NJ) and maximum- likelihood 

(ML) methods. The robustness of the inferred phylogenetic trees was evaluated by bootstrapping 

http://www.ebi.ac.uk/Tools/msa/muscle/)
http://www.ebi.ac.uk/Tools/msa/muscle/)
http://www.ebi.ac.uk/Tools/msa/clustalo/)
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(100 bootstrap pseudo-replicates). NJ trees were constructed using Python script (Script 6), 

whereas ML trees were constructed using the software package MEGA version 10. 1.  

(Kumar et al. 2018) for the phylogenetic inference of keratins.  

  

The aligned sequences of the homologous jaw indispensable proteins were provided as input 

to the software package MEGA version 10. 1 (Kumar et al. 2018) in order to perform phylogenetic 

analyses, by employing a neighbor-joining (NJ) and maximum likelihood (ML) method. Only those 

agnathan sequences that clustered with the known gnathostome sequences under study were 

considered as ‘true orthologs’ (Table 2).  

  

3.7.6.1. Neighbor Joining Tree  

Distance-based methods involve agglomerative hierarchical clustering, where a distance 

matrix of pairwise scores for all the aligned sequences are employed to generate a phylogenetic 

tree (Gascuel 1997). Python script 6 was implemented for NJ tree construction, and the required 

libraries (glob, os, re, Bio (Cock et al. 2009), matplotlib (Hunter 2007), seaborn (Waskom et al. 

2017), NumPy (Harris et al. 2020)) were imported. Using AlignIO, aligned sequences (Script 5) 

were imported by Script 6.1.  

  

  

Script 6  

Script 6.1.  

  
# Importing required libraries 

# Reading aligned sequences 

files_aln = ['FileName'] path 

= 'PATH/FileName' for f in 

files_aln:  

fin = path + f + '_fin'+ '.aln' aln = 

AlignIO.read(open(fin), "clustal")  

  

NJ trees were constructed using the Bio.Phylo.TreeConstruction module.  
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The module Phylo from Bio (Cock et al. 2009) was used to obtain Newick and PhyloXML 

trees. PhyloXML format was selected for storing the style of the phylogenetic trees. Bootstrap 

analysis (n=100) was conducted to evaluate the statistical significance of the inferred trees. (Script 

6.2)  

  

  

Script 6.2.  

calculator = DistanceCalculator('identity')  

dm = calculator.get_distance(aln) constructor = 

DistanceTreeConstructor(calculator) trees = 

bootstrap_trees(aln, 100, constructor) s_tree = 

constructor.build_tree(aln) s_tree.rooted = True 

tree = [] tree = list(trees) support_tree = 

get_support(tree, tree) fig = 

Phylo.draw(support_tree)  

Phylo.write(support_tree, " PATH/FileName%s.xml" % f, "phyloxml")  

Phylo.write(support_tree, " PATH/FileName/%s.nwk" % f, "newick")  

  

Script 6.3 was utilized for phylogenetic tree visualization. Matplotlib (Hunter 2007) rc and 

pyplot modules were applied to adjust figure parameters. Finally, the Phylo module was utilized to 

retrieve the final trees.  

  

  

Script 6.3.  

dict_color = {} def 

get_label_color(leaf):  

dict_color[leaf.name] = 'red' 

return dict_color  

path2 = " PATH/FileName/" 

for f in files_aln:  
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base = path2 + f fin = base + '_bs.xml' newi = base + '_bs.nwk'  

support_tree = Phylo.read(fin, "phyloxml") fig = Phylo.draw(support_tree) fig = 

plt.figure(figsize=(30,50), dpi=300) matplotlib.rc('font', size=10, 'lines', linewidth=1, color='darkgrey') 

matplotlib.rcParams['text.color'] = 'red'  

colorsL = 

{"KRT13":"#24C4CB","KRT2":"#520D3C","KRT3":"#502257","KRT4":"#FDA19D","KRT5"  

:"#65F099","KRT6A":"#7671A2",  

"KRT6B":"#AF40B2","KRT6C":"#20A95A","KRT7":"#14D1C8","KRT8":"#581E03",  

"KRT71":"#53768C","KRT72":"#9927E9", "KRT73":"#CC5BAE","KRT74":"#64272E",  

"KRT75":"#65915F","KRT76":"#605122", "KRT77":"#216F36","KRT78":"#54F22D",  

"KRT79":"#FB8649","KRT80":"#4B5235", "KRT81":"#91E506","KRT82":"#8BFD05",  

"KRT83":"#2B1A4E","KRT84":"#6FBBB6", "KRT85":"#DF1762","KRT86":"#2A03BC",  

"KRT222":"#8DCAF8","KRT9":"#EC48B2", "KRT10":"#C9F54D","KRT12":"#CF5EBE",  

"KRT1":"#238ACC","KRT14":"#3C8539", "KRT15":"#07A2C5","KRT16":"#73BB8C",  

"KRT17":"#8BEAAA","KRT18":"#2DB304", "KRT19":"#BE1CAE","KRT20":"#EE3C8F",  

"KRT23":"#69D565","KRT24":"#F3B98F", "KRT25":"#D9DA39","KRT26":"#FC581A",  

"KRT27":"#0D78EE","KRT28":"#8A6CEE", "KRT31":"#3A8EC7","KRT32":"#B07EF3",  

"KRT33A":"#F63302","KRT33B":"#9A9F86",  
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"KRT34":"#18B2FB","KRT35":"#2BD3C8","KRT36":"#7347FD","KRT37":"#AB71CC","KRT38":"#A  

70242","KRT39":"#310304","KRT40":"#AEBF02"} axes = fig.add_subplot(1,1,1) plt.axis('off') 

support_tree.root.color = (128, 128, 128) for k,clade in enumerate(support_tree.find_clades()):  

if 'Inner' in clade.name:  

clade.color = 'grey'  

else: clname = clade.name.split('|')[0] try:  

clade.color = colorsL[clname]  

except:  

clade.color = 'grey'  

clade.width = 1  

for n in support_tree.get_terminals():  

n.name = ( (n.name).split('|')[1] + ' ' + (n.name).split('|')[0] ) def 

labelColor(label):  

if (len(str(label).strip()) > 0): geneName = 

str(label).split(' ')[1].strip() if 

(geneName in colorsL):  

return colorsL[geneName] return 

'red'  

else:  

return 'black'  

Phylo.draw( support_tree, label_func = lambda x:"" if 'Inner' in x.name else x, axes=axes, 

label_colors = labelColor )  

3.7.6.2. Maximum-likelihood Tree  

Maximum-likelihood methods determine the tree topology and branch lengths that have the 

maximum likelihood of producing the observed data (Guindon et al. 2009). The maximum 

likelihood-based trees were inferred using the MEGA software package version 10. 1 (Kumar et 

al. 2018).  

  
 3.8.  Differential Gene Expression Patterns  

RNA sequencing (RNA-Seq) gene expression data for tumor and corresponding normal 

tissue samples from the TCGA and GTEx databases, respectively, were downloaded from the 
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GEPIA2 (Gene Expression Profiling Interactive Analysis) online web server (Tang et al. 2019) 

(http://gepia2.cancer-pku.cn/).  

  

Bash script was used to manipulate the content of the dataset stored to create the cancer 

database.  

  

The differentially expressed KRT genes between tumor and normal samples were identified 

using one-way analysis of variance (ANOVA), by setting the cut-off value for absolute log fold 

change ∣log2FC∣ ≥ 2 and FDR-adjusted p-value ≤ 0.05. KRT genes and their corresponding values 

were stored in JSON format (Addenda 8.1).  

  

In order to visualize the differentially expressed genes (DEGs) between tumor and 

corresponding normal tissue samples, an R script was implemented.  

  

The interactions between the different types of cancers and the DEGs were used to generate 

a network which was manipulated and visualized by Cytoscape (http://www.cytoscape.org/; 

(Shannon et al. 2003)).  

  

  
 3.9.  Cancer Database Construction  

A cancer database was constructed based on the data downloaded from GEPIA2 to easily 

access, manage, and update the collection of the datasets, by utilizing MSSQL. This database has 

also been used for other research (Theofylaktou et al. 2021).  

   

http://gepia2.cancer-pku.cn/)
http://gepia2.cancer-pku.cn/)
http://gepia2.cancer-pku.cn/)
http://gepia2.cancer-pku.cn/)
http://gepia2.cancer-pku.cn/)
http://www.cytoscape.org/
http://www.cytoscape.org/
http://www.cytoscape.org/
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Figure 5: ER Diagram  

  
The ER (entity relationship) diagram (figure 5) shows the database structure, and its table 

content. Table Scripts were implemented to create the tables of the database.  

 

Table Scripts  

  

USE [cancer_database]  

GO  

/****** Object: Table [dbo].[genes] ******/  

  
SET ANSI_NULLS ON  

GO  

SET QUOTED_IDENTIFIER ON  

GO  

CREATE TABLE [dbo].[genes](  

[id] [int] IDENTITY(1,1) NOT NULL,  

[gene_name] [varchar](50) NOT NULL,  

UNIQUE NONCLUSTERED  

 (  [gene_name] ASC  

)WITH (PAD_INDEX = OFF, STATISTICS_NORECOMPUTE = OFF, IGNORE_DUP_KEY = OFF,  

ALLOW_ROW_LOCKS = ON, ALLOW_PAGE_LOCKS = ON,  

OPTIMIZE_FOR_SEQUENTIAL_KEY = OFF) ON [PRIMARY]  

) ON [PRIMARY]  

GO  

USE [cancer_database]  

GO  
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/****** Object: Table [dbo].[ens_accessions] ******/  

SET ANSI_NULLS ON  

GO  

SET QUOTED_IDENTIFIER ON  

GO  

CREATE TABLE [dbo].[ens_accessions](  

[id] [int] IDENTITY(1,1) NOT NULL,  

[ens_accession_id] [varchar](50) NOT NULL,  

[gene_id] [int] NOT NULL,  
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) ON [PRIMARY]  

[ cancer_id ]   [ int ]   NOT   NULL   

)  ON [PRIMARY ]   

GO   

USE   [ cancer_database ]   

GO   

/******   Object:   Table   [ ] dbo].[cancers_genes   ******/   

SET   ANSI_NULLS   ON   

GO   

SET QUOTED_IDENTIFIER ON   

GO   

CREATE   TABLE   ]( dbo].[cancers_genes [   

[ id ]   [ int ]   IDENTITY(1,1)   NOT   NULL,   

[ cancer_id] [int] NOT NULL,   

gene_id]  [ int] NOT NULL, [   

median_tumor] [float] NULL, [   

[ ] median_normal   ] [ float   NULL,   

[ logFC ]   [ float ]   NULL,   

[ adjp] [float] NULL,   

] ens_accession_id [   ] int [   NOT   NULL   

)  ON [PRIMARY ]   

GO   

USE   [ cancer_database ]   

GO   

  

/******   Object:   Table   [ dbo].[cancer_types ]   ******/   

SET   ANSI_NULLS   ON   

GO   

SET QUOTED_IDENTIFIER ON   

GO   

CREATE   TABLE   [ dbo].[cancer_types ](   

[ id ]   [ int ]   IDENTITY(1,1)   NOT   NULL,   

[ cancer_type ]   [ varchar ](150)   NOT   NULL   



 

  50  

GO  

USE [cancer_database]  

GO  

  

The data were appended to the sql table by using Python scripts (Python SQL Script 1 and 

Python SQL Script 2).  

Required libraries were imported (Python SQL Script 1: glob, os, pyodbc, function and Python 

SQL Script 2: config, pandas)).  

Also, the Pyodbc library was implemented to connect to SQL server for the cancer database in 

Python SQL Script 1.  

Python_SQL_Script_1  

  
# Importing required libraries  

# data directory project_path = os.path.dirname(os.path.abspath(   file   )) + '/data/'  

# Database connection conn = 

pyodbc.connect('Driver={SQL Server};'  

'Server=DESKTOP-2TUV3I4;'  

'Database=cancerDatabase;'  

'Trusted_Connection=yes;')  

  

Python SQL Script 2 was implemented to import the data attributes such as "gene_name", 

"gene_id", "median_tumor", "median_normal", "logFC", "adjp" into database.  

  

  

 Python_SQL_Script_2  

  
# importing required libraries cursor = 

conn.cursor() file_list = 

glob.glob(project_path + '*.tsv') for file in 

file_list:  

cancer_name = grab_file_name(file)  
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df = pd.read_csv(file, sep="\t")  

header = ["gene_name", "gene_id", "median_tumor", "median_normal", 

for row in range(len(df)):  

dicts = {} for head 

in header:  

if pd.isnull(df[head].iloc[row]) == True:  

continue  

else:  

dicts[head] = df[head].iloc[row]  

sql_insert(cursor, cancer_name, dicts) conn.commit()  

"logFC", "adjp"]  

  

View_Script was created to obtain full information of all tables.  

View_Script  

  
/****** Object: View [dbo].[cancers_genes_wth_name] ******/  

SET ANSI_NULLS ON  

GO  

SET QUOTED_IDENTIFIER ON GO  

create view [dbo].[cancers_genes_wth_name] as 

select g.gene_name, ct.cancer_type, cs.logFC 

from cancers_genes cs, cancer_types ct, genes g 

where cs.cancer_id=ct.id and cs.gene_id=g.id  

GO  

  

Finally, Query 1 was used to obtain the corresponding KRTs, cancer types and their expression 

status. Table 5 shows the query results.  

Query 1  
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/****** ******/ select * from cancers_genes_wth_name 

where gene_name in (  

'KRT1', 'KRT2', 'KRT3', 'KRT4', 'KRT5', 'KRT6A', 'KRT6B', 'KRT6C', 'KRT7', 'KRT8',  

'KRT71', 'KRT72', 'KRT73', 'KRT74', 'KRT75','KRT76', 'KRT77', 'KRT78', 'KRT79', 'KRT80',  

'KRT81', 'KRT82', 'KRT83', 'KRT84', 'KRT85', 'KRT86', 'KRT222', 'KRT9', 'KRT10', 'KRT12',  

'KRT13', 'KRT14', 'KRT15', 'KRT16', 'KRT17', 'KRT18', 'KRT19', 'KRT20', 'KRT23', 'KRT24',  

'KRT25', 'KRT26', 'KRT27', 'KRT28', 'KRT31', 'KRT32', 'KRT33A', KRT33B','KRT34','KRT35', 

'KRT36', 'KRT37', 'KRT38', 'KRT39', 'KRT40'  

)  

  

  
Table 5: KRT genes, cancer types and gene expression status.  

  

Gene name  TCGA cancer type  Status  

  

KRT1  

DLBC    

Down  ESCA  

SKCM  

  

KRT10  

SKCM  
Down  

LAML  

THYM  Up  

  

  

  

  

  

  
KRT13  

LUSC  Up  

UCEC    

  

  

  

  

Down  

UCS  

LUAD  

ESCA  

HNSC  

COAD  

ACC  

SKCM  

STAD  

TGCT  

READ  

PRAD  

OV  

   
KRT14  

SKCM  
Down  

BRCA  

BLCA    
Up  LUSC  
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THYM  

 

  

  

  

  

KRT15  

THYM    
Up  LUSC  

CESC  

PAAD  

BRCA    

  

Down  

SKCM  

TGCT  

ESCA  

PRAD  

  
KRT16  

SKCM  Down  

PAAD    

Up  CESC  

LUSC  

  

  

  

  

  

  

KRT17  

LUSC    

  

  

  

  

Up  

HNSC  

ESCA  

COAD  

UCEC  

BLCA  

CESC  

STAD  

THYM  

UCS  

PAAD  

OV  

READ  

SKCM    

Down  TGCT  

BRCA  

  

  
KRT18  

  

  

  

  

  

  
KRT18  

UCS    

  
Up  

THYM  

UCEC  

READ  

OV  

TGCT    

  

  

  

Up  

STAD  

CESC  

BRCA  

COAD  

ESCA  

SKCM  
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KRT19  

LAML    

Down  KICH  

CESC    

Up  LUSC  

COAD  

 

  THCA    

TGCT  

OV  

PAAD  

READ  

THYM  

UCEC  

KRT2  SKCM  Down  

KRT20  
READ  

Up  
COAD  

KRT222  
LGG  

Down  
GBM  

  

  

  

  
KRT23  

HNSC  Down  

DLBC  Down  

COAD  Up  

SKCM  Down  

READ  Up  

PRAD  Down  

PAAD  Up  

OV  Up  

THYM  Down  

TGCT  Down  

UCEC  Up  

KRT24  ESCA  Down  

KRT31  
ESCA  

Down  
SKCM  

  

KRT32  

  

ESCA  

  

Down  

  
KRT33A  

  
TGCT  

  
Down  

  

KRT4  

ESCA    

Down  HNSC  

LUAD  

LUSC  
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KRT5  

THYM    

Up  CESC  

BRCA    

Down  SKCM  

ESCA  

  
KRT6A  

SKCM  Down  

THYM    

Up  PAAD  

CESC  

 

  LUSC    

  
KRT6B  

LUSC    

Up  CESC  

PAAD  

SKCM  Down  

KRT6C  
LUSC  Up  

ESCA  Down  

  

  

  

  

KRT7  

KIRC    

Down  LUSC  

SKCM  

BLCA    

  

  
Up  

STAD  

THYM  

PAAD  

OV  

CESC  

UCS  

UCEC  

KRT72  
SKCM  

Down  
TGCT  

  

KRT73  

  

SKCM  

  

Down  

  
KRT75  

  
HNSC  

  
Up  

  

KRT77  

  

SKCM  

  

Down  

KRT78  
SKCM  

Down  
HNSC  
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KRT78  

  
ESCA  

  
Down  

  

KRT79  

  

SKCM  

  

Down  

  

  

  
KRT8  

TGCT    

  

  
Up  

STAD  

THYM  

READ  

OV  

PAAD  

UCS  

BRCA  

  CESC    

COAD  

ESCA  

UCEC  

LAML  Down  

  

  

  
KRT80  

COAD    

  

  

Up  

CESC  

LUAD  

OV  

READ  

STAD  

THCA  

SKCM  Down  

  
KRT86  

  
TGCT  

  
Down  

3.10. Protein-Protein Interactions (PPI)  

Networks of the protein products of the identified cancer DEGs were constructed based on 

association data derived from various experimental studies. STRING (Search Tool for the Retrieval 

of Interacting Genes) (Szklarczyk et al. 2017), a database of experimental and predicted, direct 

(physical) or indirect (functional), associations among genes/protein, derived from different 

sources such as high-throughput experiments, biomedical text mining, co- expression, gene fusion 

were used to find any physical/functional associations.  

  

The gene/protein associations detected in STRING were used as input to Cytoscape (Shannon 

et al. 2003) to construct networks. Functional modules were recognized in the generated network 
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by employing clusterMaker (Morris et al. 2011), and ‘hubs’ (highly connected nodes) in the 

functional modules were identified through CytoHubba (Chin et al. 2014).  

  

3.11. Natural Language Processing  

Semantic relationships between keratins and cancer for each member of the type I KRT gene 

family were discovered through biomedical literature mining, with the application of NLP 

methods.  

3.11.1. Acquisition of data  

The scientific literature database MEDLINE/PubMed (https://pubmed.ncbi.nlm.nih.gov/) 

was searched with artificial intelligence techniques thoroughly using "keratin" AND "cancer" 

keywords to obtain relevant articles. A Python script was implemented to convert the raw text to 

proper data structure for further process (Script 7).  

  

Script 7  

 with open('PATH\file', 'r') as f: 

f = f.read()  

splitText = f.split('\n\n\n')  

titleAbstDict = {} 

for txt in splitText:  

titleAbstDict[txt.split('\n\n')[1]] = ''.join(txt.split('\n\n')[4].split('\n'))  

with open('PATH\fileOut', 'w') as fout:  

fout.write(str(titleAbstDict))  

  

Of the 4950 candidate articles, 1377 met the inclusion criteria:  

(a) written in English,  

(b) including an abstract, (c) containing adequate text for 

processing.  

  
Finally, the Python regex library was utilized to distribute each type of keratin into different 

groups. We only used the keratin types that have an adequate quantity of relevant articles. The 

counts of relevant articles are shown in Table 6.  
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Table 6: Counts of KRT-relevant articles. Counts of included articles met the inclusion criteria are 

shown in yellow background.  

  

 Gene Name  Counts of relevant articles  
KRT15  39  

KRT38  1  
KRT36  1  

KRT37  0  

KRT32  1  

KRT20  222  

KRT28  2  
KRT39  0  

KRT35  1  

KRT18  106  
KRT16  26  

KRT23  8  
KRT31  0  

KRT19  673  

KRT9  9  
KRT24  1  

KRT27  1  

KRT40  1  

KRT34  7  

KRT25  3  

KRT26  0  

KRT33A  0  

KRT33B  0  

KRT17  81  
KRT14  166  

KRT13  28  

  
3.11.2. Text Processing  

The natural language toolkit (NLTK: https://www.nltk.org/) and spaCy (https://spacy.io/), 

freely accessible Python libraries, were both used for text processing including tokenization, 

parsing, lemmatizing and stemming (Script 8).  

The Python scispaCy (https://allenai.github.io/scispacy/) package containing the spaCy 

“en_core_sci_lg” model was used for processing biomedical, scientific text; scispaCy's parsing 

tools were utilized to retrieve phrases related with the entities in cancer and keratin types.  

Script 8  

http://www.nltk.org/)


 

  59  

  
# Importing required libraries nltk_words = 

list(stopwords.words('english')) nlp = 

spacy.load('en_core_sci_lg') stop = 

set(nltk_words)  

exclude = set(string.punctuation) 

lemmatizer = WordNetLemmatizer() 

def clean(doc):  

stop_free = " ".join([i for i in doc.lower().split() if i not in stop]) punc_free = 

"".join(ch for ch in stop_free if ch not in exclude) normalized = " 

".join(lemmatizer.lemmatize(word) for word in punc_free.split()) return 

normalized  

for name in glob.glob('/PATH'):  

fileName = os.path.basename(name).split()[0] 

f = open (name, "r", encoding='utf-8') dictFile 

= ast.literal_eval(f.read()) dictKeywords = {  

"PCNA" : "proliferating cell nuclear antigen",  

"MCM3" : "minichromosome maintenance protein 3",  

"ER" : "estrogen receptor",  

"PR" : "progesterone receptor",  

"EMT" : "epithelial-mesenchymal transition",  

"CKs" : "cytokeratin",  

"GC" : "gastric cancer",  

"SCC" : "squamous cell carcinoma",  

"OSCC" : "oral squamous cell carcinoma",  

"TNF-α" : "Tumor necrosis factor-α",  

"PDXs" : "patient-derived xenografts",  

"CRC" : "colorectal cancer",  
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"tKRT18" : "total soluble KRT18",  

"nKRT18" : "necrosis related KRT18",  

"CRP" : "C-reactive protein",  

"OC" : "oblongifolin C",  

"TRAIL" : "TNF-related apoptosis inducing ligand",  

"DRs" : "death receptor",  

"rhTRAIL" : "recombinant human TRAIL",  

"AZA" : "agent azacitidine",  

"231Br" : "brain colonizing counterpart",  

"RS" : "Raman spectroscopy",  

"ERalpha" : "estrogen receptor alpha",  

"PGR" : "progesterone receptor",  

"HER2" : "epidermal growth factor receptor 2",  

"CSC" : "cancer stem cell", 

"ECM" : "extracellular matrix"} 

data = [] for k,v in 

dictFile.items():  

doc = nlp(clean(v)) termList = list([d.text.strip() for 

d in list(doc.ents)])  

for i in str(doc).split(' '):  

if i.upper() in (dictKeywords.keys()):  

if i not in termList:  

termList.append(dictKeywords[i.upper()])  

data.append(termList)  

with open('PATH/stem_words_{id}'.format(id=fileName) , 'w') as fout:  

fout.write(str(data))  

3.11.3. Word Embeddings  

Word2Vec embeddings module was implemented in the Python library Gensim  
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(https://pypi.org/project/gensim/) to train word vectors of pre-processed text (Script 9). A list of all 

word-to-word distances was extracted. To compute the similarity distances between each pair of 

terms, the Word2Vec.most_similar function in gensim Word2Vec model was used. We used 

continuous bag-of-words (CBOW) algorithm which learns representations of words to serve for 

predicting other words in the sentence. We only vectorized words that appeared more than five 

times (minimum frequency threshold). Iteration was set at 30 (epochs). Increased number of 

iterations enhanced the performance of Word2Vec since the algorithm re-learned the relation 

between words.  

  

  

 Parameter of Word2Vec  

min_count  5  minimum frequency threshold  

vector_size  300  layer size  

epochs  30  number of iterations of learning  

sg  0  the training algorithm is CBOW  

  

  

Script 9  

# Importing required libraries def 

modelRun(processed_text):  

cores = multiprocessing.cpu_count()  

w2v_model = Word2Vec( min_count=5, window=5, vector_size=300,  

sample=6e-5, 

min_alpha=0.0007, 

negative=20, 

workers=cores - 1, 

seed=1  )  

w2v_model.build_vocab( processed_text, 

progress_per=10000 )  
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w2v_model.train( processed_text,  

total_examples=w2v_model.corpus_count, 

epochs=30, report_delay=1 )  

w2v_model.init_sims(replace=True) word_vectors = 

w2v_model.wv return 

word_vectors.most_similar(fileName, topn=50)  

for name in glob.glob('PATH/file_name'):  

fileName = (os.path.basename(name).split('_')[2]).lower() 

Arr = [] f = open (name, "r", encoding='utf-8')  

processed_text = ast.literal_eval(f.read()) if 

len(processed_text) < 10: continue  

for i in range(1):  

thwords = modelRun(processed_text) for 

th in thwords:  

Arr.append(th[0]) Arr.append(fileName) words = list(set(Arr)) 

with open('PATH/file_name_{id}'.format(id=fileName), 'w') as fout:  

fout.write(str(words))  

  

  

3.11.4. Data Visualization  

A list of all term (word)‐to‐term (word) distances was retrieved. To compute the similarity 

distances between associated keratin gene and words related, the Word2Vec.most_similar function 

in Gensim Word2Vec model was applied (Script 10).  

• The highest ranking 50 detected entries were included.  

• Entries with word frequency below 10 were excluded.  

The interactions between the KRT genes and their top 50 similar words (frequency threshold 

is 10) were used to generate networks which were manipulated and visualized with Cytoscape 

(Shannon et al. 2003).  
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Script 10  

# Importing required libraries  

# Import processed text and corresponding word list 

w2v_model.build_vocab( processed_text, 

progress_per=10000)  

w2v_model.train( processed_text, 

total_examples=w2v_model.corpus_count, 

epochs=30, report_delay=1 )  

w2v_model.init_sims(replace=True) 

word_vectors = w2v_model.wv conns 

= len(words) * 2  

## finding distances using gensim to obtain the similarity between the krt and words 

for i1,word1 in enumerate(words): if word1 == fileName: continue 

cosine_similarity = word_vectors.similarity(word1,fileName) cosine_distance = 1 

- cosine_similarity dist = (word1, fileName, cosine_distance) graphText += word1 

+ ';' +  

fileName + ';' +  

str(cosine_distance) + ';' + 

str(cosine_similarity) + ';' + 

str(cosine_similarity) + '\n'  

with open('PATH/file_name_{id}'.format(id=fileName), 'w') as f: 

f.write(graphText)  

3.12. Limitations of the Study  

Due to the computationally intensive data processing, the computation time was excessively 

extended.  
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3.13. Ethics Committee Approval  

Izmir Biomedicine and Genome Center Noninvasive Researches Ethics Committee 

Approval carrying protocol number “2020-045” was granted for this thesis on the 25th December 

2020.   
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 4.  RESULTS  

  

 4.1.  Phylogenetic analyses  

Phylogenetic trees of the KRT and jaw indispensable protein sequences were generated by 

employing the neighbor joining (NJ) and the maximum likelihood (ML) methods.  

  
4.1.1. Phylogenetic analysis of Keratins  

Phylogenetic trees of KRT protein sequences were generated using both the NJ and ML 

methods. Several major distinct (color-coded) clades were identified in all trees (Figures 6-9).  

  

4.1.1.1. Keratins Type I  

The two phylogenetic trees (Figures 6 and 7), reconstructed based on Keratins Type I proteins, 

using both methods respectively, are congruent with similar topologies.  

  

The phylogenies suggest that, apart from the ‘‘conventional’’ KRT family members, two 

‘orphan’ KRTs are present in zebrafish. The zebrafish KRT orphans form their own distinct clades 

which arise from the basal node with high bootstrap values, leading to the suggestion that they are 

the members of the KRT family that diverged earliest (‘‘proto-KRTs’’) before the emergence of 

Amphibia 330 Mya. One plausible explanation is that the ancestor of the zebrafish orphan KRTs, a 

proto-orphan KRT emerged in an ancestor of Teleostei and a series lineage-specific gene 

duplication events gave rise to KRT15 and KRT17 that can be found in the contemporary zebrafish 

genomes.  

  

The primordial gene of the KRT family appears to be KRT18, since it was detected in 

zebrafish and frog, suggesting it first emerged in an ancestor of Euteleostomi. Interestingly, the 

branches of the KRT18 clade are exceptionally long, suggesting that the KRT17 members evolved 

independently and more rapidly compared to the other KRTs.  

  

The largest clade of the tree represents the genes KRT31, KRT32, KRT33, KRT34, KRT35, 

KRT36, KRT37, KRT38, KRT39 and KRT40 which were identified exclusively in Eutheria i.e. 

placental mammals. KRT37 and KRT38 were probably the first to emerge through a duplication 
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event and appear to have strong similarity. The next genes that seem to arise during the course of 

evolution are KRT33 and KRT34 along with KRT31 that appear to be sister groups, suggesting that 

probably two more duplication events occurred. Later in mammalian evolution, most likely through 

yet another duplication event, the sister clades of KRT40 and KRT32 emerged, followed by the 

emergence of KRT35, KRT36 and finally KRT39. The phylogenies suggest that a series of nine 

mammalian-specific tandem duplication events took place, in an early eutherian mammal that 

apparently lived before the Laurasiatheria – Euarchontoglires divergence, yielding those ten 

paralogs.  

  

Another set of sister clades is formed by the genes KRT20 and KRT23. KRT23 seems to be 

the older of the two since it was first detected in chicken and thus is of Amniota origin, while 

KRT20 was detected exclusively in Eutheria. More precisely, KRT20 appears to be the product of 

a KRT23 duplication which has occurred in a eutherian ancestor presumably after the Mammalia- 

Sauropsida split.  

  

Additionally, an ancestral KRT14/16/17 was identified in chicken. This gene of Amniota 

origin is probably a primordial gene which, through a series of mammalian-specific duplication 

events, presumably has iven rise to the three separate KRT14, KRT16 and KRT17 orthologs found 

in mammalian genomes. KRT14 and KRT17 seem to have emerged first during the course of 

mammalian evolution, while KRT16 arose later, after the divergence of Laurasiatheria and 

Euarchontoglires, since it was not detected in the Laurasiatheria.  

  

A sister group to the KRT14/16/17 group, is consisted of the KRT19 homologs. The two 

groups appear to have strong homology, as confirmed by relatively high bootstrap values. KRT19 

was also first identified in chicken and thus most likely first appeared in an ancestor of Amniota. 

Those findings trigger the speculation that KRT19 and KRT14/16/17 occurred due to a duplication 

event which took place in an ancestor of Amniota who lived before the divergence of Mammalia 

and Sauropsida.  

  

A sister group to the KRT14/16/17 - KRT19 group, appears to be KRT13 and KRT15. Both of 

those genes are detected exclusively in Eutheria, leading to the suggestion that they might have 
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emerged after a series of species-specific duplication events that yielded those mammalian paralogs 

in an ancestor of Eutheria who lived after the Mammalia-Sauropsida split.  

  

Another gene that was first detected in Amniota is KRT9. It most likely appeared earlier in 

amniotic evolution, relatively to KRT14/16/17 and KRT19, since it does not share a high degree of 

sequence similarity with its other two paralogs. On the contrary, as suggested by the topology and 

the high bootstrap values, KRT9 appears to have strong homology with KRT10, which is found 

only in Eutheria, consequently, triggering the speculation that KRT10 emerged through a 

mammalian-specific duplication event of KRT9, most likely in a eutherian ancestor that lived after 

the divergence of Mammalia and Sauropsida.  

  

Finally, KRT12, KRT24, KRT25, KRT26, KRT27 and KRT28 are restricted to Mammalia. 

KRT12 is most likely the first, out of this group, to arise during the course of mammalian evolution, 

while KRT24, KRT28, KRT25, KRT27 and KRT26 appeared later in the KRT family. The 

phylogenies suggest that a series of four mammalian-specific tandem gene duplication events might 

have given rise to the corresponding orthologs, apparently in an early eutherian mammal that lived 

before the Laurasiatheria – Euarchontoglires divergence.  

  

4.1.1.2. Keratins Type II  

On the basis of the reconstructed phylogenies depicted in Figures 8 and 9, KRT222 is the 

most ‘ancient’ clade, basal to the KRT tree, distantly related to the other KRTs; the KRT222 

orthologs in the contemporary genomes are probably the products of a series of duplications of an 

ancestral KRT222 gene in Teleosts (zebrafish). The genes KRT71/72/73/78, KRT81/82/85/86, and 

KRT1/2/77, which form highly-supported distinct clades in both trees, are restricted to placental 

mammals, suggesting that a series of Eutherian-specific gene duplication events might have given 

rise to the corresponding orthologs. The gene KRT5 was detected exclusively in Amniota. 

Moreover, the zebrafish genes KRT4 and KRT5 appear to form a separate branch in both trees, 

suggesting products of a teleost-specific duplication.  

The Gallus gallus genes KRT6A and KRT75 appear to be basal to a clade which includes  
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Eutherian KRT genes. It is intriguing to speculate that a duplication of a KRT6A/75 ancestral gene 

might have existed in Amniota which after a series of species-specific duplications gave rise to the 

Eutherian KRT5, KRT6A/B/C and KRT75 orthologs.  

  

The KRT80 genes form a distinct clade, distantly related to the other KRTs in the tree, 

suggesting that an ancestral KRT80 gene in amniota gave rise to the KRT80 orthologues which 

evolved more rapidly compared to the fellow Type II keratins.  
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Figure 6: ML radial cladogram of KRT protein sequences. The sequences are represented by the 

species name and the KRT names (visualization with iTOL).  

  

  
  

Figure 7: NJ phylogram of representative KRT type I proteins. Bootstrap values (>50) are shown 

at the nodes. The branch length at the bottom indicates the length of amino acid substitutions per 

position.  
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Figure 8: ML radial cladogram of KRT type II protein sequences. The sequences are represented by 

the species name and the KRT protein names (visualization with iTOL).  
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Figure 9: NJ phylogram of representative KRT type II proteins. Bootstrap values (>50) are shown 

at the nodes. The branch length at the bottom indicates the length of amino acid substitutions per 

position.  
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4.1.2. Phylogenetic analysis of Jaw Indispensable Genes  

A characteristic example of gnathostome-specific genes is the well-studied TP53 gene 

family, where distinct orthologs of the three members of this family (i.e., TP53, TP63 and TP73) 

were found exclusively in gnathostome species. The agnathan p53 homologs occupy a basal 

position in this phylogenetic tree, suggesting that a primordial TP53/63/73 gene might have existed 

in jawless species which after a series of duplications gave rise to the functionally divergent TP53, 

TP63 and TP73 genes in jaw-bearing vertebrates.  

  

 

Figure 10: ML-based tree of ther ‘true ortholog’ TP53. Only agnathan sequences that clustered 

with the known gnathostome sequences under study were considered as ‘true orthologues’. The 

bootstrap values show the statistical significance of the inferred tree. Numbers above branches are 

bootstrap values. Note that some nodes with bootstrap values of 100%, indicate strong support for 

these nodes, whereas other nodes have much weaker support.  
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 4.2.  Differential KRT gene expression  

KRT genes, including the phylogenetically ‘older’ KRT13, KRT15, KRT19, KRT23 and 

KRT222, are shown to be differentially expressed in multiple types of cancers. The 

phylogenetically conserved KRT17 and KRT19 were shown (Figure 11) to be differentially 

expressed in multiple types of cancers. This observation suggests that evolutionary pressure might 

have been exerted upon those genes (and their protein products) to remain unaltered, at least, in 

cancer-bearing species.  

  

 
  

Figure 11: Heatmap of differentially expressed KRT genes based on data derived from the cancer 

database (Red: Up-regulated, Blue: Down-regulated, Yellow: No data).  
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 4.3.  Analysis  

  
4.3.1. Protein-Protein Interactions of Keratins  

The protein products of the differentially expressed KRTs, including the ‘older’ ones, form 

a highly interconnected network, suggesting functional or physical association among them.  

  

 
  

  
Figure 12: KRT13, KRT15, KRT19 and KRT23 form a highly interconnected network.  

 4.3.2.  of Keratin-Cancer Associations  

A bipartite network was constructed displaying TCGA-derived cancer-KRT associations by 

using information from the cancer database developed in this study. The size of the nodes is 

proportional to their degree of connectivity. The network is highly interconnected, suggesting that 

functional or physical association among diverse cancer types and both types of KRT genes.  
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Figure 13: Keratins are linked to multiple cancers.  

 4.3.3.  Analysis of Jaw Indispensable Genes  

Our phylogenetic analysis revealed that 138 genes presumably originated in jawed 

vertebrates, since no ‘true orthologues’ of their corresponding proteins could be detected in jawless 

species after extensive database searching. In contrast, the other 115 genes are of pre- gnathostome 
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origin (Addenda 8.2). Of note, these 253 JIG factors appear to form a highly interconnected 

network (Figure 13).  

  

  

 
  

Figure 14: Interaction network of JIGs. A total of 173 of 305 genes/proteins are highly 

interconnected. The nodes represent genes/proteins and the connecting edges functional 

associations. Node sizes reflect node degree. Interaction confidence score ≥ 0.9.  
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Figure 15: Deregulations of gnathostome-specific hubs of the JDN are more frequently associated 

with invasive and metastatic stages, in contrast with pre-gnathostome hubs. Functional interaction 

network (confidence interaction score ≥ 0.9) of the gnathostome-specific and pre- gnathostome JIG 

hubs. The size of the nodes is proportional to the node degree in the ‘original’ JDN network in 

Figure 15. The 60 nodes representing intra- and inter-modular hubs in the original network appear 

to be interconnected and form a relatively dense network.  

In biological networks, the most highly connected nodes, “hubs”, are considered to be of 

biological importance and more pertinent to the overall function of the network in general  

(Barabási, Gulbahce, and Loscalzo 2011; Kontou et al. 2016; Sethuraman and Sujasree 2020). The 

intra-modular hubs are central to a given network module, with the highest number of connections 

to the neighboring nodes. In contrast, inter-modular hubs are intermediate between two or more 

modules. With this in mind, we sought to investigate whether gnathostome-specific genes 

deregulated in cancer also occupy hub positions in the jaw-developmental network (JDN).  
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First, 60 nodes representing intra- and inter-modular hubs were identified through STRING 

network analysis (Figure 16). By approximating their evolutionary age, these hubs correspond 

highly to gnathostome-specific versus pre-gnathostome orthologues. Upon comparison of these 60 

hubs to CCLE-derived data, it was found that 33 (55.0%) of them are deregulated in highly invasive 

cancer cells, 25 of which are of gnathostome, and 8 of pregnathostome origin (χ2 = 7.76, p < 

0.0054) (Marquardt et al. 2021). Remarkably, all 33 JDN hubs predicted are effectively correlated 

to invasion and/or metastasis in a cancer type-dependent manner, according to experimental 

evidence in cancer cell lines, mouse models and tumor samples, whereas drugs targeting several of 

them are already in clinical trials or even FDA-approved for the treatment of aggressive and 

metastatic cancers (Marquardt et al. 2021). Taken together, the results are a sign of a prevalence of 

gnathostome-specific genes in occupying JDN hubs; nevertheless, at the same time, cancer cells 

preferentially exploited these over pre-gnathostome hubs to promote cancer aggressiveness.  

  
 4.4.  Natural Language Processing  

Networks illustrating the semantic relations of the highest ranking 50 most similar terms 

(words) to KRT18- KRT 19- KRT 13- KRT 14- KRT 15- KRT 16- KRT 17- KRT 20. The nodes 

represent the words, and the edges denote the semantic associations to selected KRTs which have 

adequate texts in their document. The size of the nodes indicates the degree of similarity between 

the given term and KRTs. The semantic relations of the highest ranking 50 terms (words) were 

constructed using the similarity distances between each word and were generated a KRT 

association network which was manipulated and also visualized by Cytoscape 

(http://www.cytoscape.org/). The word nodes on the network were placed according to their 

similarity with each KRTs.  

  

http://www.cytoscape.org/)
http://www.cytoscape.org/)
http://www.cytoscape.org/)
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Figure 16: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT18. The nodes represent the words, and the edges indicate the semantic associations to 

KRT18. The size of the nodes indicates the degree of similarity between the given term and KRT18.  
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Figure 17: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT19. The nodes represent the words, and the edges represent the semantic associations to 

KRT19. The size of the nodes indicates the degree of similarity between the given term and KRT19.  
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Figure 18: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT13. The nodes represent the words, and the edges indicate the semantic associations to 

KRT13. The size of the nodes indicates the degree of similarity between the given term and KRT13.  

  



 

  82  

  

Figure 19: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT14. The nodes represent the words, and the edges represent the semantic associations to 

KRT14. The size of the nodes indicates the degree of similarity between the given term and KRT14.  
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Figure 20: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT15. The nodes represent the words, and the edges indicate the semantic associations to 

KRT15. The size of the nodes indicates the degree of similarity between the given term and KRT15.  
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Figure 21: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT16. The nodes represent the words, and the edges represent the semantic associations to 

KRT16. The size of the nodes indicates the degree of similarity between the given term and KRT16.  
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Figure 22: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT17. The nodes represent the words, and the edges indicate the semantic associations to 

KRT17. The size of the nodes indicates the degree of similarity between the given term and KRT17.  
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Figure 23: Network illustrating the semantic relations of the highest ranking 50 most similar terms 

to KRT20. The nodes represent the words, and the edges represent the semantic associations to 

KRT20. The size of the nodes indicates the degree of similarity between the given term and KRT20.  

 5.  DISCUSSION  

  

The scope of the present thesis was to identify the hallmark macroevolutionary trait(s) and 

corresponding genes that promoted the manifestation of the molecular mechanisms of 



 

  87  

carcinogenesis in diverse taxonomic groups, by employing computational systems biology 

methods.  

  

  
 5.1.  “In The Light of Evolution”: Keratins as exceptional tumor biomarkers  

The reconstructed phylogenies of keratins allowed us to get a glimpse into the evolutionary 

history of this extended gene family, and how members of this family are associated with 

pathophysiological processes. It was found that some keratin genes are converted to pseudogenes 

and vice versa during the course of evolution. According to the results of the phylogenetic analysis, 

the evolutionarily ‘older’ KRT13, KRT15, KRT19, KRT23 and KRT222, were expressed 

differentially in diverse cancer types. Of note, KRT222, which was first detected in Gallus gallus, 

was found to be down-regulated specifically in brain neoplasms (lower grade glioma and 

glioblastoma multiforme). Furthermore, KRT13, KRT19 and KRT23, first detected in chicken, were 

shown to be up-regulated in ovarian cancer. This suggests that, at least in cancer-bearing species, 

these genes (and their corresponding protein products) remained unchanged due to evolutionary 

pressure. Given that chicken is currently the only animal model available to investigate the etiology 

and progression of human ovarian cancer, the krt13, krt19 and krt23 chicken orthologues could be 

taken into consideration in the study of ovarian cancer.  

  

The constructed KRT-oriented networks using word embedding provide notable information 

on how related words in our text dataset have semantic and syntactic similarity with the 

corresponding keratin. Our results support that there is significant association between keratins 

with cancer biomarkers. For instance, the expression patterns of conventional tumor markers such 

as proliferating cell nuclear antigen (PCNA) and minichromosome maintenance protein 3 (MCM3) 

in breast cancer are similar with KRT18 patterns. Besides, in a majority of breast carcinomas, 

KRT18 was mostly upregulated (P.-B. Wang et al. 2020).  

Our similarity results also support that KRT18 could be a potential prognostic marker in 

breast cancer since it is associated with tumor dedifferentiation. It has been also suggested that 

downregulation of KRT18 is linked to epithelial-to-mesenchymal transition (EMT), and therefore 

KRT18 can be considered as a candidate biomarker for predicting poor prognosis in breast cancer. 

Moreover, it has been suggested that caspase-cleaved KRT18, a serum apoptosis product, could be 
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a functional biomarker for determining the response of breast carcinomas to chemotherapy in 

advance (Olofsson et al. 2007).  

  

It has been demonstrated that the levels of KRT19 and carcinoembryonic antigen are 

increased in carcinomas such as adenocarcinoma, squamous cell carcinoma and small cell lung 

cancer (Khanom et al. 2012). Reduced level of serum KRT19 fragments during chemoradiotherapy 

of non-small cell lung cancer (NSCLC) represents one of the prediction factors in tumor response. 

Also, KRT19 levels are strongly correlated with metastasis occurrence and survival status in all 

lung cancer patients. Hence, KRT19 is a strong independent prognostic factor for different stages 

of lung cancer (Juan Wang et al. 2011).  

  

Cancer-associated fibroblasts show a powerful stimulatory effect on the expression of 

KRT14, which is basal/myoepithelial marker. KRT14 depicts the hyperproliferative responses of 

keratinocytes which play important role in skin repair (Dvořánková et al. 2012; Zhou et al. 2022). 

KRT14 could also serve as a biomarker in rare salivary gland neoplasm SACC (salivary adenoid 

cystic carcinoma) for predicting worse prognosis (Belulescu et al. n.d.; Gao et al. 2017).  

  

According to our findings, KRT15 is intimately linked to molecular factors and pathways 

that mediate cell-cell interactions. The downregulation of transmembrane receptor β1-integrin 

allows cells to recognize and communicate with the extracellular matrix by inducing KRT15 during 

terminal differentiation (Brooker et al. 2016).  

  

Upregulation of KRT14, as well as downregulation of KRT15 and KRT19, were obserserved 

in oral squamous cell carcinoma. There were considerable variations in the expression of KRT15 

and KRT19 through all cancer types. Increased level of KRT15 expression and decreased level of 

KRT19 expression are observed in well-differentiated OSCC compared to moderately/poorly 

differentiated OSCC (Khanom et al. 2012).  

Increased KRT16 expression is highly associated with weak differentiation, augmented 

lymph nodes metastasis and advanced stages as well. Moreover, inhibition of KRT16 reduceD 

migration, invasion, metastasis and chemoresistance, whereas knockdown of KRT16 improves 

chemosensitivity in oral squamous cell carcinoma (W.-C. Huang et al. 2019). Also, there are 
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associations between increased KRT16 expression and poor survival in metastatic breast cancer 

(Joosse et al. 2012).  

  

Furthermore, KRT15 is directly associated with the differentiation-related keratin KRT13 

(Khanom et al. 2012b). KRT13 is transcriptionally regulated by KLF4 which is involved in 

esophageal squamous cell carcinoma cell differentiation. It has been shown that regulation of 

epithelial and mesenchymal marker genes was INITIATED by the TGF-β1-induced EMT program, 

and KRT13 is transcriptionally suppressed via modulation of the state of chromatin at its promoter 

(He et al. 2015).  

  

KRT17 triggers AKT signaling pathway and induces EMT, and it is highly correlated with 

progression of malignancy and poor prognosis of esophageal squamous cell carcinoma (ESCC) 

patients. Therefore, KRT17 may serve as a therapeutic target for the treatment of ESCC (Liu et al. 

2020). It has been also demonstrated that increased level of KRT17 is directly correlated with the 

progression of pancreatic cancer. Knockdown of KRT17 led to suppression of cell growth, 

migration, tumor growth, and also induction of apoptosis and cell cycle arrest (P. Chen et al.  

2020).  

  

Quantitating KRT20 expression by RT-PCR is a very sensitive and accurate method to detect 

unknown lymph node metastases. Also, measuring KRT20 mRNA expression in lymph nodes is 

essential for exact tumor staging and for postoperative adjuvant treatment of colorectal cancer 

patients (G. Chen et al. 2004). Studies on pancreatic carcinoma, gastric cancer, colorectal 

carcinoma and miscellaneous tumors suggest that it is convenient to detect circulating tumor cells 

based on KRT20 RT-PCR assays (Joosse et al. 2012).  

  

The aforementioned findings highlight the prominent role of KRT genes in mammalian 

cancers. Several KRTs could serve as robust diagnostic and prognostic cancer biomarkers, as well 

as potential therapeutic targets. Notably. the evolutionary conservation of several KRT genes across 

taxa points to the importance of using non-mammalian model organisms in functional studies on 

human cancer-associated KRT genes.  
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 5.2.  The 'Bing Bang' of Cancer Metastasis  

The findings of our study suggest that the phenotypic threshold of metastasis coincides with 

agnatha-to-gnathostome transition and is associated with jaw evolution. Our findings underscore a 

preference of invasive tumors for usurping evolutionarily newer features. Otherwise, a recent 

concept, known as “atavistic model”, asserts that neoplasms rely on re-expression of ancestral traits 

and reverse evolution from multicellularity (MC) to unicellularity (UC) (Bussey et al. 2017), which 

is likely promoted by upregulation of UC genes, disruption of interconnectedness between UC and 

MC genes (Trigos et al. 2017) and loss-of-function mutations on MC genes (H. Chen et al. 2015). 

Furthermore, recent studies show that metastatic competence can arise from heterogeneous cancer 

cell populations without the need for acquisition of additional mutations and is benefited from 

further selection of tumor-initiating mutations that seed primary tumorigenesis (Jacob et al. 2015).  

  

We propose that tumor initiation may be triggered by mutations in evolutionarily old genes 

that control processes at the ‘dawn’ of multicellularity, such as cell proliferation and genomic 

stability (Lineweaver, Davies, and Vincent 2014). Such alterations in ancient genes may confer 

genetic heterogeneity (H. Chen et al. 2015), which is the substrate for evolution. Subsequently, 

tumor progression may be enabled via selection of clones that entail crosstalks between tumor- 

initiating mutations already acquired at primary tumor cells and evolutionarily-young genes that 

support gnathostome key innovations. This scenario would, at least in part, explain why, upon 

comparisons between primary and secondary tumors, only few metastasis-specific mutations have 

been identified thus far, while activations of multiple transcriptional modules are a common theme 

(Rodrigues et al. 2018).  

  

Taken together, our findings provide a glimpse of the evolutionary trajectories to metastasis. 

Identifying genes recurrently hijacked by tumors could inspire anti-metastatic therapeutic strategies 

towards prevention of cancer evolution.  

 6.  CONCLUSION AND FUTURE ASPECTS  

  

In this thesis, cross-disciplinary systems biology methods were employed by combining 

comparative genomics, biological literature mining, differentially expressed gene profiles, and 

biological networks to investigate evolutionarily conserved genes or molecular mechanisms and 
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pathways implicated in different aspects of cancer. The findings of this study could have potential 

application in the clinical setting. In this regard, the phylogenetically conserved genes can be 

exploited as diagnostic or prognostic tumor markers; they could also be utilized in cancer 

therapeutic decision-making or in future experimental studies for the rational development of 

targeted antineoplastic drugs.   
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0.61  

3.0260000000000002  

8.909999999999999e-44  

  

KRT16  

ENSG00000186832.8  

28.999000000000002  

0.15  

4.705  

1.48e-49  

 

KRT17  

ENSG00000128422.15  

295.824  

0.67  

7.474  

3.529999999999999e-68  

 

KRT19  

ENSG00000171345.13  
 

 

  

KRT13  

ENSG00000171401.14  

2.26  

27.305999999999997  

-3.1180000000000003  

1.5600000000000002e-26  

  

KRT15  

ENSG00000171346.13  

47.965  

317.959  

-2.7039999999999997  

8.36e-15  

  

KRT23  

ENSG00000108244.16  

4.12  

20.664  

-2.081  

1.58e-19  
 

  

READ  SKCM  
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KRT13  

ENSG00000171401.14  

0.06  

3.755  

-2.165  

4.1e-28  

 

KRT17  

ENSG00000128422.15  

6.68  

0.85  

2.0540000000000003  

9.649999999999999e-33  

 

KRT19  

ENSG00000171345.13  

563.471  

15.975  

5.055  

2.55e-14  

  

KRT20  

ENSG00000171431.3  

158.77  

7.1979999999999995  

4.285  

0.00000125  

 

KRT23  

ENSG00000108244.16  

42.614  

0.12  

5.2829999999999995  

 

 

KRT10  

ENSG00000186395.6  

13.74  

10974.365  

-9.54  

0  

 

KRT13  

ENSG00000171401.14  

0.09  

3.58  

-2.0709999999999997  

2.7e-21  

  

  

KRT14  

ENSG00000186847.5  

0.82  

5307.253000000001  

-11.51  

9.739999999999995e-250  

  

KRT15  

ENSG00000171346.13  

0.22  

780.956  

-9.324  

0  

KRT16  

ENSG00000186832.8  

0.18  

119.444  
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9.4e-88  
 

-6.672999999999999  

4.569999999999999e-103  
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KRT17  

ENSG00000128422.15  

0.66  

490.07099999999997  

-8.209  

1.8099999999999995e-162  

 

KRT19  

ENSG00000171345.13  

0.23  

99.016  

-6.345  

3.2599999999999987e-223  

  

  

  

  

  

KRT23  

ENSG00000108244.16  

0.17  

134.63299999999998  

-6.857  

0  

  

KRT31  

ENSG00000094796.4  

0  

18.075  

-4.254  

5.9099999999999985e-151  



 

  118  

TGCT  

  

   

  

  

  

  

  

  

   

   

  

  

  

  

  

  

   

  

  

  

  

  

  

  

  

STAD  

  

  

  

-2.059  

8e-9  

 

KRT17  

ENSG00000128422.15  

15.16  

0.39  

3.5389999999999997  

5.36e-34  

 

KRT13  

ENSG00000171401.14  

0.12  

14.84  

-3.822  

6.110000000000001e-23  

 

KRT15  

ENSG00000171346.13  

0.41  

25.221  

-4.217  

1.8300000000000003e-24  

 

KRT17  

ENSG00000128422.15  

0.38  

5.21  

-2.17  

0.000273  

  

KRT19  

ENSG00000171345.13  

25.98  

4.46  

2.305  

  

KRT13  

ENSG00000171401.14  

0.2  

4  
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THCA  

KRT14  

ENSG00000186847.5  

75.015  

0.51  

5.654  

7.26e-61  

 

KRT15  

ENSG00000171346.13  

56.685  

0.18  

5.611000000000001  

1.5399999999999997e-78  

 

KRT17  

ENSG00000128422.15  

74.32  

0.13  

6.059  

3.2699999999999992e-115  

  

KRT19  

ENSG00000171345.13  

555.2130000000001  

0.17  

8.892999999999999  

2.0299999999999994e-193  

 

KRT23  

ENSG00000108244.16  

0.15  

11.35  

-3.425  

2.7799999999999993e-52  

1.1199999999999999e-9  

 

KRT23  

ENSG00000108244.16  

0.37  

30.721  

-4.533  

2.92e-43  

 

KRT33A  

ENSG00000006059.3  

0  

3.08  

-2.029  

7.0199999999999995e-50  

  

KRT19  

ENSG00000171345.13  

259.465  

32.561  

2.9560000000000004  

9.859999999999999e-49  

 

KRT10  

ENSG00000186395.6  

16.45  

3.29  

2.024  

3.759999999999999e-62  
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THYM  UCEC  

  

   

  

  

UCS  

0.16  

4.086  

1.6999999999999997e-23  

 

KRT13  

ENSG00000171401.14  

0.53  

8.74  

-2.6710000000000003  

8.46e-8  

 

KRT17  

ENSG00000128422.15  

34.298  

0.89  

4.223  

1.59e-20  

 

KRT19  

ENSG00000171345.13  

478.60699999999997  

44.919  

3.385  

1.26e-18  

  

  

KRT23  

ENSG00000108244.16  

18.705  

  

KRT13  

ENSG00000171401.14  

0.44  

10.117  

-2.949  

0.00000559  

KRT17  

ENSG00000128422.15  

73.971  

0.815  

5.367999999999999  

2.04e-13  

  

KRT19  

ENSG00000171345.13  

211.27700000000002  

40.464  

2.356  

0.00894  



 

 

  

8.2.  The 253 Jaw Indispensable Gene symbols and Accession Numbers  

  

  
GENES  

  
H. sapien  
s  

  
M. musculu  
s  

  
G. gallus  

  
X. laevis  

  
D. rerio  

  
C. milli  

  
Petromyzon 

spp.  

  
  Ciona spp.  

  
Brachiostom 

a spp.  

  
Strongylocentrot 

us spp.  

  
  Hydra spp.  

  
ACVR2A  

  
NP_0016  
07.1  

  
NP_031422. 
3  

  
  NP_990698. 

1  

  
  XP_0180896 

95.1  

  
  NP_001103  

748.2  

  
XP_007894  
547.1  

          

  
ALX1  

  
NP_0089  
13.2  

  
NP_766141. 
1  

  
  XP_025010  

336.1  

  
NP_0010791 
16.1  

  
  NP_001038  

539.1  

  
XP_007901  
967.1  

          

  
AMBN  

  
NP_0576  
03.1  

  
NP_033794. 
1  

  

  

  
NP_0010834 
89.1  

  
  NP_001138  

709.1  

            

  
AMELY  

  
NP_0011  
34.1  

  
NP_001075  
447.1  

  
XP_015146  
083.1  

  
NP_0010791 
52.1  

  
  XP_005160  

745.1  

  
XP_007893  
773.1  

          

  
ARID5B  

  
NP_1155  
75.1  

  
NP_076087. 
2  

  
  XP_015152  

937.2  

  
XP_0180806 
00.1  

  
  NP_001073  

670.1  

  
XP_007910  
615.1  

          

  
ASXL1  

  
NP_0561  
53.2  

  
NP_001035  
028.1  

  
XP_015152  
084.1  

  
NP_0010865 
79.1  

  
  XP_001341  

242.2  

  
XP_007886  
567.1  

          

  
BCL11B  

  
NP_6128  
08.1  

  
NP_067374. 
2  

  
  XP_003641  

457.1  

  
XP_0180859 
85.1  

  
  XP_009291  

236.1  

  
XP_007903  
122.1  

          

  
BMP4  

  
NP_0011  
93.2  

  
NP_031580. 
2  

  
  NP_990568. 

3  

  
  NP_001095  

263.1  

  
NP_571417. 
1  

  
  XP_007886  

339.1  

          

  
BMP5  

  
NP_0665  
51.1  

  
NP_031581. 
2  

  
  NP_990479. 

1  

  
  XP_0181189 

58.1  

  
  NP_957345. 

1  

  
  XP_007892  

257.1  

          

  
BMP7  

  
NP_0017  
10.1  

  
NP_031583. 
2  

  
  XP_417496. 

5  

  
  NP_0010808 

66.1  

  
  NP_571396. 

1  

  
  XP_007901  

604.1  

          

  
BRD4  

  
NP_4905  
97.1  

  
NP_065254. 
3  

  
  XP_015128  

409.1  

  
XP_0181064 
85.1  

  
  NP_001104  

751.1  

  
XP_007885  
536.1  

          



 

 

  
CACNA1S 

  
  NP_0000  

60.2  

  
NP_055008. 
2  

  
  XP_024999  

440.1  

  
OCT94594.1 

  
  NP_999891. 

1  

  
  XP_007892  

902.1  

          

  
CCND1  

  
NP_4442  
84.1  

  
NP_031657. 
1  

  
  NP_990712. 

1  

  
  NP_0010802 

45.1  

  
  NP_571100. 

1  

  
  AFK11583.  

1  

          

  
CDON  

  
NP_0012  
30526.1  

  
NP_067314. 
2  

  
  XP_417853. 

3  

  
  NP_0010791 

58.1  

  
  NP_001075  

097.1  

  
XP_007894  
240.1  

          

  

  

  
CHD1  

  
NP_0012  
61.2  

  
NP_031716. 
2  

  
  XP_015155  

950.1  

  
XP_0181199 
75.1  

  
  NP_001121  

770.2  

  
XP_007891  
302.1  

          

  
CHST11  

  
NP_0608  
83.1  

  
NP_067414. 
2  

  
  XP_025007  

655.1  

  
XP_0181078 
32.1  

  
  NP_997989. 

2  

  
  XP_007893  

480.1  

          

  
CHUK  

  
NP_0012  
69.3  

  
NP_031726. 
2  

  
  NP_001012  

922.1  

  
NP_0010861 
27.1  

  
  NP_956611. 

1  

  
  XP_007896  

804.1  

          

  
COL11A1  

  
NP_0018  
45.3  

  
NP_031755. 
2  

  
  XP_422303. 

3  

  
  XP_0181141 

34.1  

  
  XP_005162  

870.1  

  
XP_007885  
476.1  

          

  
COL1A1  

  
NP_0000  
79.2  

  
NP_031768. 
2  

  
  XP_024999  

899.1  

  
NP_0010808 
21.1  

  
  NP_954684. 

1  

  
  XP_007908  

905.1  

          

  
COL27A1  

  
NP_1162  
77.2  

  
NP_079961. 
3  

  
  XP_015146  

330.1  

  
XP_0180886 
98.1  

  
  NP_001074  

044.1  

  
XP_007898  
565.1  

          

  
CREBBP  

  
NP_0043  
71.2  

  
NP_001020  
603.1  

  
XP_015150  
110.2  

  
NP_0010886 
37.1  

  
  XP_021329  

192.1  

  
XP_007891  
802.1  

          

  
CTNNB1  

  
NP_0018  
95.1  

  
NP_033948. 
1  

  
  NP_990412. 

2  

  
  NP_0010840 

45.1  

  
  NP_571134. 

2  

  
  XP_007899  

861.1  

          

  
CTNNBIP  

1  

  
NP_0646  
33.1  

  
NP_075954. 
1  

  
  NP_001289  

087.1  

  
NP_0010866 
20.1  

  
  NP_571669. 

1  

  
  XP_007900  

324.1  

          



 

 

  
CTSK  

  
NP_0003  
87.1  

  
NP_031828. 
2  

  
  NP_990302. 

2  

  
  XP_0180889 

30.1  

  
  NP_001017  

778.1  

  
XP_007899  
280.1  

          

  
DISP1  

  
NP_0013  
64158.1  

  
NP_081142. 
3  

  
  XP_004935  

360.1  

  
XP_0181204 
52.1  

  
  NP_997965. 

1  

  
  XP_007896  

461.1  

          

  
DKK1  

  
NP_0363  
74.1  

  
NP_034181. 
2  

  
  XP_015134  

195.1  

  
NP_0010790 
61.1  

  
  NP_571078. 

1  

  
  XP_007895  

204.1  

          

  
DLG1  

  
NP_0013  
53136.1  

  
NP_031888. 
2  

  
  XP_015147  

091.1  

  
XP_0181191 
17.1  

  
  NP_955820. 

1  

  
  XP_007896  

055.1  

          

  
DLX2  

  
NP_0043  
96.1  

  
NP_034184. 
1  

  
  XP_025008  

373.1  

  
NP_0010840 
32.1  

  
  NP_571386. 

2  

  
  XP_007888  

184.1  

          

  
DLX5  

  
NP_0052  
12.1  

  
NP_034186. 
2  

  
  NP_989490. 

1  

  
  XP_0181246 

83.1  

  
  NP_571381. 

2  

  
  XP_007902  

942.1  

          

  
DLX6  

  
NP_0052  
13.3  

  
NP_034187. 
1  

  
  XP_015137  

078.1  

  
NP_0010902 
84.1  

  
  NP_571398. 

1  

  
  XP_007902  

943.1  

          

  
DNAH11  

  
NP_0012  
64044.1  

  
NP_034190. 
3  

  
  XP_415585. 

5  

  
  XP_0181228 

54.1  

  
  XP_009290  

539.1  

  
XP_007901  
515.1  

          

  
ECE1  

  
NP_0013  
88.1  

  
NP_955011. 
1  

  
  XP_015152  

737.1  

  
NP_0010803 
78.1  

  
  NP_001071  

260.1  

  
XP_007896  
015.1  

          

  
EGFR  

  
NP_0052  
19.2  

  
NP_997538  

  
NP_990828. 
2  

  
  XP_0181230 

25.1  

  
  NP_919405. 

1  

  
  XP_007895  

818.1  

          

  
EGR2  

  
NP_0003  
90.2  

  
NP_034248. 
2  

  
  XP_025007  

817.1  

  
NP_0010792 
48.1  

  
  NP_571072. 

2  

  
  XP_007895  

410.1  

          

  
EYA1  

  
NP_0004  
94.2  

  
NP_034294. 
2  

  
  XP_015138  

368.1  

  
XP_0180970 
03.1  

  
  NP_571268. 

1  

  
  XP_007885  

157.1  

          

  
FBLN1  

  
NP_0064  
77.3  

  
NP_034310. 
2  

  
  NP_989496. 

1  

  
  NP_0010894 

30.1  

  
  NP_571117. 

2  

  
  XP_007892  

884.1  

          

  
FBN1  

  
NP_0001  
29.3  

  
NP_032019. 
2  

  
  XP_015147  

420.1  

  
XP_0181085 
82.1  

  
  XP_017207  

479.2  

  
XP_007909  
428.1  

          

  
FGF18  

  
NP_0038  
53.1  

  
NP_032031. 
1  

  
  NP_990045. 

1  

  
  NP_0010081 

63.1  

  
  NP_001013  

282.1  

  
XP_007889  
620.1  

          



 

 

  

  
FGF8  

  
NP_1493  
55.1  

  
NP_034335. 
1  

  
  NP_001012  

785.1  

  
NP_0010839 
04.1  

  
  NP_571356. 

2  

  
  XP_007904  

873.1  

          

  
FGF9  

  
NP_0020  
01.1  

  
NP_038546. 
2  

  
  NP_989730. 

1  

  
  NP_0010792 

76.1  

  

  

  
XP_007898  
849.1  

          

  
FGFR1  

  
NP_0755  
98.2  

  
NP_034336. 
2  

  
  NP_990841. 

1  

  
  NP_0010811 

57.1  

  
  NP_694494. 

2  

  
  XP_007909  

759.1  

          

  
FGFR2  

  
NP_0001  
32.3  

  
NP_034337. 
2  

  
  NP_990650. 

1  

  
  NP_0010841 

32.1  

  
  NP_001229  

933.1  

  
XP_007902  
087.1  

          

  
FGFR3  

  
NP_0001  
33.1  

  
NP_032036. 
2  

  
  NP_990840. 

2  

  
  NP_0010841 

70.1  

  
  NP_571681. 

2  

  
  XP_007896  

238.1  

          

  
FIGN  

  
NP_0605  
56.2  

  
NP_068362. 
1  

  
  XP_004942  

874.1  

  
XP_0180913 
43.1  

  
  NP_001018  

411.1  

  
XP_007888  
032.1  

          

  
FLVCR1  

  
NP_0547  
72.1  

  
NP_932142. 
2  

  
  XP_419425. 

2  

  
  XP_0181204 

89.1  

  
  NP_001020  

693.1  

  
XP_007908  
741.1  

          

  
FOXC1  

  
NP_0014  
44.2  

  
NP_032618. 
2  

  
  NP_990337. 

1  

  
  NP_0010898 

46.1  

  

  

  
XP_007887  
802.1  

          



 

 

  
FOXC2  

  
NP_0052  
42.1  

  
NP_038547. 
2  

  
  NP_990469. 

1  

  
  NP_0010839 

20.1  

  

  

  
XP_007887  
427.1  

          

  
FOXF2  

  
NP_0014  
43.1  

  
NP_034355. 
2  

  
  XP_015137  

672.2  

  
XP_0181232 
25.1  

  
  XP_003200  

754.1  

  
XP_007887  
803.1  

          

  
FOXI3  

  
NP_0011  
29121.1  

  
NP_001094  
934.1  

  
XP_425185. 
1  

  
  XP_0181116 

95.1  

  
  NP_944599. 

2  

  
  XP_007889  

609.1  

          

  
GJA1  

  
NP_0001  
56.1  

  
NP_034418  

  
NP_989917. 
1  

  
  NP_0010791 

29.1  

  
  NP_571113. 

1  

  
  XP_007897  

861.1  

          

  
GLI2  

  
NP_0052  
61.2  

  
NP_001074  
594.1  

  
NP_001258  
830.1  

  
NP_001081 

894.1  

  
NP_571042. 
1  

  
  XP_007894  

561.1  

          

  
GLI3  

  
NP_0001  
59.3  

  
NP_032156. 
2  

  
  NP_001258  

832.1  

  
NP_0010814 
40.1  

  
  NP_991291. 

1  

  
  XP_007896  

289.1  

          

  
GPC3  

  
NP_0011  
58089.1  

  
NP_057906. 
2  

  
  XP_025006  

018.1  

  
XP_0029326 
65.2  

  
  NP_001292  

547.1  

  
XP_007890  
697.1  

          

  
GREM2  

  
NP_0719  
14.3  

  
NP_035955. 
1  

  
  XP_419552. 

3  

  
  NP_0010837 

46.1  

  
  NP_001017  

704.1  

  
XP_007892  
101.1  

          

  
HAND1  

  
NP_0048  
12.1  

  
NP_032239. 
1  

  
  NP_990296. 

1  

  
  NP_0010791 

28.1  

  

  

  
XP_007906  
292.1  

          

  
HAND2  

  
NP_0688  
08.1  

  
NP_034532. 
3  

  
  NP_990297. 

2  

  
  NP_0010791 

08.1  

  
  NP_571701. 

3  

  
  XP_007894  

139.1  

          

  
HAPLN1  

  
NP_0018  
75.1  

  
NP_038528. 
3  

  
  NP_990813. 

1  

  
  XP_0180998 

85.1  

  
  NP_001007  

791.2  

  
XP_007897  
935.1  

          

  
HIPK2  

  
NP_0735  
77.3  

  
NP_034563. 
2  

  
  XP_015143  

095.1  

  
NP_0010884 
09.1  

  
  NP_001093  

455.3  

  
XP_007896  
772.1  

          

  
HOXA2  

  
NP_0067  
26.1  

  
NP_034581. 
1  

  
  NP_990481. 

1  

  
  NP_0010792 

19.1  

  
  NP_571181. 

1  

  
  XP_007898  

687.1  

          

  
HOXA3  

  
NP_7058  
95.1  

  
NP_034582. 
1  

  
  XP_025002  

790.1  

  
NP_0010802 
93.1  

  
  NP_571609. 

1  

  
  XP_007898  

681.1  

          

  
HRAS  

  
NP_0053  
34.1  

  
NP_032310. 
2  

  
  NP_990623  

  
NP_0010842 
78.1  

  
  NP_001017  

623  

  
XP_007907  
536.1  

          



 

 

  

  
IDUA  

  
NP_0001  
94.2  

  
NP_032351. 
2  

  
  NP_001026  

604.1  

  
NP_0010870 
31.1  

  
  XP_001923  

689.3  

  
XP_007905  
890.1  

          



 

 

  
IFITM5  

  
NP_0010  
20466.1  

  
NP_444318. 
1  

  
  NP_001186  

427.1  

  
XP_0181129 
54.1  

  
  NP_001170  

783.1  

  
XP_007902  
982.1  

          

  
IHH  

  
NP_0021  
72.2  

  
NP_034674. 
2  

  
  NP_990288. 

1  

  
  NP_0010792 

62.1  

  
  NP_001030  

165.2  

  
XP_007909  
552.1  

          

  
IRF6  

  
NP_0061  
38.1  

  
NP_058547. 
2  

  
  XP_024999  

581.1  

  
NP_0010853 
45.1  

  
  NP_956892. 

1  

  
  XP_007897  

748.1  

          

  
ITGB1  

  
NP_0022  
02  

  
NP_034708. 
1  

  
  NP_001034  

343.2  

  
NP_0010812 
86.1  

  
  NP_001030  

143.1  

  
XP_007907  
125.1  

          

  
JAG2  

  
NP_0022  
17.3  

  
NP_034718. 
2  

  
  XP_001235  

689.2  

  
XP_0180877 
87.1  

  
  NP_571937. 

1  

  
  XP_007909  

754.1  

          

  
KAT6A  

  
NP_0067  
57.2  

  
NP_001074  
618.1  

  
XP_424402. 
4  

  
  XP_0181069 

60.1  

  
  NP_001116  

784.4  

  
XP_007908  
442.1  

          

  
KAT6B  

  
NP_0364  
62.2  

  
NP_059507. 
2  

  
  XP_004942  

127.3  

  
XP_0181105 
16.1  

  
  XP_697383. 

4  

  
  XP_007896  

926.1  

          

  
KCNJ2  

  
NP_0008  
82.1  

  
NP_032451. 
1  

  
  NP_001310  

133.1  

  
XP_0180963 
15.1  

  
  NP_001318  

145.1  

  
XP_007886  
827.1  

          

  
KDM4B  

  
NP_0558  
30.1  

  
NP_742144. 
1  

  
  XP_025000  

603.1  

  
XP_0180992 
98.1  

  
  NP_001076  

274.1  

  
XP_007899  
303.1  

          

  
KIF3A  

  
NP_0012  
87720.1  

  
NP_032469. 
2  

  
  NP_001025  

793.1  

  
NP_0010842 
68  

  
  NP_001017  

604.2  

  
XP_007900  
170.1  

          

  
KLF2  

  
NP_0573  
54.1  

  
NP_032478. 
2  

  
  NP_001305  

352.1  

  
NP_0010804 
30.1  

  
  NP_571931. 

2  

  
  XP_007899  

255.1  

          

  
LIMK2  

  
NP_0055  
60.1  

  
NP_034848. 
1  

  
  NP_990446. 

1  

  
  NP_0010822 

19.1  

  
  NP_001002  

651.1  

  
XP_007909  
768.1  

          

  
LOXL3  

  
NP_1159  
92.1  

  
NP_038614. 
2  

  
  XP_015156  

777.1  

  
XP_0180984 
12.1  

  
  NP_001139  

156.1  

  
XP_007908  
441.1  

          

  
LPAR4  

  
NP_0012  
64929.1  

  
NP_780480. 
2  

  
  NP_001264  

978.1  

  
NP_0010904 
94.1  

  
  XP_001334  

713.1  

  
XP_007890  
382.1  

          

  
LTBP3  

  
NP_0011  
23616.1  

  
NP_032546. 
2  

  
  XP_025004  

462.1  

  
XP_0029354 
09.2  

  
  NP_001244  

070.1  

  
XP_007884  
094.1  

          



 

 

  

  
MAPK1  

  
NP_0027  
36.3  

  
NP_036079. 
1  

  
  NP_989481. 

1  

  
  NP_0010813 

44.1  

  
  NP_878308. 

2  

  
  XP_007906  

800  

          



 

 

  
MMP14  

  
NP_0049  
86.1  

  
NP_032634. 
3  

  
  XP_015147  

798.1  

  
NP_0010844 
78.1  

  
  NP_919397. 

1  

  
  XP_007901  

389.1  

          

  
MMP2  

  
NP_0045  
21.1  

  
NP_032636. 
1  

  
  NP_989751. 

1  

  
  NP_0010806 

97.1  

  
  NP_932333. 

1  

  
  XP_007887  

678.1  

          

  
MMP21  

  
NP_6717  
24.1  

  
NP_694423. 
1  

  
  XP_015131  

123.1  

  
NP_0010792 
85.1  

  
  NP_001304  

682.1  

  
XP_007902  
157.1  

          

  
MN1  

  
NP_0024  
21.3  

  
NP_001074  
704.1  

  
XP_003642  
254  

  
XP_0180995 
37.1  

  
  XP_001919  

775.2  

  
XP_007906  
045.1  

          

  
MSX1  

  
NP_0024  
39.2  

  
NP_034965. 
2  

  
  NP_990819. 

1  

  
  NP_0010843 

67.1  

  
  NP_571348. 

1  

  
  XP_007895  

507.1  

          

  
NABP2  

  
NP_0769  
73.1  

  
NP_081533. 
1  

  
  XP_025001  

296.1  

  
NP_0010848 
96.1  

  
  XP_005172  

861.1  

  
XP_007888  
361.1  

          

  
NDST1  

  
NP_0015  
34.1  

  
NP_032332. 
2  

  
  XP_004945  

002.1  

  
XP_0181074 
82.1  

  
  NP_001311  

384.1  

  
XP_007906  
348.1  

          

  
NFATC1  

  
NP_7659  
75.1  

  
NP_058071. 
2  

  
  XP_015131  

424.1  

  
XP_0181219 
62.1  

  
  NP_001038  

624.1  

  
XP_007898  
768.1  

          

  
NFIC  

  
NP_0012  
31931.1  

  
NP_032714. 
1  

  
  NP_990602. 

1  

  
  NP_0011548 

59.1  

  
  XP_005166  

996.1  

  
XP_007896  
879.1  

          

  
NPR2  

  
NP_0039  
86.2  

  
NP_776149. 
1  

  
  XP_003642  

967.1  

  
NP_0010841 
76.1  

  
  XP_009300  

100.1  

  
XP_007895  
384.1  

          

  
OTX2  

  
NP_0683  
74.1  

  
NP_659090. 
1  

  
  NP_989851. 

2  

  
  NP_0010849 

55.1  

  
  NP_571326. 

1  

  
  XP_007891  

617.1  

          

  
PAPPA2  

  
NP_0647  
14.2  

  
NP_001078  
845.1  

  
XP_025008  
932.1  

  
XP_0180883 
92.1  

  
  XP_695417. 

4  

  
  XP_007894  

444.1  

          

  
PAX1  

  
NP_0012  
44025.1  

  
NP_032806. 
2  

  
  XP_015138  

914.2  

  
NP_0010904 
51.2  

  
  NP_001074  

061.1  

  
XP_007896  
543.1  

          

  
PAX3  

  
NP_8521  
23.1  

  
NP_032807. 
3  

  
  NP_989600. 

1  

  
  NP_0010889 

93.1  

  
  NP_571352. 

1  

  
  XP_007887  

991.1  

          

  
PAX7  

  
NP_0011  
28726.1  

  
NP_035169. 
1  

  
  XP_015152  

318.1  

  
XP_0180800 
96.1  

  
  XP_009304  

561.1  

  
XP_007896  
063.1  

          



 

 

  

  
PAX9  

  
NP_0013  
59005.1  

  
NP_035171. 
1  

  
  NP_990243. 

2  

  
  NP_0011674 

85.1  

  
  NP_571373. 

1  

  
  XP_007891  

546.1  

          



 

 

  
PCSK6  

  
NP_0025  
61.1  

  
NP_035178. 
1  

  
  XP_025009  

761.1  

  
NP_0010864 
67.1  

  
  XP_021333  

790.1  

  
XP_007905  
602.1  

          

  
PDGFRB  

  
NP_0026  
00.1  

  
NP_032835. 
2  

  
  XP_025010  

809.1  

  
XP_0181104 
48.1  

  
  NP_001177  

862.1  

  
XP_007906  
332.1  

          

  
PITX1  

  
NP_0026  
44.4  

  
NP_035227. 
1  

  
  XP_015149  

472.2  

  
NP_0010809 
81.1  

  
  NP_001035  

436.3  

  
XP_007899  
502.1  

          

  
PITX2  

  
NP_0003  
16.2  

  
NP_035228. 
2  

  
  NP_990341. 

1  

  
  NP_0010172 

27.1  

  
  NP_571050. 

1  

  
  XP_007895  

188.1  

          

  
POSTN  

  
NP_0064  
66.2  

  
NP_056599. 
1  

  
  XP_015133  

099.1  

  
XP_0181057 
18.1  

  
  NP_981966. 

1  

  
  XP_007889  

427.1  

          

  
POU3F3  

  
NP_0062  
27.1  

  
NP_032926. 
2  

  
  XP_015133  

414.1  

  
XP_0181025 
74.1  

  
  NP_571177. 

2  

  
  XP_007883  

344.1  

          

  
PRDM16  

  
NP_0713  
97.3  

  
NP_081780. 
3  

  
  XP_417551. 

3  

  
  XP_0180834 

96.1  

  
  XP_001922  

927.6  

  
XP_007900  
361.1  

          

  
PRICKLE  

1  

  
NP_0011  
38353.1  

  
NP_001028  
389.1  

  
XP_015137  
914.1  

  
NP_0010821 
57.1  

  
  NP_899185. 

2  

  
  XP_007893  

374.1  

          

  
PRKRA  

  
NP_0036  
81.1  

  
NP_036001. 
1  

  
  XP_015155  

835.1  

  
NP_0010795 
00.1  

  
  NP_001082  

830.1  

  
XP_007888  
271.1  

          

  
PRRX1  

  
NP_0732  
07.1  

  
NP_035257. 
1  

  
  NP_001264  

653.1  

  
XP_0181142 
69.1  

  
  NP_999899. 

1  

  
  XP_007893  

876.1  

          

  
PTCH1  

  
NP_0002  
55.2  

  
NP_032983. 
1  

  
  NP_990291. 

2  

  
  NP_0010820 

82.1  

  
  NP_001292  

471.1  

  
XP_007898  
170.1  

          

  
PTH1R  

  
NP_0003  
07.1  

  
NP_035329. 
2  

  
  NP_001171  

046.1  

  
XP_0181225 
19.1  

  
  NP_571432. 

1  

  
  XP_007908  

388.1  

          

  
PTPN11  

  
NP_0028  
25.3  

  
NP_035332. 
1  

  
  NP_990299. 

1  

  
  XP_0181190 

81.1  

  
  NP_956140. 

1  

  
  XP_007900  

075  

          

  
RFNG  

  
NP_0029  
08.1  

  
NP_033079. 
1  

  
  NP_990278. 

1  

  
  XP_0180896 

06.1  

  
  NP_001001  

830.2  

  
XP_007886  
742.1  

          

  
ROBO1  

  
NP_0029  
32.1  

  
NP_062286. 
2  

  
  XP_015153  

967.1  

  
NP_0010842 
50.1  

  
  NP_001296  

753.1  

  
XP_007901  
766.1  

          



 

 

  

  
ROR2  

  
NP_0045  
51.2  

  
NP_038874. 
3  

  
  NP_001074  

185.1  

  
XP_0180993 
78.1  

  
  XP_689681. 

6  

  
  XP_007898  

225.1  

          



 

 

  
RSPO2  

  
NP_8486  
60.3  

  
NP_766403. 
1  

  
  NP_001305  

953.1  

  
NP_0010889 
99.1  

  
  NP_001268  

919.1  

  
XP_007900  
878.1  

          

  
SATB2  

  
NP_0011  
65980.1  

  
NP_631885. 
1  

  
  NP_001186  

039.1  

  
NP_0012675 
48.1  

  
  NP_001122  

004.1  

  
XP_007898  
262.1  

          

  
SETD5  

  
NP_0010  
73986.1  

  
NP_082661. 
1  

  
  NP_001264  

946.2  

  
XP_0181146 
35.1  

  
  XP_698834. 

4  

  
  XP_007888  

440.1  

          

  
SFN  

  
NP_0061  
33.1  

  
NP_061224. 
2  

  
  NP_001280  

105.1  

                

  
SH3PXD2  

B  

  
NP_0010  
17995.1  

  
NP_796338. 
2  

  
  XP_425197. 

3  

  
  XP_0181076 

54.1  

  
  XP_003200  

955.2  

  
XP_007908  
750.1  

          

  
SHH  

  
NP_0001  
84.1  

  
NP_033196. 
1  

  
  NP_990152. 

1  

  
  NP_0010817 

82.1  

  
  NP_571138 

.1  

  
  XP_007906  

520.1  

          

  
SIRT1  

  
NP_0363  
70.2  

  
NP_062786. 
1  

  
  gbAVG723  

79.1  

  
XP_0180829 
83.1  

  
  XP_001334  

440.4  

  
XP_007895  
509.1  

          

  
SKI  

  
NP_0030  
27.1  

  
NP_035515. 
2  

  
  XP_015152  

425.1  

  
NP_0010841 
12.1  

  
  NP_571010. 

3  

  
  XP_007901  

663.1  

          

  
SLC27A4  

  
NP_0050  
85.2  

  
NP_036119. 
1  

  
  XP_015135  

039.1  

  
XP_0180965 
44.1  

  
  NP_001017  

737.1  

  
XP_007898  
514.1  

          

  
SMAD2  

  
NP_0058  
92.1  

  
NP_034884. 
2  

  
  NP_989892. 

1  

  
  NP_0010849 

64.1  

  
  NP_571441. 

3  

  
  XP_007904  

996.1  

          

  
SMARCA4 

  
  NP_0011  

22321.1  

  
NP_001344  
693.1  

  
NP_990390. 
1  

  
  NP_0011654 

24.1  

  
  NP_853634. 

1  

  
  XP_007905  

293.1  

          

  
SOSTDC1  

  
NP_0562  
79.1  

  
NP_079588. 
1  

  
  NP_989704. 

1  

  
  NP_0010809 

17.1  

  
  NP_001076  

314.1  

  
XP_007897  
897.1  

          

  
SOX11  

  
NP_0030  
99.1  

  
NP_033260. 
4  

  
  NP_990518. 

1  

  
  NP_0011358 

34.1  

  
  NP_571411. 

1  

  
  XP_007902  

941.1  

          

  
SOX9  

  
NP_0003  
37.1  

  
NP_035578. 
3  

  
  NP_989612. 

1  

  
  NP_0010842 

76.1  

  
  NP_571718. 

1  

  
  XP_007886  

826.1  

          

  
SPRY2  

  
NP_0013  
05465.1  

  
NP_036027. 
1  

  
  NP_990131. 

1  

  
  NP_0010069 

32.2  

  
  NP_001003  

842.2  

  
XP_007900  
755.1  

          



 

 

  

  
SPRY4  

  
NP_1122  
26.2  

  
NP_036028. 
2  

  
  NP_001073  

203.1  

  
XP_0181076 
17.1  

  
  NP_571901. 

2  

  
  XP_007884 

890.1  

  

  

        



 

 

  
TBX1  

  
NP_5423  
78.1  

  
NP_035662. 
1  

  
  XP_025011  

481.1  

  
NP_0010839 
14.1  

  
  NP_899182. 

1  

  
  XP_007899  

995.1  

          

  
TBX15  

  
NP_0013  
17606.1  

  
NP_033349. 
2  

  
  XP_416537. 

3  

  
  XP_0181012 

81.1  

  
  NP_001315  

362.1  

  
XP_007894  
068.1  

          

  
TCOF1  

  
NP_0013  
58552.1  

  
NP_035682. 
1  

  
  XP_015149  

272.1  

  
XP_0181099 
11.1  

  
  XP_002664  

303.1  

            

  
TNFSF11  

  
NP_0036  
92.1  

  
NP_035743. 
2  

  
  NP_001076  

830.1  

  
XP_0181054 
29.1  

  
  XP_002663  

397.2  

  
XP_007892  
566.1  

          

  
TP53  

  
NP_0005  
37  

  
NP_035770  

  
NP_990595  

  
NP_0010815 
67  

  
  NP_001258  

749  

  
AEW46988  

          

  
TP63  

  
NP_0037  
13.3  

  
NP_001120  
731.1  

  
NP_989682. 
1  

  
  XP_0181211 

05.1  

  
  NP_694518. 

1  

  
  AEW46989. 

1  

  

  

        

  
VEGFA  

  
NP_0010  
20537.2  

  
NP_001020  
421.2  

  
NP_990373. 
1  

  
  NP_0010790 

58.1  

  
  NP_571483. 

1  

  
  XP_007892  

525.1  

          

  
WNT5A  

  
NP_0033  
83.3  

  
NP_033550. 
2  

  
  NP_990218. 

1  

  
  NP_0010793 

45.1  

  
  NP_001073  

303.1  

  
XP_007888  
715.1  

          

  
YBX1  

  
NP_0045  
50.2  

  
NP_035862. 
2  

  
  XP_015152  

295.1  

  
NP_0010793 
67.1  

  
  NP_571695. 

1  

  
  NP_001279  

438.1  

          

  
ZEB1  

  
NP_0011  
21600.1  

  
NP_035676. 
1  

  
  NP_990462. 

1  

  
  NP_0010859 

62.1  

  
  NP_571784. 

1  

  
  XP_007903  

615.1  

          

  
ZIC3  

  
NP_0034 
04.1  

  
  NP_033601. 

2  

  
  XP_420237. 

5  

  
  NP_0010810 

88.1  

  
  NP_001001  

950.1  

  
XP_007890  
960.1  

          

  
ZIC5  

  
NP_1491  
23.2  

  
NP_075363. 
1  

  
  XP_025009  

408.1  

  
NP_0010791 
26.1  

  
  NP_991290. 

1  

  
  XP_007904  

496.1  

          

  
ACVR1  

  
NP_0011  
04537.1  

  
NP_031420. 
2  

  
  XP_015145  

613.1  

  
NP_0010837 
27.1  

  
  NP_571420. 

1  

  
  XP_007896  

316.1  

  
XP_032822 
706.1  

  

  

      

  
ALKBH1  

  
NP_0060  
11.2  

  
NP_001096  
035.1  

  
NP_001026  
723.1  

  
NP_0010879 
92.1  

  
  NP_001018  

527.1  

  
XP_007904  
240.1  

  
XP_032827 
708.1  

  

  

      

  
ANKH  

  
NP_4733  
68.1  

  
NP_065065. 
3  

  
  NP_001012  

580.1  

  
NP_0010839 
24.1  

  
  NP_919351. 

1  

  
  XP_007899  

922.1  

  
XP_032807 
388.1  

  

  

  
XP_002596  
000.1  

    



 

 

  

  
AP2B1  

  
NP_0010  
25177.1  

  
NP_001030  
931.1  

  
XP_415772  

  
NP_0010804 
73.1  

  
  NP_956213. 

2  

  
  XP_007894  

750.1  

  
XP_032823 
633.1  

  
  XP_002122  

416.3  

  
XP_002610  
773.1  

  
XP_030848114  

  
XP_012563  
108.1  



 

 

  
APAF1  

  
NP_0373  
61.1  

  
NP_001036  
023.1  

  
XP_416167. 
3  

  
  NP_0010858 

34.1  

  
  NP_571683. 

1  

  
  XP_007905  

933.1  

  
XP_032812 
741.1  

  

  

  
XP_002598  
365.1  

  
XP_030844937.  
1  

  
XP_012566  
478.1  

  
APC  

  
NP_0000  
29.2  

  
NP_031488. 
2  

  
  XP_004949  

340.1  

  
XP_0180998 
12.1  

  
  NP_001137  

312.1  

  
XP_007895  
594.1  

  
XP_032829 
901.1  

  
  XP_018668  

497.1  

  
XP_002596  
549.1  

  
XP_030829439.  
1  

  
XP_012554  
796.1  

  
ARSB  

  
NP_0000  
37.2  

  
NP_033842. 
3  

  
  XP_003642  

960.1  

  
XP_0181209 
81.1  

  
  XP_021324  

609.1  

  
XP_007890  
415.1  

  
XP_032812 
086.1  

  
  XP_002127  

641.1  

  
XP_002592  
276.1  

  
XP_030842602.  
1  

  

  
ATMIN  

  
NP_0560  
66.2  

  
NP_808368. 
3  

  
  NP_001362  

358.1  

  
XP_0181133 
69.1  

  
  NP_001093  

512.1  

  
XP_007887  
411.1  

  
XP_032816 
122.1  

  
  XP_002126  

586.1  

      
XP_012554  
135.1  

  
ATR  

  
NP_0011  
75.2  

  
NP_063917. 
1  

  
  XP_015132  

446.1  

  
XP_0181172 
12.1  

  
  XP_696163. 

5  

  
  XP_007891  

182.1  

  
XP_032809 
792.1  

  
  XP_018673  

125.1  

  
XP_002594  
547.1  

  
XP_030832385.  
1  

  
XP_012559  
395.1  

  
BAZ1B  

  
NP_1157  
84.1  

  
NP_035844. 
2  

  
  XP_001233  

717.4  

  
XP_0181045 
42.1  

  
  NP_001334  

601.1  

  
XP_007894  
624.1  

  
XP_032803 
856.1  

  
  XP_018670  

952.1  

  
XP_002591  
894.1  

  
XP_030849368.  
1  

  
XP_012565  
366.1  

  
BNC2  

  
NP_0601  
07.3  

  
NP_766458. 
3  

  
  XP_015135  

686.1  

  
XP_0181127 
77.1  

  
  NP_001314  

681.1  

  
XP_007890  
780.1  

  
XP_032803 
547.1  

  
  XP_009861  

392.1  

      

  
C5orf42  

  
NP_0755  
61.3  

  
NP_001156  
378.1  

  
XP_015133  
013.1  

  
XP_0181218 
37.1  

  
  XP_021334  

904.1  

  
XP_007909  
187.1  

  
XP_032826 
472.1  

  
  XP_026692  

817.1  

  
XP_002594  
230.1  

  
XP_030852004.  
1  

  

  
CASK  

  
NP_0011  
19527.1  

  
NP_033936. 
2  

  
  XP_005301  

824.1  

  
NP_0010871 
07.1  

  
  NP_694420. 

1  

  
  XP_007899  

830.1  

  
XP_032835 
117.1  

  
  XP_026690  

102.1  

  
XP_002607  
558.1  

  
XP_030837409.  
1  

  
XP_002163  
427.3  

  
CBFB  

  
NP_0740  
36.1  

  
NP_071704. 
3  

  
  NP_989901. 

2  

  
  NP_0010870 

47.1  

  
  NP_954679. 

1  

  
  NP_001279  

053.1  

  
XP_032816 
492.1  

  
  NP_001071  

672.1  

  
XP_002602  
848.1  

  
NP_001035104.  
1  

  
XP_004207  
755.1  

  
CCDC39  

  
NP_8520  
91.1  

  
NP_080498. 
1  

  
  XP_422777. 

4  

  
  XP_0181191 

61.1  

  
  XP_001344  

625.2  

  
XP_007905  
952.1  

  
XP_032830 
900.1  

  
  XP_009860  

998.2  

  
XP_002593  
455.1  

  
XP_030837980.  
1  

  

  
CEP290  

  
NP_0793  
90.3  

  
NP_666121. 
2  

  
  XP_004937  

659.1  

  
NP_0010850 
87.1  

  
  NP_001161  

739.1  

  
XP_007893  
519.1  

  
XP_032834 
088.1  

  
  XP_018670  

980.1  

  
XP_002590  
663.1  

  
XP_030844423.  
1  

  
XP_012566  
704.1  

  
CHRD  

  
NP_0037  
32.2  

  
NP_034023. 
1  

  
  NP_990311. 

2  

  
  NP_0010817 

78.1  

  
  NP_571048. 

2  

  
  XP_007900  

570.1  

  
XP_032827 
777.1  

  
  XP_026690  

585.1  

  
ABG66525.  
1  

  
XP_030843065.  
1  

  
XP_002158  
106.2  

  
CNBP  

  
NP_0034  
09.1  

  
NP_038521. 
1  

  
  NP_990238. 

1  

  
  NP_0010840 

82.1  

  
  NP_001313  

334.1  

  
XP_007901  
526.1  

  
XP_032828 
325.1  

  

  

      

  
COL2A1  

  
NP_0018  
35.3  

  
NP_112440. 
2  

  
  XP_025001  

042.1  

  
NP_0010812 
60.1  

  
  NP_571367. 

1  

  
  XP_007908  

719.1  

  
XP_032813 
113.1  

  
  XP_026690  

723.1  

    
NP_999674.1  

  



 

 

  

  
CTGF  

  
NP_0018  
92.1  

  
NP_034347. 
2  

  
  NP_989605. 

1  

  
  NP_0010816 

97.1  

  
  NP_001015  

041.1  

  
XP_007897  
423.1  

  
XP_032829 
951.1  

  

  

      



 

 

  
CYP26B1  

  
NP_0639  
38.1  

  
NP_780684. 
1  

  
  XP_015141  

554.1  

  
XP_0180826 
55.1  

  
  NP_997831. 

1  

  
  XP_007904  

867.1  

  
XP_032808 
017.1  

  

  

      

  
CYP51A1  

  
NP_0007  
77.1  

  
NP_064394. 
2  

  
  XP_015136  

878.1  

  
NP_0010912 
85.1  

  

  

  
XP_007895  
734.1  

  
XP_032816 
590.1  

  

  

  
XP_002606  
163.1  

  
XP_030851345.  
1  

  

  
DAAM2  

  
NP_0011  
88356.1  

  
NP_001008  
232.2  

  
XP_025004  
642.1  

  
XP_0181181 
86.1  

  
  XP_001338  

908.5  

  
XP_007909  
292.1  

  
XP_032803 
809.1  

  
  XP_026692  

086.1  

  
XP_002604  
562.1  

  
XP_030855636.  
1  

  
XP_012558  
320.1  

  
DCTN5  

  
NP_1158  
75.1  

  
NP_067621. 
3  

  
  NP_001185  

568.1  

  
NP_0010864 
87.1  

  
  NP_001002  

497.1  

  
XP_007904  
011.1  

  
XP_032832 
114.1  

  
  XP_002131  

615.1  

  
XP_002605  
052.1  

  
XP_030840147.  
1  

  
XP_002155  
568.3  

  
DHRS3  

  
NP_0047  
44.2  

  
NP_035433. 
1  

  
  NP_001264  

839.1  

  
XP_0180834 
10.1  

  
  NP_001003  

477.1  

  
XP_007885  
177.1  

  
XP_032824 
210.1  

  

  

  
XP_002586  
689.1  

    

  
DNAH5  

  
NP_0013  
60.1  

  
NP_579943. 
3  

  
  XP_025003  

476.1  

  
XP_0181231 
34.1  

  
  XP_021322  

524.1  

  
XP_007898  
716.1  

  
XP_032816 
356.1  

  
  XP_018671  

051.1  

    
XP_030831333.  
1  

  

  
DNAI1  

  
NP_0362  
76.1  

  
NP_780347. 
2  

  
  XP_003643  

013.1  

  
XP_0181008 
39.1  

  
  XP_021324  

725.1  

  
XP_007895  
318.1  

  
XP_032809 
556.1  

  
  XP_002129  

294.1  

  
XP_002609  
708.1  

  
XP_030833320.  
1  

  
XP_012559  
387.1  

  
DPH1  

  
NP_0013  
74.4  

  
NP_652762. 
2  

  
  NP_001025  

887.2  

  
XP_0128120 
29.1  

  
  NP_001017  

861.1  

  
XP_007904  
382.1  

  
XP_032823 
710.1  

  
  XP_026691  

241.1  

  
XP_002605  
608.1  

  
XP_030848155.  
1  

  
XP_002161  
454.2  

  
DRC1  

  
NP_6594  
75.2  

  
NP_001028  
632.1  

  
XP_420016. 
3  

  
  NP_0010798 

40.1  

  
  NP_001120  

940.1  

  
XP_007898  
606.1  

  
XP_032817 
535.1  

  
  XP_004226  

120.4  

    
XP_030830868.  
1  

  

  
DYNC2H1 

  
  NP_0013  

68.2  

  
NP_084127. 
2  

  
  XP_417173. 

2  

  
  XP_0181010 

55.1  

  
  XP_021322  

179.1  

  
XP_007902  
643.1  

  
XP_032832 
089.1  

  
  XP_026693  

267.1  

  
XP_019625  
235.1  

  
XP_030836572.  
1  

  
XP_012558  
919.1  

  
EDN1  

  
NP_0019  
46.3  

  
NP_034234. 
1  

  
  XP_418943. 

2  

  
  NP_0010905 

67.1  

  
  NP_571594. 

1  

  
  XP_007904  

565.1  

  
XP_032817 
360.1  

  

  

      

  
EDNRA  

  
NP_0019  
48.1  

  
NP_034462. 
1  

  
  NP_989450. 

1  

  
  NP_0010806 

50.1  

  
  NP_001092  

915.2  

  
XP_007897  
347.1  

  
XP_032811 
286.1  

  

  

      

  
EDNRB  

  
NP_0011  
16131.1  

  
NP_031930. 
1  

  
  NP_001001  

127.1  

  
NP_0010797 
07.1  

  
  NP_571272. 

1  

  
  XP_007900  

764.1  

  
XP_032812 
242.1  

  

  

      

  
EPS8L3  

  
NP_5734  
44.2  

  
NP_598628. 
1  

  
  XP_024999  

597.1  

  
XP_0180966 
19.1  

  
  NP_001315  

008.1  

  
XP_007897  
795.1  

  
XP_032833 
964.1  

  
  XP_026694  

557.1  

  
XP_002586  
560.1  

  
XP_030849025.  
1  

  
XP_012557  
569.1  

  
FAM20C  

  
NP_0646  
08.2  

  
NP_085042. 
2  

  
  XP_015149  

804.2  

  
XP_0180919 
00.1  

  
  XP_688892. 

5  

  
  XP_007891  

748.1  

  
XP_032822 
771.1  

  
  XP_002122  

861.4  

  
XP_002606  
109.1  

  
XP_030839755.  
1  

  



 

 

  

  
FGFRL1  

  
NP_0010  
04356.1  

  
NP_473412. 
1  

  
  XP_025005  

238.1  

  
NP_0010864 
20.1  

  
  NP_956670. 

1  

  
  XP_007896  

240.1  

  
XP_032806 
318.1  

  
  XP_026690  

297.1  

  
CAI61931.1  

  
NP_001165523.  
1  

  



 

 

  
FOXD3  

  
NP_0363  
15.1  

  
NP_034555. 
3  

  
  NP_990282. 

2  

  
  NP_0010790 

26.1  

  
  NP_571365. 

2  

  
  XP_007907  

140.1  

  
XP_032822 
101.1  

  
  XP_009859  

457.3  

  
XP_002602  
560.1  

  
XP_003724544.  
1  

  

  
FOXH1  

  
NP_0039  
14.1  

  
NP_032015. 
1  

  
  XP_015137  

671.2  

  
NP_0010818 
20.1  

  
  NP_571577. 

1  

  
  XP_007910  

257.1  

  
XP_032834 
948.1  

  
  NP_001071  

992.1  

  
ACE79158.  
1  

    

  
FRAS1  

  
NP_0793  
50.5  

  
NP_780682. 
3  

  
  XP_025006  

059.1  

  
XP_0181243 
33.1  

  
  NP_001124  

312.1  

  
XP_007895  
210.1  

  
XP_032805 
666.1  

  
  XP_026692  

906.1  

  
XP_002601  
902.1  

  
XP_030835000.  
1  

  
XP_012562  
678.1  

  
FUZ  

  
NP_0794  
05.2  

  
NP_081652. 
2  

  
  XP_015151  

679.1  

  
XP_0180818 
40.1  

  
  XP_001337  

543.1  

  
XP_007910  
217.1  

  
XP_032833 
903.1  

  
  XP_002130  

176.1  

  
XP_002604  
807.1  

  
XP_003723986.  
2  

  
XP_002154  
880.2  

  
GAD1  

  
NP_0008  
08.2  

  
NP_032103. 
2  

  
  NP_990244. 

1  

  
  XP_0180894 

68.1  

  
  NP_919400. 

1  

  
  XP_007888  

154.1  

  
XP_032821 
372.1  

  
  XP_026696  

077.1  

  
XP_002592  
141.1  

  
XP_784856.2  

  

  
GAS1  

  
NP_0020  
39.2  

  
NP_032112. 
1  

  
  XP_004949  

280.1  

  
XP_0180993 
63.1  

  
  NP_001071  

269.1  

  
XP_007906  
242.1  

  
XP_032824 
729.1  

  
  XP_002123  

239.1  

      

  
GJB2  

  
NP_0039  
95.2  

  
NP_032151  

  
NP_001257  
745.1  

  
NP_0010804 
78.1  

  
  NP_997990. 

2  

  
  XP_007903  

773.1  

  
XP_032828 
672.1  

  

  

      

  
GLG1  

  
NP_0011  
39139.1  

  
NP_033175. 
1  

  
  NP_990827. 

1  

  
  XP_0181161 

37.1  

  
  XP_001332  

484.4  

  
XP_007902  
868.1  

  
XP_032830 
405.1  

  
  XP_026689  

671.1  

  
XP_002612  
434.1  

  
XP_030831332.  
1  

  
XP_012560  
055.1  

  
GRB2  

  
NP_0020  
77.1  

  
NP_032189. 
1  

  
  NP_989742. 

1  

  
  NP_0010843 

57.1  

  
  NP_998200. 

1  

  
  XP_007886  

673.1  

  
XP_032826 
167.1  

  
  XP_002125  

384.4  

  
XP_019642  
516.1  

  
XP_001193089.  
2  

  
XP_002166  
949.2  

  
GSC  

  
NP_7762  
48.1  

  
NP_034481. 
1  

  
  NP_990662. 

1  

  
  NP_0010812 

78.1  

  
  NP_571092. 

1  

  
  XP_007910  

192.1  

  
XP_032820 
078.1  

  
  NP_001071  

728.1  

  
AAF97935.  
1  

  
NP_999663.1  

  
NP_001296  
713.1  

  
HAT1  

  
NP_0036  
33.2  

  
NP_080391. 
2  

  
  NP_989538. 

1  

  
  XP_0180943 

44.1  

  
  NP_001004  

572.1  

  
XP_007908  
137.1  

  
XP_032821 
290.1  

  
  XP_002124  

657.1  

  
XP_002602  
992.1  

  
XP_030842939.  
1  

  
XP_012564  
660.1  

  
HHAT  

  
NP_0606  
64.2  

  
NP_659130. 
2  

  
  XP_001234  

561.1  

  
XP_0181180 
52.1  

  
  NP_001108  

362.2  

  
XP_007890  
669.1  

  
XP_032818 
807.1  

  
  XP_002130  

477.1  

  
XP_002605  
788.1  

  
XP_030854460.  
1  

  
XP_012559  
282.1  

  
HSPB11  

  
NP_0572  
10.2  

  
NP_082670. 
1  

  
  NP_001264  

542.1  

  
NP_0010878 
26.1  

  
  NP_001092  

897.1  

  
XP_007907  
160.1  

      
XP_002603  
858.1  

  
XP_030852059.  
1  

  

  
HSPG2  

  
NP_0055  
20.4  

  
XP_030109  
088.1  

  
XP_015152  
746  

  
XP_0180819 
90.1  

  
  XP_009295  

216.1  

  
XP_007896  
099  

  
XP_032824 
291.1  

  
  XP_018666  

843.1  

  
XP_019637  
175.1  

  
XP_030842937.  
1  

  
XP_004211  
405.2  

  
IFT140  

  
NP_0555  
29.2  

  
NP_598887. 
3  

  
  NP_001012  

810.2  

  
XP_0180919 
86.1  

  
  XP_695732. 

4  

  
  XP_007891  

874.1  

  
XP_032824 
144.1  

  
  XP_002125  

448.2  

  
XP_002607  
214.1  

  
XP_030840366.  
1  

  
XP_012555  
320.1  



 

 

  

  
IFT27  

  
NP_0011  
71172.1  

  
NP_080207. 
1  

  
  NP_001264  

310.1  

  
NP_0010903 
81.1  

  
  NP_001008  

588.1  

  
NP_001279  
585.1  

  
XP_032817 
047.1  

  
  XP_009858  

222.1  

  
XP_002588  
733.1  

  
XP_030847703.  
1  

  
XP_004212  
778.2  



 

 

  
IFT57  

  
NP_0604  
80.1  

  
NP_082956. 
2  

  
  XP_416624. 

4  

  
  NP_0011082 

68.1  

  
  NP_001001  

832.1  

  
XP_007895  
758.1  

  
XP_032822 
969.1  

  
  XP_002121  

351.1  

  
XP_002604  
500.1  

  
XP_030833864. 
1  

  
  XP_002154  

458.3  

  
IKBKAP  

  
NP_0036  
31.2  

  
NP_080355. 
2  

  
  XP_001231  

708.2  

  
XP_0180952 
85.1  

  
  XP_689534. 

5  

  
  XP_007904  

786.1  

  
XP_032824 
390.1  

  
  XP_009859  

423.1  

  
XP_002597  
833.1  

  
XP_030832738.  
1  

  
XP_012557  
166.1  

  
JAG1  

  
NP_0002  
05.1  

  
NP_038850. 
1  

  
  XP_415035. 

4  

  
  NP_0010837 

76.1  

  
  NP_571936. 

1  

  
  XP_007903  

695.1  

  
XP_032803 
601.1  

  

  

      

  
KAT14  

  
NP_0653  
97.3  

  
NP_852082. 
2  

  
  NP_001186  

370.1  

  
XP_0181183 
82.1  

  
  NP_001002  

699.2  

  
XP_007892  
627.1  

  
XP_032804 
461.1  

  
  XP_002121  

916.1  

  
XP_002602  
499.1  

  
XP_030828197.  
1  

  

  
LMNA  

  
NP_7338  
21.1  

  
NP_062263. 
1  

  
  NP_990618. 

1  

  
  NP_0010952 

10.1  

  
  NP_694503. 

1  

  
  XP_007906  

490.1  

  
XP_032806 
857.1  

  

  

      

  
LRP2  

  
NP_0045  
16.2  

  
NP_001074  
557.1  

  
XP_004942  
820.1  

  
XP_0180913 
70.1  

  
  NP_001181  

916.1  

  
XP_007888  
391.1  

  
XP_032801 
941.1  

  
  XP_026691  

732.1  

  
XP_002598  
410.1  

  
XP_030830689.  
1  

  

  
LRRK1  

  
NP_0789  
28.3  

  
NP_666303. 
3  

  
  NP_001274  

122.2  

  
XP_0181087 
60.1  

  
  XP_021333  

791.1  

  
XP_007905  
552.1  

  
XP_032806 
825.1  

  
  XP_026690  

738.1  

  
XP_002609  
807.1  

  
XP_030832414.  
1  

  
XP_012555  
867.1  

  
LTBP1  

  
NP_9968  
26.2  

  
NP_064303. 
2  

  
  XP_015139  

206.1  

  
XP_0181185 
08.1  

  
  XP_017207  

300.1  

  
XP_007896  
642.1  

  
XP_032803 
602.1  

  

  

      

  
MAP3K7  

  
NP_6633  
04.1  

  
NP_033342. 
1  

  
  XP_015140  

169.1  

  
NP_0010843 
59.1  

  
  NP_001018  

586.1  

  
XP_007891  
110.1  

  
XP_032829 
518.1  

  
  NP_001071  

829.1  

  
XP_002589  
769.1  

  
XP_030850465.  
1  

  
XP_002162  
138.2  

  
MAU2  

  
NP_0561  
44.3  

  
NP_083269. 
4  

  
  XP_425908. 

2  

  
  NP_0011244 

25.1  

  
  XP_021322  

113.1  

  
XP_007897  
013.1  

  
XP_032829 
637.1  

  

  

  
XP_002609  
698.1  

  
XP_030833209.  
1  

  
XP_012560  
519.1  

  
MBTPS1  

  
NP_0037  
82.1  

  
NP_062683. 
3  

  
  XP_003641  

945.1  

  
NP_0010873 
81.2  

  
  NP_954683. 

2  

  
  XP_007902  

889.1  

  
XP_032813 
570.1  

  
  XP_002122  

807.1  

  
XP_002594  
247.1  

  
XP_030831757.  
1  

  
XP_002164  
301.2  

  
MECP2  

  
NP_0011  
04262.1  

  
NP_034918. 
1  

  
  XP_025001  
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NP_0647  
06.1  
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357.1  

  
XP_0181046 
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581.1  
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900.1  

  
XP_032823 
523.1  

  
  XP_009861  

486.1  
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964.1  

  
XP_003728085.  
2  

  
XP_012561  
962.1  



 

 

  

  
MYH10  

  
NP_0012  
42941.1  

  
NP_780469. 
1  

  
  XP_015150  

613.1  

  
XP_0180928 
77.1  

  
  XP_683046. 
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  XP_007886  

649.1  

  
XP_032817 
139.1  

  

  

      



 

 

  
NIPBL  

  
NP_5976  
77.2  

  
NP_081983. 
2  

  
  XP_015133  

005.1  

  
NP_0010864 
37.1  

  
  NP_001154  

919.2  

  
XP_007909  
505.1  

  
XP_032801 
038.1  

  
  XP_018671  

410.1  

  
XP_002587  
265.1  

  
XP_030852099.  
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2  
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170.1  
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2  
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637.1  
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645.1  
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652.1  
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538.1  

  
PAX6  

  
NP_0002  
71.1  

  
NP_038655. 
1  

  
  NP_990397. 

1  

  
  XP_0181118 

94.1  

  
  NP_571379. 

1  

  
  XP_007885  

968.1  

  
XP_032805 
179.1  

  
  NP_001027  

641.1  

  
CAA11364.  
1  

  
XP_030845154.  
1  

  

  
PDPK1  

  
NP_0026  
04.1  

  
NP_035192. 
2  

  
  NP_001012  

547.1  

  
XP_0180946 
30.1  

  
  NP_991262. 

1  

  
  XP_007904  

001.1  

  
XP_032822 
965.1  

  
  XP_002124  

476.1  

  
XP_002606  
093.1  

  
XP_786576.2  

  
NP_001267  
831.1  

  
PDS5B  

  
NP_0558  
47.1  

  
NP_780519. 
3  

  
  NP_001012  

845.2  

  
NP_0010896 
58.1  

  
  XP_693953. 

2  

  
  XP_007889  

466.1  

  
XP_032811 
251.1  

  

  

      

  
PDSS2  

  
NP_0651  
14.3  

  
NP_082048. 
2  

  
  NP_001305  

370.1  

  
XP_0181208 
96.1  

  
  NP_001002  

351.1  

  
NP_001279  
445.1  

  
XP_032815 
024.1  

  
  XP_026695  

230.1  

  
XP_002589  
797.1  

  
XP_011670674.  
2  

  
XP_002156  
194.1  

  
PFAS  

  
NP_0365  
25.1  

  
NP_001152  
991.1  

  
XP_024999  
398.1  

  
XP_0180948 
87.1  

  
  NP_001038  

667.1  

  
XP_007893  
212.1  

  
XP_032832 
973.1  

  
  XP_018671  

183.1  

  
XP_002611  
349.1  

  
XP_030836182.  
1  

  
XP_004212  
171.2  

  
PGAP1  

  
NP_0792  
65.2  

  
NP_001156  
786.1  

  
XP_015144  
976.1  

  
NP_0010877 
10.1  

  
  XP_001922  

432.2  

  
XP_007888  
374.1  

  
XP_032820 
600.1  

  
  XP_002131  

111.1  

  
XP_002600  
834.1  

  
XP_030840100.  
1  

  
XP_012555  
278.1  

  
PHEX  

  
NP_0004  
35.3  

  
NP_035207. 
1  

  
  XP_015157  

829.1  

  
XP_0181017 
54.1  

  
  NP_001082  

818.2  

  
XP_007908  
778.1  

  
XP_032820 
142.1  

  

  

      

  
PIGV  

  
NP_0603  
07.2  

  
NP_848813. 
3  

  
  XP_024998  

857.1  

  
XP_0181049 
33.1  

  
  NP_001186  

989.1  

  
XP_007893  
122.1  

  
XP_032829 
362.1  

  
  XP_002122  

985.2  

  
XP_002612  
582.1  

  
XP_030848488.  
1  

  
XP_012559  
454.1  

  
PKD1  

  
NP_0010  
09944.3  

  
NP_038658. 
2  

  
  XP_414854. 

4  

  
  XP_0180920 

70.1  

  
  XP_021333  

081.1  

  
XP_007908  
643.1  

  
XP_032832 
098.1  

  
  XP_018669  

270.1  

  
XP_002595  
676.1  

    

  
PKDCC  

  
NP_6123  
79.2  

  
NP_598878. 
2  

  
  XP_025004  

831.1  

  
NP_0010912 
31.2  

  
  NP_001155  

070.1  

  
XP_007890  
699.1  

  
XP_032811 
876.1  

  
  XP_002128  

638.1  

  
XP_002590  
129.1  

  
XP_030854909.  
1  

  



 

 

  

  
PLXND1  

  
NP_0559  
18.3  

  
NP_080652. 
2  

  
  XP_414455. 

4  

  
  XP_0181145 

45.1  

  
  NP_991260. 

2  

  
  XP_007888  

683.1  

  
XP_032822 
371.1  

  

  

      



 

 

  
PTHLH  

  
NP_9453  
16.1  

  
NP_032996. 
2  

  
  XP_025002  

654.1  

  
XP_0181073 
94.1  

  
  NP_001019  

798.2  

  
XP_007903  
315.1  

  
XP_032804 
916.1  

  

  

      

  
PTK7  

  
NP_0028  
12.2  

  
NP_780377. 
1  

  
  NP_001026  

206.1  

  
NP_0010833 
15.1  

  
  XP_021336  

598.1  

  
XP_007896  
436.1  

  
XP_032811 
886.1  

  
  XP_018669  

704.1  

    
XP_030855357.  
1  

  

  
RPGRIP1  

L  

  
NP_0560  
87.2  

  
NP_775607. 
2  

  
  XP_025010  

081.1  

  
XP_0181132 
54.1  

  
  NP_001233  

589.2  

  
XP_007887  
654.1  

  
XP_032834 
838.1  

  
  XP_018666  

898.1  

  
XP_002612  
308.1  

  
XP_030832105.  
1  

  
XP_012559  
558.1  

  
RYK  

  
NP_0029  
49.2  

  
NP_038677. 
3  

  
  XP_422674. 

6  

  
  NP_0010894 

45.1  

  
  NP_001077  

295.1  

  
XP_007908  
285.1  

  
XP_032836 
167.1  

  
  XP_002129  

769.1  

    
XP_011665108.  
1  

  
XP_012558  
645.1  

  
SC5D  

  
NP_0088  
49.2  

  
NP_766357. 
1  

  
  XP_015153  

662.1  

  
NP_0010871 
37.1  

  
  NP_001004  

630.1  

  
XP_007909  
349.1  

  
XP_032820 
533.1  

  
  XP_002131  

054.1  

  
XP_002590  
254.1  

  
XP_030831120.  
1  

  

  
SCHIP1  

  
NP_0553  
90.1  

  
NP_038956. 
2  

  
  XP_004943  

577.2  

  
XP_0181192 
43.1  

  
  NP_001017  

906.1  

  
XP_007886  
672.1  

  
XP_032830 
867.1  

  

  

  
XP_002599  
883.1  

  
XP_030838173.  
1  

  

  
SH3BP2  

  
NP_0011  
16153.1  

  
NP_036023. 
3  

  
  XP_015141  

267.1  

  
XP_0180960 
46.1  

  
  XP_005155  

638.1  

  
XP_007903  
445.1  

  
XP_032800 
705.1  

  
  XP_009861  

676.2  

  
XP_002608  
882.1  

  
XP_030848580.  
1  

  

  
SIX1  

  
NP_0059  
73.1  

  
NP_033215. 
2  

  
  NP_001038  

150.1  

  
NP_0010899 
25.1  

  
  NP_996978. 

1  

  
  XP_007902  

022.1  

  
XP_032803 
935.1  

  

  

      

  
SLC25A21 

  
  NP_0851  

34.1  

  
NP_766165. 
2  

  
  XP_015143  

145.1  

  
NP_0010905 
27.1  

  
  NP_001070  

100.1  

  
XP_007891  
544.1  

  
XP_032804 
225.1  

  
  XP_002130  

378.1  

    
XP_030854904.  
1  

  

  
SLC26A2  

  
NP_0001  
03.2  

  
NP_031911. 
1  

  
  XP_025010  

793.1  

  
XP_0181116 
16.1  

  
  XP_685114. 

1  

  
  XP_007910  

486.1  

  
XP_032806 
612.1  

  

  

      

  
SLC39A13 

  
  NP_0011  

21697.2  

  
NP_080997. 
1  

  
  NP_001008  

471.1  

  
XP_0181128 
98.1  

  
  NP_001005  

306.3  

  
NP_001279  
227.1  

  
XP_032812 
053.1  

  
  XP_002120  

593.1  

  
XP_002609  
106.1  

  
XP_030841333.  
1  

  
XP_012554  
328.1  

  
SMG1  

  
NP_0559  
07.3  

  
NP_001026  
984.1  

  
XP_414907. 
4  

  
  XP_0180946 

05.1  

  
  NP_001073  

513.2  

  
XP_007892  
012.1  

  
XP_032817 
005.1  

  
  XP_018672  

013.2  

  
XP_002607  
176.1  

  
XP_030839843.  
1  

  
XP_012553  
895.1  

  
SMO  

  
NP_0056  
22.1  

  
NP_795970. 
3  

  
  XP_015143  

674.1  

  
NP_0011287 
04.1  

  
  NP_571102. 

2  

  
  XP_007889  

054.1  

  
XP_032809 
666.1  

  
  NP_001071  

819.1  

  
XP_019641  
686.1  

  
XP_030830155.  
1  

  

  
SMOC1  

  
NP_0010  
30024.1  

  
NP_071711. 
2  

  
  XP_001231  

761.2  

  
XP_0180840 
47.1  

  
  NP_001188  

322.1  

  
XP_007891  
616.1  

  
XP_032811 
759.1  

  

  

      

  
SRF  

  
NP_0031  
22.1  

  
NP_065239. 
1  

  
  NP_001239  

070.1  

  
XP_0181203 
51.1  

  
  NP_001103  

996.1  

  
XP_007896  
558.1  

  
XP_032820 
927.1  

  
  NP_001071  

826.1  

  
XP_002610  
547.1  

  
XP_030854625.  
1  

  
XP_002156  
545.1  



 

 

  

  
SUFU  

  
NP_0572  
53.2  

  
NP_056567. 
2  

  
  NP_989595. 

1  

  
  XP_0180829 

33.1  

  
  NP_958466. 

1  

  
  XP_007909  

051.1  

  
XP_032808 
399.1  

  
  XP_002129  

739.1  

  
XP_019625  
825.1  

  
XP_796446.2  

  
XP_012560  
454.1  



 

 

  
TFAP2A  

  
NP_0013  
58995.1  

  
NP_035677. 
3  

  
  NP_990425. 

1  

  
  NP_0010890 

41.1  

  
  NP_789829. 

2  

  
  XP_007899  

085.1  

  
XP_032810 
894.1  

  
  NP_001071  

986.1  

  
XP_002593  
633.1  

  
XP_030839379.  
1  

  

  
TGFB2  

  
NP_0011  
29071.1  

  
NP_033393. 
2  

  
  NP_001026  

216.2  

  
NP_0010791 
95.1  

  
  NP_919366. 

1  

  
  XP_007902  

706.1  

  
XP_032818 
531.1  

  

  

      

  
TGFBR2  

  
NP_0032  
33.4  

  
NP_033397. 
3  

  
  NP_990759. 

1  

  
  XP_0181229 

60.1  

  
  NP_878275. 

2  

  
  XP_007887  

981.1  

  
XP_032812 
992.1  

  
  NP_001071  

836.1  

  
XP_002612  
985.1  

  
XP_030828751.  
1  

  

  
TIPARP  

  
NP_0563  
23.2  

  
NP_849223. 
2  

  
  XP_015147  

299.1  

  
XP_0181192 
54.1  

  
  NP_001038  

484.1  

  
XP_007886  
976.1  

  
XP_032824 
333.1  

  

  

      

  
TMEM67  

  
NP_7149  
15.3  

  
NP_808529. 
3  

  
  XP_418334. 

3  

  
  XP_0180793 

49.1  

  
  XP_700974. 

4  

  
  XP_007900  

910.1  

  
XP_032813 
422.1  

  
  XP_009862  

218.1  

  
XP_002593  
941.1  

  
XP_030831148.  
1  

  
XP_012554  
486.1  

  
TNFRSF1  

1B  

  
NP_0025  
37.3  

  
NP_032790. 
3  

  
  NP_001028  

813.1  

  
XP_0181237 
14.1  

  
  ;NP_001036 

153.2  

  
  XP_007905  

722.1  

  
XP_032810 
850.1  

  

  

  
XP_002610  
826.1  

    

  
TRPS1  

  
NP_0548  
31.2  

  
NP_114389. 
2  

  
  XP_025003  

908.1  

  
XP_0181241 
31.1  

  
  NP_001171  

405.1  

  
XP_007895  
696.1  

  
XP_032817 
392.1  

  

  

      

  
TTC28  

  
NP_0011  
38890.1  

  
NP_001254  
551.1  

  
XP_015130  
973.1  

  
XP_0180995 
38.1  

  
  XP_017213  

483.1  

  
XP_007908  
725.1  

  
XP_032803 
281.1  

  
  XP_026690  

437.1  

  
XP_002596  
602.1  

  
XP_030847701.  
1  

  
XP_012559  
564.1  

  
TWSG1  

  
NP_0656  
99.1  

  
NP_075540. 
1  

  
  XP_025002  

764.1  

  
NP_0010798 
70.1  

  
  NP_571872. 

2  

  
  XP_007895  

440.1  

  
XP_032813 
556.1  

  
  XP_018672  

191.1  

  
XP_002593  
913.1  

    

  
VPS25  

  
NP_1157  
29.1  

  
NP_081052. 
2  

  
  XP_003642  

862.1  

  
NP_0010874 
24.1  

  
  NP_001082  

831.2  

  
XP_007895  
107.1  

  
XP_032831 
290.1  

  
  XP_002126  

561.1  

  
XP_002598  
439.1  

  
XP_030830088.  
1  

  
XP_002156  
482.1  

  
WDR19  

  
NP_0794  
08.3  

  
NP_700440. 
2  

  
  XP_015141  

146.2  

  
XP_0180846 
48.1  

  
  XP_021331  

990.1  

  
XP_007887  
304.1  

  
XP_032811 
146.1  

  
  XP_002124  

215.1  

  
XP_002597  
830.1  

  
XP_030836953.  
1  

  
XP_012557  
446.1  

  
WNT3A  

  
NP_1491  
22.1  

  
NP_033548. 
1  

  
  NP_001165  

072.1  

  
NP_0010793 
43.1  

  
  NP_001007  

186.1  

  
XP_007905  
574.1  

  
XP_032802 
062.1  

  
  XP_009859  

675.1  

  
XP_019618  
001.1  

  
XP_030830597.  
1  

  

  
XYLT1  

  
NP_0714  
49.1  

  
NP_783576. 
2  

  
  XP_015150  

019.1  

  
NP_0010859 
34.1  

  
  NP_001165  

868.1  

  
XP_007892  
011.1  

  
XP_032816 
793.1  

  

  

      

  
ZMPSTE2  

4  

  
NP_0058  
48.2  

  
NP_766288. 
1  

  
  XP_417720. 

1  

  
  NP_0010879 

23.1  

  
  NP_956186. 

1  

  
  XP_007892  

978.1  

  
XP_032800 
885.1  

  
  XP_004226  

161.1  

  
XP_002599  
069.1  

  
XP_030850470.  
1  

  
XP_002154  
940.2  

  
ZNF366  

  
NP_6898  
38.1  

  
NP_001004  
149.1  

  
XP_429153. 
4  

  
  XP_0181205 

74.1  

  
  XP_698186. 

3  

  
  XP_007897  

984.1  

  
XP_032824 
509.1  

  

  

  
XP_002592  
273.1  
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